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Mechanically Controllable Break Junctions for Molecular

Electronics

Dong Xiang, Hyunhak Jeong, Takhee Lee,* and Dirk Mayer*

A mechanically controllable break junction (MCBJ) represents a fundamental
technique for the investigation of molecular electronic junctions, especially
for the study of the electronic properties of single molecules. With unique
advantages, the MCB| technique has provided substantial insight into charge
transport processes in molecules. In this review, the techniques for sample
fabrication, operation and the various applications of MCB]Js are introduced
and the history, challenges and future of MCB]s are discussed.

1. Introduction

In light of the rapid development of semiconductor tech-
nologies, the feature size of electronic devices is gradually
approaching the miniaturization limits of silicon technology.
At the same time, molecules are attracting more attention
due to their remarkable properties. For instance, nanometer-
sized molecules can be synthesized in large quantities at low
cost, they are thermodynamically stable even at ambient con-
ditions, and they possess structural variety and self-assembly,
recognition, and quantum mechanical properties.! As early
as 1974, Aviram and Ratner had predicted that individual mol-
ecules would someday be used as circuit elements in devices.!
Today, a single molecule may represent the ultimate limit of
what can be achieved so far. The dream of utilizing molecules
as functional units in electronic circuits has motivated many
researchers for years.®! Compared to traditional electronic
devices, molecular devices have many unparalleled advantages.
First, the numerous degrees of freedom inherent in molecular
structures may present previously unavailable functions. The
promise of lower costs compared to semiconductors is attrac-
tive in manufacturing. Finally, the extremely reduced size of
molecules may enable heightened capacities and faster per-
formance and furthermore, provides the ability to surpass
the limits of conventional silicon integrated circuits. Recently,
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fundamental research of individual mol-
ecule-based devices such as molecular
switches, molecular diodes, molecular
transistors, and molecular charge storage
have been reported.?’~") More sophisti-
cated molecular electronic circuits that
can remember and process information
are anticipated. Several recent reviews in
the active field of molecular electronics are
available.[26:10-12]

The prerequisite for a molecule-based
device is to measure and control the charge transport through
the molecule. For this purpose, molecular junctions are fabri-
cated which can be distinguished as “many-molecule junctions”
and “individual molecule junctions”. In a many-molecule junc-
tion, normally a molecular monolayer is sandwiched between
two electrodes,'¥ which includes but is not limited to cross
junctions!' (cross wire or cross bar), liquid metal drop elec-
trodes,I”! EGaln contact junctions,l'®!”] and nanopores.['81%
In contrast, there are only few molecules, or single molecules
trapped in the individual molecule junction, which include
mechanically controllable break junctions,”222 scanning
probe microscopy (scanning tunneling microscopy or con-
ducting atomic force microscopy),?*?¥l electrochemical depo-
sition of nanogap electrodes,?>? and the electromigration
breakdown method.”’-3) Among these methods, the mechani-
cally controllable break junction (MCB]) technique offers a con-
tinuously tunable gap size between two tip-shaped electrodes
with impressive mechanical stability for the characterization of
single molecules.l”20-22]

MCB]J has proved to be a suitable and beneficial technique
for molecular electronics due to its unique advantages. Many
significant results, for instance, atom chain formation, single
molecule conductance determination, and electron spin state
control, have been achieved.?'-*”l The MCB] technique can be
easily combined with other techniques, such as Raman spec-
troscopy, inelastic electron tunneling spectroscopy, and noise
spectroscopy, to obtain fingerprint information of the mol-
ecules. However, there are still a number of challenges to over-
come. From the fabrication point of view, the chips use polyim-
ides as an isolating layer, which always suffer from a varied gap
size due to its variable deformation at different temperatures.
Regarding applications, MCBJs are inapplicable to measure the
force and surface morphology, which can limit its utility. This
review article focuses on the progress, extensive applications,
and challenges of the MCB]J technique. Several new ideas and
research topics related to the MCB]J technique have been pro-
posed, which will aid in handling the challenges and promote
further development of molecular electronics with MCBJs.
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The review consists of five sections. In the introductory sec-
tion, we briefly present the motivations and goals that drive the
field of molecular electronics. The second section describes
experimental test beds for the measurement of electron trans-
port through molecular junctions that possess individual mol-
ecules contacted to two solid electrodes. In the third section,
we focus on the fabrication and utilization of the MCB]J tech-
nique for molecular electronics, which includes: 1) the chip
fabrication progress; 2) the measurement of single molecule
conductance, a basic property of the molecule; 3) the investi-
gation of the complicated electrical behavior of molecules such
as switches or diodes, which can lead to functional molecular
devices; and 4) the electronic transport mechanism and con-
trol of the charge transport through molecules. In section four,
we further discuss the combination of MCBJs with other tech-
niques to extend their potential applications. Finally, we provide
a summary and outlook in section five.

2. Test Beds for Molecular Electronics
2.1. Many-Molecule Junctions

The ability to electrically contact molecules with the external
electrodes and control the electrical current through the
molecular junctions presents an opportunity to understand
the charge transfer in the junctions and explore the intrinsic
physical properties of the molecules. Several solid-state device
concepts have been developed in order to achieve this goal.
The experimental test beds for molecular electronics can be
grouped into two types: many-molecule junctions, presented
in Figure 1 (a-c), and individual molecular junctions, presented
in Figure 1(d-f).!¥ The number of trapped molecules, electrode
geometry, electrical field, and interaction between molecules
are different in these two types of molecular junctions. Each
technique is unique in terms of contact formation, and each
has advantages and disadvantages. A detailed introduction of
testbeds for molecular electronics can be found in a previous
review paper.%1% The basic idea of the many-molecule junc-
tion approach is to sandwich a molecular film between two
electrodes. First, the molecules are immobilized on one elec-
trode surface via a self-assembly process or Langmuir-Blodgett
method.® A second electrode is then placed on top of the
molecular film to form the junction. The placement of the
top electrode is often the most difficult part in the fabrication
process.

2.1.1. Micro-Scale Via-Hole junction

Different strategies have been developed to form a molec-
ular junction via-hole. A typical approach is using a nano-
pore.3>3%*I A similar approach, in which a via-hole instead of a
pore was fabricated on silicon substrate, was developed by Song
et al.*2*] With the nanopore and via-hole approach, a defined
size of the contact area can be obtained, and these methods
have been successfully employed to determine the intrinsic
electronic transport properties of self-assembled monolayers
(SAMs) of molecules. Unfortunately, filaments and electrical
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shorts in SAMs are often formed upon vapor deposition of the
top electrode, which limits the diameter of the nanopore junc-
tion to a few tens of nanometers.*3—]

Akkerman et al. demonstrated another novel method for man-
ufacturing molecular junctions with diameters up to 100 pm
by spin coating a conducting polymer layer (PEDOT: PSS)
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Figure 1. Test beds for molecule electronics. (a-c) Monolayer based junctions. (a) Con-
ducting interlayer-based junction. Reproduced with permission.*l Copyright 2006, Nature
Publishing Group. (b) Surface diffusion mediated deposition. Reproduced with permission.*’!
Copyright 2010, Nature Publishing Group. (c) EGaln contact junction. Reproduced with per-
mission.l'l Copyright 2008, American Chemical Society. (d-f) Individual molecule junction.
(d) STM junctions. Reproduced with permission.®l Copyright 2006, Nature Publishing Group.
(e) Mechanically controllable break junction. (f) Electron immigration integrated with bottom
gate. Reproduced with permission.[%3 Copyright 2009, Nature Publishing Group.

between the SAM and top electrode, as shown in Figure 1a.[*

This PEDOT: PSS interlayer-based molecular junction exhibited
a high device yield and efficiently avoided electrical shorts. The
stability investigations reveal a shelf life of more than several
months and no deterioration upon cycling.*d! Although the
electrical properties of these molecular junctions may be influ-
enced by the thermal treatment and morphology of the inter-
layer conducting film,*’! this simple approach can be poten-
tially low-cost, compatible with the standard integrated circuit
fabrication processes, and could pave the way for practical
molecular electronics.*#8]

2.1.2. Surface Diffusion Mediated Deposition

As previously mentioned, the vapor deposition technique fre-
quently used to make the metal-molecule contact results in
metal atoms penetrating or damaging the molecular layer. Bon-
ifas et al. reported a new method of forming ‘soft’ metallic con-
tacts on molecular layers through surface-diffusion-mediated
deposition (SDMD), in which the metal atoms were deposited
remotely and then diffused onto the molecular layer, thus elim-
inating the problems of penetration and damage. The SDMD
approach, as shown in Figure 1b, includes several fabrication
processes.*) First, pyrolyzed photoresist films (PPF) were
fabricated on silicon substrates. Then, a patterned etch mask
(SiO,) was fabricated on top of the PPF surface using optical
lithography. A reactive ion-etching process was used to etch the
unmasked PPF to create a near vertical sidewall with uniform
undercutting beneath the etch mask. Subsequently, a molecular
monolayer was attached to the PPF side wall by means of an
electrochemical method in solution. Finally, metal contacts
were deposited by electron beam evaporation in the direction
perpendicular to the patterned mask. The electrical connection
between the metal and the molecules was completed by surface
diffusion of the deposited metal atoms towards the molecular
layer. For SDMD, the influx of adatoms is controlled through

Adv. Mater. 2013, 25, 4845-4867

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advmat.de

surface diffusion, ensuring continuous
metal-metal binding as a perfect metallic
contact. Soft contact molecular junctions
fabricated by such method exhibit excellent
yields. Moreover, in situ monitoring of the
SDMD process can allow control of the pro-
gression from single/several molecules to
many molecules.”® The SDMD technique
should be applicable to a more wide range in

Au
Au the future.
S 2.1.3. Liquid Metal Contact Junctions
s mom—

Within a liquid metal contact experiment,
a droplet of liquid metal is used either as
the top contact, or both electrodes are pro-
vided by liquid metal drops. In the classical
mercury drop experiment, two droplets
of mercury are covered with SAMs and
mechanically brought close together until a
metal/molecule/metal tunneling junction is
formed and the current across the molecule
layer can be measured.’! If just a single
mercury droplet is utilized, a second planar electrode may be
used, which should ideally be atomically flat (template stripped
silver) and generate an Ag/molecules/Hg junction.’?l Nijhuis
et al. also showed that combined with photolithography, small
arrays of tunneling junctions based on liquid metal elec-
trodes can be fabricated.’3! The liquid metal contact is quite
stable and prevents problems encountered with evaporating
metal top-contacts, such as avoiding metal atoms penetrating
into the junction. Recently, a tip-shaped electrode reformed
from an EGaln droplet used to reduce the contact area was
reported, 164 as shown in Figure 1c. The low toxicity, pro-
cess ability, low-melting-point, and low reactivity of EGaln in
air render it a suitable candidate for electrode materials.l'%]
Please note the usual formation of a thin oxide layer when
exposing liquid metals to air. Cademartiri et al. demonstrated
that the charge transport through the molecular junctions was
dominated by the SAM and not by the oxide layer or by the
contaminants.[>4

2.2. Individual Molecular Break Junctions

Monolayer junctions are excellent approaches to obtain sta-
tistical information of molecules. However, sometimes it is
important to know the properties of individual molecules, espe-
cially single molecules in which the inter-molecular interaction
can be excluded, which will lead to single molecule electronic
devices. Currently, with the rapid development of micro-fabrica-
tion, many techniques can address individual molecules, even
single molecules.®! These techniques include but are not lim-
ited to the following: surface-mediated metal deposition with
a shield,P% covalently bridging gaps in single-walled carbon
nanotubes,! electromigration technique, scanning probe
technique, and mechanically controllable break junction tech-
niques. Within the scope of this review we only present a part
of examples.
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2.2.1. Electromigration Based Break Junctions

Electromigration had once been considered a failure mode in
microelectronic circuitry. However, it has recently been well
utilized to fabricate nanogap electrodes for molecular junc-
tions.[28:2956-58] The passage of a large density current to a thin
metal wire predefined by lithography causes the electromigra-
tion of metal atoms and eventual breakage of the nanowire. This
process can yield a stable electrode separation as small as a few
nanometers. Much progress has been made with electromigra-
tion techniques during the last decade. Strachan et al. prepared
nanogaps by the electromigration approach with transparent
SiN, membranes to permit the use of transmission electron
microscopy to image the gap in situ.’”) With this method, the
break process and corresponding geometry could be observed
in real time. Johnson et al. developed a feedback controlled elec-
tromigration technique for the parallel formation of nanogap
electrodes, which was promising for constructing large scale
circuits of molecular devices.[%"l The electromigration approach
can also be applied to carbon nanotubes to fabricate a nanogap
for molecular electronics.®1:62 Furthermore, electromigration is
a very nice method to prepare three-terminal nanodevices with
the gate effect (Figure 1f).*%] One major issue that needs to
be addressed when dealing with the electromigration process
is Joule heating. Although Joule heating is partially needed
to start the nanogap formation process, excessive heating can
cause unexpected melting of the metal. The possible formation
of metal debris and metal islands due to metal melting would
interfere with the insertion of target molecules and most likely
screen the desired signals.[6:67]

2.2.2. Scanning Probe Techniques

Single-molecule study was first enabled by the development of
scanning probe microscopies in the 1980’s, which include scan-
ning tunneling microscopy (STM) and conducting probe atomic
force microscopy (CP-AFM). The strength of STM lies in its
combination of high-resolution imaging and spatially scanning
tunneling spectroscopy.l’! In the STM break junction, a metal/
molecules/metal junction is quickly and repeatedly formed
between the substrate and the tips by moving the STM tip into
and out of contact with a metal electrode surface containing
adsorbed molecules, as shown in Figure 1d.1° With STM tech-
niques, many significant results concerning molecular proper-
ties have been obtained.[®*7? Furthermore, in situ STM allows
a shift in the position of the molecular states with respect to the
Fermi level of the electrodes via an electrochemical gate.l’374
In CP-AFM, the metal-coated tip, acting as the top electrode, is
gently brought into contact with molecules assembled on the
bottom electrode and electron transport properties while the
applied force can be measured simultaneously.?37>7¢ There-
fore, it is a powerful tool to investigate the relationship between
conformation and charge transport in a molecular junction.
Please note, CP-AFM is a SAM-based technique definitely,
but a single molecule can also be addressed when pulling the
point contacts apart.?3] The main obstacle is that the CP-AFM
tip, coated with a metallic layer, is larger than an atomi-
cally sharp STM tip so spatial resolution is lower than STM.
Moreover, the top contact between the tip and the molecule
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is often less well defined due to its large size. Some novel
ideas have been put forth to reduce this problem, for example,
embedding a molecule of interest into the matrix of another
type of less conducting molecules,”"””! or binding nanoparti-
cles between the molecules and the CP-AFM tip."8!

One of the challenges in molecular electronics is to fabri-
cate electrodes separated with a nanogap that can fit a sample
molecule precisely and measure the properties of various types
of molecules. This difficulty has been overcome by bringing
two electrodes mechanically together or separating them by
means of a MCBJ]. With MCBJs, the gap size between the two
electrodes can be precisely and continuously adjusted. MCB]
techniques are described in further detail in the following
sections.

3. Mechanically Controllable Break Junctions
3.1. Principle and Advantages

A schematic of a common state-of-the-art break junction setup
is shown in Figure le. A small piece of a metallic wire is fixed
on a flexible substrate, called a bending beam. In general, the
cross section of the wire is reduced between two fixed points
by making a notch near the middle of the wire. The bending
substrate is normally fixed at both ends by counter supports. A
vertical movement of the push rod, which can be precisely con-
trolled by a piezoelectric actuator or motor, can exert a force on
the bending beam. As the beam is bent, the metal wire starts to
elongate, which results in the reduction of the cross section at the
notch and finally results in a complete fracture of the metal wire.
After breaking the metal wire, two clean facing nanoelectrodes
are generated. The distance between the electrodes for both the
opened and the closed directions is controlled by the bending or
relaxing of the substrate, respectively. After integrating the mol-
ecules into the gap, they may bridge the two electrodes and the
electronic properties of the molecules can be determined.

The MCB]J technique has many advantages; for example, the
MCB]J setup can be easily integrated into other systems, such as
a Raman spectrometer or high vacuum system, due to its open
and flexible configuration. The influence of contaminants is
reduced because a fresh break cross section of the gold bridge
is created in the MCBJ experiment. With advanced lithography
techniques, the electrode can be scaled down to molecular
dimensions, which is very suitable for single molecule meas-
urements. The unique advantage of the MCB]J technique is
the high mechanical stability of the system. The electrodes are
rigidly fixed to the substrate at a short distance (approximately
0.5 mm by traditional fabrication, and approximately 1 um
by lithography fabrication), so the length of the free standing
parts is much shorter than in a typical STM setup, resulting
in a very high resonance frequency. Furthermore, due to the
mechanical configuration of the three point bend apparatus,
the vertical motion of the push rod (AX) causes only a highly
reduced horizontal displacement (AZ) of the electrodes (Az/Ax
>10000). This means that any disturbing effect from the push
rod (for instance vibration, thermal expansion or voltage
instability upon the piezoelectric component) can be strongly
reduced on the junction. The movement of the push rod can be
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controlled with sub-micrometer accuracy, which means control
of the gap with sub-angstrom precision and precise control of
the mechanical stress, rendering this technique highly suitable
for single molecule measurement.

In addition to the important advantages of the MCB]J tech-
nique, the main disadvantages are the uncontrollable details
of the breaking process. For instance, the local shape of the
electrodes and the atomic configurations of the electrodes are
unknown. MCBJs cannot be scaled in a manner similar to
crossbars to address a specific cross-section, which limits the
potential applications in information processing. Also MCBJs
cannot obtain the surface topography of the sample like scan-
ning tunneling microscopy. Nevertheless, as a fundamental
research technique, MCB]Js are powerful, especially for investi-
gations of single molecule properties.

3.2. Progress in MCB]| Chips Fabrication

The idea of the MCBJ was put forward by Moreland and Ekin
to investigate tunneling characteristics for superconductors
in 1985% and further developed by Muller and van Ruiten-
beek for the investigation of atomic point contact in 1989—
1992.8%81 This method was then adopted creatively by Reed
and co-workers to measure the properties of single molecules
in 1997.3%3 The first MCB] chip used by Moreland et al. was
fabricated twenty years ago by gluing a Nb-Sn filament on a
flexible glass beam.”®! Since then, chip fabrication has made
significant progress. The approach to define electrodes has
gone through three stages: mechanical cutting, electrochemical
deposition and micro-fabrication by electron beam lithography.
Currently, not only two-terminal chips are fabricated, in which
the electron transport through molecules can be measured, but
also three-terminal chips can be obtained, in which the electron
transport properties can be controlled.

3.2.1. Two-Terminal Chips

An early stage chip for a MCB]J is shown in Figure 2a. A metal
wire, typically hundreds of micrometers in diameter, was fixed
onto an insulated elastic substrate with two drops of glue very

500 nm

Source t& .ﬁ Drain

Figure 2. Typical kind of chips for MCB|. (a) mechanical cutting on gold wire. (b) Chemical
deposition. Reproduced with permission.*l (c) E-beam lithography on flexible metal substrate.
Reproduced with permission.®”! (d) Bottom gating with a doped silicon substrate. Reproduced
with permission.%! Copyright 2005, American Chemical Society. (e) Back gate directly con-
tacted with the source and drain electrode. Reproduced with permission.[®l Copyright 2010,

Institute of Physics. (f) Side gating with a nano metal electrode.
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close to either side of the notch.””! The notch was manually
cut into the center of the metal wire by knife. Another method
to make a notch in the middle of the metal wire was chemical
etching.8?] For instance, tungsten wire can be electrochemically
etched by immersing it in an etchant solution at the middle of
a platinum loop, which was set on the surface of a KOH solu-
tion. When an AC voltage was applied between the tungsten
wire and the platinum loop, part of the tungsten near the solu-
tion surface was etched, and a corresponding notch was fabri-
cated.®3] The disadvantages of the macro-wire based fabricated
chips are the following: (1) the large size of the electrodes with
rough surfaces reduces the reproducibility of the breaking pro-
cess, (2) contamination during the fabrication process may
occur, and (3) there is a limited attenuation factor, and the cor-
responding mechanical stability is unimpressive.

The chips for the MCB] experiment can also be fabricated by
electrodeposition on template electrodes that were predefined
on the substrate by optical lithography.?!2684-86] The initial elec-
trodes, with a relatively large gap, are fabricated by lithography
techniques on substrates, e.g., SiO,. The gap is then narrowed,
even fused, by depositing specific atoms onto the electrodes.
The inter-electrode distance can be decreased or increased on
the atomic scale through the depositing mode and dissolution
mode, respectively.®”] For instance, we reported an approach
for the fabrication of facing nanoelectrodes by gold electro-
deposition, where the morphology of the electrode surface was
modified by the applied electrochemical potential. This created
nanoelectrodes with rounded surfaces at high overpotentials
and needle-like surfaces at low overpotentials, as shown in
Figure 2Db.18538] Recently, electron beam lithography and reactive
ion etching techniques were utilized for chip fabrication on a
flexible substrate.[3*#-%8] Figure 2c shows a typical micro-fabri-
cated chip for a MCB].”l The chip fabrication process consists
of several steps: (1) an isolating layer (polyimide, several um
thick) is spun onto the substrate; (2) standard e-beam lithog-
raphy process is performed to define the metal wire; and in the
final step, (3) the isolating layer is isotropically dry etched to
obtain a suspended metal bridge. Several groups have reported
such micro-fabricated chips with various electrode layouts that
are suitable for individual molecule measurements with excel-

lent mechanical stability,[36:91:94.96,98,100,101]

3.2.2. Three Terminal Junctions

With two terminals, one can only sweep the
Fermi level of one electrode with respect
to the second electrode and the molecular
states. With three electrodes, one can shift
the molecular states with respect to the
Fermi levels of both electrodes. This extends
the functionality of the break junction sig-
nificantly to controlled electron transport
through the molecule. Champagne et al
demonstrated a device geometry for single-
molecule electronic experiments that com-
bined both the ability to adjust the spacing
between the electrodes mechanically and
the ability to shift the energy levels in the
molecule using a bottom gate electrode, as
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shown in Figure 2d.36192103] To fabricate the
devices, a thick SiO, film was first grown on
top of a degenerately doped silicon wafer. A
lithography liftoff process was performed to
pattern the gold wire, which was connected
to larger area contact pads. Then, hydro-
fluoric acid was used to remove the SiO,
under the Au bridge, suspending it above
the silicon substrate, which worked as the
gate electrode. In such a device, the amount
of bending allowed by the brittle Si chip is
generally not sufficient to break the metal
bridge solely through mechanical motion.
Therefore, an initial break of the wires, par-
tially or fully using electromigration, to make
nanoscale gaps for molecule measurement is
needed.[230:57]

Martin et al. introduced a new device
architecture for the independent mechan-
ical and electrostatic tuning of nanoscale
charge transport, as shown in Figure 2e.[¢]
In contrast to previous gated mechanical
break junctions that have a gap between the
source-drain electrodes and the gate elec-
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Figure 3. The measurement of single molecule properties with MCB]J. (a) A schematic of the
MCB]J junction. (b) A schematic of a benzene-1,4-dithiolate SAM between proximal gold elec-
trodes formed in an MCB]. (c) Typical I(V) characteristics, which illustrate a gap of 0.7 V; and
the first derivative G(V), which shows a step like structure. Reproduced with permission.l*’]
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trode, 36102103 the gsource-drain electrodes
were directly deposited on the gate dielectric,
and the source-drain together with the gate
electrode were suspended above the substrate. Throughout the
bending-controlled tuning of the source-drain distance, they
demonstrated that the electrical continuity of the gate elec-
trode was maintained. The mechanical and electrical control of
charge transport through the nanoscale island was successfully
demonstrated. However, to break the thin gold bridge in such
a geometry, much larger substrate bending was required. The
available gap size range was limited to a few angstroms due to
the extremely small attenuation factor, which may be improved
with an additional electromigration process.[°¢!

Compared with the bottom gating that was introduced above,
we proposed a new design of MCBJ chips by adding a side-gate
electrode near the source-drain electrode. By means of electron
beam lithography and reactive ion etching, a suspended metal
bridge was fabricated. Simultaneously, a nanoscale metal gate
electrode was fabricated on the shoulder, which is located a few
nanometers away from the suspended metal bridge, as shown
in Figure 2f. With this configuration, the gate electrode remains
unchanged (the fracture of the gate electrode can be completely
avoided) when one tries to break the metal wire and to obtain a
large gap size by deeply bending the substrate.

3.3. Single Molecule Conductance Measurement

The first molecule that was electrically characterized by MCB]
experiments was 1,4-benzenedithiol by Reed et al.l’¥ In their
experiment, a notched metal wire glued onto a flexible sub-
strate was fractured by bending the substrate, as shown in
Figure 3a. After breaking the metal wire, the molecules of
benzene-1,4-dithiol self-assembled onto the two facing gold
electrodes to form statically stable gold-sulfur-aryl-sulfur-gold
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junctions by bringing the two electrodes close to each other,
enabling direct observation of charge transport through the
molecules, as shown in Figure 3b. Two steps of the conduct-
ance-voltage curves, with a highly reproducible apparent gap
at approximately 0.7 V, are shown in Figure 3c. The repro-
ducibility of the minimum conductance at a consistent value
implies that the number of active molecules could be as few
as one. This study provides a qualitative measurement of the
conductance of a junction containing an individual molecule,
which is a fundamental step forward in the emerging area of
molecular-scale electronics. After this experiment, a number
of model molecules, such as hydrogen, were investigated.*
Presently, the electrical properties of a single molecule can be
measured in different environments.’>1% Moreover, the con-
ductance of sophisticated molecules, for example metal com-

plex molecules and biomolecules, has been investigated by this
method.[89.105.106]

3.3.1. Directly Determining Single Molecule Conductance

Although metal-molecule-metal links have been investigated
by STM techniques, it is difficult to unambiguously establish
that a single molecule forms the contact. Smit et al. distinctly
showed that a single hydrogen molecule can form a stable
bridge between platinum electrodes, and the conductance of
a single hydrogen molecule can be directly determined by a
statistical method.?¥ To extract the common features of these
conductance curves, a large series of conductance curves was
collected and converted into a conductance histogram. The
main panel in Figure 4 shows a histogram for Pt contacts
(black) without a molecule, in which a dominant peak at 1.4—
1.8 G, was observed. A new clear peak at approximately 1 G,

Adv. Mater. 2013, 25, 4845-4867



ADVANCED
MATERIALS

'a\
M“\d\‘liié

www.MaterialsViews.com

0.8
PYH, | R
<
H 3
H Q8
H Pt 3
2 i 8
c e 3]
3 EE =]
8 i g
5 o
9]
Qo 0 T y T
§ 0 1.0 2.0 3.0
z Electrode displacement (nm)
0
0 1 2 3 4 5

Conductance (2e2/h)

Figure 4. Conductance curves and histograms for clean Pt, and for Pt in
a H, atmosphere. Inset, a conductance curve for clean Pt (black line) and
Pt/H, (gray line) during break process at 4.2 K. Reproduced with permis-
sion.34 Copyright 2002, Nature Publishing Group.

was observed when the hydrogen was introduced. This new
typical conductance peak was attributed to the single hydrogen-
bridged Pt-H,-Pt molecule junction. In contrast to results with
organic molecules, the bridge had a nearly perfect conductance
of one quantum unit carried by a single channel. This experi-
ment represents a nice test system for the investigation of fun-
damental transport properties of single-molecule devices.

3.3.2. Robust Statistical Analysis

In some cases, there are poor agreements in the reported
conductance values of single molecules, e.g., due to different
contact configurations. To overcome junction—to—junction fluc-
tuations, statistical analysis has been utilized through conduct-
ance histograms.['”] Peaks in the histogram indicate preferred
and stable junction configurations. The observation of a series
of conductance values appearing at multiples of a fundamental
value can be considered evidence for the formation of few-
molecule junctions. However, data selection schemes have
been partially applied to build effective histograms. Gonzalez
et al. proposed a new method to build a histogram in log G
rather than G.°®1%®] They chose octanedithiol junctions as the
target molecule, and the conductivities were measured through
a mechanically controllable break junction. The conductance
histograms, which were generated in log G, always showed
the typical peaks with and without data selection. This obser-
vation means the conductance value assigned to a single mol-
ecule was robust and that the data selection did not improve
the histogram built in this manner. Most of the conductance
histograms were built using current-distance stretching curves.
Hong et al. demonstrated that conductance histograms can be
obtained using I-V curves, and the results agree well with other
approaches.l'%! Reuter et al. presented a detailed analysis of
peak features of conductance histograms and found that his-
tograms possessed high information content and were not lim-
ited to a simple conductance value.'” They demonstrated that
resonant and nonresonant tunneling present different features
in the conductance histogram, and additional interpretations
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can be extracted from experimental statistical data. Neverthe-
less, conductance histograms normally cannot be used to dis-
tinguish between structurally different configurations with
similar conductance values or to obtain information concerning
the relationship between conductance and junction elonga-
tion.l"'! Makk et al. proposed a novel statistical analysis method
based on the two-dimensional cross-correlation histogram
(2DCH). They demonstrated that this method provides new
information about the relation of different junction configura-
tions that occur during the formation and evolution of metal
and single-molecule junctions.[11112

3.3.3. Conductance Measurement in Liquid

Compared with the experiment performed in a vacuum, the
electrical measurement in solution is more challenging due to
the solvent effect. Solvent turbulence-induced noise, capacitive
charging, and molecule polymerization should be considered
in liquid environment. Moreover, the intrinsic transport mech-
anisms may be influenced by solvent molecules.''3] Griiter et
al. present a break junction setup with an integrated liquid
cell, which allows exploration of the influence of solvents on
the electronic properties of atomic contacts.!'!3] The variation
of the electrical conductance with different types of solvent
during the electrode separation process was investigated. They
observed a systematic and reproducible trend in the variation
of the tunneling barrier height with different solvents. After
further research, Griiter et al. presented electronic transport
measurements through one end thiolated Cg, molecules in
a liquid environment by means of MCBJ.['"" When the elec-
trode separation of the molecule-modified junction was varied,
they observed a peak in the conductance traces. Moreover, the
shape of the conductance curves was strongly influenced by
the solvents. With a resonant tunneling model, they extracted
the electronic tunneling rates that governed the transport
properties of the junction. Huber et al. determined and com-
pared the electrical conductance of four conjugated molecules
at the single molecule level and under identical liquid envi-
ronmental conditions, as shown in Figure 5.° Their results
showed that the conductance of oligo (phenylene vinylene)
(shorthand OPV, top row) was slightly higher than that of
oligo (phenylene ethynylene) (shorthand OPE, second row).
They also found that it was difficult to distinguish between
the OPV and two modified OPVs with side groups. In other
words, the solubilizing side groups do not noticeably influence
the conductance values of such conjugated molecules. A main
advantage of the experiment in liquid is the use of an electro-
chemical gate. Adding a chemically controllable environment
in break junction experiments would offer many interesting
possibilities, for instance, adjusting the redox state using a
liquid gate.l+11°]

3.3.4. Metal Complex Molecules

Metal ions play a crucial role, for instance, in biological charge
transport, and a metal complex molecule can also potentially be
used for electronic devices.'% It is of fundamental interest to
investigate if, and how, metal ions influence electron transport
on the level of individual molecules.!''”] However, little is known
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Figure 5. Measurement of single molecule conductance with MCBJ in
solution. Log-histograms of measured conductance values log (G(z))
obtained during one hundred successive open cycles. From top to
bottom, the histograms show data for OPV (first row), OPE compounds
(from second row to four row), and the two references, octanedithiols in
mesitylene and the solvent alone. It is shown the conductance of OPV is
higher than that of OPE. The OPE with varied side groups shows similar
conductance. Reproduced with permission.l®! Copyright 2008, American
Chemical Society.

about electron transport via metal ions trapped between ligand
molecules. The binding of a metal ion to a single host mole-
cule (peptide) was investigated at the single
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metal-molecule-ion-molecule-metal junctions with different
metal ions, and the conductance of the junctions depended
strongly on the type of metal ion that was integrated, in the fol-
lowing order: Ca*" > Zn?* > Ni?*.

3.3.5. Orbital Determined Molecule Conductance

Although several important factors affect electron transport,
such as molecular length, molecular conformation, and
applied bias voltage, the molecular orbital (MO) amplitude
near the Fermi energy has shown reliable guidelines for
understanding molecular conductance.??l Orbital amplitude
analysis, based on first principle calculations, revealed that
delocalization of the orbital is critical for a good conduction
pathway.l'’® Yoshizawa et al. developed a chemical method
by understanding of electron transport in molecules in terms
of the frontier orbital theory. They predicted that the phase
and amplitude of the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO)
of m-conjugated molecules determine the properties of elec-
tron transport.11% Recently, they confirmed these theoretical
predictions experimentally by using mechanically controllable
break junctions to measure the conductance of single naph-
thalene dithiol derivatives.??l Their measurements showed
that the conductance of symmetry-allowed 1,4-naphthalene
dithiol exceeds that of the symmetry-forbidden 2,7-naphtha-
lene dithiol by 2 orders of magnitude. Because the HOMO
and LUMO levels and the HOMO-LUMO gaps are similar in
these derivatives, they attributed the difference in the meas-
ured molecular conductance to the difference in the phase
relationship of the frontier orbitals. They noted that the phase,
amplitude, and spatial distribution of the frontier orbitals pro-
vided a way to rationally control electron transport properties
within molecules.

molecule level by Xiao et al., and they found
conductance of the peptide upon the metal-
peptide bonding significantly increased.l%!
The charge transport depends on the nature
of the ligands but also on the type of metal
ion entrapped in the complex. We investi-
gated the influence of different metal ion
species in a system where the ligands remain
essentially unchanged.['%! In the experiment,
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duced, a new set of peaks (P,, Py, P¢) in
the conductance histogram was observed
(Figure 6b-d), which dependeds on the
type of introduced metal ion. In this way,
we demonstrated that the surface tethered
nitrilotriacetic acid molecules formed stable

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 6. Conductance investigation of metal complexes at single molecule level. a) Log his-
tograms of measured conductance when dithiobis (C,-NTA) was applied to the junction. Only
one peak can be clearly observed. (b—d) Conductance histogram of molecules junction bridged
by Ca?*, Zn?*, Ni%, respectively. An additional peak is present. The peaks Py, Po?, P3, Py* are
located at the same position and can be assigned to the conductance of metal-molecule-metal
junctions. While the position of P,, Py, Pc is dependent on the type of bridged metal ion.
Reproduced with permission of The Royal Society of Chemistry.[1%]
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3.4. The Remarkable Properties of Molecules

Compared to silicon technology, molecular
systems possess many advantages: they
represent confined stable units, can self-
assemble into more complex functional
units, have a large structural variety, and
perform defined conformational changes.
With the MCBJ technique, several remark-
able properties of molecular systems were
studied, such as switching, negative differen-
tial resistance (NDR), diode and rectification,
the Kondo Effect, and m—m orbital coupling.
Each of these remarkable properties can lead
to a molecular device with a special function.
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Here, we present a few examples.

3.4.1. Switching

The stochastic switching phenomenon that
appears in the molecule junction is often
attributed to fluctuations in the molecule-
metal contact.'2Y) However, if the switch
behavior is sensitive to a controllable stimula-

Counts (Arb.)

tion, it can lead to potential electronic devices. 10

In the past decade, detailed investigation has
been performed on a great variety of molec-
ular switches, including redox-active mol-
ecules, mechanically interlocked switches,
and photochromic switches.2* Lortscher
et al. demonstrated that a single molecule
connected to two symmetric leads in a two-
terminal configuration can be reversibly and
controllably switched between two stable states in response to
an external voltage stimulus.” In this geometry and under a
very controlled environment using the MCB]J technique, they
excluded the inter-molecule effect and contact effects. They
proved that the observed switching truly had a molecular origin
and attributed it to the effect of the nitro group in the molecule.
Their results indicated that potential molecular switch devices
can be fabricated with the appropriate molecular design.
Controlling current in a molecule with light stimulation
may lead to optoelectronic switching devices.['?!l One mecha-
nism of photoswitching is through light-induced conforma-
tional changes in the molecule. Optical one-way switching of
photochromic dithienylethene from the conducting to the insu-
lating state has been demonstrated by Dulik et al. when illumi-
nating the molecule with visible light.'??l Upon illumination,
the molecule transitioned from close state to open state, and
a corresponding increase of resistance was observed. How-
ever, the reverse process, which should occur upon a second
illumination with the appropriate UV light, was not observed.
The one-way switching properties were attributed to quenching
of the photo-excited closing reaction because the HOMO level
of the open isomer overlaps with the high density of states
of the Au electrode, which facilitates fast electron transfer to
the molecule and eventually shortens the lifetime of the hole.
Following this study, the quenching problem was solved and
reversible conductance switching in diarylethenes was observed
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Figure 7. Photo induced witching. (a) Scanning electron micrograph of the MCB| device and
an illustration of an Au—4Py—Au junction. (b) Sketches of open (left) and closed (right) forms
of photochromic molecules (difurylethenes). (c) Structures of the four different molecules, 4Py,
TSC, YnPhT, and ThM, respectively, (d,e) Conductance histograms of photochromic molecular
junctions for open and closed forms of all four molecules. Reproduced with permission.'l
Copyright 2012, American Chemical Society.

using a highly conductive organic top electrode.l'?)l Two-way
photoswitching and the corresponding charge transport char-
acteristics of a single molecule were systemically investigated
by Kim et al.®!! Sulfur-free diarylethene molecules were devel-
oped and studied via electrical and optical measurements. The
single-molecule conductance and the current-voltage char-
acteristics were measured in a MCBJ system at low tempera-
tures. They showed that the side chains and end groups of the
molecules are both crucial to understand the charge transport
mechanism of reversible photoswitching molecular junctions,
as seen in Figure 7. It can be seen that all four types of mol-
ecules increased in conductance after transitioning from the
open (Figure 7d) to the closed state (Figure 7e). The 4Py mol-
ecule possessed side chains consisting of pyridine end groups,
which helped to establish a very direct link between the molec-
ular 7-system and the metallic surfaces. This structure led to a
relatively large signal ratio of conductance, e.g., the high ratio
between the single-molecule conductance in the closed form
and that in the open form. The opposite phenomenon is light
emission as a result of current passing through the molecular
junction, which has not been investigated with MCBJs.l!24 The
main technical challenge is the detection of light emitted from
a single molecule. The integration of light switchable molecules
is an emerging approach, with many potential applications in
addition to investigation of photochemical processes on the
single molecular level.
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3.4.2. Rectification and Diode

Molecular rectification consisting of an asymmetric current
response of a molecular junction to an external voltage bias
was first predicted by Ratner et al.'?! Normally, three mecha-
nisms (the Aviram-Ratner model, Kornilovitch-Bratkovsky-
Willians model, and Datta-Paulsson model) were used to explain
rectification behavior, in addition to the case with asymmetric
electrode-molecule coupling at both ends.”] The Aviram-Ratner
approach considers a donor—insulator—acceptor configuration,
where two electrodes are connected through three tunneling
barriers.'?’! The underlying mechanism of the Aviram-Ratner
approach uses the electric field to shift the energy levels of the
molecular orbitals (HOMO or LUMO) according to their asym-
metric energetic positions in the gap. Later, this mechanism
was generalized by Kornilovitch, Bratkovsky, and Willians to a
simpler system with only one molecular orbital, referred to as
the KBW model, in which the electron tunneled through asym-
metric tunneling barriers.['?°l In this approach, the position of
the orbital is not located symmetrically between the electrodes.
The molecular orbital can be aligned or separated with the
Fermi energy of the electrodes depending on the bias direction,
which will result in the rectification behavior. Datta et al. consid-
ered a symmetrical shift in the conducting orbital with respect
to the applied bias. However, unequal coupling and the conse-
quent difference in charging effects led to different tunneling
rates between the orbital and the two electrodes. In the reso-
nant tunneling condition, the average population of the orbital
strongly depends on the bias direction, leading to rectification
behavior (Datta-Paulsson model).'””] The latter two mecha-
nisms differently impact on the current-voltage characteristics:
the asymmetric field mechanism leads to a shift in the onset
voltage for resonant tunneling depending on the bias direction;
the asymmetric charge leads to a different differential conduct-
ance in the region of resonant tunneling.”! Both the influence
and high rectification ratio were observed by Lortscher et al. in
their MCB] experiment, as shown in Figure 8."! They proposed
a simple two-level model consisting of a di-block molecule, as
illustrated in inset of Figure 8. This “combined model” uses
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Figure 8. 1/V traces for the Au-SB diode-Au junction recorded at tem-
peratures ranging from 300 to 50 K. The inset shows the structure of
the molecule. Reproduced with permission.”l Copyright 2012, American
Chemical Society.
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semi-empirical formalism!'?®! to combine the mechanisms of
level shifting due to field and charging effects. The voltage-cur-
rent curves simulated by the “combined model” showed excel-
lent agreement with the experimental data.

An extreme case of rectification is a diode, which facilitates
current flow in one bias direction and suppresses current in
the opposite direction. Single-molecule diodes, which show
step-like features of I-V, have been fabricated using a litho-
graphically defined MCBJ] by Elbing et al.l'?*! The molecules
consist of two weakly coupled electronic n-systems (donor-
acceptor structure) with mutually shifted energy levels. The
results indeed showed diode-like current-voltage characteris-
tics, with a current ratio up to 10. Their corresponding theo-
retical analysis suggested that the bias dependence of the
polarization of the molecule fed back into the current, leading
to diode behavior.l'?l In brief, two separated 7-systems can be
viewed as two quantum dots coupled in series, and the elec-
tronic orbitals are localized on one of the dots. When one
sweeps the bias voltage, the electronic levels of both dots are
shifted with respect to the another, and two levels will cross
each other at certain voltages. Whenever an unoccupied level
passes by an occupied one, an additional transport channel
is opened for inelastic transmission from one dot (donor) to
another dot (acceptor). With each additional transport channel,
the current grows substantially, demonstrating the stepwise
feature in the -V curves.

3.4.3. NDR Behavior

A region of decreasing current with increasing voltage in the I-V
curve is referred to as negative differential resistance (NDR). In
the molecular aspect, Hg-alkanethiol/arenethiol-Au molecular
junctions were used to develop a physical model for the hys-
teretic negative-differential resistance (NDR). It was concluded
that the NDR was caused by slow charge capture (reduction or
oxidation) during the forward sweep and the resultant effect on
tunneling.'3% Reed and co-workers observed large ratio NDR
behavior in OPE molecular junctions substituted with nitro
and amino groups on the central ring.'® They suggested that
a possible mechanism for NDR was a two-step reduction pro-
cess that modified charge transport through the molecule. With
MCB]J techniques, the NDR behavior at the single molecule
level was successfully observed.1V131] Lgrtscher et al. acquired
non-linear current voltage (I-V) characteristics at variable tem-
peratures.['"] DNR behavior was observed with electron reso-
nant tunneling through the molecule junction, in which the
voltages accessing the first molecular orbitals in resonance
were applied. Their results provided spectroscopic information
concerning the junction's energy landscape, in particular about
the molecular level alignment with respect to the Fermi energy
of the electrodes. Kang et al. showed that the current-voltage
(I-V) characteristics of a molecule junction in an aqueous solu-
tion displayed a series of NDR and hysteresis behaviors.!'¢!
Under high-vacuum conditions, the peak positions of the NDR
can still be observed but are shifted to lower voltages with
reduced amplitude. The observed NDR behavior in a DNA
molecular junction was explained by a polaron model, which
led to a shift of the molecular level upon charging.['*!l Because
gate electrodes can be integrated into MCB] devices, it will be

Adv. Mater. 2013, 25, 4845-4867



ADVANCED
MATERIALS

s
Mot oS
www.MaterialsViews.com

interesting to experimentally demonstrate NDR behavior in a
three terminal configuration with MCBJs in the futurel'"”]

3.4.4. Kondo Resonance

An idealization of zero-bias Kondo resonance is the Anderson
single level impurity model, where the magnetic impurity
is viewed as having one energy level with an unpaired elec-
tron.'3 It is classically forbidden to bring the electron out
of the impurity without adding energy into the system. How-
ever, the uncertainty principle does allow this to happen via
an exchange process.[32l That means the electron is allowed to
jump off the magnetic impurity and onto an electrode. During
this time, another electron from the Fermi sea must jump onto
the impurity to replace the remaining one. The coherent super-
position of such co-tunneling events results in the screening
of the local spin of the impurity, thereby producing the Kondo
resonance, in which a new transport channel appears at zero
bias and a conductance peak at zero bias will be observed.'33]
However, the precise control over the spin degrees of freedom
with most quantum dots in the study of Kondo phenomena
is difficult. Molecules incorporating transition-metal atoms
provide powerful new systems in this regard because the spin
and orbital degrees of freedom can be controlled through well-
defined chemistry.'3 Liang et al. reported the observation of
Kondo resonance in single-molecule transistors, where an indi-
vidual divanadium molecule served as a spin impurity.*l They
found that the Kondo resonance peak could be tuned revers-
ibly by using the gate voltage to alter the charge and spin state
of the molecule. Recently, a new phenomenon (underscreened
Kondo effect) was observed by Parks et al. using the MCBJ tech-
nique.l*% This significant achievement will be further discussed
in section 3.6.

3.4.5. Lateral n-Orbital-Coupling

A remarkable property of some molecules is lateral m-orbital-
coupling, which exists between m-orbitals of the molecule and
the orbitals of the attached electrodes.'* This lateral coupling
is well known to cause broadening and shifting of the energy
levels of the molecule, and consequently modifies the conduct-
ance of an electrode-molecule—electrode junction. Diez-Pérez
et al. demonstrated that this type of lateral coupling exists and
can be controlled.**) In their carefully designed experiment,
changing the angle of the molecule from a highly tilted state to
an orientation nearly perpendicular to the electrodes decreased
the conductance by an order of magnitude, which agreed with
the theoretical prediction. Lateral 7 orbital coupling can also
exist between adjacant molecules. Although the importance of
m—m overlap has long been recognized in thin-film organic elec-
tronics and supra-molecular chemistry, there exists no direct
evidence to prove m—m stacking at the single molecular level.
Wu et al. reported the use of oligo-phenylene ethynylene mol-
ecules as a model system, and demonstrated that aromatic 77
coupling between adjacent molecules was efficient enough
to allow for the controlled formation of molecular bridges.’”
The experiment was carried out using a MCBJ in liquid at
room temperature. With the molecules (one of the chemical
linker groups was displaced or even fully removed to avoid
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molecule—electrode bonding), a typical peak was still observed
in the conductance histogram obtained during successive
opening cycles. These experimental findings indicate that
m—r stacking can be used as the dominant guiding force for the
formation of molecular bridges and provides a strong basis for
the design of future electromechanical and sensing devices that
operate at the single-molecule level.

3.5. Electron Transport Mechanism Investigation

According to the characteristics of current-voltage dependen-
cies, electron transport mechanisms are normally grouped into
four groups: direct tunneling, field emission, hopping conduc-
tion, and thermionic emission.*!] Based on whether thermal
activation is involved, the transport mechanisms fall into two
distinct groups: (i) thermionic emission or hopping conduction,
which show temperature-positive dependent -V behavior; and
(ii) direct tunneling or Fowler-Nordheim tunneling (field emis-
sion), which do not show temperature-dependent I-V behavior.
Further analysis of the tunneling process can classify the mech-
anism as (1) sequential tunneling (incoherent tunneling) or (2)
coherent tunneling.13313¢ In the sequential tunneling process,
the electron tunnels from the source electrode to the molecule
and then onto the drain electrode in a two-step process, which
normally happens in long molecules with weak-coupling. In
the strong-coupling regime, the electron effectively moves from
the source to the drain without stopping on the molecules, and
the current is always relatively weakly dependent on V126137l
MCB]J techniques enable to study not only the macro transport
characterization but also the micro tunneling process. Here, we
show a number of achievements related to the electron trans-
port mechanism.

3.5.1. Transition Voltage Spectroscopy

Beebe et al. introduced the transition voltage spectros-
copy (TVS) as an alternative method to characterize electron
transport mechanisms. Based on a picture of a molecular junc-
tion as a tunnel barrier obeying the Simmons model for charge
transport, they demonstrated that the metal-molecule-metal
junction can exhibit current-voltage characteristics that corre-
spond to a transition from direct tunneling to field emission
as the applied bias exceeds a threshold voltage.'*¥ They pro-
posed that the voltage at which the transition (Vy) occurs is
proportional to the energy offset between the metal Fermi level
and the nearest molecular orbital (MO). The promise of TVS
is that molecular level positions can be roughly estimated in
molecular junctions without applying extreme voltages. How-
ever, the interpretation of TVS is still under debate. In par-
ticular, a recent analysis of TVS shows that TVS is inconsistent
with experimental data (such as the relation between Vr and
electrode space d), also the linear correlation of the transition
voltage with the energy offset was limited to a special transport
model, 3% The possibility to accurately vary the funneling
gap between the electrodes with MCB]J allows us to reveal
the basic properties of TVS. Trouwborst et al. experimentally
demonstrated that V; has a week variation with the electrode
spacing d in vacuum and TVS can be used as a characterization
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energy (a non-degenerate electronic state)
showed temperature independent current
responses. This is convincing evidence that
decoherence resulting from coupling to
vibrations plays an important role in single-
molecule charge transport.
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Figure 9. Evidence of vibrationally induced decoherence in single-molecule junctions. (a) Sche-
matic representation of a single-molecule junction with two QDSs that are close in energy (Ag)
and different in their spatial symmetry. (b) I-V characteristics at different temperatures for
single-molecule junction. Reproduced with permission.®>l Copyright 2012, American Physical

Society.

tool for vacuum barriers.'*!l Employing a MCBJ, we observed a
Vr shift to a higher voltage in a single molecule junction as the
gap size between two nanoelectrodes was reduced.'? Several
aspects (such as the transport model, electric field, and junc-
tion distortion) have to be considered for an explanation of the
enhancement of field emission in single molecule junctions
when intermolecular transport is unavailable.[138:139.142,143]

3.5.2. Vibrationally Induced Decoherence

Early charge transfer investigations focused mainly on the
correlation between the chemical structure and transport
properties. However, charge transport through molecular
junctions is a quantum mechanical process, and quantum
interference may exist in electron transport molecule junc-
tion.'1*4] In a purely electronic picture, destructive inter-
ference is an intrinsic property of many molecules.["*+143]
Destructive interference occurs when the current is carried
by quasi-degenerated electronic states, e.g., they differ in
their spatial symmetry, as shown in Figure 9a. These quasi-
degenerated states provide different pathways (that may be
not spatially separated) for the electrons to tunnel through
the molecular junction. Although their individual contribu-
tion to the current is substantial, their phase-corrected sum
current may be very small. Electronic state interactions with
vibrations may change this destructive interference signifi-
cantly.'*el Consequently, destructive interference between
the involved pathways may be quenched, which affects the
electrical current. The vibration is strongly affected by the
temperature, e.g., the vibration is weak at low temperatures.
This rule means with decreasing temperature, destructive
interference will continuously be reduced. Hence, for systems
which exhibit destructive interference, a decrease in the elec-
trical current with decreasing temperature is expected. Ball-
mann et al. analyzed decoherence effects in single-molecule
junctions using the mechanically controlled break junction
technique combined with density functional theory calcula-
tions.”®! In their experiment, molecules with electronic states
close to the Fermi energy, generating vibration-sensitive
interferences, showed strong temperature dependence on
1/V characterization, as shown in Figure 9b. In contrast, mol-
ecules with electronic states located remotely from the Fermi
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3.6. Control of Electron Transport Through a
Single Molecule

Electron transport through a molecule may
be controlled mechanically, electrostatically,
magnetically, and electrochemically leading
to various potential device applications. It
is a challenging task to fabricate such gate-
able devices based on a two terminal device, but rapid advances
have been made in recent years, especially when employing the
MCB]J technique. The control of electron transport can be real-
ized by several approaches, and many interesting phenomena
have been observed.36:6+103.147]

3.6.1. Gate Controlled Electron Transport

One approach to control the tunneling of electrons through
molecules is the use of a gate electrode, which normally con-
sists of a pair of electrodes (source and drain) together with
a gate electrode on a solid substrate.*”! A large challenge is
that screening by the charge rearrangements in the electrode
always considerably weakens the gate effect in the nanometer-
scale gate length. Therefore, to form single-molecule FETs, a
gate electrode must be positioned in close proximity to the mol-
ecule junction. Gate modulation of single-molecule conduct-
ance has been demonstrated for various types of m-conjugated
molecules.'*”148] Song et al. showed large modulation of -V
curves with the gate voltage in three terminal molecular junc-
tions fabricated by the electromigration method.®*l The tran-
sition voltage spectroscopy derivation from the I-V curves
indicated modulation of the energy gap due to the gate effect.
Furthermore, feature peak height in IETS was found to be sig-
nificantly enhanced when the gate voltage was increased. This
demonstration validated the concept of molecular-orbital-mod-
ulated carrier transport, allowing new designs of molecular-
based devices. However, fabrication of a molecule junction by
electromigration techniques suffers from a relatively low yield,
which may be improved by the MCBJ technique. Champagne
et al. reported the implementation of both electrostatic gating
and mechanical adjustability within a single-molecule device
by means of an MCBJ.'® They found that the threshold V
required to overcome the Coulomb blockade depended on V,,
which shifts the energy of the molecular states with respect
to the Fermi energy of the electrodes. At the same time, they
found that mechanical stretch can change the slopes of the tun-
neling thresholds in the differential conductance map. This is
a consequence of changes in the molecule—electrode capaci-
tances, which affect the coupling efficiency between the mol-
ecule junction and the gate.
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3.6.2. Mechanical Stretch Approach

By means of break junction techniques, it is
possible to perform experiments that have
no equivalent in conventional electronics.
For instance, by applying a mechanical force
to a molecular junction, it is possible to
exploit the relationship between the electrical
and mechanical properties of the molecule,
which provides a method to control charge
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transport through the molecule junction.
Bruot et al. reported on the variation of the
electromechanical properties of a 1,4-ben-
zenedithiol molecular junction by stretching
and compressing it.1*3l They demonstrated
that most of the conductance versus dis-
tance traces reach a plateau region with an
increase in the conductance just before the

increasing
stretching

complete break of the junction at low tem-
perature. They attributed this finding to a
strain-induced shift of the highest occu-
pied molecular orbital towards the Fermi
level of the electrodes, leading to a resonant
enhancement of the conductance.'*! Simi-
larly, we observed that the charge transport
mechanism changed by applying a mechan-
ical load to the molecular junctions for both
CP-AFM and MCBJ experiments.’®1% How-
ever, we attributed the change of the underlying mechanism
partly to an enhanced electrical field effect and inter-molecule
tunneling. Regardless, both the results from Bruot and our
results indicate that electron transport is strongly sensitive to
mechanically compressive or stretching loads, which provides
an option to control electron transport characteristics in a
mechanical way.

3.6.3. Control of Electron Spin

Typically, molecular-electronic experiments have focused on
charge transport without taking the electron spin into consid-
eration. Molecular devices may be well suited for applications
requiring spin manipulation because of the relative weakness
of the spin-orbit and hyperfine interactions in many molecules,
which may help to isolate the spin from external degrees of
freedom and preserve electron spin polarization over a much
greater distance. Petta et al. studied the spin-polarized trans-
port of electrons tunneling through a barrier consisting of a
self-assembled octanethiol monolayer between two magnetic
electrodes.™ A striking finding was that a large variation of
the resistance was observed as the magnetic field was swept
through zero. This occurred because the magnetizations of
the two electrodes underwent reversal processes at different
fields close to the zero point, and they approached an approxi-
mately antiparallel configuration before ultimately aligning
with the reversed field. During this process, the samples will
exhibit clear changes in resistance.’>!! Their measurements
show that spin-conserving transport in molecular devices is
possible at a low bias voltage. At high bias, tunneling via local-
ized states under resonant conditions, which led to a change
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Figure 10. Mechanical Control of Spin States in Spin-1 Molecules. (a) Chemical structure of
Co(tpy-SH)2, where tpy-SH is 4’-mercapto-2,2":6’,2"-terpyridine. (b) Breaking of the degeneracy
among the S =1 triplet states by uniaxial distortion. (c) Line cuts showing dl/dV as a function
of V for different values of molecular stretching at T=1.6 K. (d) Temperature dependence of the
conductance on the stretched side of the splitting transition. Reproduced with permission.3¢l
Copyright 2010, AAAS.

of the effective spin polarization of electrons, was reported by
Tsymbal et al.l'>Z At low temperature, a spin-singlet state may
be formed from a localized spin-1/2 electron and the delocal-
ized Fermi sea, leading to zero-bias conductance (Kondo effect)
as discussed above. With Cgy, which possesses an unpaired
spin in equilibrium, Parks et al. successfully tuned the Kondo
effect with a MCBJ.'3] By precisely varying the electrode
spacing, they were able to change both the width and height
of the Kondo resonance, offering an approach to control elec-
tron transport through unpaired spin molecules. Later, Parks
et al. demonstrated mechanical control of spin states in spin-1
molecules.?®) They reported that molecular spin states and
magnetic anisotropy can be manipulated in the absence of
a magnetic field just by modification of the molecular sym-
metry. In the experiment, they controllably stretched individual
cobalt complexes having large magnetic moments (spin S = 1)
to modify the molecular symmetry, and simultaneously meas-
ured current flow through the molecule. Figure 10a shows the
chemical structure of the investigated molecular (Co(typ-SH),
complex. As a molecule was stretched, the single conductance
peak split into two beyond a value, as shown in Figure 10b.
On a stretched molecule junction with fixed electrode spacing,
the temperature dependence of the conductance also showed a
splitting behavior, as shown in Figure 10c. The corresponding
interpretation for this observation is shown in Figure 10d. For
a unstretched S =1 ion in a ligand field with octahedral sym-
metry, the triplet states are strictly degenerated. However, if
the molecule is stretched and distorted, the S, = 0 state will
be lowered by a splitting energy D below the S, = %1 states,
corresponding to uniaxial spin anisotropy. This broken degen-
eracy quenches the Kondo resonance near zero bias and causes
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conductance peaks at V = +D/e due to inelastic tunneling. Their
findings demonstrate a mechanism of spin control in a single-
molecule junction, and more single-molecule spin electronics
studies are anticipated.

3.7. MCBJs Combined with Other Techniques

3.7.1. MCBJ-Transmission Electron Microscopy

As the scale of microelectronic engineering continues to
shrink, interest has been focused on the nature of electron
transport through essentially nanometer scale channels, such
as quantum wires.'>*l However, it is a large challenge to simul-
taneously obtain both an atomic-scale structure and electron
transport properties. Due to the small and flexible size of the
MCB]J setup, MCB]Js can be integrated into a transmission elec-
tron microscopy (TEM) setup, which is an appropriate way to
handle the challenge.[5>-158]

Using in situ high resolution transmission electron micros-
copy, Rodrigues et al. have studied atomic arrangement and
defect formation in metal nanowires (NWs) generated by
mechanical elongation.l'>® In their experiment, a time-resolved
high resolution transmission electron microscope was used to
study metal NW atomic arrangements. The sample consisted of
a self-supported polycrystalline thin metal film (3—4 nm thick),
which was perforated at several points by focusing the micro-
scope electron beam until a nanometric bridge was formed
between two holes. The electron beam was then turned to its
image state, and time-resolved atomic resolution images were
recorded during the elongation process. For example, Figure 11
shows snapshots of a platinum NW formed along the [111]
direction.>® It was observed that the narrowest constriction
of gold and platinum NWs was crystalline and defect-free, and
gold NWs adopted only three types of atomic arrangements.
Atomic arrangements and quantum conductance of silver
nanowires generated by mechanical elongation was also inves-
tigated.>>] The surface properties of Ag induced unexpected
structural properties; for example, a predominance of high
aspect-ratio rod like wires was obtained. These results empha-
size that the conductance of metal point contacts is determined
by the preferred atomic structures and that atomistic descrip-
tions are essential to interpret the quantum transport behavior
of metal nanostructures. Lagos et al. further studied the influ-
ence of thermal effects on the structural and transport response
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Figure 11. The images obtained by TEM combined with the mechanically controllable break
junction technique. (a—c) High resolution TEM snapshots of a time evolution of a platinum

nano wire formed along the [111] axis.
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of atomic-sized Ag nanowires and combined time-resolved
atomic resolution TEM with ultra-high-vacuum mechanically
controllable break junctions.'”18] They revealed that it was
extremely difficult to compare nanowire conductance experi-
ments performed at different temperatures due to fundamental
modifications of the mechanical behavior. All the experiments
mentioned above were performed without bridged molecules.
With the development of TEM technology in the future, elec-
tron transport through a molecule junction could be measured
as TEM images of the molecular junction are simultaneously
taken. It would be an amazing possibility for examination of
the relationship between geometric information and electronic
transport properties.

3.7.2. MCBJ-Surface Enhanced Raman Spectroscopy

Electronic transport through single molecules is affected by the
molecular electronic structure as well as the vibration mode
(chemical information), which is extremely difficult to assess
by standard voltage-current measurements. Surface-enhanced
Raman scattering (SERS) is a powerful tool to independently
investigate the vibration mode of the molecule structure.
A large step was made by Ward et al., who reported simulta-
neous measurements of the conductance and the Raman
spectra of molecular junctions formed by the electron migra-
tion method.”® However, the gap size formed by the electron
migration method cannot be continuously adjusted, which
limited the junction yield. According to SERS theory, the excita-
tion of surface plasmons around the metal is sensitive to the
shape of the nanoparticle and the distance of the nanoparticle
(nanoelectrode). Unfortunately, the dependence on the separa-
tion between two nanoparticles has hardly been realized experi-
mentally because there are few methods capable of precisely
and flexibly adjusting nanoparticle separation during SERS
measurement.’> Tian et al. reported a combined SERS and
mechanically controllable break-junction (MCBJ) method to
measure SERS signals of molecules located inside the nanogap
between two electrodes on a Si chip.l' Their MCBJ chips were
micro-fabricated with gold wire on a Si substrate using optical
lithography, and the gap between the electrodes was reduced
from approximately 1 um to 1 nm or less by electrochemical
deposition.[®”) The gap was controlled mechanically using a pie-
zoelectric transducer with sub-angstrom resolution.[8%97:105An
incident laser was focused onto the molecular junction via a
lens from the top of the MCB]J chip, and the scattered light was
collected with the same lens, as shown in
Figure 12. They demonstrated that the SERS
intensity of sample molecules depends on
the gap width and the incident light polari-
zation, indicating that the signals came from
the molecules inside the gap. The SERS-
MCBJ method shows potential as a powerful
characterization tool for molecular electronic
studies, both physically and chemically. Com-
bined with electrical measurements, one can
4 answer questions such as if and how a mole-
cule is present between two probing elec-
trodes. However, the collected signal might be
a superposition from hundreds or thousands
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Figure 12. Mechanically controllable break junction technique combined with surface enhanced
Raman spectroscopy technique. SERS of 1,4-benzenedithiol in the nanogap with the process
of bending the metallic electrodes pair. The gap width is reduced, from (a) 8 A, (b) 6 A, to (c)
4 A and the increased intensity of the signal is observed. Laser: 632.8 nm. Reproduced with

permission.['>* Copyright 2006, American Chemical Society.

of molecules in the vicinity of the electrode bridging molecule.
Therefore, it remains a challenge for SERS to eliminate the
influence of the surrounding molecules on the signal from the
metal-molecule-metal junctions.

3.7.3. MCBJ-Inelastic Tunneling Spectroscopy

Recently, inelastic tunneling spectroscopy (IETS) emerged as
one of the premier characterization methods for single mole-
cules. Considering a phonon of energy o with electron—phonon
coupling, once the voltage applied to the junction reaches a
threshold of V, = /e, it is possible for an electron to excite the
phonon mode when tunneling through the junction. This pro-
cess opens an additional transmission channel when the bias
is above the threshold voltage V,, leading to an increase in the
total conductance where non-linearity of the I-V characteristic
is expected. However, the nonlinearity in the current typically
only possesses a small slope change in the I-V characteristic.
Therefore, it is more common to measure the differential con-
ductance (dI/dV vs. V) curve, thus allowing one to observe steps
at V,, where one phonon mode is activated. If one takes the
second derivative of the current (d?I/dV;,, vs. V), exactly as in
IETS, a peak would be observed at V. A series of peaks can be
observed if more than just electron—-phonon coupling (interac-
tion between electrons and molecular vibrations) modes exist.
Therefore, IETS is very suitable for detecting vibrational excita-
tions and is sensitive to contact geometry and molecular con-
formation. A detailed introduction of IETS can be found in the
review paper.[167]

A few pioneering scientists have successfully combined
MCB]J and IETS techniques to obtain fingerprint information
of different molecules.*161-163] Taniguchi et al. combined anal-
yses of single-molecule conductance and inelastic electron tun-
neling spectra and found that the peak line width of the inelastic
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electron tunneling spectrum decreased as the
modulation voltage and temperature were
decreased.'®?] Fock et al. reported on the
vibrational fingerprint of single Cq, termi-
nated molecules in a mechanically controlled
break junction (MCBJ) setup to address dif-
ferent molecular configurations.'®! They
found that the vibrations of the anchoring
Cgo dominated the IETS spectra, which may
mask vibration modes from other parts of
the molecule. However, they found a way to
identify the additional modes from the fluo-
rine backbone by the addition of infrared
(IR) and Raman spectroscopy. Their experi-
ments indicated that it is possible and neces-
sary to combine several different techniques
to reveal detailed information regarding the
molecules.

Figure 13 shows the IETS of 1,6-hexan-
edithiol (HDT) in different molecular con-
formations, as reported by Kim et al.l'63]
With the MCB]J technique, they can identify
the high conductance state and low con-
ductance state, which correspond to two dif-
ferent molecular conformations, as shown in
Figure 13d. Two completely different IETS were observed at the
low conductance state and high conductance states, as shown in
Figure 13(a,b). A gentle mechanical stretch also led to a small
change of IFTS, which reflected a change of electron density
during the stretch period. The red shift of the v(C-S), as shown
in Figure 13c, could have been caused by the reduction of the
electron density in C-S bonding, due to the weaker overlap of
the orbital. Moreover, they used two different electrode mate-
rials to distinguish the contact geometry by IETS. They success-
fully demonstrated that combining inelastic-electron-tunneling
spectroscopy with mechanical control and electrode material
variation (Au or Pt) enables the influences of contact geometry
and molecular conformation to be separated.

3.7.4. MCBJ- Noise Spectroscopy

Noise characterization is a key issue for any type of nanode-
vice, including those based on single molecules, because it
influences the performance and the reliability of the devices.
In addition, it gives insight into time-dependent physical phe-
nomena and is inherently linked to the charge transport char-
acteristics of the investigated system. Concerning monolayer
junctions, random telegraph noise was observed above the 1/f
noise in alkyl-based metal/multi-molecule/metal junctions at
high bias voltages and was attributed to a trapping-detrapping
process via localized energy states.'®] This finding demon-
strated that noise characterizations can be used for evaluating
the influence of localized states on charge transport in mole-
cular junctions. The noise characteristics of bare nanocontacts
in a MCBJ without molecules was systematically investigated
by Wu et al.'®] They demonstrated that, as a function R, the
normalized noise Sy/V? showed a pronounced crossover from
<R3 for low-ohmic junctions to <R for high-Ohmic junc-
tions. Sy is the voltage noise power spectral density, V is the
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Figure 13. Inelastic tunneling spectroscopy (IETS) obtained with a mechanically controllable
break junction. IETS in the high conductance (HC) and the low conductance (LC) regimes, -
displaced vertically in the order of the junction distances in the Au-HDT-Au junction. The IETS ~ ance peak. In other words, the fluctuations
are measured from a distance of 0.5 (top) to 4.5 A (bottom) for the HC regime (a) and between ~ Were maximized when the current started
5 (top) and 14 A (bottom) for the LC regime (b). (c) Enlarged vibration mode reported in (b).  to flow. The observation that the noise peak

(d) Histograms of Au (black) and Pt (red) junctions, respectively. Inset: Representative con-  lieg before the conductance maximum can
ductance traces. Reproduced with permission.l'®*! Copyright 2011, American Physical Society. 1o understood in this way: when electron

applied voltage, and R is the resistance of the (a) ——Wieasured spectrum (b) 4 T
nanocontact. The measured powers of 3 and 107 j:"/;’ﬁz'isﬁe‘“c’fmponem 7 /Fu" Pt-D,
1.5 are in agreement with 1/fnoise generated ----1/f* noise component| < 3 | shot
in the bulk and reflect the transition from n 10 - Thermalnoise 2 | fose
diffusive to ballistic transport. ETI S g 2r ,,/
MCB]Js can be conveniently used to investi- > |---Zv. 2 /
gate the noise characteristic after integrating 10°F 2 g o/ | fooms.00e
individual molecules into the nanocontact W \ A B 090 Q2%
due to the high intrinsic stability and the tun- 10 1 e . ;(;k . gl ¥

ability of the gap size. Ochs et al. reported on o Bias current (uA)
S1s Frequency (Hz)
frequency-dependent measurements within
the electrical current through single-mole-  Figure 14. MCB] combined with noise spectroscopy. (a) The voltage noise power spectral den-
cule junctions at cryogenic temperatures in ity of the molecule-containing junction in the lock-in state, corresponding to a single BDA

a frequency range of 100 Hz to 100 kHz.[160]  junction. The fitting curve is the superposition of 1/f 1/ and thermal noise components
The data showed a powerlaw decrease of shown by a dash-dotted line, dashed curve, and thin gray line, respectively. Reproduced with
. . . . permission.'®”l Copyright 2012, The American Institute of Physics. (b) Excess noise (the dif-
noise towards high frequencies, which could L . . X
1 a R £ ference between the measured white noise level with and without current) as a function of the
be related .to uctgatlng degree§ 0 r.eedom applied current for a Pt-D2-Pt junction. The Poissonian shot noise level is indicated by “full shot
of the microscopic configurations in the pojse”. A strong quantum suppression of the noise was observed. Reproduced with permis-
junction. Sample-to-sample fluctuations, not  sion.'”l Copyright 2006, American Chemical Society.
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tunneling is hindered by a poor overlap of local orbitals (Franck-
Condon blockade), vibrations may increase the current and lead
to a nonlinear amplification of both the current and further
vibrations, resulting in sudden current bursts.[**]

Molecular-vibration-induced current noise can be used as
signature for single-molecule identifications. In a study by
Tsutsui et al., both the electric current noise and IETS of Au/
hexanedithiol/Au single-molecule junctions were measured.!'”"!
They found increased current oscillations synchronous to elec-
tric field excitations of specific molecular vibrational modes
active in the electron-phonon interaction. This finding unam-
biguously indicated that the voltage-dependent electric noise
stems from inelastic interactions between electrons and molec-
ular vibrations, which thereby enable single molecule finger-
printing through examination of the noise spectral'¢%170l

Shot noise can be used to examine the transmitting chan-
nels as well. Shot noise results from the discrete nature of
the electronic charge. Djukic et al. reported measurements
of shot noise in the current through a single D, molecule in
cryogenic temperatures.['”!] After dropping the low-frequency
portion dominated by 1/f-noise, compensating for the roll-off
and subtracting the thermal noise for a series of bias currents
on a given contact, they obtained the dependence of the excess
noise as a function of applied bias, as shown in Figure 14b. At
the same time, the conductance for such a junction at zero bias
was measured and compared with the conductance expression.
They found that the noise increased as soon as the transmis-
sion of the almost fully open channel was reduced. This sen-
sitivity is illustrated in Figure 14b. The observed quantum
suppression shows that conductance is carried dominantly by
a single, almost fully transparent conductance channel. Shot
noise suppression in atomic-scale Au junctions at room tem-
perature was also observed by Wheeler et al.l'”?l Using a high-
frequency technique, they simultaneously acquired noise data
and conductance histograms of an Au junction under ambient
conditions. The presence of noise suppression at room temper-
ature explicitly demonstrates the quantum character of trans-
port in these atomic-scale devices. Inelastic processes, such as
electron-phonon scattering, can remove energy from the “hot”
electron system and redistribute electrons between the different
quantum channels. This is what causes the suppression of shot
noise in macroscopic conductors at room temperature.

3.8. Additional Applications

Beyond the application of molecular electronics, MCB] can be
applied to other areas, for instance, atomic contact formation,
a metal atom switch, semiconductor materials, and microflu-
idic nanoparticles. Here we just select a few examples, related
to molecular electronics, to show the wide application of MCB]
techniques.

3.8.1. Metal Wire Quantum Properties

The investigation of quantum effects on electron transport
has attracted much interest. Quantum properties of conduct-
ance can be observed when ‘breaking’ a metallic contact: as two
metal electrodes in contact are slowly separated, the contact
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area undergoes structural rearrangements until it consists of
only a few bridging atoms in its final stages. Just before the
abrupt transition to tunneling occurs, the electrical conduct-
ance through a monovalent metal contact is always close to a
value of 2e?/h, where ¢ is the charge of an electron, and h is
Planck’s constant. This value corresponds to one quantum unit
of conductance, indicating that the contact consists of a single
atom. In 1998, Scheer et al. obtained one atomic constrictions
for four different metallic elements (Pb, Al, Nb and Au) with
both STM and MCBJ techniques.’?l In same year, Yanson et
al. demonstrated that four peaks could be clearly observed in
the histogram of the length distribution for the last plateau,
which indicated gold chains with a one-atom thickness and at
least four atoms in length can be obtained at 4.2 K during the
breakage of atomic-scale gold contacts.?]

However, there were strong arguments with respect to the
physical interpretation of the conductance steps of approxi-
mately 2¢?/h that appeared during the nanowire elongation
process.31:80155.173174 One opinion attributed the conductance
steps to conductance quantization (electron channels). Another
opinion attributed the conductance steps to discrete contact
size changes (rearrangement of the atom). In fact, it has been
extremely difficult to discriminate between structural and
electronic effects in the nanowire elongation experiment with
MCB]Js because both are simultaneously modified during the
measurement.'> In 1995, Krans et al. used the fact that the
degeneracy of conduction modes of a three-dimensional point
contact should result in a characteristic sequence of conduct-
ance values to distinguish the effects of conductance quantized
from those of discrete variations in contact size in the break
junction experiment, confirming that conductance quantiza-
tion did indeed occur.'’4l A detailed discussion concerning the
quantum properties of atomic-sized conductors can be found in
the literature.['””]

3.8.2. Metal Atomic Switch

Martin et al. have exploited the electromechanical properties of
single-atom relays and the corresponding switch behavior with
gated mechanical break junctions. The gate voltage can be used
to reversibly switch between a monatomic contact, with a con-
ductance of approximately 2¢2/h, and the tunneling regime.['7%l
Devices on phosphor bronze wafers were fabricated by a two-
step lithography process. The device fabrication was completed
by dry etching in reactive ion plasma to remove the sacrificial
layer between the gate and the source-drain electrodes, leading
to a suspended gold bridge, as depicted in Figure 15a. The gate
potential could control the breaking and formation of the Au—
Au bond and switch the source-drain conductance, as shown
in Figure 15b. They also demonstrated that the source-drain
conductance varied smoothly with gate voltage in the tunneling
regime. They put forward a continuum model to analyze the
results. In brief, the electrostatic attraction of the suspended
electrodes and gate electrode led to tip deflection and gap size
variation between the source-drain electrodes. In contrast to
silicon-based gated MCBJs, the devices fabricated with phos-
phor bronze possessed sufficient flexibility to vary the electrode
spacing over several nanometers. However, the observed elec-
tromechanical deflection of the tip and corresponding gap size
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Figure 15. Atom switch. (a,b) Gate-induced reversible switching of single-atom contacts
in mechanical break junctions. (a) Schematical draw of the electrical measurement circuit.
(b) Switching characteristics, in which bare metal bridge is established at high gate voltages.
Reproduced with permission.['7€l Copyright 2009, American Chemical Society. (c,d) Switching
the conductance of Dy nanocontacts by magnetostriction. (c) Schematic of magnetic field con-
trol set up. (d) The conductance can be changed reproducibly by variation of the magnetic field
H. Reproduced with permission.'”8] Copyright 2011, American Chemical Society.

variation with gating imposed limitations for molecule inves-
tigation. Two possible strategies can be employed to meet the
challenge. The first approach, which they mentioned in their
papet, is to increase the electrode rigidity.l'’”! An alternative
approach is fabrication of a side gate elec-
trode instead of a bottom electrode, with the
side gating configuration the deflection of the
tip is dramatically suppressed.[100106.167]

The electrical conductance switch behavior
of mechanical break-junctions fabricated
from the rare-earth metal dysprosium has
been investigated by Miiller et al.l'’® During
the mechanical breakage of the wire, the
conductance was reproducibly changed by
variation of the magnetic field H, due to the
large magnetostriction of Dy. In their experi-
ments, thin wires cut from bulk Dy polycrys-
tals in the ferromagnetic state were used. A
notch was mechanically made in the middle
of the wire, which is where the sample broke
during bending. The wire was then glued to
a flexible copper-bronze substrate coated with

s
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substrate, as shown in Figure 15c. The dis-
crete changes in G (H) in the range of sev-
eral G, = 2¢?/h, as shown in Figure 15d, was
attributed to the magnetostriction.'”® This
realization of a magnetostrictive few-atom
switch demonstrates the possibility of repro-
ducibly tuning the conductance of magnetic
nanocontacts with a magnetic field.

3.8.3. Micro-Fluid Channel

Tsutsui et al. reported the development
of a microfluidics-integrated mechanically
controllable break junction device and its
application to electrical characterization of
DNA:-sized particle dynamics in a microflu-
idic channel.l'””l Scanning electron micro-
graph images of the microfluidics-MCB]
device are presented in Figure 16a. The
device consisted of free-standing Au nano-
junctions embedded in a fluidic channel, see
Figure 16b. After the gap was adjusted to a
specific size, a constant DC bias voltage of
V, was applied between E; and E, to cause
Au nano particles to flow through the micro-
fluidic channel. Schematic drawing of par-
ticle pass through microfluidic channel was
presented in Figure 16¢. Simultaneously,
a current across the nanogap electrodes (I)
was recorded under a DC bias voltage of V.
Figure 16d shows the I-t curves acquired
under various environments. In a vacuum,

the current was quite stable. When measured in the particle
solution, both the current and noise increased proportionally
to the particle concentration. This manifests the ionic nature
of the Au nanoparticles used — the larger leakage current

NP(2nm),dgap > 5nm

1
0 { vacuum §

0

Time (s) 100
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a 2 um thick insulation film. The sample
was mounted into a mechanically controlled
break-junction device and cooled to 4.2 K.
The magnetic field was provided by a super-
conducting Helmholtz coil in the plane of the

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 16. Microfluidics-integrated mechanically controllable break junction. (a) Scanning
electron microscopy images of the microfluidics-integrated MCBJ device showing three Au
nanobridge electrodes. Inset is a magnified view showing the free-standing configuration of
the Au junction. (b) A nanojunction before and after mechanical breaking. (c) Schematic of
DNA-sized particle dynamics in a microfluidic channel. (d) I-t curves measured under various
environments. Reproduced with permission.['®l Copyright 2009, American Chemical Society.
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associated with high ion (nanoparticles) content. Moreover,
with an appropriate gap size, pulse-like signals were detected,
which were attributed to particle translocation through the
electrode gap region. This provides a method to detect the
transport speed of nanoparticles. They also found that the high
electric field between the nanogaps and the corresponding
high electrostatic electrode—particle interaction could slow
down the particle flow through the electrode nanogaps. The
results suggest the useful capability of a transverse electric
field for controlling DNA translocations through a nanopore
or nanochannel.

4, Conclusion and Outlook

Molecular electronics is an interesting topic which facilitates the
understanding of fundamental aspects of the charge transport
through individual molecules or monolayers, and which has
brought together scientists from different disciplines, including
physicists, chemists, and engineers. The rapid growth of molec-
ular electronics and research on molecular junctions have
yielded new phenomena and devices with possible vast applica-
tions.!®l Further work is required before molecular junctions are
fully understood and applicable in commercially viable mani-
festations. A proposed road map to meet the experimental chal-
lenges in the design and fabrication for molecular electronics
can be found in a previous review paper.l'

It is worth noting that during the last several years, the
techniques for the fabrication of MCB]J setups and chips have
made great progress, which will tremendously extend its
potential applications. With advanced fabrication and measure-
ment techniques, MCBJ experiments can be conducted under
ambient and cryogenic vacuum conditions, in solvents, and
even under electrochemical potential control.2®181 The band-
width of the measurement electronics has been optimized to
enable fast dI/dV spectroscopy of molecular junctions, even
at extremely low current.'8%181 Target molecules, ranging
from simple dielectric model molecules via molecular diode
to molecular switches, transistors, and molecular motor pro-
totype bio-functional molecules, have been integrated into
MCB]Js, which can be investigated by multi-terminal devices.
The MCB]J technique, with unique mechanical stability, has
progressed rapidly from both the scientific and technological
viewpoints, encouraging further advances in single-molecule
electronics. The significant achievements discussed in this
review are just a small fraction of the tremendous advances
achieved so far. There are still key issues that need to be
resolved and deserve further investigation, some of which are
discussed below.

1. Substrates: Typically, three types of substrates are used in
MCBJ chip fabrication: silicon, bronze, and spring steel. The
fragile silicon wafer cannot be deeply bent, leading to a lim-
ited gap size between the electrodes. To support the breaking
process, the electromigration approach can be used to assist
breaking of the metal wire.1%%l An alternate method to get
around the bending limits of silicon substrate is using sili-
con membranes rather than silicon wafers.'82] Concerning
spring steel and bronze substrates, polymer layers (mainly
polyimide) have been used to insulate the electrodes from the
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substrate. However, the deformation of the polyimide layer
upon different temperatures can lead to gap size variation.*]
Therefore, it is necessary to find an appropriate substrate to
maintain thermal stability and unlimited gap size. We exam-
ined using Si3N, as an insulating layer and found that it is
an alternative material to maintain both thermal stability and
flexibility.

. Integration: Although the MCB]J technique is very useful for

fundamental investigation and can be easily combined with
other techniques, it is not facile to fabricate highly integrated
molecular commercial devices because of the constraint of
the push rod components. Piezoelectric components of small
size usually only supply short displacement for the push rod,
which will lead to limited gap size variation. If one tries to
obtain a larger gap size by sacrificing the attenuation factor,
one may lose mechanical stability. That means one has to
maintain a balance between the mechanical stability and the
available gap size. Chip architectures using flexible materi-
als as sample substrates, such as hardened polyimide without
solid support, may help to minimize the demission of MCB]
devices. Beyond this method, the discovery of a new architec-
ture not limited to a three point apparatus with a novel minia-
turized push rod, which can also bear cryogenic temperatures
as well as high temperatures, may pave the road from funda-
mental research to application related research. It has been
reported that a micrometer-scale motor has been put into use,
which may be employed as a potential push rod in the future.

. Leads: Precise control of the contact geometry down to the

atomic scale has been a difficult challenge. A widely em-
ployed method for MCB]Js is to attach molecules terminated
with thiol groups to gold electrodes. This approach has many
advantages but also suffers from undesired effects, such as
high metal-atom mobility at room temperature and a large
polarization field at the metal-molecule interface.l'®¥ There
are reports that have looked into novel contacts, such as C-Si
and C-Au bonding.'® With electron beam lithography, it is
possible to fabricate suspended silicon electrodes in MCBJ
chips. By bridging the molecule between highly doped silicon
electrodes and forming silicon-molecule-metal, we are con-
vinced that new phenomena can be observed.['°) Compared
with metal wires, carbon nanotubes possess high conductiv-
ity, better defined contact configurations, and better contact
to organic molecules via C-—C bonding. Moreover, nanotube
electrodes can reduce electric field screening, which strongly
occurs in gold electrodes, and will increase the gate coupling
efficiency in three terminal devices.'® The challenge for this
application is to precisely control the growth of carbon nano-
tubes at desired sites with the desired structure and orienta-
tion. Tsutsui et al. reported electrical break down of carbon
nanotubes with MCBJ techniques.8®) Graphene possesses
several advantageous characteristics, including low sheet re-
sistance, high optical transparency, high electron mobility,
zero energy gap and excellent mechanical properties.'¥” If
one succeeds in reproducibly bridging nanotube fragments
or graphene with individual molecules,!®” the advantages of
MCB]Js and graphene could be combined, and junctions could
be created from fully assembled molecular building blocks.

. Additional topic: There are several potential research topics

deserving further study using MCBJs. For example, 1) due

wileyonlinelibrary.com

4863




ADVANCED
MATERTALS Make \l-wﬁ

www.advmat.de

to the fact that we can precisely control the separation of two
electrodes with MCB]Js, we can accurately measure the life-
time of a single-molecule junction before breakdown during
the stretch process. The measurement of lifetime during a
negligible mechanical stretch process enables us to extract
the local temperature based on thermodynamic bond-break-
ing theory.38 2) A single molecule can be easily sandwiched
between two symmetric atomic scale tips, without parallel
molecules, using a MCB]. Therefore, we can investigate the
interference between two different transport paths within a
single molecule, which strongly affects molecular conduct-
ance and even the transport mechanism.”>*4 A case in
point of this is that the conductance superposition law for
parallel components within a single molecule can be ad-
dressed.?*1 3) Although different types of gate electrodes have
been employed in MCBJs, such as a bottom gate to control
the electron transport through molecule junctions, electron
transport through the molecule may be controlled by a more
general gate electrode, including electrical gates, magnetic
gates, optical gates, mechanical gates, and electrochemical
gates. The simple system of MCBJs facilitates the integration
of different types of gate electrodes, leading to various poten-
tial research topics and device applications.

. Modeling: Recently, considerable theoretical calculation re-
sults have been reported, but the theoretical developments are
mostly beyond the scope of this review. For a theoretical over-
view of the electronic transport in molecular junctions, please
refer to previous papers.['114918% Here, we present a few exam-
ples of the theoretical achievements related to MCBJs: Wang
et al. simulated how a metal wire break occurs using a MCBJ,
and detailed information concerning atom re-arrangement
during the break process was revealed;!*” Lin et al. compared
the advantages and disadvantages between MCBJs and elec-
tron migration junctions with non-equilibrium Greens func-
tion and density functional theory approaches;!"! French et
al. demonstrated the utility of an updated simulation method
that allowed for the incorporation of important environmental
factors into simulations of the formation of molecular junc-
tions. With respect to electron transport through a molecular
junction, the Landauer formula, Breit-Wigner formula, Sim-
mons model and others have been put forward.*1°2l On the
one hand, theoretical calculation promotes the development
of experiments by predicting, confirming and interpreting the
experimental phenomenon. On the other hand, the progress
in experimental research also poses new challenges to theo-
retical and computational methods. Density functional theory
is well established, and the limits of its validity are well known
when applied to bulk metallic systems, as well as to organic
molecules in isolation.8%1%3] Development of theories that
include realistic molecules, electrodes, molecule—electrode
interfaces, electron—vibration, electron—phonon interactions,
spin-orbit interactions, and electron-solvent couplings will
be critical in the future.'!]
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