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Electrical transport characteristics through molecular layers
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In the past few decades, considerable progress has been made in the field of molecular electronics

toward our understanding of charge transport processes and the development of experimental

methods. This feature article presents a summary of various experimental characterisation platform

testbeds for metal–molecule–metal junctions using self-assembled monolayer molecules. Important

results from these techniques are highlighted here. A review of the mechanism of electronic transport

through molecular layers is presented. Furthermore, the prospects and advanced architectures for the

further development of molecular electronics are presented. These opportunities may contribute to the

realisation of practical applications for molecular electronic devices.
1. Introduction

The interest in molecular electronics is grounded in the potential

for individual or self-assembled monolayer (SAM) molecules to

be used as functional electronic elements in different device

applications.1–23 One important application is the use of ultra-

high-density electronic circuits as complements or alternatives to

high-cost nanoscale Si-based integrated devices. In comparison

to conventional Si-based technologies, molecular electronics

could, in principle, offer numerous potential advantages. For
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example, a molecule in the size range of a nanoscale building-

block could lead to a higher packing density for miniaturised

electronic devices, enabling lower cost, higher efficiency, and

fewer heat problems. Furthermore, with nanoscale self-assembly,

it is possible to synthesise molecular structures with the desired

functionality to form active structures. These advantages are

expected to provide molecular electronics with the means to

extend Moore’s Law beyond the foreseen limits of miniaturising

silicon integrated circuits.

Since Aviram and Ratner initially proposed the conceptual

model of a unimolecular rectifier in 1974,3 the field of molecular

electronics has made tremendous progress in both experi-

mental24–44 and theoretical developments.45–62 A wide range of

electrical behaviour types for molecular junctions functionalised

by individual or SAM molecules has been extensively investi-

gated and reported, including diodes,43,63–65 switches,25,26,66–68

memory,33,39,69–71 and transistors.30,72,73 Furthermore, a variety of
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platform and junction techniques, such as scanning probe

microscope-based techniques,34,36,38,40,56,74–77 break junc-

tions,24,30,72,73,78–80 crossed-wire tunnel junctions,56,63,81–83 Hg drop

junctions,27,84–90 and various solid-state device-based

methods,25,26,32,33,37,39,43,44,55 have been developed to gain an

understanding of molecular charge transport mechanisms.

Nevertheless, there are still many issues and long-standing

challenges that must be overcome before these molecules can be

applied as actual electronic components in device circuits. For

example, the creation of reliable molecular junctions continues to

be challenging, and this will likely be the first milestone toward

the practical development of molecular electronics. At the

present time, inevitable limitations in available fabrication

techniques, such as unstable junctions, low-yield device fabrica-

tion methods, ill-defined junction areas, and laboratory-depen-

dent measurement data, lead to large variations in the intrinsic

electrical properties of the materials produced, as we discuss in

Section 2 of this article. These fabrication uncertainties have

been major obstacles impeding our complete understanding of

charge transport mechanisms in molecular devices and their

application as electrical components in devices. Furthermore, it

is necessary to synthesise or identify specific and robust molec-

ular species that have prescribed electronic functionalities for the

intended device components. To resolve these scientific and

technical issues, the field of molecular electronics has rapidly

developed in several areas. For example, better experimental

testbeds have been developed, functional molecular species can

now be synthesised, and the charge transport mechanism of

molecular junctions is becoming better understood.

In this article, we present a review of the different experimental

and theoretical aspects of molecular junctions, in which a few

molecules (�100 molecules) or a bundle of molecules (up to

�1012 molecules) are contained in a junction area ranging from

100 nm2 to 500 mm2. Several excellent reviews of single molecular

electronic devices are available in the literature concerning the

issues related to single-molecule devices, whereby one or very few

molecules are contained in each junction.16,22,91 In contrast, in

this review article, we will focus on molecular junctions that use

a bundle of molecules.
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This article comprises four sections. Following a brief intro-

duction of molecular electronics (Section 1), Section 2 describes

various experimental testbeds that can be adopted to analyse the

transport characteristics of molecular junctions, such as con-

ducting probe atomic force microscopy (Section 2.1), crossed-

wire junctions (Section 2.2), liquid metal junctions (Section 2.3),

metal evaporated molecular junctions (Section 2.4), and con-

ducting interlayer-based junctions (Section 2.5). In Section 3,

several defects in molecular junctions are presented (Section 3.1),

the specific charge transport characteristics of molecular junc-

tions are presented in terms of molecular length-, structure-, and

contact-dependent transport (Section 3.2); molecular confor-

mation effects (Section 3.3); and transition voltage spectroscopic

characteristics (Section 3.4). Section 4 provides a summary and

some desired prospects for the further development of molecular

electronics. Thus, this review article provides an overview of

current issues in molecular electronics as well as the recent

progress and important challenges related to this field.

2. Experimental testbeds for molecular junctions

2.1 Conducting probe atomic force microscopy

The conducting probe atomic force microscopy (CP-AFM)

technique has been used by many research groups to characterise

SAM molecules and to investigate their electrical proper-

ties.40,56,92–97 In this testbed, a conducting AFM tip is directly

applied to make top contact with the SAM molecules on bottom

electrode substrates under a controlled loading force (Fig. 1(a)).

A sweeping voltage is applied between the tip and the substrate in

stationary mode to carry out electrical current–voltage (I–V)

measurements. The CP-AFM technique has several merits. For

example, direct contact on the SAM by an AFM tip can prevent

the current reduction caused by the additional tunnelling gap

that exists in scanning tunnelling microscopy (STM).74�76,98

Additionally, this technique does not require the use of a device

patterning process. However, variations in the AFM tip radius

and bottom electrode roughness induce some uncertainty in the

number of molecules in the junction, resulting in a large variation

in the measured I–V characteristics.99,100 Note that with an Au

nanoparticle on the mixed SAM (e.g., alkanethiol and alka-

nedithiol molecules), it is possible to reproducibly measure the

single alkanedithiol molecular conductance without the effect of

variations in the junctions because the Au particles are only

attached to the inserted alkanedithiol molecules in the mixed

monolayer.96,101,102

2.2 Crossed-wire junction

A schematic of a crossed-wire junction is shown in Fig. 1(b). This

junction technique consists of two Au wires that are approxi-

mately 10 mm in diameter.56,63,81–83 The molecular species of

interest are self-assembled on one of the Au wires, which is

placed orthogonal to an applied magnetic field. The contact in

this junction structure is completed by deflecting the Au wires

with a Lorentz force generated from a small DC current (under

a few mA). The electrical I–V characteristic is measured by

applying a sweeping voltage between both wires. In this tech-

nique, it is possible to use different wire compositions to study

asymmetric junctions.103 Furthermore, this technique enables the
This journal is ª The Royal Society of Chemistry 2011
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Fig. 1 Examples of molecular junction platforms. (a) CP-AFM, (b)

crossed-wires, (c) liquid metal contact junction, metal evaporated junc-

tion ((d) nanopore, (e) microscale via hole junction, and (f) surface

diffusion mediated deposition). Conducting interlayer-based junctions

((g) conducting polymer-based, (h) gallium oxide-based, and (i) gra-

phene-based junctions). Reprinted with permission: (d) from ref. 109, ª
2003, The American Physical Society; (e) from ref. 119,ª 2008, American

Chemical Society; (f) from ref. 123,ª 2010, Nature Publishing Group; (g)

from ref. 37,ª 2006, Nature Publishing Group; (h) from ref. 129,ª 2010,

American Chemical Society; (h) from ref. 44,ª 2011, Wiley-VCH Verlag

GmbH & Co. KGaA, Weinheim.

Pu
bl

is
he

d 
on

 0
8 

Se
pt

em
be

r 
20

11
. D

ow
nl

oa
de

d 
by

 O
sa

ka
 U

ni
ve

rs
ity

 o
n 

15
/0

1/
20

14
 1

0:
18

:3
7.

 

View Article Online
investigation of a scaling effect on electronic charge transport via

the sensitive modulation of the deflection current.82,104 More

molecules are contacted by both metallic wires when the deflec-

tion current is increased. However, the number of contacted

molecules and their orientation on the wire are not well defined

because of the surface curvature of the wire.

2.3 Liquid metal contact

Hg–SAM–SAM–metal junctions are fabricated by controlling

a drop of SAM-coated Hg with a second metal surface (Ag, Au,

Cu, or Hg) that contains another SAM (Fig. 1(c)).27,84–90 This

molecular junction technique has several merits due to the defect-

free surface of liquid metal Hg and the bi-layer SAMs.27,84–86 For

example, the Hg contact in the junction prevents problems

encountered with evaporating metal top-contacts, such as the

issue of the upper metal penetrating into the junction. Therefore,

it is convenient to measure numerous electrical datasets at

different contact sites. In fact, the simplicity of this technique will

ensure the validity of statistical analysis of the data and enable

the understanding of charge transport mechanisms. However,

the roughness of the second (bottom) metal surface leads to

abrupt changes in the distance between the two electrodes,

generating uncertainty in the contact area.99 Furthermore, the

junction yields are low (under 25%) and the junctions may be

unstable43 because Hg is easily amalgamated with the bottom
This journal is ª The Royal Society of Chemistry 2011
electrodes (e.g., Ag and Au) during repeated I–V measurements

and subsequent aging, which may lead to a short circuit.105–108
2.4 Metal evaporated molecular junction

2.4.1 Nanopore. The SAM in a nanopore junction is sand-

wiched between two metallic contacts, as illustrated in Fig. 1

(d).25,35,69,109–112 This junction technique is a solid-state device

platform that contains a number of molecules (several thousand)

in a nanoscale hole (typically 40–50 nm in radius). Subsequently,

electron beam lithography and reactive ion etching create a single

pore with a diameter in the tens of nanometres through the

suspended isolating layers, such as Si3N4 and SiO2. After

the formation of a SAM on the evaporation side (top) electrode,

the second metallisation on the other side (bottom) is performed

to complete the molecular junction. To avoid thermal damage to

the SAM layer, liquid nitrogen is kept flowing throughout the

cooling stage, and the evaporation rate is kept very low.

Although this technique reduces the kinetic energy of the evap-

orated metal atoms on the SAM layer, the yield of nanopore

devices is still low due to the high possibility of short circuit

formation via the punching of metal atoms through the SAM

layer.18,113–115 However, this junction technique allows tempera-

ture variable measurements, which is very useful for identifica-

tion of the main charge transport mechanism.109 The number of

molecules in the junction is well known because the contact area

can be measured accurately by scanning electron microscopy

(SEM), permitting the current (or resistance) per molecule to be

measured with a high degree of accuracy. This technique is

a useful platform for the demonstration of functional device

applications, such as molecular memory and diodes.69,116

2.4.2 Microscale via-hole junction. The microscale junction is

fabricated on a p-type (100) Si substrate covered with a thermally

grown >100 nm-thick layer of SiO2 (Fig. 1(e)).55,117–119 This

junction technique has a fabrication process that is quite similar

to the nanopore junction technique, except that lithography is

used for hole formation at the junction. Therefore, the merits and

demerits of microscale junctions are similar to those of nanopore

junctions. Due to the microscale hole (2 to 4 mm diameter) in the

junction, it is possible to easily and quickly fabricate a large

number of molecular devices using conventional optical lithog-

raphy. This junction technique also involves the evaporation of

metal onto the molecules at the top electrode. Evaporation may

cause electrical short-circuit problems as well as unstable and

unexpected I–V characteristics due to the creation of filamentary

paths and molecular damage.18,113–115,117,120–122 This inevitable

uncertainty in the fabrication technique leads to relatively large

variations in the junction conductance, despite the use of iden-

tical molecular components. This uncertainty is an obstacle for

the understanding of molecular charge transport mechanisms

and has potential implications for future device applications.

Therefore, new techniques and ideas have been developed to

resolve this issue (Fig. 1(f)–(i)). In the following section, we

present a review of these new device techniques, which have

a more stable and higher junction yield.

2.4.3 Surface diffusion mediated deposition. A schematic of

a molecular junction technique using surface diffusion-mediated
J. Mater. Chem., 2011, 21, 18117–18136 | 18119
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deposition (SDMD) is shown in Fig. 1(f).123 This junction tech-

nique has been completed through four fabrication processes:

PPF (pyrolyzed photoresist film) fabrication, PPF-side wall

fabrication, molecular layer deposition, and metal contact

deposition.123 To form PPF, a 300 nm SiO2/p-Si substrate was

spin coated with photoresist (AZ P4330–RS) and decomposed

(pyrolyzed) by heating in a tube furnace. Optical lithography and

lift-off technique were used to pattern etch mask (SiO2/Cr) on the

PPF layer. Then, an O2 reactive ion etch (RIE) process was used

to remove the PPF layer that was not protected by the patterned

etch masks, and an anisotropic etching condition was selected to

create the formation of a near vertical sidewall. Then, a molec-

ular monolayer was attached to the PPF sidewall by means of

electrochemical reduction or oxidation in solution. For SDMD,

metal contacts were deposited by electron beam evaporation

through a shadow mask aligned perpendicular to the patterned

SiO2/Cr mask. Electrical connection between the metal and the

molecules is completed by surface diffusion of the deposited

metal atom toward the molecular layer. This junction technique

has several merits. For example, the SDMD technique prevents

the problem of penetration and damage by evaporated metal

atoms, which leads to the excellent yield (>90%) and reproduc-

ibility of molecular junctions. In addition, the contact region of

the molecule/metal is controlled though surface diffusion of the

deposited metal atom that depends on the thickness of the metal,

which can allow characterization of a wide range of molecular

junctions from single/several molecules to many molecules.

However, it may be difficult to know the accurate junction area

and the exact number of molecules in the junction. And, the

charge transport study through molecular layers with various

contact groups may have some limitation because of the PPF

bottom electrode’s surface.
2.5 Conducting interlayer-based molecular junction

2.5.1 Conducting polymer interlayer-based junction. A sche-

matic of the conducting polymer-based junction structure is

shown in Fig. 1(g).37 This junction technique involves an insu-

lating photoresist layer on top of the patterned bottom electrodes

to electrically isolate the molecular junction, which allows good

contact with the conducting polymer and prevents degradation

of the device in ambient conditions.37,68,124,125 Holes in the

photoresist layer have diameters in the several tens of micro-

metres for conventional optical lithography (up to �100 mm

diameter). After SAM formation on the bottom electrode,

a water-based suspension of conducting polymer PEDOT:PSS

(poly-(3,4-ethylenedioxythiophene) stabilised with poly-(4-styr-

enesulfonic acid)) is spin-coated on top of the SAMs, covering

the complete device. The thickness of the PEDOT:PSS layer is

typically 200 to 300 nm, preventing the formation of electrical

shorts upon subsequent deposition of the Au top electrode.

Furthermore, it is possible to adjust the conductivity of PEDOT:

PSS (20–300 S cm�1) via the addition of a polar solvent, such as

dimethylsulfoxide (DMSO).126 Subsequently, the Au top elec-

trode (thickness: 50–100 nm) is deposited on top of the PEDOT:

PSS layer through a shadow mask. RIE with O2 is used to

remove the redundant PEDOT:PSS. The Au top electrode is used

as a contact with the probes and as a shadow mask, whereas

PEDOT:PSS is etched away using RIE to prevent a direct current
18120 | J. Mater. Chem., 2011, 21, 18117–18136
path through PEDOT:PSS from the Au top electrodes to the Au

bottom electrodes. The fabrication of large-area molecular

devices using PEDOT:PSS as an interlayer between the top

electrode and these molecules has been one of the most successful

techniques in terms of high device yields and stable junctions.37

Nevertheless, the use of a conductive polymer has some limita-

tions and presents some uncertainties as a universal platform for

physical–organic studies because the properties of the interface

between the polymer layer and the molecules are still not well

understood.37,43,124,127,128 For example, the resistance of materials

fabricated using this technique has been reported to differ

significantly from that of molecular junctions that do not have

the conducting polymer interlayer due to relatively poor contact

between PEDOT:PSS and the molecules.127,128 Additionally, the

yield of the polymer interlayer-based junction system seems to

depend on the type of isolating layer (photoresist or SiO2) and on

the molecular contact groups (hydrophilic or hydrophobic) due

to differences in surface tension.37,124,127

2.5.2 Gallium oxide interlayer-based junction. A schematic of

the Ga2O3-based junction structure is shown in Fig. 1(h).43,129

This junction technique incorporates a template-striped Ag

(AgTS) bottom electrode to reduce the density of defects in the

SAM by utilising the low surface roughness and large grain size

of an AgTS electrode.99 After the SAM forms on the AgTS elec-

trode, a layer of Ga2O3/EGaIn suspended from a syringe con-

tacting the SAM is deposited as the top electrode. The junction

area ranges in area from 100 to 500 mm2. The Ga2O3 interlayer,

which is formed by oxidation of EGaIn, is only a few atomic

layers thick (1 to 2 nm) and is stable. The Ga2O3 layer is expected

to form a van der Waals interaction with the terminated group of

the SAM. Furthermore, the resistance of the Ga2O3 layer is

estimated to be several orders of magnitude less than the total

resistance of the molecular junction. Thus, the Ga2O3 layer can

be regarded as a conducting interlayer.129 This molecular junc-

tion technique has several advantages.129 For example, it does

not require metal deposition directly on the SAMs. Furthermore,

the junction is quite stable and easy to fabricate. However, there

are some uncertainties due to the Ga2O3 protective layer in the

molecular junction.43,129 For example, the physical and chemical

properties of the Ga2O3 layer are ill-defined with respect to the

morphology and resistivity of the Ga2O3 layer, as well as the

interface properties between the Ga2O3 layer and the SAM.

These uncertainties may introduce difficulties in the interpreta-

tion of electrical data for the molecular junctions.

2.5.3 Graphene interlayer-based junction. A schematic of

a graphene-based junction structure is shown in Fig. 1(i).44

Graphene is an ultra-thin, two-dimensional sheet of covalently

bonded carbon atoms. This material has outstanding electronic

properties, chemical stability, and mechanical properties.130,131 It

is considered a good electrode candidate for molecular junctions.

Large-area, conductive, and flexible graphene films have been

successfully synthesised and patterned to desired sizes and

shapes.131 After the molecules are self-assembled on an exposed

few micrometre-diameter Au bottom electrode, a multi-layer

graphene (MLG) film (average thickness <�10 nm) is transferred

to the substrate as the top electrode. The MLG film can be

prepared by chemical vapour deposition (CVD), which produces
This journal is ª The Royal Society of Chemistry 2011
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Fig. 2 Schematic of several possible defects in Ga2O3 interlayer-based

molecular junction: (a) step edges and vacancy island on bottom elec-

trode surface, (b) grain boundaries on bottom electrode surface, (c)

different orientation of the molecular chains, (d) and (e) impurities in

bottom electrode surface, and (f) non-conformal contact of the top

electrode with the SAM. Reprinted with permission from ref. 135,ª 2010

American Chemical Society.
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a typical sheet resistance of �600 U ,�1 and a transmittance of

�87% in the visible wavelength range.132–134 Next, an Au layer is

vapour-deposited on top of the graphene films using a shadow

mask at a low deposition rate. This layer reduces the sheet

resistance of the graphene films during electrical probing. The

graphene interlayer electrode prevents the formation of electrical

shorts and filamentary paths that would result from penetration

of the Au top metal. Fabrication of the molecular devices is

completed by RIE to remove the redundant graphene films on

the devices. This junction technique produces excellent dura-

bility, thermal and operational stabilities, and device lifetimes.44

Furthermore, the yield of this junction technique has been found

to be >�90%, regardless of the properties of the isolating layer

and contact groups (hydrophobic vs. hydrophilic). In addition,

the electronic coupling of graphene to the molecules seems to be

better than that of PEDOT:PSS, resulting in a better contact

conductance. However, the use of a graphene interlayer in this

system has some limitations at the nanoscale via hole junction

due to the limited flexibility of the MLG film. The structure of

our MLG-interlayer based molecular junction includes an insu-

lating layer (SiO2, �100 nm) for isolation of the SAM layer

which is deposited on top of the bottom Au electrode (red layer

in Fig. 1(i)). In the nanoscale via hole junction, it may be difficult

for the MLG film to contact the SAM layer at the edge of

the nanohole (or at the entire area of the nanohole) when the

thickness of SiO2 layer is comparable to (or larger than) the

diameter of the nanohole. In other words, the transferred MLG

film on substrate may be suspended across the SiO2 layer around

the nanohole due to the limited flexibility of theMLG film, which

may lead to a low yield of molecular junctions. Therefore, in

order to fabricate the nanoscale junction with graphene inter-

layer, it is necessary to reduce the thickness of the insulating layer

or to use a single graphene layer that has more flexibility than the

MLG film for completed contact between the graphene film and

the SAM layer.
3. Electronic transport of molecular junctions

3.1 Defects in molecular junctions

Generally, the structure of SAM in the junction contains several

types of defects.12,99,135 The cause of defects can be an intrinsic or

extrinsic factor: cleanliness, roughness, and type of bottom

substrate (metal and semiconductor), type of top electrode,

method for deposition of the top electrode, methods for SAM

formation on substrate, and purity of SAM. These result in

a complex phase than defect-free highly ordered SAM arrange-

ment in the junction.12 Recently, Nijhuis et al. summarized

several possible defects in the Ga2O3 interlayer-based molecular

junction in terms of local defects of ‘‘thin-area’’ or ‘‘thick-area,’’

according to the local distance between the top and bottom

electrodes that determines the junction conductance (Fig. 2).135

Thin-area defects occur when the contact between the top elec-

trode and the SAM on bottom electrode is disordered, and the

distance between the electrodes is less than the length of mole-

cules. For example, step edges, vacancy islands, and grain

boundaries on the bottom electrode surface result in thin-area of

SAM (Fig. 2(a) and (b)). Furthermore, different orientation of

SAM and impurities within the electrode film will cause disorder
This journal is ª The Royal Society of Chemistry 2011
in the SAM (Fig. 2(c)–(e)), which also leads to thin-area of SAM.

This type of defect results in a high value of tunneling conduc-

tance due to the reduction of distance between the electrodes.

However, thick-area defects occur when the top electrode of

Ga2O3 does not make conformal contact with the SAM and the

solute molecule or dust separates the top electrode and the SAM

(Fig. 2(f)), which leads to low value of tunneling conductance

because of the increase in distance between the electrodes.

Consequently, these defects in the molecular junctions become

the immediate cause of ill-defined I–V characteristics, large

variation in the junction conductance, and the electrical short

circuit formation with evaporated top metal atoms.
3.2 Molecular length-, structure-, and contact-dependent

transport characteristics

In molecular electronics, the most studied issues are the influence

of molecular length, structure, and contact dependence on the

current–voltage (I–V) characteristics of molecular junctions. The

non-linear I–V characteristics of molecular junctions containing

various types of molecular components have been extensively

investigated with a variety of platforms and techniques.24–44,63–90

In this section, we present a review of electronic transport

properties through different types of SAM molecules in various
J. Mater. Chem., 2011, 21, 18117–18136 | 18121
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molecular junction structures in terms of molecular length,

structure, and contact groups.

A large number of microscale molecular devices (27 840

devices in total) were fabricated and characterised to statistically

analyse the molecular electronic properties of a sufficient number

of ‘‘working’’ molecular electronic devices (427 devices)

(Fig. 3).55 The molecular system in this study is the extensively

studied alkanethiol, whose structure and configuration are

sufficiently well characterised such that the system can serve as

a standard.6,12,136,137 There are two kinds of alkanethiols, alka-

nemonothiols (CH3(CH2)n�1SH) where one thiol is located at the

end of the molecule, and alkanedithiols (HS(CH2)nSH) where

thiols are located at both ends of the molecule. This molecular

system presents a simple classical molecular tunnel junction

when fabricated between metallic contacts, due to the large

highest occupied molecular orbital (HOMO)–lowest unoccupied

molecular orbital (LUMO) gap of approximately 8 eV.9,109,138

The ‘‘working’’ molecular electronic devices were extracted from

devices showing a majority of the current densities in the statis-

tical distribution, by using a Gaussian function (Fig. 3(a)–(f)). In

fact, determination of the average transport parameters from

a statistically meaningful number of working molecular junctions

is a prerequisite because statistically averaged transport param-

eters can provide more accurate and meaningful characteristics

of molecular systems. The importance of statistical analysis that

is based on a large amount of electrical data has grown in recent

years due to reliability issues with molecular junctions.21,37,39,43,44

The detailed criteria used for determining working devices have

been reported in the literature.117 The device yields were found to

be �1.2% (156/13 440 devices) for alkanemonothiol devices and

�1.9% (271/14 440 devices) for alkanedithiol devices. Because

the device yield (�1.75%) of DC8 (HS(CH2)8SH) devices did not

differ much from that of C8 (CH3(CH2)7SH) devices (�1.41%), it

is not likely to be greatly affected by metal–molecule contact but,

rather, is affected more by the device structure, fabrication

condition, and quality of the SAM molecules (the packing
Fig. 3 Statistical histograms of log J measured at 1.0 V for (a) C8, (b) C12, (

obtained from the histograms with Gaussian functions and the mean positions

chosen from the mean positions of the fitted Gaussian function. Reprinted w

18122 | J. Mater. Chem., 2011, 21, 18117–18136
density and defect sites in SAM layer on bottom electrode).12

Fig. 3(a)–(f) present histograms of the current densities for

different lengths of alkanemonothiols (C8, C12, and C16) and

alkanedithiols (DC8, DC9, and DC10) at 1.0 V with the mean

positions of representative devices indicated with arrows. The

current density–voltage (J–V) characteristics for these six

representative devices are plotted in Fig. 3(g). The main

conduction mechanism through the alkanethiol molecular

devices is the non-resonant tunnelling mechanism, which was

demonstrated by its temperature-independent I–V characteristics

and the exponential dependence of its transport characteristics

on molecular length.117 The histograms in Fig. 3(a)–(f) show the

distribution of the logarithmic current densities, indicating the

existence of fluctuation factors causing the exponential distri-

bution in J, such as fluctuations in the molecular configuration or

microstructures in the metal–molecule contacts.139,140 The J–V

characteristics in Fig. 3(g) were clearly dependent on the expo-

nential molecular length and metal–molecular contacts (i.e.,

monothiol vs. dithiol). This observation was supported by

previous reports of molecular junctions that have shown that the

J for alkanedithiols is higher than that for alkanemonothiols due

to the different natures of their metal–molecule contact proper-

ties (chemisorbed vs. physisorbed contact) at Au-molecule

contacts.94,96

Similar exponential length-dependent and temperature-inde-

pendent I–V characteristics of alkanethiol SAM molecules were

also observed from other molecular junction structures using an

interlayer of high-conducting materials, such as PEDOT:

PSS37,124 or graphene layers,44 between the top metal and the

SAMmolecules (Fig. 4). These results demonstrate that PEDOT:

PSS and graphene can be regarded as non-interacting conductive

electrodes. As mentioned above, the yield of molecular junction

structures without an interlayer is very low (Fig. 1(d) and (e)),

mainly because of electrical shorts caused by the top electrode

penetrating through the molecular layer and making contact

with the bottom electrode. However, an interlayer of PEDOT:
c) C16, (d) DC8, (e) DC9, and (f) DC10. The line curves are fitted results

are indicated with arrows. (g) J–V characteristics of representative devices

ith permission from ref. 55, ª 2007, The American Physical Society.

This journal is ª The Royal Society of Chemistry 2011
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Fig. 4 (a) The J–V characteristics for the PEDOT:PSS-based alkanedithiol (DC8, DC10, DC12, and DC14) junction. The inset shows the J–

d (molecular length) plot in the low bias region. Reprinted with permission from ref. 37, ª 2006, Nature Publishing Group. (b) The J–V characteristics

for graphene-based alkanedithiol (DC8, DC12, and DC16) and alkanemonothiol (C8) junctions. Reprinted with permission from ref. 44,ª 2011,Wiley-

VCH Verlag GmbH & Co. KGaA, Weinheim.
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PSS or graphene film can effectively prevent the formation of

electrical shorts and filamentary paths that result from penetra-

tion of the Au top metal, producing an excellent device yield

(>90%) and high reproducibility. In addition, the current level in

these interlayer molecular devices has been found to be stable for

at least 40 days in air.37,44,125

Let us examine the electrical characteristics of graphene-based

molecular junctions in more detail. As shown in Fig. 4(b), the

difference in the conductance of C8 and DC8 in graphene-based

molecular junctions (Fig. 4(b)) can be explained by a difference in

the properties of the physisorbed contacts, corresponding to

different contact lengths. This difference occurs because the

graphene electrode does not form a chemisorbed contact with

thiol (–S). Therefore, the conductance of the C8 junction is

higher than that of the DC8 junction due to the shorter contact

length of the C8 junction (contact length d[CH3/graphene] for C8 <

d[C–S/graphene] for DC8).44,55,141

To demonstrate the quality of the contact transport property,

the charge transport parameters for DC8 molecular junctions

were compared according to the type of top electrode (PEDOT:

PSS, graphene, and Au) (Fig. 5).44 Fig. 5(a) shows a histogram of

the current densities at 1.0 V on a logarithmic scale, and Fig. 5(b)

shows Rmol (resistance per molecule) for different types of top

electrodes. The resistance for Au/DC8/graphene was slightly

higher than that for Au/DC8/Au devices by less than one order of

magnitude (Fig. 5(b)). Unlike the relatively poor contact between

DC8 and PEDOT:PSS (with much more resistance in the Au/

DC8/PEDOT:PSS case), the contact between graphene and DC8

was comparable to that between Au and DC8 (Fig. 5(a) and (b)).

This difference can also be observed in different types of junction

systems. For further details regarding this issue, we recommend

Akkerman’s review paper,128 which compares conductance

results with several experimental techniques.
This journal is ª The Royal Society of Chemistry 2011
In molecular junctions, the most common finding is that

resistance (R) increases exponentially with molecular length (d),

according to eqn (1):9,37,44,55,92–95

R(d) ¼ Roexp (bd) (1)

where Ro is an effective contact resistance that depends on the

anchoring group and contact electrodes and b is the decay factor

that depends on the nature of the molecular structure and the

bias voltage. Generally, b is determined by taking the linear fit of

a logarithmic plot of the resistance versus different molecular

lengths (Fig. 6). This physically reflects the extent of the decrease

in wave function for the tunnelling charge through the molecular

structure.44 The small HOMO–LUMO gap for p-bonded mole-

cules (3–5 eV),9,56,95 compared with that of alkanethiol molecules

(�8 eV),9,109,138 explains the noticeable difference in b values

between the two molecules and the greater conductance through

molecules of the former. For example, the b values were found to

be �0.92 �A�1 for alkanethiol molecules (Fig. 6(a)),55 which is

higher than that for p-bonded ones (such as oligoacene and

oligophenylene derivatives) (Fig. 6(b)–(d)).92,95,142 Typical

b values range from 0.2–0.6�A�1 forp-bondedmolecules and 0.6–

1.2�A�1 for alkanethiol molecules.9,87,92,95,143 As mentioned above,

the b value is dependent on the molecular structure (�0.92 �A�1

for alkanethiol molecules, Fig. 6(a); �0.2 �A�1 for para-phenylene

molecules, Fig. 6(b); and �0.5 �A�1 for oligoacene-based mole-

cules, Fig. 6(c)), but it is not quite as dependent on metal–

molecule contacts (i.e., monothiol vs. dithiol and –S vs. –NC)

(Fig. 6(a)–(c)). Noticeably, the b values for the phenylenes in

PEDOT:PSS-based junctions were found to be lower than the

reported values in the literature (i.e., b ¼ 0.35–0.61
�A�1).36,87,92,144,145 One reason for this finding may be the influence

of the monolayer on the molecular geometry. The b values have
J. Mater. Chem., 2011, 21, 18117–18136 | 18123
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Fig. 5 (a) Histogram of logarithmic J at 1 V for molecular devices with different types of top electrodes (PEDOT:PSS, graphene, or Au). (b) The

resistance per molecule Rmol values for these molecular junctions. Reprinted with permission from ref. 44, ª 2011, Wiley-VCH Verlag GmbH & Co.

KGaA, Weinheim.
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been found to be as low as 0.17 and 0.24 �A�1 for planar para-

phenylene systems (molecular systems with no torsion angle

between adjacent phenyl rings).146,147 Furthermore, higher per-
Fig. 6 (a) Semilog plot ofR versus dbody for alkanemonothiol and alkanedithi

permission from ref. 55,ª 2007, The American Physical Society. (b) Normalis

PEDOT:PSS-based molecular junctions. Reprinted with permission from ref.

d for oligoacene-S and oligoacene–NC in a CP-AFM junction platform. Reprin

Semilog plot of R versus N (number of phenyl groups in SAMs of I–III) for o

with permission from ref. 92, ª 2002, American Chemical Society. Straight l

18124 | J. Mater. Chem., 2011, 21, 18117–18136
molecule resistances Rmol were observed experimentally and

calculated theoretically for alkanethiol molecules than for

p-bonded molecules of comparable lengths or slightly
ol junctions on the microscale via a hole junction platform. Reprinted with

ed resistance log (RS) versus d plot for P1DT–P4DT and P1MT–P3MT in

142, ª 2010, American Institute of Physics. (c) Semilog plot of R versus

ted with permission from ref. 95,ª 2006, American Chemical Society. (d)

ligophenyl-based molecules in a CP-AFM junction platform. Reprinted

ines show linear fits of the data, giving the b values.

This journal is ª The Royal Society of Chemistry 2011
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longer.9,55,92,95,119,142 These comparisons provide a clear indication

that alkanethiol molecules in molecular junctions indeed have

a significantly higher tunnelling barrier height than do p-bonded

ones. In other words, these molecules have lower tunnelling

charge efficiency for alkanethiol molecular junctions.

The contact resistance Ro can be utilised in investigating

metal–molecule contacts, which can be defined in the limited

condition (y-intercept in Fig. 6) when molecular length (d)

approaches zero. The results in Fig. 6(a)–(c) indicate that (1) Ro

for alkanedithiols is smaller than Ro for alkanemonothiols by

roughly an order of magnitude due to the different properties of

chemisorbed and physisorbed contacts;55 (2) Ro for oligoacene-

SH is smaller than Ro for oligoacene-NC due to the presence of

a higher tunnelling barrier at the contact for isocyanide (CN)-

linked molecules than for thiol (S)-linked ones;95 (3) Ro for para-

phenylenedithiols and Ro for para-phenylenemonothiols have

similar values, coinciding with the junction resistance without

a SAM (i.e., PEDOT:PSS by itself; Fig. 6(b)).142 This similarity

indicates that Ro is dependent on the molecular anchoring

groups (i.e., monothiol vs. dithiol and –S vs. –NC) and on the

molecular junction structures.

Next, we will provide more information concerning the decay

factor b and the contact resistance Ro. As shown in Fig. 7(a), no

trends were found in the measured b values with work function

for contact electrodes for alkanemonothiol or alkanedithiol

devices.94 Furthermore, the b values, with standard deviations

obtained from a variety of junction structures, were within
Fig. 7 (a) The b values as a function of electrode metal work functions

for alkanemonothiols (C) and alkanedithiols (B) in a CP-AFM junc-

tion. Reprinted with permission from ref. 94,ª 2004, American Chemical

Society. (b) The b values of alkyl-based molecular junctions in different

testbeds.37,43,44,55,86,87,93,94,109,148

This journal is ª The Royal Society of Chemistry 2011
a range of similar values (Fig. 7(b)).37,43,44,55,86,87,93,94,109,148 Unlike

the contact-independent b values for both alkanemonothiols and

alkanedithiols, the Ro values for alkanemonothiol and alka-

nedithiol junctions were observed to decrease when the work

function of the contact metal increased (Fig. 8).94 The trend of

decreasing Ro with increasing metal work function indicates

a hole-type transport in alkanethiol molecular junctions,

whereby the HOMO level more closely aligns with the Fermi

level EF of the metal than the LUMO level. In this case, the EF

approaches the HOMO level as the metal work function

increases, thereby decreasing the contact barrier height to

transport through the junction and reducing Ro. Moreover, the

Ro values were found to be different for asymmetric metal

contacts (e.g., [Ag/Au] and [Au/Ag]) for alkanemonothiols

because of the different natures of metal–molecule contacts

(physisorbed vs. chemisorbed on the contact side). However, Ro

values for alkanedithiols were found to be the same for asym-

metric contacts due to the identical nature of the metal–molecule

contact.94,119

As mentioned above, the fundamental properties of SAM

molecules in molecular junctions are their resistance (or

conductance) and decay factors, which allow for direct exami-

nation and understanding of the charge transport mechanism.

Recently, the systematic length dependence of charge conduction

on short (<4 nm) and long conjugated molecules (up to 7.3 nm in

length) was studied using the CP-AFM technique.40 Variable

lengths of conjugated oligophenyleneimine (OPI) molecules

bonded to Au electrodes through a thiol-linkage were synthesised

by controlled aryl imine addition chemistry (Fig. 9(a)).40 Based

on various lengths of the conjugated OPI molecules (1.5 to

7.3 nm), a change in transport mechanism from tunnelling to

hopping in molecular junctions was demonstrated. Fig. 9(b)

shows a semilog plot of resistance R versus molecular length d,

with decay factor b. Notably, transitions in the length depen-

dence of resistance and the decay factor were observed near 4 nm

(OPI 5). The b value for short OPI molecules (OPI 1 to 4) was

found to be 0.3 �A�1, which is within the range of b values (0.2–

0.6 �A�1) for typical conjugated molecules. For long OPI mole-

cules, a much smaller b value of �0.09 �A�1 and a flatter semilog

plot ofR versus dwere observed (Fig. 9(b)). These results indicate
Fig. 8 Contact resistance Ro as a function of electrode metal work

function for alkanemonothiols (C) and alkanedithiols (B) in CP-AFM

junctions. Reprinted with permission from ref. 94, ª 2004, American

Chemical Society.

J. Mater. Chem., 2011, 21, 18117–18136 | 18125
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Fig. 9 (a) Molecular structure and synthetic route to OPI-p and OPI monolayers on Au substrates. Measurements of R in CP-AFM junctions. (b)

Semilog plot of R versus d for these molecular junctions. The two straight lines are linear fits to the data, giving two regimes of b values. The inset shows

a linear plot of R versus d, demonstrating linear scaling of Rwith d for the long OPI wires. (c) Arrhenius plot for OPI 4, OPI 6, and OPI 10. Straight lines

are linear fits to the data, giving the activation thermal energy. Reprinted with permission from ref. 40, ª 2008, American Association for the

Advancement of Science (AAAS).
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that the conduction mechanism is different in short (OPI 1 to 4)

and long (OPI 6 to 10) OPI molecules. The change in the

conduction mechanism was directly verified by the measurement

of temperature-dependent resistances for short and long OPI

molecules. Fig. 9(c) shows a plot of resistances for short (OPI 4)

and long OPI molecules (OPI 6 and 10) as a function of

temperature. The short OPI 4 molecule exhibited tunnelling

transport that was independent of temperature, while the long

OPI 6 and 10 molecules exhibited strongly thermally activated

(hopping) transport. The activation energy Ea for the long

molecules OPI 6 and OPI 10 was obtained by the slopes shown in

Fig. 9(c) and found to be identical (both �0.28 eV). These

experimental results enable investigation into the role of specific

molecular backbones on the charge transport mechanism, i.e.,

the transition from tunnelling for short OPI molecules to

hopping transport for longer OPI molecules by site-specific

disruption of conjugation. For more details concerning this

topic, we recommend Luo’s review paper149 that has reported the
18126 | J. Mater. Chem., 2011, 21, 18117–18136
electrical transport measurement on other long molecules and

hopping transport in molecular junctions.

Other intriguing measurements of molecular junctions have

recently been reported for functional molecules that consist of

both alkyl and conjugated parts.43,71,129 Nijhuis et al. reported

a comparison of the rectification ratios of J (at �1 V) for alka-

nemonothiol SAMs with ferrocene (Fc) head groups (SC11Fc)

and without the Fc moiety (SCn�1CH3) using gallium oxide

interlayer-based junctions (device structure shown in Fig. 1(h)).43

The molecular junctions composed of SC11Fc were able to rectify

current with large rectification ratios (|J(�1 V)|/|J(1 V)| ¼ 90–

180), whereas the junction lacking the Fc moiety (SCn�1CH3) did

not rectify the current nearly as much, exhibiting only minimal

rectification ratios (1–5) (Fig. 10(a) and (b)).43,129Fig. 10(c) shows

the J–V characteristics for Fc-terminated SAM junctions at

different temperatures (110, 230, and 293 K). This figure clearly

shows that the J values depend on temperature at negative

voltages (�0.6 and �1.0 V) (hopping) but are independent of
This journal is ª The Royal Society of Chemistry 2011
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Fig. 10 (a) Schematic showing the gallium oxide (Ga2O3)-based molecular junction consisting of (right) SC11Fc and (left) SC10CH3 molecular species. The

J–V characteristics for SC11Fc andSC10CH3molecular junctions are shown in the centre.Reprintedwithpermission fromref. 43,ª 2009,AmericanChemical

Society. (b) Histogram of the rectification ratios for SC11Fc molecular junctions with a Gaussian fit. (c) The J–V characteristics for SC11Fc molecular

junctions measured at different temperatures (110, 250, and 293 K). Reprinted with permission from ref. 129, ª 2010, American Chemical Society.

Pu
bl

is
he

d 
on

 0
8 

Se
pt

em
be

r 
20

11
. D

ow
nl

oa
de

d 
by

 O
sa

ka
 U

ni
ve

rs
ity

 o
n 

15
/0

1/
20

14
 1

0:
18

:3
7.

 

View Article Online
temperature at positive voltages (tunnelling).129 Based on the

temperature-variable I–V measurement, these authors suggested

that the rectification mechanism across the Fc-terminated SAM

junctions may be charge transport processes that change with the

bias polarity, i.e., from tunnelling at positive voltages to hopping

combined with tunnelling at negative voltages. For molecules,

the effect of the detailed locations and quantities of the Fc moiety

on the rectification ratio in molecular junctions has also been

investigated elsewhere.135

Additionally, Lee et al. reported a non-volatile memory effect

from the molecular monolayer junctions using RuII terpyridine

complexes with thiol-terminated alkyl molecules.71 Various

mono- and di-alkylthiolate-tethered ruthenium(II) terpyridine

hexafluorophosphate complexes were designed for the fabrica-

tion of molecular memory devices (Fig. 11(a)). Fig. 11(b) shows

an example of I–V characteristics in a molecular PEDOT:PSS-

based device using these SAM molecules. The negative voltage

region in Fig. 11(b) shows the reproducible hysteresis (bottom

inset of Fig. 11(b)). These authors suggested that the hysteresis is

the result of charging/discharging the RuII terpyridine complexes

in the SAM.71,150 Based on the temperature-independent I–V

characteristics, the conduction mechanism is a direct tunnelling

process that may contain at least a two-step tunnelling process

for electron reduction and oxidation through the metal–ligand

complex centre.71,150,151 A write–read–erase–read (WRER) cycle

in these molecular junctions was also performed for non-volatile

molecular memory phenomena. Fig. 11(c) shows the WRER

cycles, which were measured repeatedly for more than 300 cycles.
This journal is ª The Royal Society of Chemistry 2011
The electrical properties of the rectifier and memory using the

molecular junctions in this section may permit the realisation of

more practical molecular device applications.
3.3 Molecular conformation effect

Over the years, several studies have investigated the reversible

photo-switch between two different conductance states (ON and

OFF) in photochromic molecules.68,152–159 Among these, diary-

lethene- and azobenzene-derivative molecules are the most

frequently studied candidates for photo-induced switching

molecules, based on their conformational changes. Diarylethene-

derivative molecules (Fig. 12(a)) have two distinct states, the

conjugated (ring-closed) and non-conjugated (ring-open) states

of diarylethene, which can be interconverted by exposure to

different specific wavelength ranges.68 The ring-closed form is

completed under irradiation in the ultraviolet region (l ¼ 300–

350 nm), and the ring-open form is completed under irradiation

in the visible region (l ¼ 500–600 nm). Fig. 12(a) shows the J–V

characteristics of the PEDOT:PSS-based junctions, in which the

open (OFF) and closed (ON) states of diarylethenes were

controlled using irradiation with the above wavelength ranges.

The tunnelling current through the closed state in junctions was

found to be higher than that through the open state. This is due

to the lowering effect of a HOMO–LUMO gap via extended p-

conjugation (closed state) of a molecule.68,152,160 Thus, the barrier

height for a tunnelling charge in the closed state is expected to be

effectively lowered. Furthermore, the photo-switching of this
J. Mater. Chem., 2011, 21, 18117–18136 | 18127
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Fig. 11 (a) Example of the ruthenium complex SAMs. (b) Hysteretic I–V characteristics for the ruthenium complex SAMs in PEDOT:PSS-based

junctions. I–V characteristics were recorded by scanning the applied voltage from 0 to +2 V and then to �2 V, followed by a reverse scan from �2 to

+2 V. Top inset shows I–V characteristics in the junction without ruthenium SAMs. Bottom inset shows the magnification of the I–V curve in the

hysteretic region. (c) Current in the ON and OFF states as a function of the number of WRER cycles (300 cycles) in the inert condition. Reprinted with

permission from ref. 71, ª 2009, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

Fig. 12 (a) J–V characteristics of the closed (green) and open (red) isomers in the PEDOT:PSS-based molecular junctions, and J–V characteristics of

the junctions with the open isomer that is self-assembled and subsequently photoisomerised to the closed isomer with UV irradiation (blue). The right

side shows a cross-sectional schematic of the PEDOT:PSS-based molecular junction. Using UV (312 nm) illumination, the open, nonconjugated isomer

(red) can be converted to the closed, conjugated isomer (green). Visible irradiation of 532 nm reverses the photoisomerisation process. Reprinted with

permission from ref. 68, ª 2008, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (b) Semilog plot of I–V for azobenzene SAMs in CP-AFM

junctions, which was recorded before and after UV irradiation and shows larger currents following photoisomerisation into the cis conformation (linear

scale in inset). Structure of the trans- and cis-isomers of the light-switchable azobenzene derivatives (bottom right). Reprinted with permission from

ref. 156, ª 2008, American Chemical Society.
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molecular device was demonstrated from controlled conductance

by multiple irradiation sequences.68 Similarly, azobenzene-

derivative molecules can interconvert from trans- to cis-isomer

forms (and vice versa) under optical addressing (photo illumi-

nation; Fig. 12(b)),156 which is known as trans–cis photo-

isomerisation.156,158 The trans-isomer is also expected to differ

from the cis-isomer in conductance as a result of the conforma-

tion change.156–159 Mativetsky et al. observed conductance

switching associated with the photoisomerisation of azobenzene-

based molecules using a CP-AFM approach.156 Fig. 12(b) shows

the I–V curve taken in the linear regime at low voltages (�0.3 to

0.3 V) for trans- and cis-isomer forms of azobenzene-based

molecules. From linear fits of the I–V data, the average resistance

of the trans state was found to be approximately 30-fold higher

than that of the cis state. The measured 30-fold decrease in

resistance can be explained by the expected decrease in the

tunnelling barrier width, resulting from the conformational

change of this molecule.

The standing-up and looped formations of long alkanedithiol

molecules are also good examples to show the difference in

conductance based on a conformational change in a molecule.161

The formation of the looped phase of alkanedithiol is strongly

dependent on the molecular length (particularly when the

number of carbons >10) and the number of possible sites for the

contact thiols (–S) of molecules to attach to the bottom Au

electrode.161,162 However, the self-assembly process of molecules

tends to become more rapid with increasing concentration of

molecules,163,164 which leads to a reduction of the number of

possible contact sites for looped formation of alkanedithiols.

Therefore, it is possible to form highly looped molecules on

substrate particularly when the length of alkanedithiol increases

and the concentration of alkanedithiol decreases. Using X-ray

photoelectron spectroscopy (XPS) to study the assembled alka-

nedithiols on an Au film,161 a low concentration (<0.3 mM) of

long alkanedithiols in ethanol was found to lead to a highly

looped monolayer. However, a high concentration (>30 mM) led

to an almost full standing-up phase on the substrate metal. To

determine the influence of the alkanedithiol concentration, the

PEDOT:PSS-based molecular devices were fabricated using

0.3 mM, 3 mM, and 30 mM concentrations of DC14 (HS

(CH2)14SH) in ethanol solution.161 Fig. 13 shows the J–V char-

acteristics for DC14 molecular junctions, which were assembled

from different concentrations of DC14 in ethanol.161 The looped

molecules were present in the junctions with higher probability

because of a decrease in the alkanedithiol concentration in

ethanol for the SAM process, resulting in a large increase in

conductance and slightly asymmetric J–V characteristics. This is

due to a reduction in the tunnelling barrier width and a slight

asymmetric contact of looped molecules in the junction

structure.
3.4 Transition voltage spectroscopic characteristics

The frontier orbital levels (HOMO energy, EHOMO and LUMO

energy, ELUMO) of the molecules, with respect to the Fermi

energy level (EF) of the electrodes, are key factors for deter-

mining their electronic charge transport properties.7,9,165,166 In

fact, the difference between the energy levels of the EHOMO or

ELUMO from the EF (i.e., |EF � (EHOMO or ELUMO)|) determines
This journal is ª The Royal Society of Chemistry 2011
the barrier height. A few years ago, Beebe et al. found a creative

and simple method to estimate the barrier height data in

molecular junctions.56 These authors observed that the molecular

junctions formed withp-conjugated thiols having small HOMO–

LUMO gaps exhibit a minimum point (transition voltage VT) on

a plot of ln (I/V2) versus 1/V that is consistent with a transition

from direct tunnelling (DT) to field emission, which is known as

Fowler–Nordheim (F–N) tunnelling.167 Using a transition

voltage spectroscopy (TVS) profile from DT to F–N tunnelling,

they estimated the position of the nearest molecular orbital levels

with respect to the EF of the electrodes, which can yield infor-

mation concerning the tunnelling barrier height.

Recently, Araidai and Tsukada investigated the origin of

a minimum point appearing in the F–N plot for molecular

junctions using two calculation methods, the nonequilibrium

Green’s-function technique combined with density-functional

theory and a tight-binding approximation.61 Fig. 14 shows the F–

N curve corresponding to the integrated T(E) region within the

applied voltage window. These authors found that the minimum

point in the F–N plot is one of the general features in the inte-

gration of the tail of bell-shaped functions, such as the Lor-

entzian and Gaussian functions. This finding indicates that the

minimum point does not necessarily correspond to the transition

between the two regimes (DT and F–N tunnelling) and does not

necessarily correspond to the voltage of the exact onset of reso-

nant tunnelling. Furthermore, Chen et al. reported that the value

of |EHOMO � EF|/VT (marked as |3H � EF|/Vmin in Fig. 15) varies

from 0.86 to 2.0, depending on the junction asymmetry; this

value is based on extensive ab initio calculations of the nonlinear

I–V relations for a broad class of molecular junctions.62 These

authors assumed that the position of the transmission function T

(E) shifts upward from its original position by a degree of h � V

when a finite voltage is applied (Fig. 15 (a)). The parameter h is

the asymmetry factor of the coupling. Symmetric coupling

corresponds to h ¼ 0 (in the notation of ref. 62). Therefore, this

upward shift of T(E) can lead to a reduction in the VT (i.e., the |

EHOMO � EF|/VT value increases) when the electronic coupling is

more asymmetric h ¼ 1/2, as shown in Fig. 15(b). With regard to

this finding, the authors emphasised that it is necessary to

consider asymmetric coupling for a more comprehensive inter-

pretation of VT in molecular junctions to fully utilise TVS as

a quantitative spectroscopic tool.

The main advantage of the TVS technique is that one can

readily obtain the VT for molecular junctions at relatively low

voltages before break-down and without the need for a temper-

ature-variable measurement. In fact, the molecular junctions

often become unstable and break down due to the large current

density and huge electric field when enough voltage is applied to

probe molecular orbital levels.87,168 For this reason, the TVS

technique has become important in the field of molecular elec-

tronics.40,56,73,159,169–171 Now, we will take a close look at the TVS

characteristics of molecular junctions in terms of molecular

length, structure, contact groups, and conformation.

Fig. 16(a) shows an example F–N plot (ln (I/V2) versus 1/V) for

an Au–anthracenethiol–Au junction using CP-AFM, where

the dashed line corresponds to VT.
56 The shape of the curve in the

two bias regions can be predicted within the framework of the

conventional tunnelling model (i.e., the Simmons tunnelling

model).172 A plot of ln(I/V2) versus 1/V demonstrates the
J. Mater. Chem., 2011, 21, 18117–18136 | 18129
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Fig. 13 J–V characteristics of PEDOT:PSS-based molecular junctions with DC14 prepared with different concentrations and at different temperatures

during the self-assembly process. The almost complete looped phase of the SAM is present after assembly using a 0.3 mM concentration solution,

resulting in a 50-fold increase in the current compared with the densely packed and full standing-up phase assembled from a 30 mM concentration

solution. The assembly of DC14 at 65 �C results in a decrease of a factor of three at 0.1 V, compared with assembly at room temperature. The right side

shows an illustration of the DC14 SAM from different concentrations. (Top: full standing-up phase from a high concentration, centre: low percentage of

isolated looping molecules from an intermediate concentration, bottom: dominant looping phase from a low concentration.) Reprinted with permission

from ref. 161, ª 2008, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

Fig. 14 The scenario for the inflection in the F–N curve. The shaded

area indicates the electric current magnitude at Vinfl (VT). Reprinted with

permission from ref. 61, ª 2010, The American Physical Society.

Fig. 15 (a) The schematic illustrates how the molecular level moves

under a finite bias voltage. At zero bias, the level is located at 0; however,

when a bias voltage is applied, the level tends to follow the chemical

potential of the left electrode, due to a stronger coupling to this electrode.

(b) A plot of the ratio between the HOMO energy and Vmin (VT) versus

asymmetry parameter (h). The solid line is obtained from a Lorentzian

transmission function and symbols are results of ab initio finite bias

calculations. Reprinted with permission from ref. 62, ª 2010, The

American Physical Society.
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logarithmic growth of the system when the applied bias is less

than the barrier height in the DT regime. By contrast, the system

exhibits linear decay when the applied bias is higher than the

barrier height in the F–N tunnelling regime. The transition from

DT to F–N tunnelling accompanies a change in the barrier shape

from trapezoidal to triangular and appears as an inflection point

(marked as a dashed line) in the plot of ln(I/V2) versus 1/V. The

major finding is that the VT result for the molecular junction

shows molecular length-independent or length-dependent prop-

erties according to specific molecular structures, such as alkyl

(Fig. 16(b)) or p-conjugated molecules (Fig. 16(c)), respec-

tively.169 In alkanethiol junctions, the TVS results exhibit

molecular length-independent transition voltage properties, as

shown in Fig. 16(b). This occurs because their HOMO–LUMO

gap and EF � EHOMO offset remain effectively constant as the

number of carbon repeat units is changed (i.e., nearly indepen-

dent of molecular length).9,109,138 Unlike the alkanethiol
18130 | J. Mater. Chem., 2011, 21, 18117–18136 This journal is ª The Royal Society of Chemistry 2011
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Fig. 16 (a) I–V curves for the Au-anthracenethiol-Au junction measured by CP-AFM. The dashed line corresponds to the transition voltage (Vtrans or

VT), at which the tunnelling barrier changes from trapezoidal to triangular. The tunnelling barrier shapes are also shown at applied biases. Reprinted

with permission from ref. 56, ª 2006, The American Physical Society. (b) The Vtrans–d plot for a series of alkanemonothiols. (c) The Vtrans–d plot for

a series of various p-bonding molecules. (d) Vtrans as a function of work function for thiol and isocyanide OPE(3) molecules on Ag, Pd, Au, and Pt

electrodes. Reprinted with permission from ref. 169, ª 2009, American Chemical Society.
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junctions, the HOMO levels of p-conjugated molecules (i.e.,

oligoacene, OPE, or OPV series) are closer to the EF of the Au

electrode when the amount of p-conjugation in these molecules

increases (Fig. 16(c)). This approach occurs because the HOMO–

LUMO gap for p-conjugated molecules is known to decrease

with an increase in conjugation length.9,48,95 That is, when the

amount of conjugation in p-conjugated molecules increases, the

VT position shifts to a lower voltage, as shown in Fig. 16(c).169

Furthermore, from the measured VT with various metal elec-

trodes, one can ascertain information concerning dominant

tunnelling types, including HOMO-mediated (hole type) vs.

LUMO-mediated (electron type) tunnelling. These types depend

on the EF position of the metal electrodes with respect to the

occupied and unoccupied molecular orbitals. Fig. 16(d) shows

the measured VT as a function of electrode work function (Ag,

Pd, Au, and Pt).169 As the work function of a metal increases, the

VT for OPE(3)–SH decreases, which suggests that HOMO-

mediated tunnelling is the dominant channel. By contrast, the VT

for OPE(3)–NC increases as the electrode work function

increases, which suggests a LUMO-mediated tunnelling type.

The difference in VT behaviour between OPE(3)–SH and OPE

(3)–NC junctions can be explained by the manner in which each

functional group influences the energy level alignment when

adsorbed onto a metal.173–175

The enhancement of field emission transport by molecular tilt

configuration in alkyl molecular junctions has been studied,

whereby the molecular configuration was varied using a CP-
This journal is ª The Royal Society of Chemistry 2011
AFM high tip-loading force.170 In a CP-AFM system, the tip-

loading force is directly applied to the molecules to change the

junction gap distance by molecular tilt configuration (Fig. 17(a)).

Fig. 17(b) shows a plot of ln (I/V2) versus 1/V at a fixed tip-

loading force of 100 nN for C8, C10, and C12 SAMs. As the

molecular length decreases, the minimum point (VT) occurs at

a lower bias, as shown in the inset of Fig. 17(b), because the

longer alkanethiol molecules are less tilted under the same tip-

loading force. The longer and more rigid alkyl chains, which are

stabilised by van der Waals force interactions, can more effec-

tively resist the tip stress.176,177 The key phenomenon observed in

Fig. 17(c) is that the VT shifts to a lower bias as the tip-loading

force increases. This shift occurs because the electric field is

enhanced by a reduction in the vertical gap based on molecular

tilt configuration, while the tip-loading force is increased.

Molecules have been reported to become more tilted with

increasing tip-loading force, resulting in a significant contribu-

tion of the molecular chain-to-chain transport in the overall

conduction within molecular junctions.170 Thus, the shift ofVT to

a lower bias indicates a reduction in the effective barrier height

for the molecular junction.

However, recently several theoretical questions about TVS

have been raised.59,61,62,169 For example, the TVS results for

certain molecular junctions, such as alkanethiol junctions,

exhibit molecular length-independent transition voltage proper-

ties (Fig. 16(b)).169 However, this phenomenon cannot be

described within the framework of the conventional model (i.e.,
J. Mater. Chem., 2011, 21, 18117–18136 | 18131
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Fig. 17 (a) Schematic of a molecular junction using the CP-AFMmethod. C8, C10, and C12 molecular structures are shown (right). (b) The plot of ln

(I/V2) versus 1/V for C8, C10, and C12 at a fixed tip-loading force of 100 nN. Insets show that the transition voltage (VT) from DT to F–N occurs at

a lower bias for shorter molecules. (c) Experimental VT versus tip-loading force for C8, C10, and C12 molecular junctions. Reprinted with permission

from ref. 170, ª 2009, American Chemical Society.
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the Simmons tunnelling model).172 As shown in Fig. 18(a),

remarkably different trends are found between the theoretical

and experimental results. The calculated VT (marked as Vm in

Fig. 18) from the rectangular barrier model is not independent of

the molecular length, but inversely proportional to it (i.e., VT f

1/d). Recently, this disagreement was resolved by Huisman et al.,

with a coherent molecular model that considered the HOMO

level of alkyl molecules with the Lorentzian-based transmission

function T(E), which depends explicitly on energy.59 These

authors calculated the I–V characteristics for a series of molec-

ular lengths from the Landauer formalism and determined the

value of VT. Fig. 18(b) shows Vm (or VT) as a function of alka-

nethiol length d, and the inset shows the corresponding F–N

plots. The model theoretically predicted that VT in alkanethiol

molecular junctions was independent of d, except in the case of

short molecules (particularly those shorter than �9 �A). Never-

theless, there was significant discrepancy in the magnitude of VT

between the experimental (VTz 1.2 V) and calculated values (VT

z 4.5 V), as shown in Fig. 16(b) and 18(b). This discrepancy is

often ascribed to tunnelling barrier-lowering effects, such as

many-electron interactions and image charge.59,172,178 Many-

electron interactions and image charge can lead to a shifting of

the T(E) with respect to the EF of the electrode178–181 and a nar-

rowing in the width of Lorentzian peaks T(EHOMO or LUMO)

under the weak coupling limit.182,183 Furthermore, the geometric

feature of the molecules on the electrodes and their contact sites

affect the shape of the transmission function T(E).178,183,184
4. Summary and outlook

The advent of molecular electronics has tremendous appeal for

scientists and engineers in various research fields because of its

novel physical and chemical phenomena as well as its potential
18132 | J. Mater. Chem., 2011, 21, 18117–18136
technological device applications. The continuous downscaling

of device feature size will become scientifically and economically

challenging for future integration demands, making molecular-

scale control important. As a result, molecular electronics is an

active research field of nanotechnology. In this review, various

junction platforms were explored for the characterisation

of molecular junctions. The major factors that affect intrinsic

molecular electronic properties were identified in terms of

molecular length, structure, and contact groups. Additionally,

we briefly provided the principles of various experimental char-

acterization platforms, including a summary of the electrical

characteristics and transport mechanisms for molecular junc-

tions consisting of different molecular components. The goals of

this article were to review the current status of research and

development regarding these emerging molecular junction plat-

forms and to present recent ideas for device application tech-

nologies. In particular, we summarised new device platforms,

such as conducting interlayer-based molecular junctions, to

promote advanced architectures for high yield and more reliable

device applications. As an example, we propose a conceptual

device platform that is a cross-point array type structure with

graphene-based interlayer molecular electronic devices (Fig. 19).

Using this platform, one would be able to measure a large

amount of molecular devices with high device yield.

In molecular electronics, the design of standard molecular

junctions is a first step for evaluating the characteristics of certain

molecular components and understanding their intrinsic elec-

trical properties. Molecular junction design development

improves device yield and reproducibility, as well as reducing

deviations in intrinsic electrical characteristics. Furthermore, the

standard molecular junction design should enable the possibility

of massive integration for conventional electronics beyond the

simple electrical measurement testbed. It is still necessary to
This journal is ª The Royal Society of Chemistry 2011
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Fig. 18 (a) Vm (VT) versus 1/d for a barrier height of 4 eV using various

tunnel models (Stratton model; Simmons model without image potential

(IP); Simmons model including image potential). Vm (VT) depends

strongly on d in all cases. At the right, the Simmons model is shown.

Here, a molecule is regarded as a tunnel barrier of height 4 and length

d (top). When a voltage is applied, the barrier is tilted (centre). When eV

¼ 4, the barrier becomes triangular and charges start to tunnel by field

emission (bottom). (b)Vm (VT) versusmolecular length d using a coherent

molecular model. At the right, the coherent molecular model is shown.

Here, the molecular levels are broadened by interaction with the elec-

trodes (top). When a voltage is applied, the left and right chemical

potentials open a window for transport of size (eV) (centre). The current

increases dramatically when a level is within the bias window (resonant in

tunnelling) (bottom). Reprinted with permission from ref. 59, ª 2009,

American Chemical Society.

Fig. 19 A conceptual device platform with a cross-point array type

structure using graphene-based interlayer molecular electronic devices at

high device yield.
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synthesize and to find molecular species to produce robust elec-

tronic functionalities, such as switches, diodes, and memory,

showing consistent electrical properties across various experi-

mental platforms. These functional molecular components,

obtained from a diversity of molecular structures and their

energy gaps, should enable self-assembly on electrode surfaces,

thermally stable contacts, and functional electronic coupling

with electrodes. In addition, identifying and understanding the

charge transport mechanism for the control of functional char-

acteristics is an essential component of molecular electronics.

Considerable progress has been made in the advancement of

molecular electronics in recent years. However, obstacles still

exist in the search for reliable electrical data and standard

molecular junction techniques to identify the intrinsic molecular

behaviours of molecular devices. Furthermore, a thorough

understanding of the charge transport mechanisms for molecular

junctions is a substantial issue that must be resolved before any

device applications can be realised. From a technical perspective,
This journal is ª The Royal Society of Chemistry 2011
it is still tremendously challenging to achieve the ultimate goal of

commercial molecular electronic devices. Nevertheless, we

believe that the recent growth of experimental and theoretical

results will yield feasibility for and insight into the development

of molecular electronics in the future.
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