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ABSTRACT: An ultimate goal of molecular electronics, which seeks to
incorporate molecular components into electronic circuit units, is to
generate functional molecular electronic devices using individual or
ensemble molecules to fulfill the increasing technical demands of the
miniaturization of traditional silicon-based electronics. This review article
presents a summary of recent efforts to pursue this ultimate aim, covering
the development of reliable device platforms for high-yield ensemble
molecular junctions and their utilization in functional molecular electronic
devices, in which distinctive electronic functionalities are observed due to
the functional molecules. In addition, other aspects pertaining to the
practical application of molecular devices such as manufacturing
compatibility with existing complementary metal-oxide-semiconductor
technology, their integration, and flexible device applications are also
discussed. These advances may contribute to a deeper understanding of
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charge transport characteristics through functional molecular junctions and provide a desirable roadmap for future

practical molecular electronics applications.
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he history of molecular electronics is generally

considered to have begun with Aviram and Ratner

with their early theoretical research entitled “Molecular
Rectifiers” in 1974." The thrilling aspect of this study was that
even a single molecule, when rationally designed to resemble its
silicon-based device counterpart, can exhibit preferential
electronic function in the form of a two-terminal wire junction.
Since then, the development of self-assembled monolayers
(SAMs) and various experimental tools for investigating charge
transport characteristics through molecules has been pur-
sued.” ¢ Indeed, molecular electronics is still an active research
field because it not only provides an ideal window for exploring
the intrinsic properties of materials at the molecular level but
also may fulfill the increasing technical demands of the
miniaturization of traditional silicon-based electronics.”

The concept of making an ultimately downscaled single
molecule device, based on numerous degrees of freedom
inherent in molecular structure, has potential for the future of
next-generation electrical circuit units. Instead of utilizing the
single molecules for an active device component, SAMs can be
incorporated into the molecular junction, while the function-
alities are still exhibited in the molecular structure, using an
autonomous self-assembly of molecules. The SAMs are
deposited by molecules in solution, which attach themselves
to a specific substrate with an anchoring group, generating a
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densely packed molecular monolayer.” The interesting nature
of material self-assembly at the molecular level offers, in
principle, numerous potential advantages. First, ultimately
downscaling molecule size to the atomic scale may enable
faster performance and high integration density with fewer heat
issues. Second, the molecules’ autonomous self-assembly
process may reduce manufacturing production costs. Third,
the great diversity of molecular structures may lead to the
emergence of distinctive functionalities typically not accessible
in traditional materials or approaches. These merits form a
fundamental basis for attracting interdisciplinary interests to the
field of molecular electronics as a promising candidate for
alternative electronics, extending Moore’s law beyond the
foreseen limits.

For the development of this emerging technology, the
fundamental physics governing the basis of charge transport
must be thoroughly investigated to make significant progress.
For this purpose, alkanethiolates, adopted from a pioneering
study by Mann and Kuhn,® become a standard benchmark for
various experimental testbeds in molecular electronics.””™"*
The alkanethiolate SAMs are known to form a well-ordered,
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Table 1. Summary of Fabrication Techniques for Ensemble Molecular Junctions

techniques difficulty of fabrication

nanopore straightforward
microscale via hole straightforward
nanoparticles bridged sophisticated

crosswire sophisticated

liquid metal straightforward
eutectic gallium—indium straightforward
conducting polymer interlayer straightforward
carbon-based materials interlayer straightforward

nanotransfer imprint straightforward

direct metal transfer straightforward
microfluidic channel straightforward
surface diffusion-mediated deposition sophisticated

yield” possibility of a massive production ref
low applicable 38
low applicable 46
medium” applicable S8
medium” inappropriate 64
medium to highb inappropriate 75
high inappropriate 90
high applicable 100, 101
high applicable 102, 103, 120
medium® applicable 142
medium to high applicable 153
high applicable 185
high applicable 160

“The standards of ranges of the device yield correspond to >70%, 20—70%, and <20% for high, medium, and low, respectively. "We speculated the
device yield by considering difficulty and addressability of each device fabrication method.

densely packed molecular layer on a metal electrode. In
addition, due to a large highest occupied molecular orbital—
lowest unoccupied molecular orbital (HOMO—LUMO) gap of
approximately 8—10 eV,"*'° these molecules can be regarded as
insulating molecules. Consequently, the main transport
mechanism is coherent tunneling, in which the tunneling
current decreases exponentially as molecular length increases.
Although these molecules contain no special electronic
functionality in their molecular structure that can be applied
to practical applications, they provide a fundamental basis for
understanding the underlying physics in molecular charge
transport.

In the meantime, several major issues regarding ultimately
downscaled molecular junctions were observed, especially in
terms of junction reliability and device yield. A primary obstacle
in the development of molecular electronics is the lack of an
accurate understanding of intrinsic molecular properties in the
active electronic channels. Recently, various types of intrinsic
molecular properties such as the change of chemical bonding,
the redox process, photo- or charge-induced conformational
change, and phase transition in molecular electronic devices
have been widely investigated to better understand the charge
transport characteristics across molecules.'’~** However, these
types of intrinsic molecular properties in molecular junctions
are still under debate due to the difficulty in precise
characterization. This is mainly due to the absence of reliable,
high-yield device platforms for testing molecular junctions that
exhibit the distinctive and intrinsic functional properties of their
component molecules. The issue represents a long-standing
challenge for the advancement of molecular electronics as a
viable technology for practical applications.

In this context, various reliable and high-yield device
platforms, especially for ensemble molecular junctions, have
been recently proposed by many research groups. Because of
these bodies of research, the genuine charge transport
characteristics of molecular junctions can now be rigorously
examined based on a statistically significant amount of collected
electrical data. Furthermore, with functional molecules
containing the desired functionality in the molecular structure,
active research on high-yield functional molecular devices
seeking a potential application for practical devices has been
ongoing. Although it remains a distant goal, achieving
commercially available molecular electronics is the subject of
accelerated, intriguing research.
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In this article, we review recent experimental efforts for
pursuing high-yield functional molecular devices, in which a
bundle of molecules (the contacted molecules number more
than ~1000) is contained in a junction. Several excellent
reviews of the active field of molecular electronics are available
pertaining to single molecule junctions or ensemble molecular
junctions.”**~** In contrast, the overarching aim of this review
article is to provide an overview of diverse experimental efforts
for realizing the practical devices of the ensemble molecular
junctions apart from single molecule junctions, in which
distinctive electrical features are observed with high device
yield. To do so, we first summarize in detail a number of
different approaches for achieving high-yield ensemble
molecular junctions and discuss the practical applicability and
suitability as a reliable practical device platform. To provide a
thorough review and comparison, traditional testbeds for the
ensemble molecular junction, which usually lead to low device
yield, are also mentioned. We then address primary advances in
building functional molecular devices with desired function-
alities based on the high-yield molecular junction platforms
with programmed functional molecules. For example, the
potential applications of molecular diodes, photoswitching
devices, memory and optoelectronic devices are highlighted.
With those functionalities, other considerations for real-life
applications such as devices on flexible substrates and
integration of the devices are discussed, aspects often neglected
in previous reviews. Finally, at the end of the review, we note
the key issues critical to the success of the next-generation high-
yield functional molecular device. The overview aims to provide
a better understanding of the current status of the rapid
progress in the field of molecular electronics for the realization
of commercially available functional molecular devices, which
might be of crucial importance for the development of
alternative electronics.

APPROACHES TO THE REALIZATION OF HIGH-YIELD
MOLECULAR ELECTRONIC JUNCTIONS

In the field of molecular electronics, extensive research has been
performed to achieve reliable molecular junctions due to the
fundamental difficulty of fabrication resulting from the ultimate
scale of a molecule. Each approach to the realization of a
reliable molecular junction can be distinguished primarily
depending on how many molecules can be characterized in the
junction, and these approaches have their own advantages as
well as disadvantages. For instance, although a few molecular
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Figure 1. Examples of ensemble molecular junction platforms. (A) Nanopore. Reproduced with permission from ref 38. Copyright 2003,
American Physical Society. (B) Microscale via hole. Reproduced with permission from ref 46. Copyright 2007, American Physical Society. (C)
Nanoparticles bridged. (D) Crosswire. Reproduced with permission from ref 64. Copyright 2003, American Chemical Society. (E) Hg liquid
metal. Reproduced with permission from ref 75. Copyright 2002, American Chemical Society. (F) Eutectic gallium—indium based.
Reproduced with permission from ref 90. Copyright 2011, American Chemical Society.

junction techniques, including the fabrication of a single
molecule junction, can provide a platform for characterizing
electronic properties of an individual molecule, it is a laborious
task to utilize those techniques for practical application because
these junctions are usually very delicate and show a low device
yield. However, ensemble molecular junctions (the contacted
molecules are more than ~1000) based on SAMs show a
relatively better device yield and can be used for practical
applications based on a solid-state device platform. In this
context, first we will discuss the development of various
techniques for achieving ensemble molecular junctions in terms
of the possibility of practical applications, for example, the
device yield and manufacturability of a massive production
based on a solid-state device platform. Table 1 depicts the
summary of the typical methods, which will be mentioned in
this section.

General Experimental Testbeds for Ensemble Molec-
ular Junctions. To manifest the electronic transport character-
istics of ensemble molecular junctions, two-terminal junction
structures based on a metal—molecule—metal architecture have
been widely adapted.” ® Especially in early days, many research
groups have focused on a fundamental understanding of the
electronic properties of molecules based on architecture rather
than practical device application as a field of alternative
electronics. Therefore, various techniques for fabricating
ensemble molecular junctions have been proposed in many
studies, but they were not suitable for practical applications due
to extrinsic obstacles such as (i) low device yield, (ii) difficulty
related to the fabrication of junctions (mostly due to poor
addressability of molecules into gap electrodes), and (iii) low
applicability for a massively parallel production of devices based
on conventional lithography techniques such as the solid-state
device platform. The schematics of these kinds of junctions are
shown in Figure 1. Here, we will discuss these techniques from
the perspective of potential device application.

Introducing an atomically thin molecular layer, which
exhibits the transport characteristics of an active device
component, into gap electrodes is a very challenging task due
to the ultimate scale of the molecules. When SAMs of interest
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are deposited on metal-bottom electrodes, a prime way to
sandwich the SAMs between two metallic contacts is the direct
evaporation of metal electrodes. Nanopore and microscale via
hole techniques adopt this simple principle incorporated with a
solid-state device platform based on conventional lithography.
Figure 1A,B shows schematics of each method. The Tour group
first introduced the ensemble molecular junctions employing
the nanopore and microscale via hole techniques.””™” The
creation of a nanopore junction is performed in an insulating
material like SiO, or Si;N,.*>*"~* After deposition of the
vertically structured insulation layer, the nanopore, in which the
SAMs will be deposited, is created by local etching using
electron beam lithography and plasma etching or a focused ion
beam with a typical diameter between 30 and 60 nm. The
remaining insulating membrane suspended over the substrate
then acts as a window. By evaporating metal electrodes on both
sides and depositing the SAMs on them, nanopore molecular
junctions are obtained. All of the above steps can be performed
using a conventional lithography-based solid-state device
fabrication process. Therefore, this technique is a useful
platform for massive production of the junctions and statistical
determination of the intrinsic electronic transport character-
istics.>>*7*>* In addition, the number of molecules in the
junction, which is highly related to the electrical characteristics,
is relatively well-defined because the junction size can be
modulated accurately by a fine lithographic technique and
confirmed using microscopic tools.”*” This reproducibility is
one of the most important aspects for massive production of a
device with uniform device performance. Similar to the
nanopore strategy, the microscale via hole technique utilizes a
direct metal evaporation method on bottom electrodes
modified with SAMs.”>~** The only difference between the
two approaches is that the conventional photolithography
technique is applied to define microscale via hole structures
resulting in a larger junction size than the nanopore junctions.
Therefore, this technique also provides the advantages of the
nanopore method. Because of direct bombardment of the
evaporated metal atoms with high kinetic energy on the SAMs,
both techniques can induce mechanical damage, defects, or
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even filamentary paths in the SAMs, resulting in poor device
yield (~2%).>***=>* To resolve this critical problem for
practical applications of the molecular junctions, various
countermeasures have been proposed, for example, (i) cooling
of the evaporator stage during which the substrate is mounted;
(ii) release of most of the kinetic energy of the metal atoms in
collisions with inert gas atoms while the substrate is facing away
from the boat; and (iii) maintenance of a very low evaporation
rate,> 737495 Despite these measures, improvement of the
device yield has remained doubtful.

Instead of direct evaporation of the metal atoms on the
molecular layer resulting in poor device yield, one can deposit
the electrodes by generating soft contacts on the SAMs.
Conceptually, this strategy involves a mechanical placement of
preconfined electrodes on the molecular layer, which is free
from atomic defects caused by the metal evaporation. One
example of this strategy is the fabrication of nanoparticle-
bridged molecular junctions. The conceptual schematic of this
junction is depicted in Figure 1C. In this technique, a small gap
between two metal electrodes is first fabricated using
electromigration,*® electron beam lithography,”” or the angled
metal evaporation method.”® Self-assembly of the molecular
layer is then performed on the electrodes. Additionally, by
trapping the nanoparticles in the gap, an electrical pathway
consisting of metal-SAMs—nanoparticles—SAMs—metal is
generated. Here, several methods can be applied to trap the
metal nanoparticles in the gap, for example, (i) the application
of an AC electric field between the electrodes to pull in the
nanoparticles;*” (ii) the application of a local magnetic field to
ferromagnetic nanobeads coated with metal;*”*" or simply (ii)
the dispersal of the nanoparticles from solution.*® Because this
technique excludes the direct metal evaporation process, the
device yield can be improved compared with the techniques
mentioned in the previous paragraph. In addition, the
fabrication procedure is compatible with solid-state device
fabrication processes. However, this technique may have several
disadvantages in other aspects of device applications. First,
precise control of the nanoparticles with a specific size and
number at a well-defined location is quite challenging (i.e., the
number of molecules connected by the nanoparticles at each
electrode is variable), such that the charge transport character-
istics of each molecular junction fabricated in a batch may
seriously differ. Second, because this technique involves the
nanoparticles between each molecular layer on both electrodes,
the junctions are actually a double junction, wherein the charge
transport characteristics may greatly be affected by the physical
properties of the nanoparticles.”® These issues may hinder the
molecular junction manufactured by the nanoparticle-bridged
technique to create a viable platform for the practical
application of molecular devices.

Another kind of soft contact method, evaporation-free on
SAMs, is a crosswire technique. A schematic of the crosswire
molecular junction is shown in Figure 1D. Because the
fabrication technique utilizes externally prepared long metal
wires as the electrodes and makes a soft contact on SAMs
similar to the nanoparticle-bridged junctions, it can prevent the
unfavorable potential of metal atom penetration or defects
associated with the monolayer during the device fabrication
process, which result in an improved device yield compared
with metal-evaporated molecular junctions.’’ In detail, this
technique consists of two 10 pm-diameter metal wires, one
modified with SAMs of interest, mounted onto a stage with the
wires in a crossed geometry and with one wire perpendicular to

6514

the applied magnetic field ™ To control the junction

separation, a small DC current (<5 mA) flows through the
wire generating the Lorentz force in the magnetic field. The
deflection current is then slowly increased to bring the wires
together, forming a junction at the point contact. In this
technique, various molecules, end groups, and metal wires can
be incorporated because of the relative simplicity of the
junction formation.’” Furthermore, this technique enables the
observation of a linear conductance scaling of molecules via the
sensitive modulation of the number of contacted molecules
varied by the deflection current.””*® However, exact control of
the number of contacted molecules is hard to achieve, and the
orientation of the SAMs on the wire is not well-defined because
of the round curvature of the metal wire. This poor
addressability of molecules may hinder a reliable and stable
attainment of charge transport characteristics of the molecular
junction ensemble when this technique is applied for molecular
device fabrication. In addition, this technique is inadequate for
massive production of the devices based on the solid-state
device platform because of the requirement of the external
magnetic field for the formation of the junctions despite the
improved device yield compared with the metal evaporated
molecular junctions.

Similar to the crosswire technique, the prevention of metal
atom penetration or related defects in SAMs, which will
improve the device yield, can be accomplished by the liquid
metal contact. This technique takes advantage of the metal or
alloy having a low melting point that enables mechanical
manipulation of the top electrode via a soft contact on the
bottom electrode modified with the SAMs. Among the
candidate materials, Race et al. first introduced a clean mercury
(Hg) drop modified with SAMs as the top and bottom
electrodes.”” Figure 1E depicts a schematic of the Hg—SAMs—
SAMs—metal junctions. In their experiment, the Hg drop as a
top electrode is suspended from an amalgamated copper rod
that can be lowered by a micrometer screw to make contact
with the substrates containing barium, cadmium, calcium,
copper, and lead, on which the SAMs are formed on a
microscope stage. This simple principle can be applied to
generate the ensemble molecular junctions based on both the
monolayer and the bilayer SAMs by preparing the bottom
electrodes with various metals, semiconductors, and mole-
cules.”’~"” There are several advantages of using the Hg drop as
the electrodes.” First, because the liquid Hg drop has no
structural features, such as edges, terraces, and pits, it is less
likely to result in defects in the absorbed SAMs. Therefore, it
can conform to the topography of solid surfaces, thus forming a
conformal contact with SAMs on the surfaces. Second, this
technique allows the exploration of the electrical properties of a
wide range of organic/organometallic functionalities by
diversifying the junction compounds. Finally, it is easy to
assemble the junction over a large number of sites, which can
generate several replicate experiments to collect a statistically
large data set number. However, this technique also has some
drawbacks.”****! First, Hg is toxic, having harmful effects on
the health of the user. Second, the junction stability is
unsatisfactory, especially under the applied bias required for
the electrical measurements originating from the intrinsic
properties of Hg itself: high vapor pressure, easy to electro-
migrate, changes in shape under the applied potential, and
amalgamate with the bottom electrodes.®*™ Thus, the
junction yield is not dramatically improved compared with
metal-evaporated junctions (<25%). Third, this technique
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Figure 2. Approaches for high-yield solid-state-based ensemble molecular junctions; conducting interlayer-based junctions. (A) Conducting
polymer PEDOT:PSS. Reproduced with permission from ref 100. Copyright 2006, Nature Publishing Group. (B) Conducting polymer
Aedotron P. Reproduced with permission from ref 101. Copyright 2012, American Chemical Society. (C) Graphene. Reproduced with
permission from ref 102. Copyright 2011, Wiley-VCH. (D) Reduced graphene oxide. Reproduced with permission from ref 120. Copyright
2012, Wiley-VCH. (E) Electron beam deposited carbon. Adapted with permission from ref 103. Copyright 2016, American Chemical Society.

requires external equipment such as a microscope, syringe, and
micromanipulator for formation of the molecular junctions, and
the measurements must be performed under a solvent bath,
which is undesirable for functional molecular device applica-
tions.

Instead of Hg, stable and nonharmful liquid alloy electrodes
may be beneficial to overcome the issues related to the above-
mentioned Hg electrodes. Whitesides group initially introduced
an idea consisting of conformal electrodes from non-Newtonian
fluid metal,*® eutectic gallium—indium (EGaln), and their use
for studying charge transport characteristics across ensemble
molecular junctions.®*”~*" Figure 1F shows a microscopic and
schematic image of the EGaln-based molecular junction. In this
technique, an EGaln drop suspended from the needle of a
syringe was brought into contact with the bare Ag surface, and
the syringe was then retracted slowly until the EGaln bifurcated
on each side into conical tips. Because the conical tip
protruding from the needle did not retract into a semispherical
droplet (as would Hg), the contact area can be considerably
reduced. Finally, using the micromanipulator, the EGaln tip is
brought into contact with the SAMs. The Ga,Oj interlayer (1—
2 nm), which is formed by oxidation of EGaln on the surface, is
beneficial for the stability of the molecular junction as a
protective layer leading to a high device yield (<90%).
Nevertheless, the resistance of the interlayer is estimated to
be low, which is enough to characterize the electrical
characteristics of the molecular junctions. Typically, incorpo-
rated with a template striped bottom electrode modified with
SAMs, diverse physical and chemical characteristics in the
molecular junctions have been investigated.””™"® There are
several advantages when EGaln electrodes are used for the
molecular junctions instead of Hg electrodes: (i) unlike Hg,
EGaln does not flow until it experiences a critical surface stress,
(ii) makes conformal, nondamaging contacts at room temper-
ature, (iii) can be molded into nonspherical shapes with
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micrometer-scale (or larger) dimensions, (iv) has a low vapor
pressure, and (v) is nontoxic. In addition, the work function of
EGaln (4.1-4.2 eV) is close to that of Hg (4.5 eV), but EGaln
does not form an alloy with many metals.”””® Thus, EGaln
could be an ideal replacement for Hg. However, there are some
disadvantages related to the technique, impeding its suitability
as a junction platform for practical device applications, for
example, (i) although EGaln exhibits better material properties
than Hg as an electrode, the fabrication method for the
molecular junctions still requires external equipment like the
Hg electrode-based technique; (ii) defining a reproducible
junction size that determines the electrical characteristics of the
junction remains uncertain; and (iii) the interfacial properties
between the Ga,O; layer and SAMs are ill-defined with respect
to morphology and resistivity.”> ™" These disadvantages may
hamper the viability of the liquid metal/alloy electrode
technique for the practical application of molecule devices. It
is noteworthy, however, that this technique can be improved
with a distinctive approach designed to resolve some of these
issues, which will be detailed in a later section.

As a promising future candidate of alternative electronics
against conventional Si-based electronics, which approaches its
scalable limit, the realization of high-yield and stable molecular
junctions has been a long-standing challenge in the field of
molecular electronics, and it is an essential prerequisite for
practical device applications. Although enormous efforts have
been made by many research groups to develop reliable
testbeds for the investigation of the fundamental transport
characteristics, mentioned above, some critical disadvantages of
the techniques still hinder their utilization for practical device
platforms. Therefore, in the following section, we will discuss
high-yield ensemble molecular junction fabrication techniques
that may overcome these obstacles and be applicable not only
for examining the fundamental charge transport characteristics
of molecular junctions but also potential device applications.
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Realization of High-Yield Ensemble Molecular Junc-
tions. As mentioned in the previous section, some of ensemble
molecular junction fabrication techniques may be useful for
investigating the electrical characteristics of the molecular layer,
but they have the following limitations in terms of future device
applications: (i) low device yield, (ii) junction fabrication
difficulties, and (iii) low applicability for massive device
production based on conventional lithography techniques like
the solid-state device platform. In the following section, we will
discuss alternative techniques for fabricating the molecular
junctions that have been presented by various research groups
to address these problems.

Interlayer Techniques. The low device yield problem of the
metal-evaporated molecular junctions, which mostly resulted
from metal atom penetration into the molecular layer, can be
resolved by adhering to a simple idea: the introduction of a
protective interlayer before evaporation of the top electrodes.
Based on this strategy, various materials have been proposed for
the interlayer, such as thin oxide,” conducting polymer,'*>'"’
and carbon-based materials.'**'"

The schematics of the conducting polymer-based junction
architectures are shown in Figure 2A,B. To our knowledge, the
Boer group first introduced the conducting polymer interlayer
technique to manufacture high-yield large-area molecular
junctions.”®'**'%*~1% In this technique, they basically followed
a similar fabrication process for the microscale via hole
technique except they incorporated a commercially available
water-based suspension of poly(3,4-ethylenedioxythiophene)
stabilized with poly(4-styrenesulfonic acid) (PEDOT:PSS) as a
top electrode on the SAMs and used a photoresist matrix as an
insulating wall. While depositing the PEDOT:PSS interlayer,
the SAMs can be protected from the formation of a filamentary
path or contaminants under ambient conditions because the
layer can be spin-coated on them. Moreover, each grain size of
the macromolecules of the PEDOT:PSS is too large to
penetrate the densely packed molecular layer, and the
difference in water affinity between the PEDOT:PSS layer
and the backbone of the SAMs makes them microscopically
repulsive.”® Based on this structural stability, large-area
molecular junctions could be fabricated with a junction size
ranging from 10 to 100 um. Additionally, the aging effect on
molecular junctions was confirmed to be minimal for at least
several months in air, and there was no visible degradation
upon sweeping. Most importantly, a large collection of
molecular junctions can be easily manufactured with standard
integrated device fabrication processes with a yield of working
devices of ~100%. Using the PEDOT:PSS interlayer technique,
the possibility of functional molecular electronic device
applications, such as on the molecular diode photoswitching
device, was investigated both on rigid and flexible sub-
strates.'”’ """ The details concerning these applications will
be discussed in later sections.

Figure 2B shows a device schematic of an 1% poly(3,4-
ethylenedioxythiophene)-block-poly(ethylene glycol) (Aedo-
tron P) interlayer-based molecular junction.'”" Using this
technique, they modified the fabrication process proposed by
Boer group by replacing the photoresistant insulating layer with
an inorganic dielectric (alumina and silicon nitride), which was
deposited using conformal coating methods and the
PEDOT:PSS interlayer with a commercially available Aedotron
P dispersed in an organic solvent. The particular Aedotron
blend is a block copolymer of PEDOT and polyethylene glycol

dissolved in nitromethane and doped with p-toluene sulfonate.
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Although the Aedotron P interlayer shows higher resistivity
than PEDOT:PSS, submicrometer scaling of the molecular
junctions was possible because of the better wetting properties
and low viscosity of nitromethane on a conformal inorganic
insulating wall. These properties allow the deposition of the
interlayer into pores as small as 100 nm in diameter and 50 nm
deep. This aggressive scaling of the junction fabrication
technique to the limits of conventional lithographic methods
may enable the realization of high-yield, low variation-
integrated molecular junctions. Nevertheless, some issues
regarding the use of the conducting polymer interlayer contact
remain to be addressed. (i) The interface characteristics
between the interlayer and SAMs are not fully understood.
Moreover, the interlayer may dominate the charge transport
characteristics in the junctions, especially when the resistivity of
the interlayer is comparable with that of the molecular
layer,®'00 1011961 (i) The intrinsic material properties of
the conducting layer may limit the variety use of species of
molecules due to their compatibility. Thus, there is still a plenty
of room to improve the interlayer materials for the realization
of robust ensemble molecular junctions.

Carbon-based materials ranging from activated carbons to
carbon nanotubes and graphene have attracted a large amount
of interest as the most promising electrodes because of their
desirable physical and chemical properties. These properties
include robust electronic transport characteristics, low cost, a
variety of forms (powders, fibers, aerogels, composites, sheets,
monoliths, and tubes, among others), ease of processability, a
relatively inert electrochemistry, controllable porosity, and
electrocatalytic active sites for a variety of redox reac-
tions.">~""* In particular, there have recently been compre-
hensive investigations of graphene in various research
fields."'''° Among these, graphene is a two-dimensional
array of carbon atoms arranged in a honeycomb lattice. Each
carbon atom is sp>-hybridized and is bound to its three
neighbors."'>''® Especially because of its outstanding material
properties such as high conductivity, transparency, chemical
stability, and mechanical strength, graphene is considered a
future candidate for optoelectronic device applications."'”""®
Regarding high-yield molecular junctions, Wang et al. first
suggested the use of the multilayer graphene electrode for
manufacturing high-yield ensemble molecular junctions. In
their study, they transferred a multilayer graphene sheet,
synthesized by chemical vapor deposition on a Ni substrate,
onto the SAMs as the buffer layer instead of spin coating the
conducting polymer, as shown in Figure 2C.'"* The prepared
multilayer graphene films produce a typical sheet resistance of
~600 Q/sq and a transmittance of ~90% in the visible
wavelength range. After the transfer of the multilayer graphene
sheet on SAMs, a metal layer was evaporated on top of the
graphene films to reduce the contact resistance of the graphene
films during electrical probing. Using this graphene interlayer
before the deposition of the top metal electrodes prevents the
formation of filamentary paths that result in a low device yield.
In this case, the device yield have been found to be > ~90%,
regardless of the properties of the isolating layer and contact
groups (hydrophobic vs hydrophilic). Compared with earlier
conducting polymer-based molecular devices, graphene inter-
layer-based devices may have potential advantages in terms of
better charge transport characteristics due to a low contact
resistance with a wide range of variable molecular lengths and
different contacts. In particular, the demonstrated graphene
interlayer-based molecular junctions show good durability,
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thermal and operational stability, and device lifetimes, all of
which are crucial for the practical application of molecular
devices. Based on these type of molecular junctions, inelastic
electron tunneling spectroscopy measurements have been
performed to observe the vibrational modes of molecules
even on flexible substrates.'"”

One disadvantage of graphene interlayer-based molecular
junctions is that the prepared graphene film should be
transferred onto the SAMs using a mechanical method because
graphene is atomically thin and chemically stable. To resolve
this issue, the use as the top layer of reduced graphene oxide
(rGO), which can be achieved from chemically exfoliated
graphene oxide (GO), has been suggested.'”®'*"*%'*! GO
consists of atomically thin flakes of oxidized graphite that is
dispersible in various solutions and can produce dispersible
rGO by chemical reduction.'*”'** The resistivity of the rGO is
comparable to that of single-welled carbon nanotubes'**'** and
can be improved by thermal treatment.'”*'*” Because rGO is
dispersible in organic solvents compared with graphene, one
advantage of the use of rGO as electrodes is solution
processability. For example, an rGO film electrode can be
easily spin- and spray-coated directly onto a substrate or
generated by vapor reduction of spin-coated GO film."**'*” Seo
et al. first introduced the use of rGO as an interlayer electrode
in molecular junctions, as shown in Figure 2D."*" In their study,

6517

they prepared the solvent-dispersed rGO sheets by reduction of
GO sheets dispersed in water using a chemical reduction
process. The conductivity of the rGO film was approximately
7600 + 200 S/m, having much higher conductivities than that
of highly doped PEDOT:PSS. After the formation of the rGO
interlayer by a spin-coating process onto the SAMs-modified
gold bottom electrodes, gold top electrodes were evaporated
onto the rGO film at a low deposition rate. It has been
demonstrated that there is no hysteresis or electrical short
conduction in the current—voltage characteristics, indicating a
high-device yield (>99%). In addition, the fabricated molecular
junctions exhibited no noticeable degradation under vacuum
conditions for 30 days. Not only the high device yield but also
the good stability and accessible processability of rGO
interlayer-based molecular junctions enable this fabrication
technique to be applicable for functional molecular electronic
device applications. For example, there have been various rGO-
based functional molecular device applications even on flexible
substrates, such as a nonvolatile memory, photoswitching
device,108:109,121

Other uses of sp*-hybridized carbon material family members
for molecular junctions, such as pyrolyzed photoresist films
(PPF) and electron-beam deposited carbon films (eC), have
been introduced by McCreery group.'®»'?°~'*° PPF
disordered and partially graphitic carbon with a relatively low

is
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resistivity (~0.006 Q cm) that is prepared by pyrolyzing
patterned photoresistant stripes under a reducing atmosphere
(5% H, and 95% N,) at 1000 °C for 1 h."**"3*'*” This material
is patternable by photolithography, which is thermally stable,
and it is not subject to electromigration-like metals. Addition-
ally, electrochemical reduction of diazonium reagents on PPF
provides an irreversible bond of the molecular layers to sp*
carbon surfaces with a C—C bond,"®***'3? and the surface of
PPF is flat, with a root-mean-square (rms) roughness value
similar to that of the substrate upon which it is formed.
However, PPF has a relatively poor conductivity (~200 S/cm)
compared with graphene or conducting polymers, and the
requirement for slow pyrolysis at an extremely high temper-
ature in forming gas is not readily amenable for use as the buffer
interlayer for molecular junctions because the buffer layer is
usually generated after the deposition of the molecular layer.
Therefore, the high conductivity and partial transparency of
thin metal films must be combined with the flatness and surface
modification chemistry of PPF while also avoiding high-
temperature processing. Instead of PPF, eC has been described
previously for conducting the carbon interlayer, resulting in a
partially transparent electrode. Figure 2E shows a schematic
image of the molecular junctions using eC interlayer electrodes.
To fabricate the molecular junctions, patterned bottom
electrodes composed of Cr, Au, and eC are first vapor
deposited on the substrate using a shadow mask. The target
source for the eC layer is high purity graphite, and the
deposition rates are kept low, resulting in highly smooth surface
morphology. The SAMs of molecules with diazonium moiety
can then be deposited on the eC layer by electrochemical
reduction of the corresponding diazonium ions retaining a
covalent C—C bond. Subsequently, the eC buffer interlayer and
Au top electrodes are e-beam evaporated in one vacuum cycle.
The 10 nm-thick eC films have sheet resistances of 10*—10° Q/
sq, yielding resistivities of 0.03—0.16 £ cm, which is similar to
that reported for the 300 nm-thick film.'*" Based on the
electrical characterization of the fabricated Cr/Au/eC-SAMs//
eC/Au junctions, a top contact of the eC interlayer yields
molecular junctions with a high yield (>90%), good
reproducibility, a long cycle life (>10° scans), and a wide
temperature tolerance (6—600 K). Additionally, the resulting
molecular junctions are compatible with conventional semi-
conductor device fabrication technology for massively parallel
production with high device yield and excellent stability, while
avoiding the high temperatures and material-transfer steps often
required for graphene-based molecular junction designs.

Distinctive Fabrication Techniques. Despite the improved
device yield and several advantages of interlayer-incorporated
molecular junctions using various distinctive materials as
mentioned above, no possible variation of the top electrode
materials may restrict the manifestation of diverse molecular
functionalities due to the limited interactions between the
molecular layer and top electrode. In addition, no in-depth
investigations of the contact properties between the SAMs and
interlayer have been conducted to provide an unambiguous
understanding of the charge transport characteristics of the
molecular junctions. In this section, therefore, we will discuss
other high-yield ensemble molecular junction fabrication
techniques that can resolve the issues without the use of buffer
interlayers.

Nanotransfer imprint technology where a thin metal layer is
transferred from elastomeric stamps like poly-
(dimethylsiloxane) (PDMS) onto a designated surface'™" was
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first introduced by Loo et al. for fabricating large-area molecular
junctions.'*” This technique depends on the surface chemistry
of the designated target surface, to which the thin metal layer
on the stamp bonds chemically and releases it from the
stamp.'**'** Thus, it results in well-defined and highly
reproducible nanostructures with various contact areas. As
shown in Figure 3A, the fabrication process is briefly described
as follows: (i) SAMs are formed by vapor deposition on the
GaAs surface, on which the native oxide layer is etched away
using chemical etchants; (ii) a gold-coated elastomeric PDMS
stamp with appropriate relief features is brought into contact
with the substrate, and the gold on the raised part of the PDMS
stamp is bonded and transferred to the SAMs-coated GaAs;
(iii) removal of the stamp from the substrate completes the
printing process. Because the molecules chemically bind the
gold patterns to the substrate, the patterns can be anchored
permanently to the substrate. Since this technique involves the
transfer of the thin metal electrode prepared in advance onto
the designated SAMs, the resulting structures do not suffer
from filamentary path formation, which results in a low device
yield of the molecular junctions, as observed for the direct
evaporation of metals on the SAMs." ¥ 718 In addition, due to
chemical bonds between the transferred metal electrode and
end group of the SAMs, the contact resistance usually exhibits
lower values compared with the case of the physisorbed
contact.”>"*'* It is also possible to manifest distinctive charge
transport characteristics obtained by diversifying the constitu-
ent materials of the molecular junction, for example, the
molecular species and the bottom and top electrode. In another
sense, simultaneous fabrication of the junctions with many
different junction sizes and patterns is allowed based on solid-
state device fabrication processes for profitable statistics of the
obtained electrical data.'** However, one challenge is how to
precisely determine the number of molecules under study
because the roughness of the top electrode may generate
contact vacancies when they make contact.'*’ More seriously,
the partial deformation and degradation on the thick PDMS
mold surfaces may cause poor contact properties, which may
result in a low device yield.

Instead of using the molds, in which the removal of the
stamps from the top electrode is affected by surface chemistry
between the top electrode and SAMs, generation of the soft
contact can be achieved without the molds but by using a
sacrificial layer like a polymer, which can be washed away after
junction formation as the support for the thin metal
layer.””’~">® Thus, this technique, which is called direct
metal-transfer or the polymer-assisted lift-off (PALO) method,
possesses several advantages of the nanotransfer imprint
technique, namely, parallel device fabrication, nanoscale-to-
centimeter device sizes, high-quality metal films, and a
nondamaging deposition. Figure 3B shows a schematic of the
device fabrication procedure using this technique. The details of
the procedure are similar to those of the nanotransfer imprint
method because the main concept of the fabrication process is
introducing mechanical placement of the thin metal top
electrode onto the SAMs yielding the soft contact. Briefly, as
the first step, the patterned top metal electrodes are first
deposited onto a dummy substrate such as a silicon substrate.
The poly(methyl methacrylate) (PMMA) or poly(styrene) is
spin-coated onto the dummy substrate to support the metal
electrodes, which can be damaged while the electrodes are
detached from the substrate. After coating, the top metal
electrodes with a thin polymer layer are detached from the

DOI: 10.1021/acsnano.7b02967
ACS Nano 2017, 11, 6511-6548


http://dx.doi.org/10.1021/acsnano.7b02967

ACS Nano

dummy substrate by immersing the film into an etchant. This
etchant weakens the polymer—substrate adhesion. Then, the
detached transfer film is gently rinsed with deionized water and
applied onto the molecular layer to yield vertical metal—
molecule—metal junctions. Finally, the remaining polymer layer
is removed by dipping the samples in an organic solvent. The
capillary action, resulting from the surface tension of liquid on
which the transfer film is floated, enables the transfer film to
intimately contact the molecular layer. To facilitate intimate
contact between the top electrodes and the molecular layer
without wrinkles on the electrode, the proper choice of the
polymer layer for the buffer liquid with consideration of their
interface energies is most important.151 A common concern
related to those nanotransfer imprint-based molecular junctions
is the roughness of the transferred electrodes. In this regard, the
surface morphology of the electrodes follows that of the
dummy substrate, exhibiting an excellent morphology profile
due to the detachment of the thin metal electrode from the
smooth dummy substrate on which it was deposited.'>"'>>'5*
Using this technique, many ensemble molecular junctions have
been fabricated simultaneously with various ranges of contact
areas. In addition, the junctions exhibit a high device yield
(~70%) without the formation of short circuits or damaging
the monolayer, providing good stability, durability, and device
lifetime properties, which are important factors for the practical
application of molecular devices. These advantages, together
with the possibility of fabricating a large number of molecular
junctions in parallel, allow for rigorous statistical investigations
of the electrical characteristics of molecular junctions and their
future applications.

Because the mold or sacrificial polymer layer on which the
top electrode is deposited greatly influences the contact
properties of the molecular junctions, establishing a reliable
interface is a challenge that must be overcome to obtain
reproducible molecular junctions fabricated using the above
techniques. One possible solution for this issue would be the
use of a liquid metal electrode, as we mentioned in the General
Experimental Testbeds for Ensemble Molecular Junctions
section. This technique takes advantage of the metal or alloy
having a low meting point that enables mechanical manipu-
lation of the top electrode as a soft contact, so the electrode has
no structural features such as edges, terraces, and pits, and it is
less likely to result in defects in the absorbed SAMs. In
addition, it conforms to the topography of the contacted
surfaces, thus forming an intimate contact with SAMs on the
surfaces. For example, the Ga,0;/EGaln electrode is beneficial
for the stability of the molecular junction leading to high device
yield. Nevertheless, this technique requires external equipment
such as a microscope, syringe, and micromanipulator for the
formation of molecular junctions, which is not practical for
parallel manufacturing of the functional molecular devices.
Additionally, they lack the encapsulation and addressability
needed to operate in a pressure- and temperature-controlled
chamber.'>® To overcome this shortcoming, Nijhuis group
proposed a method to create solid-state-based molecular
junction arrays using the Ga,O;/EGaln electrode stabilized in
microfluidic channels made with an elastomeric polymer
(PDMS).”®'*37157 A microfluidic channel is based on
capillaries that typically have lateral dimensions of 10—1000
pum, and a simple two-dimensional channel system can be used
for many applications.">® A schematic of the fabrication process
for the microfluidic channel-based molecular junction structure
is shown in Figure 3C. First, the pattern of Ag electrodes was
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fabricated using conventional photolithography. Using a UV-
curable adhesive, they then affixed a glass substrate to the
pattern of the Ag electrodes. The cured optical adhesive
interacts strongly with the Ag and the glass support, but not
with the wafer. The Ag/adhesive/glass composite was then
cleaved from the wafer by applying a lateral force between the
glass substrate and the wafer. Subsequently, a microfluidic
channel in PDMS was aligned perpendicular to the Ag
electrodes after the formation of the SAMs. Finally, the
fabrication was completed by filling the microfluidic channels
with Ga,03;/EGaln electrodes. The advantage of this technique
is that encapsulation of the top electrodes in PDMS eliminates
the instabilities associated with micromanipulators (device yield
was 70—90%) such as drift or vibrations and minimizes user-to-
user variations in the details of the formation of the top
electrode. Due to this stability, the obtained data show high
precision and replicability. These features enable the study of
the electrical characteristics of the junctions over a long period
of time and the various range of temperatures from 160 to 297
K. Additionally, the cone-shaped tips of EGaln electrodes can
only be prepared one at a time per setup, while the microfluidic
channel technique can be 9performed in parallel to fabricate
large numbers of junctions.”

Another distinctive fabrication method for a high-yield
ensemble molecular junction would be the surface diffusion-
mediated deposition (SDMD) technique.'*”"®° This technique
involves remote diffusion-mediated deposition of the metal
electrode onto the molecular layer, which leads to a
horizontally aligned junction architecture. Due to the indirect
deposition of one metal electrode, one can resolve the low
device yield problem resulting from metal atom penetration or
damage in the molecular layer when a metal electrode
evaporation step is included in the fabrication process. The
molecular junction structure based on the SDMD technique is
illustrated schematically in Figure 3D. To fabricate the
molecular junctions, first PPF or carbon films were established
as the bottom electrode on thermally oxidized silicon wafers. As
mentioned above, electrochemical reduction of diazonium
reagents on the PPF/carbon film provides irreversible bonding
of the molecular layers to sp® carbon surfaces with a C—C
bond. 13813 The surface of the PPF/carbon film is also flat,
having a rms roughness value similar to that of the substrate
upon which it is formed. After bottom electrode formation, a
patterned SiO, mask layer, which will be utilized as a protective
layer for some parts of the PPF film, was created on the PPF
films. Then, the unprotected PPF film was etched by a reactive
ion etch process to yield a nearly vertical sidewall of PPF film
beneath the etching mask. On the vertically aligned sidewall of
PPF film, the molecular layer was electrochemically deposited
via the covalent C—C bond. Finally, angled deposition of the
metal electrode on the molecular layer was optimized to create
a soft contact by a metal atom diffusion process. The remote
diffusion of metal atoms instead of direct evaporation reduces
the risk of penetration and damage in the molecular layer,
which leads to excellent device yield (>90%) and reproduci-
bility of the molecular junctions. In addition, the conductance
steps were readily observable because the electrical contact was
controlled through surface diffusion of the metal atom on
individual molecules one at a time, which allows character-
ization of a wide range of molecular junctions containing
single/several molecules to bundle molecules. However, it is
somewhat challenging to control the exact number of molecules
in the junction because this technology depends on a remote
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diffusion process, the detailed physics of which are unknown.
Additionally, possible choices of the molecule species may be
limited because of the PPF bottom electrode surface.
Nevertheless, the resulting molecular junctions are compatible
with conventional semiconductor device fabrication technology
for parallel production with high device yield and excellent
reproducibility.

Statistical Analysis of High-Yield Molecular Junctions.
Among various merits of fabricating high-yield molecular
junctions using a solid-state device structure, one of the most
remarkable advantages is the capability of mass production
because the fabrication can be performed following conven-
tional manufacturing processes. Mass production provides a
statistically sufficient number of molecular devices for analysis,
which enables us to distinguish the genuine transport
characteristics of molecular junctions from uncertain electrical
information, ***?$10136161"guch  statistical investigation is
especially beneficial to typical methods for electrical character-
ization of molecular electronic devices, for example, length/
temperature variation, transition voltage spectroscopy (TVS),
and inelastic electron tunneling spectroscopy (IETS)."'*'>*
Therefore, in this section, we present a review of the statistical
analysis performed to characterize the charge transport
properties of high-yield ensemble molecular junctions.

Figure 4A shows the statistical histograms of the values of
loglJl for Ag™-SC,//Ga0,/EGaln molecular junctions with n =
10, 12, 14, 16, and 18. Generally, statistical histograms show
populations of a certain characteristic in which groups of items
are all related. In this case, current density J is measured to
make generalizations about ] for the Ag™-SC,//Ga0O,/EGaln
molecular junctions. The charge transport mechanism across
SAMs of n-alkanethiolates is regarded as coherent tunnel-
ing,''>'%% and hole tunneling is theoretically more favorable
than electron tunneling.164 The rate of tunneling decreases
exponentially with the width of the barrier (i, the length of
the molecule), is independent of temperature, and is usually
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approximated by a form of the Simmons eq (eq 1), where J,
(A/cm?) is a constant that depends on the system and includes
contact resistance, d (A) is the width of the tunneling barrier,
and f8 (nc! or A™') is the decay constant,'®>1%

J = Jyexp(=pd) (1)

These factors may have junction-to-junction variations
depending on the detailed physics of a junction structure
such as interface/contact properties and the impurity density in
the molecular layer.”*"*'*"~'7* According to eq 1, for
example, the values of loglJl are normally distributed when
the variation in d is assumed to follow a normal distribution
because J depends exponentially on d.”"'”* Thus, plotting the
values of |Jl on a log scale produces normal distributions of log|
JI, which can be fitted as Gaussian curves by nonlinear least-
squares fitting to all collected data as shown in Figure 4A. The
extracted fitting parameters of each Gaussian curve, such as the
log-mean, (logl]l), and the log-standard deviation, 6., can be
roughly considered as representative parameters of the
molecular junctions, drawing a distinction between informative
and non-informative data. By determining the representative
parameters, one can make generalizations about certain
electrical characteristics of molecular junctions based on a
specific test bed, in which measurement artifacts such as
outliers may suppress the correct interpretation of charge
transport properties. It should be noted that, however, the
proper design of statistical tools for collecting data is critical to
draw accurate conclusions from the data.'”* Based on the above
method, statistical parameters in addition to J in high-yield
molecular junctions can be analyzed by Gaussian fitting (i.e.,
nonlinear least-squares fitting based on Gaussian curves) when
the distribution can be assumed to be normal."'”"”*'”> When
adopting this statistical model, the precision of the data can be
considered as the width of the distributions corresponding to
the standard deviation of the Gaussian curve, and the accuracy
can be considered as the closeness of the Gaussian mean value
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of the distribution to a reference value, or standard value as
shown in Figure 4B.>*"*%'%~172 Thys, one way to compare
different molecular junctions fabricated by various test beds is
to compare the precision and accuracy of the statistical
distributions from the electrical data. This principle can also
be applied to determine the stability and easy applicability of
the junction fabrication technique beyond the device yield by
examining user-to-user correlations. For example, the Nijhuis
group has shown that the stabilization of the EGaln top
electrode in microfluidic device minimizes the user-to-user
variations in the formation of the top electrodes, the geometric
area of the junctions, and the potential error associated with the
vibrations and drift of the cone-shaped tip of EGaln mounted
on a micromanigulator as top electrodes resulting in precise
data, 180167717 Figure 4C,D shows that both data sets have
their log-mean value of ] close to the reference value and that
the precisions of both distributions are comparable.

One of the pursued virtues for high-yield molecular junctions
with applicability as practical devices is replicability and
reproducibility of the electrical data. From a large number of
fabricated molecular junctions, each junction can show constant
electrical characteristics if the test bed exhibits replicability and
reproducibility. This characteristic is intimately related to high
precision, which we mentioned above, but the standard
deviation value that can be regarded as precision may be
modulated depending on how the statistical model is applied,
for example, a bin size of a histogram can affect the fitting
parameters of a Gaussian curve.'’® Thus, instead of precision,
inspecting all the electrical properties of each molecular
junction is beneficial to determine the reproducibility of
molecular junction test bed. Figure SA,B shows a statistical
representation of junction resistances from each device
fabricated by PEDOT:PSS interlayer technique using alka-
nethiolates. The current density—voltage (J—V) characteristics
have been measured for Au-alkanethiol//PEDOT:PSS/Au
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junctions C,H,,,,-SH with n 8—22."°° In the graphs of
Figure S5A, the junction resistances at a low bias of C gH;,-SH
SAMs are presented as a function of the diameter and the die
number. In a wafer, there were 62 identical die structures, and
each die contained via hole-structured molecular junctions with
diameters ranging from 1 to 50 pm, as indicated in the figure
legend. The normalized resistances (in £ ym?) are presented in
Figure SB. Excluding two dies, which were shorted due to an
artifact of the automatic prober, most of dies showed a constant
normalized resistance, exhibiting good reproducibility, and the
device yield was almost uniform. Furthermore, the resistance
which monotonically scales with contact area was as expected
for a parallel ensemble of single molecule junctions. However,
careful inspection of Figure SA,B revealed a slight increase in
resistance with the device area due to differences in the local
electrical resistance varying over the junction.lo6

The most useful benefit of the statistical analysis is to
characterize the electrical data that are informative and ignore
data that are non-informative by using a proper statistical model
to discriminate between the two. Therefore, to make a correct
comparison of genuine electrical characteristics from each
molecular junction fabricated by different fabrication methods,
determination of representative electrical properties is
pursued.”®*""5¥15¢ Figure SC,D shows an example of a
comparison of the electrical properties of molecular electronic
devices produced with different top electrodes based on
statistical analysis. In Figure S5C,D, the charge transport
parameters (J and R, ie., resistance per molecule) were
compared for octanedithol (DC8) molecular junctions
according to the different kinds of top electrode (PEDOT:PSS,
graphene and Au) to demonstrate the quality of the contact
properties of the graphene-based devices. In these comparisons,
the authors observed that the resistance for Au/DC8/graphene
was slightly higher than that for Au/DC8/Au devices by <1
order of magnitude (Figure SD). This finding indicates that the
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interfacial contact between graphene and DC8 was comparable
to that between Au and DC8 (Figure SC,D), unlike the
relatively poor contact between DC8 and PEDOT:PSS with
much higher resistance. This comparison can also be applied in
different types of junction systems. For example, the authors
observed that the R, (approximately 10 GQ) for DC8//
graphene devices was higher by 0.5—2 orders of magnitude
than CP-AFM and STM measurements using the same
molecular types, due to the unfavorable physisorbed contact
between graphene layers and DC8 molecules.'”*%'*"!7”
However, the R, of the devices with PEDOT:PSS was
observed”®'® to be approximately 10° GQ, which is much
higher than the CP-AFM and STM measurements, by 3—5
orders of magnitude. Thus, it can be concluded that the
graphene interlayer electrode may be a better candidate for
ensemble molecular junctions in terms of the junction
resistance because of the high vertical resistance of
PEDOT:PSS itself."”® This finding leads to difficulty in
characterizing the charge transport through short molecular
lengths (<2 nm) in the PEDOT:PSS-based molecular junction
system because R, can be comparable to that of the
PEDOT:PSS interlayer.'”® Therefore, the approach of
graphene-based molecular electronic devices may be advanta-
geous for characterizing a wider range of molecular systems.
In most cases, of statistical analysis, usually only statistically
representative (ie., averaged) electrical characteristics were
treated as crucial parameters, while the deviations (i..,
precisions) of these characteristics from junction to junction
did not attract particular attention except when determining the
reproducibility of the molecular junction test bed. Nevertheless,
because these deviations may stem from variations in the
specific microscopic structures of the molecular layers, it can be
worth investigating to gain insight into the structural states of
the molecular layers for robust future electronic applications.
Therefore, an investigation of the deviations in electrical
characteristics by taking advantage of the high-yield junction
would be beneficial for these purposes. Jeong et al. have
performed this kind of statistical investigation using the high-
yield molecular junctions fabricated by the direct metal-transfer
technique.'”” In their experiment, they analyzed a large number
(approximately 400) of molecular junctions, each composed of
128 junctions for octanethiol, dodecanethiol, and hexadecane-
thiol (C8, C12, and C16, respectively) alkanethiolate
molecules. The working devices were defined and selected
from all the devices based on the Gaussian distribution, and the
representative J—V characteristics could be derived in terms of
statistically meaningful characteristics as we mentioned above.
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The authors also found that the degree of the distribution (the
Gaussian standard deviation 6) of the logarithmic J values of
each molecular junction around the statistical mean value (i.e.,
the Gaussian mean y) is dependent on the molecular length as
shown in Figure 6A. Generally, this statistical distribution can
be attributed to fluctuation factors that cause such a distribution
of tunneling current densities in molecular junctions. For
example, these factors can be unexpected variations (i.e.,
fluctuations) in the molecular configurations of the molecular
layers in the junction, such as the tilting angle of the SAMs on
the bottom electrode, surface roughness of the bottom
electrode, existence of defects or contaminants, and contact
properties at the metal—electrode interface.'*”"**~"** Note that
such variations may stem from parameters that are controllable
during the junction fabrication process, such as variations in the
junction area; however, this type of fluctuation could be
canceled out because all of the molecular junctions in that study
were generated by single batch processes, i.e., all the devices
were created at the same time. Instead, variations in intrinsic
parameters that are mostly uncontrollable in molecular
junctions, for example, the tunneling pathway, are more likely
to be the main causes of the fluctuations in the statistical
distribution.'® In their analysis, they attributed this fluctuations
in the statistical distribution to the total conformational degrees
of freedom of the molecules with different molecular lengths.
The maximum energy of an individual molecule, for example,
the alkanethiolates in their study, increases with the addition of
each alkyl chain unit based on the repetitively connected spring
model of a molecule in which the internal energy increases with
the length d (E o d*). Thus, the total conformational degrees of
freedom of the molecule grow with the molecular length d due
to the higher probability of various conformational states."** In
this case, the molecule with a longer length can produce larger
variations in the thickness of the molecular layer than shorter
molecules due to intrinsic and extrinsic feature, for example,
more likely incorporation of defects and contaminants in the
molecular layer or substantial molecular deformation due to the
thicker cross-sectional area and higher structural degrees of
freedom. Therefore, the thickness (i.e., the tunneling barrier
width) of the molecular layer and thus the J—V characteristics
that depend on the thickness might be proportional to the
molecular length. Based on this analysis, a similar tendency has
been observed from the same types of molecular junctions
fabricated by three different methods, as shown in Figure 6B.
Next, we will provide other examples of the statistical analysis
of electrical characteristics obtained from high-yield ensemble
molecular junctions. Figure 7A depicts the IETS data measured
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Copyright 2011, American Chemical Society.

at 4.2 K for the six C12 molecular junctions fabricated using the
direct metal-transfer method. IETS, which is associated with the
interaction between the tunneling charges through a small
tunneling barrier and the specific molecular vibrational modes,
is a primary characterization technique to identify the chemical
species and provides the fingerprint information for the
molecular junctions.*”'*'%® Because impurities (such as
nanoparticles) in the junctions produce completely different
IETS features compared to the target molecules, the IETS can
provide an unambiguous determination tool for the molecular
species in the molecular junction by investigating discrepancies
in the signal."*>'*’~"*" In the study, the spectra were stable
upon successive bias sweep, and the characteristic vibration
peaks of the alkanethiolates were observed (shaded squares in
Figure 7A) repetitively for different molecular junctions. In
addition to these peaks, however, unexpected features in the
IETS characteristics were also observed; some peaks could not
be assigned to any possible molecular vibration modes (marked
as asterisks in Figure 7A) and dips."”'">'"" Additionally, the
overall trajectories of each signal and normalized intensity of
peaks ((d%1/dV?)/(dI/dV)) exhibited different behaviors from
device to device despite having similar J—V characteristics. In
some cases, especially for ensemble molecular junctions, it is
known that an incorporation of defects, such as metal
nanoparticles, into molecular junctions can introduce a hybrid
metal particle-molecule electronic resonance state that can
result in substantial modification of the intensity and line shape
of the IETS signal, such as negative values or dips."*’~"* The
molecular conformations and contact geometry induced by the
interaction between the electrode metal and molecular layer
also play an important role in the substantial modification of
the IETS characteristics.'””~'”* Theoretical investigations based
on the resonance model also predicted that depending on the
energetic parameters of the system, the contribution from the
elastic component may be negative and, furthermore, may
outweigh the positive contribution of the inelastic component,
resulting in dips in the IETS characteristics.**'”* This is a
second-order effect in electron-vibration coupling, which may
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be related to reabsorption of molecular vibration by the elastic
current component.””® In their study, defect-induced arbitrary
changes in the molecular conformations in the SAMs of each
molecular junction were attributed to the device-to-device
variations of the IETS characteristics. This can be a typical
example of the statistical investigation of the electrical
characteristics obtained from high-yield molecular junctions.
As another example of the statistical analysis, Wang et al.
have performed a statistical investigation regarding TVS. The
TVS technique is a spectroscopic skill that can estimate the
energy level alignment with respect to the Fermi levels (Eg) of
the electrodes and the frontier molecular orbitals in the
molecular junctions.66 Based on the Fowler—Nordheim (F-N)
tunneling model,"”” an inflection position in a plot of In(I/V?)
vs 1/V (F-N plot), which can be indicated as a transition
voltage (V7), correlates to an effective barrier height (i.e., |[Ex —
(Enomo or Erumo)l, where Ejoyo is the energy level of the
highest occupied molecular orbital and E; ) is the energy
level of the lowest unoccupied molecular orbital). This point
can be considered a transition point from direct tunneling to F-
N tunneling and is usually exhibited as a minimum point in the
E-N plot. Therefore, it is the great advantage of the TVS
technique to estimate the effective barrier height, which is of
crucial importance for determining their electronic charge
transport properties,”'>'**'*? by simple modulation of the
current—voltage characteristics of the molecular junctions.
However, an important precedent for the actual application
of the TVS technique is that the J—V characteristics of the
molecular junctions should not be noisy because the Vi
corresponds to the local minimum point of the F-N plot.
Thus, it would be beneficial to perform the statistical analysis
on the TVS technique, especially when the J—V characteristics
are unstable. Figure 7B shows the statistical histograms of Vi
values (total 883 data) for the four types of molecular junctions
determined from J—V data measured at different temperatures
ranging from 78 to 303 K. The junctions were fabricated using
the PEDOT:PSS interlayer, and each molecule consists
octanedithol (DC8), dodecanedithiol (DC12), naphthalene-
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isocyanide (Naph-NC), and naphthalene-thiol (Naph-SH).
From the representative Vi values, it was found that Vi did
not depend on the length of alkyl molecules based on the
statistical analysis, which is in good agreement with previous
experimental and theoretical results.””"**" Additionally, more
effective coupling between the HOMO level of oligoacene-SH
and electronic energy states of the metal electrode was
observed than that of oligoacene-NC as the smaller
representative Vi value. This result was consistent with the
report that the Eyoyo value of oligoacene-SH series lies closer
to Eg of gold than that of the oligoacene-NC series by 0.7-1.3
eV based on ultraviolet photoelectron spectroscopy.”

HIGH-YIELD FUNCTIONAL MOLECULAR ELECTRONIC
DEVICES

Molecular Diodes. The diode or rectifier, which conducts a
much larger current in one biased polarity (forward) than the
other (reverse), is one of key components in modern integrated
electronic circuits. In conventional semiconductor-based
electronics, this feature can usually be implemented by joining
oppositely doped (p-type and n-type) semiconductors to each
other."”” The first theoretical proposal regarding the use of a
single molecule as part of a molecular rectifier was introduced
by Aviram and Ratner in the 1970s." In their proposal, the basic
principle to facilitate the rectifying features is borrowed from
the conventional semiconductor diode, in which the organic
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molecule contains an electron-donating moiety (donor) and an
electron-withdrawing moiety (acceptor) joined by the ¢ bridge
that electrically separates each part. Since then, tremendous
experimental efforts to realize the distinctive features in the
two-terminal molecular junctions have been pur-
ued.”*"3>17229 Most of these studies have been conducted
primarily on single molecule junctions for a deeper under-
standing of the charge transport characteristics of the molecular
diodes rather than for practical applications. In addition to the
experimental efforts, there were further theoretical investiga-
tions of the rectification mechanism in the molecular junctions
that could be classified as three mechanisms, that is, the
Aviram—Ratner' model, Kornilovitch—Bratkovsky—Williams***
model, and Datta—Paulsson®”* model.’® In this section, we
review the development and progress of the molecular diodes
that are realized by high-yield ensemble molecular junction
fabrication techniques, as we mentioned above, and their
applicability in terms of electronic circuit applications.

To date, the molecular rectification phenomenon in the two-
terminal junction using the SAMs of molecules has been
extensively studied by Whitesides and Nijhuis
groups.” 7> 133157172206 Eigyre 8 shows an example of their
study of the molecular diodes. In their experiments, the
junctions comprised SAMs of 11-(ferrocenyl)-1-undecanethiol
(SCyiFc) on the surface of template-stripped silver (Ag™)
bottom electrodes, with eutectic liquid metal (EGaln) top

DOI: 10.1021/acsnano.7b02967
ACS Nano 2017, 11, 6511-6548


http://dx.doi.org/10.1021/acsnano.7b02967

ACS Nano
A | m Fece | B
® FcC8 10
e L2 20 a=[J(1 V)IJ(+1 V) A FcCl1
< - S ey
< 1.0x10% s & @ —~
= = :
= :E» 1.0 @ —Octanethiol i
2 AL £ <
@ 6 § 10 12 Wy =
=2 5.0x10° # of carbon bonds ;f ‘:é’
= o Positive bias
Q 0.04 Higher bias
B 0 1 3 6 9 12
c Voltage (V) 1000/T (K™)
Negative bias Positive bias # of devices
-0.4 0.4
-0.35 0.35
2
. 03 034
2 ° 4
-0.25 0.25 -9
>§ 9 9--Q--9

Temperature (K)

100 140 180 220 260 300

100 140 180 220 260 300
Temperature (K)

Figure 9. (A) Representative electrical characteristics of the FcC molecular devices. Inset shows the asymmetric ratio of the molecular
junctions. The asymmetric ratio of a control junction using octanethiol was also depicted in the plot. (B) Normalized Arrhenius plots for an
FcC11 molecular device under different applied voltages from +0.2 to 1.0 V with a + 0.2 V interval at each voltage polarity. (C) Contour
plots of statistical histograms of the V, ., values vs the temperatures at each voltage polarity. In the plots, the averaged values are depicted as
data points and dotted lines. Reproduced with permission from ref 110. Copyright 2016, American Chemical Society.

electrodes stabilized in microfluidic channels in an elastomeric
polymer (PDMS) for a high-yield molecular junction platform
as shown in Figure 8A (left image). By using the microfluidic
channels, they could construct arrays of SAMs-based molecular
diodes that (i) are mechanically stable, (ii) do not incorporate
direct metal deposition onto SAMs, (jii) do not require external
equipment for measurements, and (iv) are relatively free from
defects in SAMs.™ The device yield of the junctions generated
using this method was sufficiently high (70—90%), and the
junctions rectified currents with large rectification ratios (R) of
~130 were defined as
R =1J(=W)I/J(+V) )
Figure 8B shows a semilog plot of the representative absolute
value of the J vs V of the junctions, and the inset shows the
histogram of the R with a Gaussian fit to this histogram. They
used a procedure for the statistical analysis of the data (N =
300—800 obtained from two to five devices) in which all data
were fitted to single Gaussian functions using a nonlinear least-
squares fitting procedure to obtain the log-mean value of ] for
each measured potential and its log-standard deviation.”" To
interpret the molecular rectification, schematic illustrations of
energy level diagram across the molecular junction are
presented in Figure 8B. In all the experiments, the Ga,0;/
EGaln top electrode was biased, and the AgTs bottom electrode
was grounded. The HOMO level of the ferrocene moiety (Fc)
couples more strongly to the Ga,O;/EGaln top electrode than
to the Ag electrode since it is in close proximity to the former
and separated from the latter by the SC;; group. At a negative
bias, the Fermi level of the Ga,0;/EGaln electrode increases,
and, consequently, the HOMO level of the Fc rises into the
window between the Fermi levels of the two electrodes (Figure
8B, right) and can participate in charge transport as a resonant
tunneling state. At a positive bias, the Fermi level of the Ga,0;/
EGaln electrode decreases, and the HOMO level of the Fc falls
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with it (Figure 8B, left). Because the HOMO level remains
below the Fermi levels of both electrodes, in the range of
positive voltages applied, charges (holes or electrons) cannot
classically flow through the HOMO. Instead, the charges must
tunnel through not only the SC,; group but also the Fc. At a
positive (reverse) bias, therefore, the width of the tunneling
barrier increases by the length of the Fc over the width of the
tunneling barrier at negative (forward) bias.'”* This mechanism
can be generalized according to the Kornilovitch—Bratkovsky—
Williams model, in which asymmetric tunneling barriers result
in an asymmetric potential drop across the junction leading to
the current rectification.””” Since this pioneering realization of
the ensemble molecular junction-based diode, there have been
tremendous in-depth studies regarding the molecular diodes
using the SC,;Fc molecular layer, for example, (i) the even—
odd effect,” (ii) role of a binding group and purity of the
precursors, and surface topology of bottom electrodes in the
performance of molecular diodes,”*°” and (iii) enhancement
of the rectification ratio by rational design of the molecule.””®

Using the SC,Fc molecules possessing structural and
electronic asymmetry, another attempt to fabricate a large
number of molecular didoes was undertaken by Jeong et al.
using polymer interlayer-based microscale via hole junc-
tions.'””""” They facilitated the PEDOT:PSS layer with the
SAMs of 6-ferrocenyl-1-hexanethiol, 8-ferrocenyl-1-octanethiol,
and 11-ferrocenyl-1-undecanethiol (denoted as FcCé6, FcCS8,
and FcCl11, respectively, in their study) for ~50 each molecular
device to be analyzed, and the device yield was found to be
~50%. The representative electrical characteristics of the
molecular junctions are shown in Figure 9A, and the inset
represents their asymmetric ratio (@, which equals the
rectification ratio R). They found that the molecular devices
also showed asymmetric electrical characteristics, as described
the studies presented in the above paragraph; however, the
representative @ was found to be low, consistently ranging from
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~1.6. The reason for the low a was attributed to the
contribution of the HOMO of Fc to the tunneling transport
in both voltage polarity regimes, resulting in similar current
densities at each voltage polarity adopting the similar analysis
method of Nijhuis et al. Therefore, it is crucial that careful
engineering of the contact properties between the molecular
layers and the electrodes be ensured to achieve a large number
of molecular diodes with a high asymmetric ratio. However, an
interesting temperature- and bias-dependent feature in the
electrical characteristics was observed such that the ] values
decreased slightly for increasing temperatures over high
temperatures (> ~220 K) and a high bias voltage (>~0.6
V), as shown in Figure 9B. Normally, current through a
molecular junction (or other types of junctions) is dependent
on temperature in such a way that current increases with
increasing temperature when thermionic conduction or defect-
mediate conduction mechanisms are dominant.” The origin of
this distinctive behavior was attributed to the redox-induced
conformational changes in the ferrocene-alkanethiolate mole-
cules.”**” To confirm the validity of the mechanisms, the
authors performed a temperature-dependent TVS analysis
based on a multibarrier tunneling model, as shown in Figure
9C.* In their analysis, two possible conformational changes of
the ferrocene-alkanethiolate were confirmed as a barrier-raising
effect of both the alkyl chain and Fec. This study suggested the
significance of consideration of the macroscopic structural
organization of the molecular junction as well as the intrinsic
molecular properties to facilitate ferrocene-alkanethiolate-based
molecular diodes.

Recently, McCreery group reported molecular rectification
using a PPF-molecule//eC/Au high-yield molecular junction
structure to examine molecular bilayers with thicknesses
totaling more than $ nm,*"*'° to introduce structural
asymmetry into the molecular junction interior. The molecular
bilayers using bis-thienyl benzene (BTB), 2-anthraquinone
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(AQ), fluorine (FL), nitroazobenzene (NAB), and a derivative
of phenyl naphthalene di-imide (NDI) were deposited by
successive electrochemical reduction of diazonium precursors
on PPF bottom electrodes and an eC/Au top contact deposited
on them as shown in the left panel of Figure 10A. Their
corresponding J—V characteristics for molecular junctions
containing only one molecular species are also shown in the
right panel of Figure 10A in the case of ~10.5 nm-thick films of
BTB and NDI (the subscripts in the graph represent the
thickness of each SAMs, and each film thickness corresponds to
consecutively linked seven and five individual molecules of BTB
and NDJ, respectively). From the graph, it can be observed that
curves for junctions containing only one molecular component
are symmetric with respect to polarity. The graph also shows
the J—V characteristics for a bilayer made by sequential
electrochemical reduction of BTB and NDI diazonium
precursors, yielding a thickness comparable to the sum of the
two individual layers. The ] decreases significantly for the
thicker bilayer film but very asymmetrically with respect to
polarity, for which the R increases from ~82 at 3.5 V to 190 at
+4.5 V for the NDI/BTB bilayer. To understand the
mechanism underlying the effect of orbital energies on the J—
V asymmetry, the energy band diagram was considered as
shown in Figure 10B, which shows the Fermi levels and orbital
energies for a NDI/BTB bilayer junction containing five NDI
molecules and seven BTB molecules. The potential profile
across the junction assumed to be the simplest case of a
constant electric field across a dielectric material under bias is
indicated as a dashed red line. As shown in the upper right
panel of Figure 10B, the high electric field under bias (~2 MV/
cm for V = —4 V) is predicted to cause significant shifts in
orbital energies due to the linear potential profile altering the
local electrostatic potential of each molecule in the bilayer.
Under a bias of —4 V (here, PPF is biased), the HOMO
energies of molecules are raised close to the eC contact, and the
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charge transport is permitted from a HOMO into empty eC
orbitals, as indicated by the solid red arrow in the upper right
panel of Figure 10B. One possibility for continued transport is
shown by the dashed red arrows, in which the current can flow
fluently from PPF to eC through the molecular HOMO:s.
Meanwhile, the opposite bias of +4 V, as shown in the lower
right panel of Figure 10B, indicates a very different situation
such that electrons in the NDI HOMO cannot be transferred
into the filled PPF orbitals nor can the electrons in eC reach the
empty BTB orbitals, which results in weak current flow. Due to
these different energy level alignment conditions under each
bias polarity, large R values could be obtained in the molecular
bilayer-based molecular junctions.

To date, the molecular diodes have mainly been studied with
a focus on how to achieve reliable and stable molecular
rectification rather than their possible applications. As an
example of practical application of the molecular diodes, Figure
11 shows two examples of electronic circuit applications using
SAMs with Fc termini-based molecular diodes, as studied by
Nijjhuis group. Figure 11A shows a schematic image of the
molecular half-wave rectifier circuit with the molecular diode in
series with a resistor (1.5 MQ) and an AC signal generator.
Here, molecular diodes with a form of Ag™*-SC,,Fc,,//Ga,05/
EGaln (m = 1 or 2) were used, and the top electrodes of cone-
shaped tips were facilitated for high-yield ensemble molecular
junctions. As mentioned in the previous section, the cone-
shaped tips of Ga,O;/EGaln usually require external equip-
ment to complete the two-terminal junction structure, but they
can be applied for the massive production of molecular devices
by using different fabrication methods like microfluidic channel
because of the robust stability and liquid alloy properties of
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Ga,03/EGaln top electrodes.”®'>> AC measurements have
three advantages over DC measurements for investigating
molecular rectification: (i) Using AC can minimize the
formation of filaments by electromigration because electro-
migration of metal atoms may occur in high electrical
fields.”""*"* (ii) Using AC makes it possible to collect data
rapidly: recording a J—V curve by incrementally applying a DC
bias usually takes several minutes, while recording the same
curve with, for instance, an AC signal at 50 Hz takes 20 ms. (iii)
Using AC makes it possible to incorporate a resistor in series
with the molecular tunneling junction and effectively places an
upper bound on the potential drop across the junction and
protects against breakdown. Based on the AC measurements,
the J—V characteristics of the half-wave rectifier using Ag"-
SC,;Fc¢//Ga,05/EGaln molecular diodes are shown in Figure
11B. In the plot, the measured input voltage, Vi, (black line; 50
Hz sinusoidal signal with a peak voltage of 2.1 V), and the
corresponding measured output voltage across the 1.5 MQ
resistor, V,,, (red line), are depicted. The V,,, signal showed
desirable half-wave rectification properties and was not
detectably phase-shifted relative to Vj,, but the values of V,
were significantly lower than the values of V;,. The proposed
circuit application using molecular diodes, however, could not
fulfill the robust characteristics of commercial inorganic diode-
based circuits because of (i) low rectification, (ii) high internal
resistance at a forward bias, (i) a relatively short lifetime, and
(iv) a small operational bias window. Nevertheless, this study
offers the possibility of using functional molecular electronic
junctions for practical circuit applications.

Another example of the implementation of molecular diodes
for practical circuit applications is depicted in Figure 11C,D. In
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that study, they presented a technique to fabricate an EGaln
top electrode that generates arrays of SAMs-based junctions
using a microfluidic PDMS channel with a device yield of ~80%
and applied this technique to arrays of molecular diode-based
logic. This method required no patterning of the bottom
electrode and is compatible with ultraflat and clean template-
stripped electrodes, which are readily available in ordinary
laboratory conditions.”'**'* A Boolean function-based logic
gate is used to perform a digital logic operation with one or
more inputs and generates a single output and can be generated
by utilizing diodes or transistors.”>~>'” By using molecular
diodes with arrays of (1-(3-(3'-ferrocenylpropyl)-
diphenylacetylene) )methanethiol (HSCH,PhCCPh(CH,),Fc)
ensemble molecular junctions, two-input OR and AND Ilogic
gates were configured as shown in the insets of Figure 11C,D.
Here, the authors applied DC voltages of 0 and —1 V as low
and high inputs and measured the output as the voltage across a
10 MQ resistor. Figure 11C shows the truth table of the OR
gate measured experimentally representing a low output (logic
0) when both input voltages were low (0 V) and a high output
(logic 1) when either or both of the input voltages were high
(=1 V). This is because when one of the inputs was high, one
of the diodes conducted and most of the voltage drop occurred
across the constant resistor. Additionally, when both inputs
were set to be high, both diodes allowed current to pass
through the junctions, and the output voltage with two high
inputs was the same as the one with only one high input voltage
(logic 1) since the diodes were connected in parallel. The
difference between the high and low state voltages was found to
be around 2 orders of magnitude, reflecting the R of ~100. In
the case of the AND gate, as shown in Figure 11D, a low output
(logic 0) was observed when either one or both of the inputs
were low (0 V), as indicated in the truth table. However, when
both inputs were high (—1 V), both diodes were reverse-biased
with resistances that were larger than the 10 MS resistor,
causing a small voltage drop across the resistor and, hence, a
high output voltage (logic 1). These examples show the
potential applicability of high-yield functional molecular
junctions for practical purposes.

Molecular Photoswitches. An electronic switch device, in
which the conductance is controllably tuned on and off by
external stimuli (e.g, electric, magnetic field, light, or heat,
among others), is a key component of modern computer
circuits because the fundamental operation is based on digital
processing. In recent years, a large amount of studies have been
conducted to address the molecular switching phenomenon
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stimulated by electric field,#1201212187220 haometic field, > >
photon,”*'*"***722 o1 chemical processes.”””**' To exploit
this property, the molecules should have at least two stable
isomer states between which transition is allowed. Molecular
photoswitches exhibit such a switching phenomenon by using a
photochromic molecule with a moiety that reacts with a specific
light and changes the isomer states. In the following section, we
will review the research on molecular photoswitching devices,
which were performed based on functional SAMs and high-
yield molecular junction fabrication techniques.

Among various photochromic molecules, azobenzene- and
diarylethene-derivative molecules are the most frequently
studied candidates for photoswitching molecular junctions.
Azobenzene is composed of two phenyl rings linked by a N=N
double bond, in which the photoisomerization of trans and cis
isomers is possible when light of particular wavelengths is shed:
ultraviolet light, which corresponds to the energy gap of the
n—n* (S, state) transition, for trans-to-cis conversion, and blue
light, which is equivalent to that of the n—z* (S, state)
transition, for cis-to-trans isomerization.””> Due to physical and
chemical changes resulting from photoisomerization, the
electronic characteristics of the azobenzene-derivatives may
also change in response to light illumination. Kim et al.
reported the conductance switching properties of azobenzene-
derivative ((4-(phenylazo)phenoxy)hexane-1-thiol) molecular
junctions in terms of their molecular configurations with a high-
yield vertical junction structure as solid-state device platform.
The junctions were fabricated using the PEDOT:PSS interlayer
as a top electrode. These azobenzene-derivative molecules have
two distinct isomers: a trans- (extended form) and a cis-isomer
(compact form), depending on the wavelength of irradiating
light (365/400—500 nm for cis/trans), as shown in the inset of
Figure 12A. Generally, this kind of transition can be
characterized by two distinct band peaks consisting of an
intense band peak near 350 nm and a weak band peak between
400 and 450 nm in the UV—vis absorption spectrum.”” In
their research, they could observe a transition of the absorption
spectra and water contact angle on the Au surface from each
isomer state. Figure 12A shows the J—V characteristics of the
molecular junctions of each isomer state. In each plot, the J-V
curves for ~50 molecular junctions are depicted. The important
point is that the representative current densities of the cis-
isomer junctions were higher than those of the trans-isomer
junctions. To identify this conductance difference numerically,
statistical histograms of the logarithmic current densities (log J)
at 1 V were plotted for both isomers, as shown in Figure 12B.
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Figure 13. (A) Chemical structure of aryl azobenzene and UV—vis spectra in solution regarding ultraviolet/vis irradiation. Inset shows the
zoomed-in spectra at a range from 400 to 550 nm. (B) Molecular tunneling barriers (with h1 and h2 being the vertical distance between the
two graphene electrodes) corresponding to conformational changes in aryl azobenzene molecules with light irradiation. (C) Photoinduced
current density—voltage plots on a log scale over a low-voltage range for the graphene-aryl azobenzene monolayer-graphene devices. (D)
Current density plots for each isomer state over 50 cycles of reversible photoswitching (induced by ultraviolet/vis irradiation per 45 min); the
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From the histograms, the representative current densities were
determined as the mean values of the Gaussian fittings of the
histograms and were found to be 0.93 and 3.21 A/ cm? for the
trans-isomer and cis-isomer junctions, respectively. To elucidate
the conductance switching phenomenon of the junctions, the
authors performed a temperature-variable characterization and
ultraviolet photoelectron spectroscopy (UPS) measurements.
From the temperature-variable characterization, the overall
conduction mechanism of each isomer junction was found to
potentially be a direct tunneling-based phenomenon because
there were no significant changes in the slopes of the Arrhenius
curves as the temperature was varied.”®'**'® They also
observed no significant differences between the HOMO levels
of the trans- and cis-isomers on an Au substrate based on the
UPS measurements, which indicates that the main origin of the
higher conductance of the cis-isomer may be the difference in
the molecular tunneling distance resulting from the photo-
isomerization of the molecules.”****” In this study, however,
the conductance switching phenomenon could not be observed
through real-time light irradiation because the device was
fabricated with a molecule with two isomer states that were
predefined before top electrode deposition, and the top
electrodes block efficient illumination of light onto the SAMs
after junction formation.

Since the molecular photoswitching phenomenon occurs as a
transition of isomer states based on photon energy, using a
transparent substrate and electrode for the two-terminal
molecular junctions such that light can be efficiently incident
(i.e,, less absorbed or reflected) on the molecular layer may
enhance the quantum efficiency of the devices. Among the
candidate materials for this purpose, graphene electrodes may
provide suitable characteristics for a chemically stable, optically
transparent, mechanically flexible, and molecularly compatible
junction. Graphene is allowed for the one-sided grafting of aryl
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diazonium molecules via a dediazonization process for sp’
carbon network materials.”***** Figure 13A shows an example
of aryl azobenzene-derivative with the diazonium moiety ((E)-
4-(10-(4-((4-(trifluoromethyl)-phenyl)diazenyl)phenoxy)-
decyloxy)benzenediazonium tetrafluoroborate; abbreviated as
PhC10AB) and its UV—vis spectroscopy characteristics studied
by Seo et al. Upon successive irradiation of light, the absorption
spectra of the molecules in solution showed the transition near
peaks of the wavelength for 360 and 430 nm as expected. The
corresponding molecular junction structure, which was
fabricated using graphene as top and bottom electrodes on a
transparent plastic substrate, is schematically depicted in Figure
13B with trans-/cis-isomer conformations of the PhCI0AB
molecules. The fabricated molecular junctions depicted a high
device yield due to soft contacts at the top electrode interface.
Because the cis-isomer involves short-distance tunneling
transport compared with the trans-isomer (hl > h2 in Figure
13B), the J—V characteristics exhibited transition from the low-
conductance state to high-conductance state under UV light
irradiation, as shown in Figure 13C.*****7 In addition, the
reversible photoinduced conformational changes in the aryl
azobenzene SAMs were repeatedly observed with the change in
current density with respect to the switching number (Figure
13D). Over more than 50 cycles of reversible photoswitching,
the two conductance states were stably obtained without
significant degradation, indicating that highly stable photo-
switchable molecular monolayer devices could be achieved
using the graphene electrodes. In addition to photoinduced
conductance switching, the authors found that applied voltages
can induce the transition of two molecular conductance states
of the aryl azobenzene SAMs in the junctions.”****” From these
results, it is noted that making use of graphene electrodes, a
compound that is transparent and highly conductive, enables
the operation and transmission of photoinduced changes in the
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Figure 14. (A) Schematic cross-section of the device layout of a large-area molecular junction in which the diarylethene is sandwiched
between Au and PEDOT:PSS/Au. Using UV (312 nm) illumination the open, nonconjugated isomer (in red) can be converted to the closed,
conjugated isomer (in green). Visible irradiation of 532 nm reverses the photoisomerization process. (B) J—V characteristics of the closed
(green) and open (red) isomers as self-assembled in the molecular junctions, and J—V characteristics of the junctions with the open isomer
self-assembled and subsequently photoisomerized to the closed isomer with UV irradiation (blue). Averaged data (at least 35 devices) from
devices with diameters of 10—100 gm. Error bars denote standard deviation. (C) Comparison of the normalized conductance data from the
molecular diarylethene switches with in situ measurements on junctions with nonswitchable 1,12-dodecanedithiol and with PEDOT:PSS only.

Reproduced with permission ref 24. Copyright 2008, Wiley-VCH.

molecular conformational length of aryl azobenzene-derivatives,
which would be a suitable material choice for highly sensitive
molecular photoswitch devices.

Another well-known class of photochromic molecules is
diarylethene derivatives.'””****>**® These molecular switches
have two distinct isomers like the azobenzene-derivatives: the
ring-closed form is conjugated, and the ring-open form is
nonconjugated. The ring-closed form of the diarylethene
derivatives is achieved under irradiation in the UV region (4
=300—350 nm), and the ring-open form is under irradiation in
the visible region (4 = 500—600 nm). It is expected that both
isomers show different conductance because the conjugation is
changed.”****7?*%*%2%% Thjs is a somewhat different type of
photoisomerization process compared with the azobenzene
derivatives because the main origin of the different conductance
for trans- and cis- isomers of azobenzene derivatives is usually
attributed to the different tunneling distance. Figure 14A shows
a schematic image of the diarylethene derivative (inset in Figure
14B) molecular photoswitch structure using PEDOT:PSS
interlayers and the microscale via hole technique developed
by Kronemeijer et al. This large-area molecular junction
incorporated a 90 nm-thick PEDOT:PSS electrode, and an
auxiliary semitransparent 20 nm-top gold contact was thermally
evaporated onto the junctions, resulting in a high device yield.
The 20 nm thickness of the gold top electrode ensured
sufficient optical transmission through the layers of PE-
DOT:PSS (90 nm) and Au (20 nm) of approximately 20—
50% in the 300—350 nm and 500—600 nm regimes,
respectively, for illumination of the SAMs inside the devices.
The as-assembled open (OFF) and closed (ON) forms
determine the lower and higher limits of possible current
density, respectively, as shown in Figure 14B. This different
conductance is due to the lowering of a HOMO—LUMO gap
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when 7-conjugation is extended (closed state) to the
diarylethene derivatives.”»***~>*>**%% Additionally, the J—V
characteristics of the converted open-state isomer after UV
irradiation from a closed-state isomer showed the conductance
increase through the molecular layer, as expected from the as-
assembled devices with a closed isomer state. To further
elucidate the bidirectional switching, the authors performed
multiple in situ illumination cycles as shown in Figure 14C. As
can be observed in the plot, modulation of the current density
through the devices by consecutive irradiation sequences was
successfully demonstrated. As a control experiment, in situ
measurements were also performed on devices without any
molecular layer (Au/PEDOT:PSS/Au) and with 1,12-dodeca-
nedithiol as the SAMs. Based on the results, there were no
substantial changes in the conductance upon irradiation of
these devices, indicating an absence of any form of photo-
conduction in these devices. However, the conductance in the
high-conductance state was observed to slowly decrease after
switching off the UV light, in contrast to devices with the
assembled closed state. Based on the observation that an
applied voltage may also induce molecular switching in addition
to the light irradiation,”****” the decrease may arise from the
presence of a constant voltage bias stress over the samples
during these in situ measurements. The implementation of
diarylethene-derivative-based molecular photoswitches pro-
cessed by conventional fabrication techniques shows clear
progress toward functional molecular electronic applications
and circuit integration.

In the two-terminal vertical molecular junction structure, the
reversible switching behavior of molecular photoswitches is
often quenched for several reasons, such as (i) low trans-
mittance of the top electrode layer, (ii) a strong electronic
interaction between the SAMs and bottom electrode, and (iii) a
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Figure 16. (A) Ilustration of voltage-induced conductance switching between the two conductance states of the conformational isomers of the
azobenzene (PhC10AB) molecules in a monolayer. (B) Current—voltage characteristics for voltage-driven reversible conductance switching of
rGO-PhC10AB SAMs//rGO devices corresponding to two conformational states. The voltages were swept from —0.5 to +0.5 V after applying
voltages of +3 and —3 V to induce conformational changes from trans—cis isomers and cis—trans isomers, respectively. (C) Memory retention
performances of the ON state and the OFF state at —1 V after applying voltages of +3 and —3 V, respectively. (D) WRER performances at +3,
—1, -3, and —1 V (with 2 s of pulse width time). Adapted with permission from ref 121. Copyright 2013, Wiley-VCH.

lack of free volume for a conformational change in the
molecules. 161223240 Therefore, the most fundamental
approach to enable the reversible switching phenomenon is
to enhance the quantum efficiency of the photochromic
molecules by increasing the light transmittance of the material
to be used as the top electrode, which is the pathway for the

light. As previously described, for example, the introduction of a
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PEDOT:PSS interlayer, and in particular a gold top electrode
that is an excellent blocker of light, may disturb the light to be
effectively transmitted. To resolve this issue, an rGO electrode,
which is transparent and a conductive two-dimensional carbon-
based material, can be utilized as the top electrode for the
molecular photoswitch junctions. Figure 15A shows a schematic
illustration of fabrication process for rGO interlayer-based
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Figure 17. (A) Schematic representation of the device layout of a conducting polymer (PEDOT:PSS) on the ruthenium complex SAMs. (B)
Hysteretic I-V characteristics of the molecular device (Au-ruthenium complex SAMs/ /PEDOT:PSS/Au). The I-V characteristics of the
device were recorded by scanning the applied voltage from 0 to +2 V and then to —2 V, followed by a reverse scan from —2 to +2 V. Top inset
shows a control experiment using PEDOT:PSS without ruthenium SAMs between the top and bottom electrodes. Bottom inset shows
magnification of the hysteretic I-V curve. (C) Current in the ON state and OFF states as a function of the number of WRER cycles. (D)
Write—multiple read—erase—multiple read (WRER) cycles of a molecular device containing Ru" complex for a rewritable data storage
application. The writing, reading, erasing, and reading voltages were —1.5, —1, + 1.5, and —1 V, respectively. Reproduced with permission

from ref 219. Copyright 2009, Wiley-VCH.

molecular photoswitch junctions. In this fabrication process, the
formation of the rGO top electrodes on the diarylethene-
derivative molecular layer was conducted by spraying highly
transparent and conductive rGO flakes, which were dispersed in
dimethylformamide (DMF), enabling soft contact without
significant damage or contaminants on the SAMs. The
corresponding transmittance characteristics of the rGO film
are presented in Figure 15B with those of a PEDOT:PSS/Au
film for comparison. The results showed that the enhanced
transmittance of the rGO film compared with the PE-
DOT:PSS/Au film over all ranges of wavelength facilitates
pronounced reversible switching behavior, which was not
shown in the case of the PEDOT:PSS/Au top electrodes.'”®
Figure 15C shows the reversible photoswitching phenomenon
successively observed by consecutive conductance trans-
formation over 20 times upon alternating UV (360 nm) and
visible (520 nm) light irradiation. These results demonstrated
that diarylethene-derivative molecular devices with an rGO top
electrode could exhibit a reliable and reversible photoswitching
phenomenon in response to light illumination.

Molecular Memories. Molecular memory is a data storage
device that uses molecular species as the data storage element
performed by any of several mechanisms, including charge
storage, photochromism, or changes in conductance.”*' In
principle, the fabrication of this molecular memory junction
requires the integration of molecular switches, in which the
intrinsic properties of the molecular layer transform in response
to external stimuli because independently stable states can
encode the information as “ON” and “QFF”>'®**»2%
However, an additional feature that should be possessed by
molecular memories for real implementation is that these
independent states should retain their information without
spontaneous degradation, especially while reading the informa-
tion. To achieve this goal, the rational design of molecular
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species and suitable choices of junction structure and materials
are critical to achieve stable and high-yield ensemble molecular
layer-based nonvolatile memories. Moreover, in terms of
practical applications of molecular memories, the two-dimen-
sional array or crossbar geometry is a promising architecture for
the nanoelectric circuitry for several reasons:***~**’ (i) Due to
the simple two-dimensional structure, crossbars may be
fabricated using a wide variety of techniques including
conventional lithography;***~>** (i) it can exhibit excellent
scaling and integration density depending on the wire
conﬁguration;253 and (iii) the crossbar structure is defect
tolerant. Thus, the crossbar-type molecular memories may be
served as a primary prototype of the molecular memory
architecture. For example, nanoscale molecular random access
memory composed of a [2]rotaxane monolayer with a crossbar
architecture has been reported as a prototype of molecular
memory.””* Min et al. proposed the solution-processed
fabrication of an azobenzene derivative (PhC10AB) molecular
layer-based nonvolatile memory device on an rGO electrode
with the crossbar structure, as shown in Figure 16A. In this
junction structure, a GO film spin coated onto an ITO coated
plastic substrate was chemically reduced to rGO, which results
in a nucleophilic surface that can provide electrons to the
electrophilic azobenzene diazonium molecules. The top rGO
contacting the vertically aligned crossbar structure was then
facilitated by spray coating using rGO solution diluted in DMF
on the SAMs, showing a device yield of ~60%. The schematics
in Figure 16A show the concept of voltage-induced trans—cis
isomerization of PhC10AB molecules, in which a specific bias
voltage applied between two electrodes in a molecular junction
can allow the transition of the isomer states by electron
transmission between an electrode and molecules.””” In the
previous section, the authors showed that reversible voltage-
controlled isomerization of azobenzene-derivatives is available
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with a change in the junction distance in rGO-PhC10AB//rGO
devices that will lead to a rewritable nonvolatile memory effect.
In contrast to trans—cis photoisomerization of azobenzene
derivatives in monolayers or in solution, this electric field (or
electron)-induced isomerization occurs in a few seconds,”*”**®
which takes from a few to several tens of minutes in the case of
photoisomerization.”***” Figure 16B shows plots of J—V
characteristics for the molecular memory junctions in different
conformations after application of +3 V or —3 V biased
voltages, respectively (+3 V for trans to cis transformation and
—3 V for cis to trans transformation, and the top rGO electrode
was biased). The height change upon the transition of isomer
states in their SAMs was estimated to be approximately 6.45 A,
resulting in a significant change in the tunneling resistance
value between the two isomer states and showing a large
difference of over 15 times in the J—V plots. Based on this
conductance switching phenomenon, the reversible trans—cis
isomerization controlled by a voltage pulse of +3 V and —3 V
with —1 V of reading voltage was exploited for application in a
nonvolatile memory device, as shown in Figure 16C,D. At the
reading voltage, the current value of the ON state was
approximately 20 times larger than that of the OFF state, which
the ON/OFF ratio was maintained for a retention time of
>10000 s (Figure 16C). The nonvolatile molecular memory
performances of write—read—erase—read (WRER) were stable
for over 400 cycles and preserved after six months of storage,
demonstrating the excellent stability and durability of the
molecular junctions (Figure 16D). This study shows a clear
example of the utilization of molecular isomerization for
molecular memory applications with a conventional molecular
junction fabrication technique.

Rather than utilizing an isomerization process in a molecule,
a redox-active molecule, with reversible electron-transfer
behavior, in the metal complex by oxidation and reduction
processes, involves an attractive feature that shows hysteric
electrical characteristics, which can be used for nonvolatile
memory applications.”** >* Lee et al. reported a nonvolatile
memory effect in ensemble molecular junctions using
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alkylthiolates with Ru' terpyridine complexes. Figure 17A
depicts a schematic illustration of the cross-section of the
junction structure with a PEDOT:PSS interlayer on the Ru"
complex-based SAMs. Long alkyl chains on both sides of the
Ru" complexes effectively prevented penetration of PE-
DOT:PSS onto the SAMs, resulting in a high device yield of
~80%. The corresponding J—V characteristics of Au—Ru"
complex alkylthiolate SAMs//PEDOT:PSS/Au junctions are
shown in Figure 17B. In the negatively biased region when the
top electrode was biased, reproducible hysteric J—V character-
istics were observed, in which charging/uncharging of the Ru!
complexes in the SAMs were attributed to represent the origin
of the hysteresis.”*”** In addition, the endurance and WRER
properties upon a successive voltage pulse sequence of +1.5 V
and —1.5 V with —1.0 V reading bias voltage were investigated
as shown in Figure 17C,D, and the results showed stable
conductance switching behavior in excess of 300 cycles.
Depending on the species of central metal and ligand in the
redox-active complexes, multilevel conductance switching,
which results from multiple electron-accepting states in the
molecule, can be probed by energy band alignments between
the Fermi level of the contact metal and HOMO or LUMO
levels of the molecule. For example, metal complexes with
conjugated polypyridine ligands, such as terpyridine, are known
to have multiple electron states that can undergo localized
multiple reduction steps in the metal complexes, suggestinsg the
possibility of multilevel molecular memory components.”*> An
example of this kind of molecule having a metal complex core
with conjugated ligands (bis[4'-(4-thioacetylphenyl)-2,2":6",2"-
terpyridinyl M1 (PF¢),, My = Fe, Ru, and Co, denoted as
M;"(tpyphsAc),) is schematically shown in Figure 18A. Using
the molecules, the electron affinity levels were obtained in
solid-state-based junctions with an rGO top electrode (Figure
18B). The corresponding hysteric J—V characteristics were
observed in ensemble molecular junctions of the Fe complex
SAMs, as shown in Figure 18C. In terms of the bias voltages at
which the conductance switching behavior occurred, the
junctions exhibited three different threshold voltages based
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Figure 19. Nonvolatile molecular memory properties of Ru"(tpyphsAc),, Fe"(tpyphsAc),, and Co"(tpyphsAc),, respectively. (A) J-V
characteristics on a linear scale for Au-M;"(tpyphsAc), SAMs//rGO/Au junctions show conductance switching. The threshold conductance
voltages observed in each molecular junction from SO devices are indicated as Vy in each J—V curve. (B) Memory effect of Au-
M,;"(tpyphsAc), SAMs//rGO/Au devices. Write—multiple read—erase—multiple read operations are shown. (C) Corresponding ON and OFF
retentions are shown. Adapted with permission from ref 120. Copyright 2012, Wiley-VCH.

on the statistical histograms (Figure 18D). This result indicates
that the resonant tunneling through the molecular junction
involved in the redox processes occurred by aligning each
intrinsic electronic level of the molecule to the Fermi level of
the electrodes.”*>”*” The threshold voltages were also depend-
ent on the central metal atoms of M;"(tpyphsAc),. The
representative J—V curves of Au-M;"(tpyphsAc),//rGO/Au
junctions for each Fe, Ru, and Co metal atom complexes are
shown in Figure 19A. From the results of the statistical analysis,
it was found that each threshold voltage value depicts 1.5—1.9
V for Fe, 1.7—2.1 V for Ru, and 1.9—2.3 V for Co, respectively.
The threshold conductance voltages of each M;"(tpyphsAc),
were in good agreement with the energy gaps between the Au
Fermi level and the electron affinity level of each metal
complex. Based on the conductance switching operation,
nonvolatile molecular memory characteristics of Au-
M;"(tpyphsAc),//rGO/Au junctions are shown in Figure
19B,C. The WRER operations were performed in the following
manner: Reading the current density at +1.5 V after pulsing
voltages for 1.5 s at +3.0 V for the ON state and 0.0 V for the
OFF state (Figure 19B). Each WRER cycle was conducted
more than 20 times for one test set, and good reproducibility
was observed with an ON/OFF ratio of approximately 5. The
molecular memory junctions also showed good retention
characteristics such that each ON and OFF state was sustained
for at least 10 min as shown in Figure 19C. Although the ON/
OFF ratio of the above nonvolatile molecular memory was not
satisfactorily compared with conventional bulk organic memory
devices showing 4—5 orders of rnagnitude,%s’%9 these
nanoscaled molecular memories possess some good device
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characteristics in terms of high switching speed, low power
consumption, high integration density, and a possibility of large
array fabrication, which may be a potential alternative for future
memory applications.

Molecular Devices on Flexible Substrates. Recently,
flexible electronics, which is an emerging technology for
fabricating electronic circuits on flexible plastic substrates,
such as polyimide (PI), polyethylene terephthalate (PET), and
polyethylene naphthalate (PEN), has attracted great attention
from many research groups due to its potential applicability to
wearable electronics.”””””" Based on a rapid advance in
materials for flexible circuit applications, various electronic
applications have been developed, such as light-emitting
diodes,””* electronic circuits,*”>*"* memory devices,””®

276277 3. 278,279 280 : :
sors, displays, solar cells, and bioelectronic
devices.”®" One of the most noticeable advantages of using
molecular layers as an active device component for electronic
devices is that ultimate scaling is feasible because the molecular
layers can be considered as extremely thin organic films. This
thin-film property also makes the molecular layers a suitable
channel material for flexible electronics applications.”** Thus,
with an adequate selection of materials and architectures for
molecular junctions, high-yield flexible molecular devices may
provide a clear example for practical applications of the
molecular junctions.

Figure 20 presents the first realization of high-yield flexible
molecular devices. Here, PI was used as the flexible substrate
for two reasons: (i) It has a relatively high thermal stability (up
to 520 K), which prevents substrate deformation during the
thermal treatment used to make the isolating layer (photo-

sen-

DOI: 10.1021/acsnano.7b02967
ACS Nano 2017, 11, 6511-6548


http://dx.doi.org/10.1021/acsnano.7b02967

ACS Nano

108 T

104

€ 1024
< 10
0 >
v : E 193 1
e C10 < 01V
A C12 =102
1072 ——r——
N
40 -05 oo T &
C D vV) No. of carbons
105 106 o
08V Bending radius: 1mm | @08V ||®C8
103 - o i 9 ocmmummmmmtummben "= ® ®m ®= ® = @=m ® *C10
Fal MW{e o o o & o o o |A2

\ )

J(Am™2)

E F Twisted angle (deg)
10 )
cr -9
05 4 Helix angle 8: 30° Og.
o~ Radius: 2.5 mm gg.
£ 999
I 00+ 00
=4 8
* 88
= 88 R
-0.5 4 o8 ® Flat
05 © Helix
o]
-1.0 -0.5 0.0 05 1.0
V(Vv)

Figure 20. (A) Upper left image: Schematic of a flexible molecular device. The layers (from bottom to top) are a flexible substrate, a bottom
Au/Ti electrode, a molecular layer or photoresist (PR) for electrical isolation, a PEDOT:PSS layer, and a top gold electrode. Lower left
image: SEM image of a molecular device. Inset: high-resolution cross-sectional TEM image of a molecular device. Lower right image:
Photograph of completed device under bent condition. (B) Current density J (on a log scale) vs voltage V for octanethiol (C8), decanethiol
(C10), and dodecanethiol (C12) molecular devices under flat conditions at 300 K. Inset: ] (on a log scale) vs number of carbon atoms. Error
bars denote standard deviation of individual measurements for several devices. (C) Current density J vs time (both on log scales) for a C12
device being bent around a toothpick (bending radius, r ~ 1 mm, shown in inset). The voltage was stepped between +0.8 V and —0.8 V, and J
was measured every § s for 10,000 s. (D) Values of ] measured at 0.8 V for C8, C10, and C12 devices as a function of twist angle. Insets:
Photographs taken at three different angles. (E) Photograph of flexible devices rolled over a tube (radius, 2.5 mm; 6 = 30°) under helical
structural conditions. (F) Plot of J (on a linear scale) vs V for a C12 device under flat (solid circles) and helical (open circles) conditions.
Reproduced with permission from ref 282. Copyright 2012, Nature Publishing Group.

resist) insoluble in ethanol for the self-assembly process flexible molecular devices that were maintained when bent over
performed on the bottom gold electrode;'” and (ii) the low a toothpick (bending radius ~1 mm) for 1 X 10* s, indicating
surface roughness of PI reduces the defect density of the SAMs excellent durability and operational stability under extreme
in the junction. To prevent electrical shorts due to penetration bending conditions. These results also suggest that there were
of the top metal layer during deposition, the PEDOT:PSS no significant changes in the structure and phase of SAM
interlayer was introduced between the top metal layer and the molecules in the molecular junctions when the device was
SAMs (Figure 20A). Nevertheless, changes in the electrical severely bent. To further elucidate the mechanical stability of
resistance of PEDOT:PSS films on flexible substrates were the molecular junctions, Figure 20D presents the J—V
negligible, and defects or cracks in the PEDOT:PSS/substrate characteristics and operational stability of C8, C10, and C12
were not observed, even when the substrate was bent to a flexible molecular devices under twist conditions. The results
radius of S mm. Figure 20B shows the representative demonstrated no noticeable degradation as the twist angle was
exponential length-dependent current densities of alkanethio- varied from 0° to 35° (in steps of 5°). Figure 20E shows a
lates (C8, C10, and C12) molecular junctions under flat photographic image of the flexible molecular device (a strip
conditions, which are indicative of tunneling through a with dimensions of 025 cm X 40 cm containing 1024
molecular tunnel barrier with a 8 of ~0.8 n. ™" (inset in Figure molecular junctions) rolled over a tube (radius = 2.5 mm) in
20B). The error bars in Figure 20B represent the standard a helical configuration (f = 30°). The corresponding J—V
deviation of many junctions (more than ~20 devices for each characteristics of a C12 device under helical and flat conditions
molecular type). To ensure a practical device platform, the are shown in Figure 20F. Despite the severe deformation of the
stability and durability of the molecular junctions must be molecular junctions, pronounced changes in these character-
determined.””'**'® Figure 20C shows the ] values of the istics were not observed under helical structural conditions. In
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Figure 21. (A) Optical image of Cr/Au/eC-AQ SAMs//eC/Au devices deposited on transparency film (PET). Magnification shows an
individual junction. (B) Optical image of the fabricated device on PET substrate while bent. (C) J—V curves of junctions fabricated on flexible
PET substrate before (lines) and after (points) being bent 100 times to the degree shown in (B), which reduced the 1.8 cm dimension in (A)
to ~1.4 cm. (D) Overlay of J—V curve of freshly fabricated AQ junction on flexible PET substrate before (blue) and after (red) 10 million J—V'
cycles to +1.3 V in air. Reproduced with permission from ref 103. Copyright 2016, American Chemical Society.
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Figure 22. (A) J—V characteristics of FcC6, FcC8, and FcC11 molecular devices fabricated on flexible substrates. The data were measured
under bending conditions with a bending radius of 5 mm. The inset displays the asymmetric ratios of the devices under the same bending
conditions. (B) Arrhenius plot for a flexible FcC11 molecular device under bending conditions with a bending radius of 5 mm. Reproduced
with permission from ref 107. Copyright 2014, Wiley-VCH. (C) Arrhenius plot of J vs the inverse of the temperature (1/T) for the molecular
junctions bent around a toothpick (bending radius, r ¥ 1 mm, shown in inset). (D) Temperature-variable current density—voltage results for
photoswitching molecular junctions on the closed and open states when subjected to bending (bending radius = S mm). The inset shows a
real device being measured. Reproduced with permission from ref 108. Copyright 2014, Wiley-VCH.

addition, by modeling the mechanical stress on the molecular
layer and electrodes under the bent condition, the authors
suggested that ultrathin SAMs-based devices are reliably
operational when bent, twisted, or deformed into helical
structures. Among the various approaches for generating high-
yield molecular junctions, as mentioned in the previous section,
the interlayer technique, which incorporate the protective layers
in contact with the SAMs to prevent direct filamentary path
formation during top metal electrode deposition, is a promising
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candidate method for fabricating flexible molecular electronic
devices. Due to efficient flexibility of the organic materials for
the interlayer, such as PEDOT:PSS,**’ these high-yield
molecular junctions can maintain their electrical characteristics
even under severe mechanical deformation.

Another kind of flexible material candidates for the interlayer
in high-yield molecular junctions are carbon-based materials.
Because these materials such as graphene,284 rGO,** and eC**°
are conductive, transparent, and most importantly tolerant of

DOI: 10.1021/acsnano.7b02967
ACS Nano 2017, 11, 6511-6548


http://dx.doi.org/10.1021/acsnano.7b02967

ACS Nano

AuTS

Intensity (counts x 103)

800
Wavelength (nm)

I
1,000

230

il

w

@

<

=1

o

<

B

‘a

b=

@

kS

o||

D 1.0

a e e 1st cycle
S 08 'y A 2nd cycle
9 » v 3rd cycle
g 064 $ ¢ 4th cycle
3 3

[=3

o 04- %

5 }

a v

£ 02 | I

0.0 T T T T T T
-6 -7 -8 -9 =20 =21
Voltage (V)

Figure 23. (A) Schematics of the molecular junction with the Ga,0;/EGaln top electrode constrained in PDMS and an ultraflat Au™ bottom
electrode supporting SAMs of SC,. (B) Real plane and back focal plane (inset) images of plasmons excited in an molecular junction with a
SC,;, SAM on a 50 nm Au"® film at —1.8 V. Modes I and II indicate SPP modes with wave vectors k = 1.01 and k = 1.47, respectively. (C)
Corresponding spectra of plasmons excited under the same conditions as in (B) with varied bias voltage. Vertical lines indicate the
corresponding wavelength with energy eV,;,. (D) Voltage dependency of in-plane polarization P during four voltage cycles. Adapted with
permission from ref 287. Copyright 2016, Nature Publishing Group.

mechanical stress in thin film structures, they can serve as the
protective layer for flexible (even transparent) ensemble
molecular junctions with a high device yield. For example,
Najarian et al. facilitated eC electrodes for this purpose and
obtained semitransparent and high-yield flexible molecular
junctions. Figure 21A shows optical images of Cr;/Au;s/eCy
AQ//eC,y/Au,s devices on PET substrates. The detailed
fabrication procedure is mentioned in the Interlayer Techni-
ques section. The J—V characteristics for three different AQ
thicknesses are shown in Figure 21C, in which the points
superimposed on the plots are the J—V characteristics for each
device after being bent 100 times to the extent shown in Figure
21B. Because the eC layer is an amorphous thin carbon film,
which is tolerant of mechanical deformation, no observable
degradation was observed in the curves. Additionally, the total
molecular junctions thickness of ~60 nm is much less than the
bending radius, and the strain on the molecular junction is
small. Therefore, when strong bonding between eC and the
molecular layer is guaranteed, the mechanical robustness of the
eC layer provides stable junctions with identical J—V response
before and after bending. Based on the mechanical stability, the
J—V cycle was performed after 107 times of biasing to +1.5 V,
and the J—V characteristics were indistinguishable, indicating
excellent flexible device stability. It is also noteworthy that
similar investigations of flexible molecular junctions fabricated
using graphene' "’ and rGO'*"**"*"*? electrodes have been
performed, and like the eC electrodes, the molecular junctions
with carbon-based materials exhibited excellent mechanical
stability under various mechanical deformations.

As an example of the practical application of flexible
molecular electronic devices, functional molecular devices
fabricated on flexible plastic substrates have been investigated
because of their distinctive features under mechanical stress
conditions. Figure 22 depicts two examples of functional
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molecular devices on the flexible substrates showing (i)
asymmetric electrical characteristics (i.e., rectifying) and (ii)
photoswitching characteristics. From each plot, it can be
observed that even under severe mechanical deformations
(Figure 22A,C), the distinctive features of the functional
molecular devices were still maintained without significant
degradation of their device performance. Additionally, the
junctions exhibited excellent retention and endurance proper-
ties similar to that observed for the rigid devices. Furthermore,
the flexible plastic substrates (PI) were stable and reliable as a
device platform for investigating the electrical characteristics of
the flexible molecular junctions at low temperatures down to
~80 K (Figure 22B,D). These results indicate that the
distinctive electrical characteristics of the functional molecular
junctions are intrinsic molecular properties that are irrelevant to
external conditions such as the substrate type or mechanical
stress.

Other Applications of Functional Molecular Devices.
Another kind of functional molecular device could be a
molecular optoelectronic device. Nijhuis group have extensively
studied the potential applicability of molecular optoelectronic
devices.”*”** Surface plasmon polaritons (SPPs) are confined
and enhanced local electromagnetic waves at infrared or visible
frequencies that propagate along a metal—dielectric interface,
thereby providing a nanofabricated system for optoelectronic
circuit applications.”®*”° To excite the surface plasmons,
external li§ht sources are usually utilized for this pur-
pose.””' 7*”* Instead of the light-driven excitation of the surface
plasmons, tunneling electrons in metal—insulator—metal
junctions can also directly excite the surface plasmons in a
manner such that the tunneling electrons inelastically couple to
a plasmon mode.””*™*” The tunneling electron-driven
plasmonic source is attractive because there is no interference
by background light and the response is fast. Especially in
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molecular electronic junctions, tunneling behavior can be
carefully controlled by tuning the chemistry of the molecule,
which enables adjustment of the properties of the plasmons. In
addition, due to an ultimately miniaturized scale of the
molecular length, the molecular electronic plasmon sources
are smaller than the conventional plasmon sources. The
schematics of the ensemble molecular junction-based plas-
monic source are shown in Figure 23A. The junctions were
fabricated using the Ga,0;/EGaln top electrode constrained in
PDMS on the solid-state device platform showing a high device
yield, and the SAMs consisted of alkanethiolates (SC,, n = 10,
12, 14, 16, and 18) or (4-((4-(ferrocenyl)phenyl)ethynyl)-
phenyl)methanethiol. Figure 23B shows the real plane and back
focal plane image of plasmons excited by tunneling electrons in
a molecular junction with SC,, SAMs biased with —1.8 V with
an Au™ thickness of 50 nm. Each bright spot corresponds to
localized or propagating surface plasmons, which was spatially
inhomogeneous. Furthermore, the arcs in the inset of Figure
23B with wave vectors k = 1.01 (mode I) and k = 1.47 (mode
II) were explained based on the results of the dispersion
calculations, indicating that they corresponds to leakage
radiation from SPPs propagating along the Au"S—SAMs—air
interface and the Au">—SAMs—PDMS interface, respectively.
By tuning the molecular electronic properties of the junctions,
the properties of the plasmons can be controlled. Figure 23C
presents spectra of plasmons with varied bias voltages across
the junctions. As shown in the plots, the blueshift spectra
increase with the bias voltage, and thereby the peak wavelength
decreases. The intensity of the plasmon emission from the
junction could also be controlled by changing the value of n for
the SC, SAMs. Another plasmonic parameter that can be
controlled by the molecular junctions is the polarization of the
plasmon sources. Figure 23D depicts the in-plane polarization

L(V) = I(V
P (defined as P(V) = ﬁ

photon counts for two orthogonal polarization channels) vs the
bias voltage plots in a SC;, SAMs molecular junction. From the
plots, it was found that P is voltage dependent and fully
reversible, indicating that bias-induced control of the polar-
ization of the plasmonic sources is feasible. The authors
attributed the origin of polarization change to electric field-
induced conformational change against the bottom surface.
These results clearly show the molecular electronic control over
the plasmon source. Using these properties, a high-performance
and ultimately miniaturized molecular plasmonic source could
be realized.

The major goal of molecular electronics is to combine the
different types of functional molecules into inte(grated circuits
through an autonomous self-assembly process."” One of the
most remarkable advantage of the massively parallel litho-
graphic fabrication of high-yield molecular junctions is that it
may allow molecular junctions to be integrated with
commercially viable microelectronics.” The integration of
individual molecular junctions, however, requires additional
processes like wiring interconnects, which may be limited
depending on the molecular junctions architecture or
processing window.'” Thus, reliable, stable and high-yield
molecular junctions with a suitable junction architecture are
accompanied for integrated molecular circuits. For example,
Hal et al. demonstrated the integration of large-area molecular
junctions in strings where up to 200 devices are connected in
series. The fabrication process involved the PEDOT:PSS
interlayer with microscale via hole architecture, which was

where I, and I, are the
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fully amenable to conventional lithographic technology. In
addition, this process comprises patterned interconnections in
both top and bottom electrode layers, and strings can be
fabricated in which a large number of molecular junctions are
connected in series. Figure 24A shows a schematic cross-section
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Figure 24. (A) Schematic cross-section of a part of a string showing
two connected junctions. (B) Layout of strings in which a number
of molecular junctions are connected in series. Each section
contains two junctions. The red and blue colors represent the
bottom and top gold layers, respectively. (C) The normalized
resistance of alkane-monothiol C,H,,,,-SH SAM junctions with n =
14-22, integrated in strings using the default process flowchart.
The junctions are S pgm in diameter. The normalized resistance per
via is presented as a function of the number of junctions. Values for
discrete single junctions are included as solid symbols for
comparison. Reproduced with permission from ref 106. Copyright
2008, Nature Publishing Group.

image of a portion of string connecting two molecular
junctions. The layout of the strings, as presented in Figure
24B, shows that up to 200 devices could be integrated in series
with a yield of unity. In addition, owing to the reproducible
electrical characteristics, the normalized resistance per junction
was independent of the number of interconnected junctions, as
shown in Figure 24C.

To the best of our knowledge, the first practical application
for the commercial production of large-area molecular junctions
was introduced by Bergren et al. as a discrete component in
analog clipping circuit. The audio clipping circuits often utilize
electronic components with nonlinear current—voltage charac-
teristics (e.g., semiconductor diodes) to distort the input signal
waveforms. Because the molecular junctions exhibit distinctive
and tunable nonlinear electrical characteristics, differences in
the electrical performance of the molecular junctions enable the
wide range of sounds in electronic music. The molecular
junctions were composed of PPF/molecule/eC layers arranged
in a cross-junction format with a high device yield (> ~95%), as
shown at the top of Figure 25A. The fabrication technique was
amenable to manufacturing and integration with conventional
circuitry, the details of which are provided in the Interlayer
Techniques section. Figure 25A also shows photographs of a
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Figure 25. (A) Upper image shows cross-sectional schematic of an idealized molecular junction structure, showing organic molecules
sandwiched between two conducting contacts, in this case consisting of a carbon bottom contact and electron-beam evaporated carbon and
Au as the top contact. Lower images show photograph of the molecular junctions fabricated using a SIM-card pin—out (with a conventional
SIM card shown for comparison) to simplify testing and integration into analog circuits, as shown at right. (B) Simplified schematic showing
the clipping amplifier section of the circuit employed in the prototype for the op-amp clipping gain stage. The photograph at bottom shows
the actual prototype. (C) The input sine wave (black curve) is shown below the output resulting from using the molecular junction clipper
(green curve) or Si diode pair clipper (red curve) and Ge diode pair clipper (blue), where the amplitude results from the clipping device
characteristics shown in (B). (D) The power spectra for the Si and molecular junction waveforms in (C) with odd and even harmonics
labeled. Reproduced with permission from ref 133. Copyright 2016, IOP Publishing.

molecular junction mounted on the SIM (subscriber
identification module) card holder, which connects the device
to the external circuitry. A common analog distortion circuit
that utilizes voltage waveform clipping using the operational
amplifier is shown in Figure 25B with a photographic image of
the actual prototype. Feedback clipping operates to distort the
input signal using a feedback component with nonlinear current
voltage characteristics. The output signal of the feedback
clipping circuit for a sinusoidal input is shown in Figure 25C.
The plots demonstrated that the molecular junctions yield a
distortion response similar to the diode clippers. Power spectra
for the clipped waveforms in Figure 25C are shown in Figure
25D, which depict the distribution of the harmonics. The
molecular junctions provided a different power response in
comparison to the Si diode clippers, and they could be tuned by
adjusting molecular layer thickness resulting in different
nonlinear current—voltage characteristics. Finally, this fascinat-
ing study presented a representative example of a real-world
application of high-yield functional molecular junctions and the
feasibility of manufacturing molecular junctions for use in
commercial applications.

SUMMARY AND OUTLOOK

Since the genesis of the research field of molecular electronics,
tremendous progress has been achieved both theoretically and
experimentally by scientists and engineers who were fascinated
by intriguing physical, chemical phenomena, and potential
device applications of molecular junctions. Many different
paradigms, especially for ensemble molecular junctions, have
been explored to acquire an improved understanding of many
features of molecular junctions, including molecular design,
molecule—electrode interface engineering, and junction archi-
tectures. Particularly, from the perspective of practical
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applications, two-terminal devices have emerged as the most
feasible architectures for molecular electronic devices as the
future of next-generation electrical circuit units with a higher
integration density and speed and lower fabrication cost, power,
and consumption.’*”*~**° However, the ambiguousness of
grafting the ultimately downscaled molecules into the nanogap
electrodes intrinsically hinders the development of the stable
devices. Prior to pursuing this goal, fabrication techniques for
reliable and reproducible molecular junctions compatible with
conventional microelectronics enabling massively parallel
manufacturing with a high device yield should be accomplished.
In this review, we presented recent developments in different
fabrication techniques for high-yield molecular junctions as well
as their prospective for future electronic device platforms. Each
technique has its own advantages and drawbacks, from which
one can carefully choose for one’s own purpose. By taking
advantage of the high device yield, statistical investigations of
the electrical characteristics of the molecular junctions were
thoroughly conducted to distinguish genuine transport
characteristics from uncertain information. Moreover, we
highlighted the significant advancements in high-yield molec-
ular functional devices toward practical applications. All the
functional features originating from the rationally designed
molecules or their interactions with contact electrodes would
certainly be interesting and promising for distinctive results in
the field of molecular electronics. Note that all the topics
regarding functional molecular devices beyond our discussion
in this review were not addressed due to our limited knowledge
and scope. For example, molecular sensors,””' *** molecular
field-effect devices,”"*** 7% molecular light-emitting di-
odes,”"°*"* and molecular spectroscopic devices for molecular
fingerprinting and DNA sequencing’ “™*' can be potential
applications utilizing the high-yield ensemble molecular
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junction platform. In addition, the frequency response of two-
terminal molecular junctions based on an equivalent circuit
model has been proposed.”’”~**° All these prospective studies
provide a solid basis for advancing the commercial applicability
of the ensemble molecular junctions.

Furthermore, some challenges remain, which are inherently
related to the intrinsic nature of the molecules, to be resolved
for enhancing microelectronics applications with functional
molecular components. Although other crucial issues should be
resolved, we believe the following issues are likely to be the
most essential for realizing the long-term goal. (i) Rational
design for ready accessibility: The functional features of the
molecular junction structure may stem from various factors like
electronic functionality in the molecule itself or in the
molecule/electrode contact interaction. Therefore, the rational
design of both the molecule and the junction architecture for
making them readily accessible (i.e, easy to synthesize the
molecular species and fewer fabrication steps) is highly
required. (ii) Controllability over molecule—electrode contact:
Because the SAMs in the ensemble molecular junctions are
formed through an autonomous self-assembly process enabling
covalent bond, the electronic functionality of the molecule may
be quenched due to the strong coupling.”*>**"*** However, the
strong molecular bond on an electrode is desired for better
thermal stability of the molecular junction.>'® Therefore, it is
crucial to be able to control the contact characteristics of the
molecule—electrode interface in the molecular junction
depending on one’s purpose. (iii) Manufacturability in the
form of practical products: Although the high-yield ensemble
molecular junction fabrication techniques described in this
review are generally compatible with the available semi-
conductor fabrication processes, postprocesses like packaging
and wiring interconnects should be accompanied by the
junction fabrication for commercial microelectronics applica-
tions. Thus, the yielded devices should also be compatible with
those postmanufacturing processes. (iv) Operational stability in
the daily life environment: The distinctive functionality of the
functional molecular devices should maintain the features over
a wide thermal range and harsh mechanical stress environment,
especially for wearable electronics applications.

Starting from the attractive property of molecular self-
assembly, which is an autonomous bottom-up fabrication
methodology that includes up-scaled approaches, the research
field of molecular electronics has made considerable progress in
recent years. Although it is expected that molecular electronics
would not ultimately replace the well-developed world of
CMOS microelectronics in the near future, molecular electronic
devices can complement silicon-based devices by involving
hybrid circuits, thus providing distinctive functionalities and
insights.‘w’323 Finally, with the collective intelligence and
creativity encouraged by researchers in this field worldwide,
we believe that we can leap into a brighter future of molecular
electronics from the research laboratory to real life applications.
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VOCABULARY

molecular junction, a nanoscale junction that a single molecule
or a bundle of molecules are captured between the electrodes;
functional molecular device, a molecular junction exhibiting
conventional solid-state electronic device features beyond a
simple resistor such as diode, transistor, and memory etc;
ensemble molecular junction, a molecular junction that
contains a bundle of molecules (>~1000) between the
electrodes; high device yield, the percentage of devices that
are functioning properly among all manufactured devices is
high enough; self-assembled monolayer, spontaneously
formed molecular assemblies on specific surfaces by adsorption
which are packed into large ordered domain; molecular diode,
molecular electronic devices that function as a conventional
diode; molecular switch, molecular electronic devices that
function as a conventional electronic switch; molecular
memory, molecular electronic devices that function as a
nonvolatile memory
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