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Abstract The creation of molecular electronic switches by using smart molecules is

of great importance to the field of molecular electronics. This requires a funda-

mental understanding of the intrinsic electron transport mechanisms, which depend

on several factors including the charge transport pathway, the molecule–electrode

coupling strength, the energy of the molecular frontier orbitals, and the electron spin

state. On the basis of significant progresses achieved in both experiments and theory

over the past decade, in this review article we focus on new insights into the design

and fabrication of different molecular switches and the corresponding switching

effects, which is crucial to the development of molecular electronics. We summa-

rize the strategies developed for single-molecule device fabrication and the mech-

anism of these switching effects. These analyses should be valuable for deeply

understanding the switching effects in molecular electronic devices.
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1 Introduction

With the aspiration of miniaturization of silicon-based integrated circuit, using

single molecules to build functional devices seems to be a promising alternative

solution for this issue. To this end, molecular switches, rectifiers, and transistors

have been extensively studied in the past decades [1]. Among these devices,

molecular switches have attracted great attention because switches are basic

components of most electronic devices with broad applications in information

storage, logic data manipulation, and signal processing.

In electrical engineering, a switch is an electrical component that can break

an electrical circuit, interrupting the current or diverting it from one conductor

to another. The mechanism of a macro-size switch may be operated directly by a

human operator to control a circuit, may be operated by a moving object such as

a door-operated switch, or may be operated by some sensing element for

pressure, temperature, or flow. In contrast, the fabrication of molecular switches

is entirely different. Firstly, a molecular material with reliable switching should

be properly designed. The switching molecule should have reversible

bistable states that might possess different electron conductance. An anchoring

group is needed for integrating the functional molecule into an electrical circuit.

For potential applications in the field of logic gates and memory storage, the on/

off ratio of the switch should be large enough to be distinguished. These

electrical switches based on single molecules have obvious advantages such as

size (several nanometers), speed (potential switching times *100 ps), and

stability. Secondly, the technique capable of linking a single molecule into the

circuit should be developed [2].

A wide variety of triggers, including physical ones, such as light [3–17],

mechanical stimulation [18], bias voltage [19], and temperature, and chemical

ones, such as electrochemical gate [20], pH [21], and chemical reactant [22], have

been used to tune the molecular electron transport property. Accordingly, on the

basis of the switching mechanisms, the devices can typically be divided into two

types: conformation-induced and charging/redox switches [2]. In the first case, a

molecular isomerization will happen, which is caused by chemical bond formation

and cleavage. In the second case, the molecule takes up (or gives up) an electron,

leading to a charge state alteration. In some conditions, the molecular behavior

cannot be observed directly. Theoretical computation is always used to explain the

mechanism of the experimental results and guide the design of molecular

switches.

In this review, we start with the introduction of the fabrication of single-

molecule junctions. Then we overview the principles used for building a single-

molecule switch. Finally, we review another kind of switch based on molecular

monolayers. This research field is a quickly growing one. Having limited

reference and space, we will only be able to cover some major contributions and

highlight some important points. Readers who feel interested can read several

superior review articles covering the different aspects of molecular switches

[1, 2, 23].
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2 Single-Molecule Device Fabrication

One of the biggest challenges in molecular electronics is to develop reliable strategies

for building robust molecular junctions at the molecular level. In this regard, discrete

methods have been developed and can be classified into two main methods: one is

based onmetal electrodes and the other is based on carbon electrodes. Metal electrode

fabrication strategies include scanning tunneling microscopy break junction (STM-

BJ), mechanically controllable break junction (MCBJ), electro-migration break

junction, electrochemical deposition junction, surface-diffusion-mediate deposition

junction. Carbon electrodes are usually fabricated by carbon nanotubes and graphene.

There is a particular review elsewhere [1]. Here, we briefly introduce the frequently

used methods for building single-molecule electronic switches including STM-BJ,

MCBJ, and carbon electrode fabrication.

2.1 Molecular Junction Based on Metal Electrodes

2.1.1 Scanning Tunneling Microscopy Break Junction (STM-BJ)

Scanning tunneling microscopy (STM) has played an important role and been

wildly used in the field of molecular electronics. Molecules are linked between a

metal tip and a conductance substrate by forming covalent bonds between the

molecules and the electrodes. Typically, the molecules have an opportunity to

bridge both the tip and the substrate when pulling the tip close enough to the

substrate. During pulling away the tip from the substrate, the number of bridged

molecule can be changed. Finally, the metal–molecular–metal junction is broken.

As a STM-BJ is highly reproducible, tens of thousands of molecular conductance

curves can be obtained in a test. Through statistical analysis, the random error of a

single test can be reduced (Fig. 1).

Fig. 1 STM break junction technique used to form single Au-molecule–Au junctions. When the Au tip
moves into the Au substrates, which are covered with target molecules, molecule junctions are formed. As
the Au tip is lifted, the molecular bridges then lose contact with either the tip or the Au substrate.
Reproduced with permission from Ref. [24]. Copyright 2005 Nature Publishing Group
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2.1.2 Mechanically Controllable Break Junction (MCBJ)

Mechanically controllable break junction represents a fundamental technique for

investigating molecular electronic junctions, especially for the study of the

electronic properties of single molecules [25]. The MCBJ technique offers a

continuously tunable gap size between two tip-shaped electrodes with the

impressive mechanical stability for building a single-molecule device. An MCBJ

setup typically consists of three parts: a flexible substrate containing a macrofab-

ricated metal wire or patterned nanostructure, a push rod to break the nanostructure,

and a counter support to bend the substrate. A vertical movement of the push rod,

which can be accurately controlled by a piezoelectric actuator or motor, can exert a

force on the bending beam. As the beam is bent, the metal iron start to elongate and

this leads to the reduction of the cross section at the notch and finally leads to a

break of the metal wire (Fig. 2).

The MCBJ technique has several advantages. (1) The MCBJ setup can be easily

integrated with other systems such as high vacuum system or Raman spectrometer.

(2) A fresh break cross section of the gold bridge is mechanically crated by the

MCBJ experiment without additional chemical treatments. The pollutant is

depressed in the fresh electrodes. (3) The disturbing effect from the push rod can

be strongly reduced on the junction. Because of mechanical configuration of the

three-point bend apparatus, the vertical motion of the push rod (DX) causes only a

highly reduced horizontal displacement (DZ) of the electrodes (DZ/DX[10,000). (4)

Benefited from lithographic techniques, the electrode can be scaled down to

molecular dimension, which is suitable for single-molecule measurements.

Furthermore, the bridged molecular number can be preciously changed by

controlling the gap size.

Fig. 2 a A schematic of the MCBJ setup. b The working principle of the MCBJ setup. A suspended
metal bridge with a constriction is microfabricated onto the substrate. When the push rod adds a bending
force on the substrate, the movement in the Z direction causes an elongation of the constriction until a
break occurs in the metal bridge, resulting in the formation of two separated nanoscale electrodes.
Reproduced with permission from Ref. [25]. Copyright 2013 Wiley-VCH
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2.2 Carbon-Based Molecular Junction

Since their discovery of carbon nanotubes in 1991 [26] and graphene in 2004 [27],

carbon materials, which mean the allotropes of carbon, have been drawing more and

more attention because of their unique features. On the other hand, with the

development of nanoscale devices, the scale of electrical devices has been decreased

to the nanoscale, resulting in numerous problems in silicon-based devices [28]. One

possible way to overcome these difficulties is to find other suitable materials to

replace silicon. Carbon materials are the most promising one. Single-walled carbon

nanotubes (SWCNTs) [29–33] and graphene [34] are typical ones.

SWCNTs and graphene are made of carbon atoms, which are hybridized with

other three atoms, forming a network of sp2-hybridized carbon atoms. Carbon is the

most basis element in creatures, making SWCNTs and graphene compatible to bio/

organic molecules [35, 36]. Compared with metal electrodes, SWCNTs and

graphene have a more clear and robust connection with molecules [37], making the

experimental results more reproducible [38]. In combination with the ability of mass

producing SWCNTs and graphene, all these features make them excellent

electrodes for single-molecule devices [1, 39].

There are two key elements in fabricating a single-molecule device with carbon

electrodes [1, 37, 38]. The first one is the formation of nanoscale gaps, which must

be suitable for unique molecules with the controllable size and the defined edge

structure. A proper gap size affords a high yield of device fabrication, and the clear

structure offers the experimental data with a small variation. As for SWCNTs [1],

the mostly used approaches for gap formation are focused-ion-beam etching,

electrical breakdown, and lithography-defined oxidative cutting. Electrical burning

[40] and dash-line lithography [34] are the most used ways for gap formation on

graphene. The other key element is the way to link molecules. Different connection

methods result in different interfaces between molecules and electrodes, which

affect the conducting ability effectively. One approach is to bond the electrodes and

molecules covalently through chemical reactions. The other one is physical

absorption such as p–p stacking, using aromatic rings as the anchoring groups.

2.2.1 SWCNTs

SWCNTswere discovered earlier than graphene, having amore detailed study in single-

molecule devices [36]. SWCNT is a one-dimensional nanowire with the configuration-

dependent conductance [37], which makes the contribution to the electrical versatility.

Every atom of SWCNTs is exposed to an external environment, making them highly

sensitive to external stimuli. It is easy to be decorated with functional groups, which can

be covalently bonded with molecules in a robust way. The low-dimensional nature can

produce nanoscale gaps that are comparablewith themolecule’s size. These advantages

make SWCNTs extraordinary electrodes in single-molecule devices.

In 2006, Guo et al. [41] constructed a covalently bonded single-molecule device

based on SWCNT electrodes. They used a lithography-defined oxidative cutting

method to form gaps with carboxyl ends. Firstly, SWCNT was spanned with

PMMA, then electron beam lithography (EBL) was used to form a window
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precursor of less than 10 nm in PMMA (Fig. 3a), followed by using reactive ion

etching (RIE) to etch away the exposed SWCNTs, thus forming a gap between

SWCNTs with carboxyl groups on both ends (Fig. 3b). Functional molecules with

amino terminals can covalently bond with SWCNT electrodes through amination

reactions. The diameter of SWCNTs limits the number of molecules connected in

the gap, making it a real single-molecule device. More importantly, covalent bonds

offer the devices great robustness and reliability, ensuring that the device can

undergo extreme conditions. They had several molecules with different functions

bonded with carbon electrodes. Among them, oligoanilines (Fig. 3c) showed low/

high conductance corresponding to the inherent protonation and deprotonations

processes. The high/low conductance of molecules resulted in the on/off states of

the devices, which can be proven by the fluctuation of currents through the devices.

When the devices were immersed in solution with different pH in turn,

correspondingly the current showed an alternate switch (Fig. 3d), thus affording

an ultrasensitive pH sensor. Moreover, with the diversity of the molecular

structures, the devices can be fabricated with other desired functionalities.

As the electrodes of single-molecule devices, SWCNTs exhibit good compatibility

with numerous functional molecules to form single-molecule devices, which enable the

detection of conductance data andmonitoring of the interaction of bio-matter [35, 42, 43],

such as the kinetics of DNA and protein activities. SWCNT is an outstanding material in

molecular electronics. However, the inherent variability of SWCNTs [34, 38] and the

sensitivity to the gate voltage [37] blocks the way to wider applications.

2.2.2 Graphene

In comparison with SWCNTs, graphene shows a homogeneous quality, and this two-

dimensional material has the ability to be fabricated in high throughout without the gate

dependence as well, making graphene a star material of electrodes [34, 37, 38].

Fig. 3 a Etching SWCNTs with oxygen plasma induced through a window of PMMA formed by e-beam
lithography. b Two SWCNT electrodes with carboxylic acids on the end. c Oligoanilines show low/high
conductance with the protonation and deprotonations process. d Green circles show the pH dependence of
oligoanilines. The blue triangles show a slight change of conductance in control groups. Reproduced with
permission from Ref. [41]. Copyright 2006 AAAS
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In 2011, Prins [40] used a feedback-controlled electro-burning to form 1–2 nm

gaps in graphene (Fig. 4a), then an anthracene terminated molecule was used to

bridge graphene electrodes via p–p stacking. It showed a good gate controlled I–

V characters in room temperature, exhibiting a simple gate-depended switching

effect of single-molecule devices based on graphene electrodes. However, the

electro-burning process cannot be well controlled, and the number of molecules

attached is not clear, making the devices unstable.

In order to overcome these problems, Cao et al. [34] developed a new method

called ‘‘dash-line lithography’’ (DLL) to form graphene point contacts arrays with

gaps of B10 nm. A DesignCAD file of a dash line (Fig. 4b) in a width of 5 nm was

designed to open windows in PMMA. Then they used oxygen plasma to etch away

the exposed graphene through the PMMA window (Fig. 4c). By applying gradual

etching and undercutting of PMMA, graphene point contacts arrays were formed,

with carboxylic acid on the ends (Fig. 4d). These carboxylic acid-terminated point

contacts can covalently bond with molecules decorated with amines via amide

linkages.

This covalent bond is robust enough to undergo chemical reactions, such as the

coordination reaction. The molecules with a tridentate-aromatic pocket can

coordinate with Co2? ions (Fig. 5a). When the molecule-bonded devices were

immersed in Co2? solution, the devices behaved a high conductance state. Once

Fig. 4 a Depositing molecules inside a few-layer graphene nanogap, formed by feedback-controlled
electro-burning. DLL method to form graphene point contacts arrays with gaps B10 nm. b A dashed line
of 5-nm width; c using oxygen plasma to etch away graphene through the PMMA window; d point
contacts arrays with gaps B10 nm with carboxylic acid-terminated. Reproduced with permission from
Ref. [40]. Copyright 2011 American Chemical Society. Reproduced with permission from Ref. [34].
Copyright 2012 Wiley-VCH
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ethylene diamine tetra acetic acid (EDTA) was introduced to wash off the ions, the

devices showed an off state with no current flow through. Figure 5b shows the

conductance cycles of the devices, with a good stability, indicating the

reproducibility and reliability of their devices. In their further investigation [44],

by using the same DLL method, they built graphene-azobenzene devices, which can

switch on and off in response to the irradiation of visible and UV light. Figure 5e

shows the reversible photoswitching current. Compared with the pyrrole-based

molecules covalently bonded with SWCNTs [45], these devices achieved a

reversible photoswitching property. However, the devices cannot stay in an on state

for a long time; once it was kept in darkness for 60 h, the current had a decrease. In

addition to the photoswitching ability, these devices were sensitive to pH, owing to

the two sulfonic acid groups. The conductance showed a switching cycle when

alternatively immersed in the solution in low and high pH. These methods of

creating functional molecular devices are useful for developing new devices with

diverse functions and promoting the application of single-molecule devices.

In addition to different functionalmolecules, graphene-based electrodes can also be

covalently connected with bio-matters. For the purpose of detecting metal ions, Gao

et al. built graphene-enzyme devices [46]. The DNAzyme is sensitive to Cu2?, which

can split the substrate strand, producing an open circuit. These devices can detect Cu2?

ions even at the fM level. Itmay be further developed for real-time detection of various

chemical and biological reactions. However, the device stability remains a challenge

for biological connections. In future developments, the gap size and the electrode

geometry will be the main challenges. Developing reliable methods with precise

control of the electrode shape and gap size is a compelling obligation.

3 Single-Molecule Switches

The design and synthesis of switchable molecules are undoubtedly one of the great

triumphs in thefield ofmolecular electronics. Functional cores are usuallymodifiedwith

two anchoring groups for covalently binding to the electrodes and forming robust

molecular junctions.Currentmethods for tuningelectron transport are shownas follows:

changing the electron transport pathway by triggering molecular conformation

transitions (light-, mechanically, and chemically induced transitions) and tuning the

molecular energy level. In detail, there are three ways of tuning the molecular energy

level: (1) continuous excitation of molecular vibrations by electron carriers may induce

switching (current-induced switching by inelastic scattering); (2) acting a sufficiently

high electric field on a molecule may induce switching (field-induced switching); (3)

heating of the molecular system may result in (non-selective) switching.

3.1 Conformation-Induced Switch

The conformational change between two or more stable states is a conspicuous

switching pattern, which does not produce additional reactants or redundant

products. Two principles should be considered: (1) conformational switches with

molecules exhibiting different stable isomers, and (2) conformational switches with
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molecular reorientation. The changes can be reversibly triggered by light, bias

voltage, mechanical force, etc.

Light provides a noninvasive, easily addressable and cheap way for controlling

the switches. Photochromic molecules, such as azobenzene [12], diarylethene

(DAE) [5, 10], sipropyran [47], dihydroazulene (DHA)/vinylheptafulvene (VHF)

[11], and dimethyldihydropyrene (DHP)/cyclophanediene (CPD) [6, 9] derivatives,

have been widely investigated in single-molecule devices and in solution. However,

molecular properties in solvent and in the solid state are significantly different. The

resonance effect between molecules and electrodes plays an important role. For

example, in general, by exposing a DAE derivative to UV light, the devices

represent a photoswitching behavior from the insulating state (off state) to the high

conductance state (on state), which is due to the ring closure generating a

conjugated pathway for electron transfer through the molecule. Dulic et al. built a

one-way optoelectronic switch between gold electrodes using the MCBJ method

[14]. They achieved DAE switching from the high-conductance state to the low-

conductance (ring-opening process) state under visible light (546 nm). However,

they failed to achieve the opposite process under UV illumination (313 nm). They

explained that the presence of the gold quenched the excited state of the molecules

in the open form. Different from gold electrodes, the lithography-defined oxidative

cutting method was used to fabricate a single-molecule device with carbon

electrodes [45]. This work used thiophene-based and pyrrole-based molecules as the

functional cores (Fig. 6a). Thiophene-based molecules had a photocyclization as

UV light was applied, resulting in an increase of current (Fig. 6b). The device could

maintain a high-level conductance even without UV light, but it was unable to

photochemically switch back. The pyrrole-based device had the ability to switch on

under irradiation of UV light and thermally switch back in a dark condition

overnight (Fig. 6c). Both molecules acted differently in comparison with their

behaviors in solution. This may result from carbon electrodes, which might affect

the energy structure of molecules when they are covalently bonded. This work gives

a primary model of photoswitchable single-molecule devices, but the respond time

and reversible switch remains obvious obstacles. Another work from Jia et al. [48]

demonstrated the similar phenomenon. They covalently bonded DAE derivatives

with graphene point contacts constructed by the DLL method. These DAE-graphene

devices could switch from the off state to the on state. Taking both barrier and

resonant tunneling models into consideration, the spectroscopic analyses proved the

molecule–electrode coupling strength. This work also demonstrated a way that the

investigation of new molecular structures can modulate the relationship between the

charge transport mechanism and the electronic structure of molecular junctions. To

reduce the strong conjunction between the photochromic core and the electrode,

there are two feasible ways: (1) impairing the bonding strength by substituting the

anchoring group with a weak bonding one; (2) modifying the linker group between

the anchor and the functional core with unconjugated alkyl groups.

Broman et al. replaced sulfhydryl groups with MeS groups and realized

reversible switching between DHA and VHF [11]. The bonding strength and the

electron-transport mechanism can be experimentally tested. The stability diagram

(Fig. 7) represents a set of characteristic Coulomb blockade diamonds, which
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Fig. 6 a Schematic representation of single-molecular devices and the switching mechanism of
functional cores. b Current changes as the stimuli are introduced. c Switching circles as the device is
exposed to UV light and left in dark for 12 h. Reproduced with permission from Ref. [45]. Copyright
2007 American Chemical Society

Fig. 7 a Schematic representation of the sample geometry of the molecule anchored via the SMe group
to one electrode in the silver nanogap. b Stability diagram for single-molecule junctions taken right after
the molecule was caught in the nanogap. Reproduced with permission from Ref. [11]. Copyright 2012
Wiley-VCH
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implies that the molecule is weakly coupled to electrodes and the transport through

the molecule goes by sequential tunneling. However, weakly bonding leads to

unsteady devices. An intrinsic contradiction of optimizing the device stability and

molecular–electrode conjunction is inevitable.

In the most recent work, the strong conjunction problem has been solved by

Guo’s group [49]. By adding three non-conjugated CH2 groups between the

dithienylethene core and anchoring group NH2 (Fig. 8a), a reversible light-induced

single-molecule switch was achieved in graphene-based single-molecule junctions.

They achieved building reliable switching devices with remarkable properties in the

levels of accuracy (on/off ratio of*100), stability (over a year), and reproducibility

(46 devices with more than 100 cycles for photoswitching). This work demonstrated

the importance of molecular engineering in modulating the molecule–electrode

Fig. 8 a Schematic of a graphene based molecular junction that highlights the expansion of the
molecular bridge by methylene groups. b Real-time measurements of the current through a diarylethene
molecule that reversibly switches between the closed and open forms, upon exposure to ultraviolet (UV)
and visible (Vis) radiation, respectively. VD = 100 mV and VG = 0 V. Reproduced with permission from
Ref. [49]. Copyright 2016 AAAS
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coupling strengths, and also proved that molecules with desired functionalities could

be the key element for future molecular electronics.

Besides light illumination, mechanical force offers a novel tuning method that

can trigger chemically inert molecules to present a switching behavior. This is due

to the internal configuration change of the molecule or the interface conformation

change between the electrode and the molecule. The mechanical force systems are

usually fabricated by STM-BJ or MCBJ. The force can be controlled through the

metal electrode distance in succession. Quek et al. [50] demonstrated reversible

binary switching by mechanical control of the metal–molecule contact geometry in

a 4,40-bipyridine single-molecule junction. The conductance change was due to the

distinct contact at the flexible but stable Au–N bond by first-principle calculation.

The low conductance was derived from perpendicular between N-bond and

conducting p-system. The on/off ratio of this device was approximately 10. In

another attempt, oligosilanes showed reversible switching during mechanical tuning

through stereoelectronic effect. The (SiMe2)n (n = 1–10) oligosilanes, whose

backbone have strong r conjugation, are connected to the metal electrodes by

methylthiomethyl linkers using STM-BJ [51]. Different from Quek’s work [50],

elongating the molecular junction led to a decrease of conductance and compressing

the electrode led to an increase in conductance. As calculated by the DFT theory,

the molecule had three terminal (C–S–C–Si) dihedral angles, which couple the

electrode-linker orbital into the r framework acting as a gate led to two conductive

states (Fig. 9).

When a molecule has more than two anchoring groups, elongating the molecule

not only causes the breaking of molecular junctions but also leads to the change of

the anchoring points, which will change the electron transport pathway. Kiguchi

et al. designed a covered quaterthiophene (QT) that has two thiophene ring anchors

Fig. 9 a DFT calculations describing the mechanism for switching as the oligosilanes are elongated in
the junction. A Newman projections for the A–A (purple), O–A (yellow), and O–O (green) dihedral
configurations from the perspective of the sulfur–methylene r bond in the Au–Si4–Au system. Junction
elongation strains the molecule into the higher conducting O–O conformer. b Statistics of conductance
curve measured in the Au–Si4–Au system, which demonstrates the conductance switching. Reproduced
with permission from Ref. [51]. Copyright 2015 Nature Publishing Group
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on each side and connected to the molecule using STM-BJ (Fig. 10) [52]. The

single-molecule junction showed three distinct conductance states with values of

0.05 G0 (high), 0.005 G0 (medium), and 0.0005 G0 (low). Each conductance state

corresponds to a pair of anchoring groups with distinct molecular lengths.

Chemical stimuli such as acid and base, metal ions, and chemical reactants can

change the molecular conductance by tuning the conformation or setting off

chemical reactions. Li et al. built a proton-triggered switch based on a molecular

transistor with a novel edge–on gate [54]. The pyridinoparacyclophane (PPC)

moiety was linked in the circuit using the STM-BJ method. The ‘‘on’’ and ‘‘off’’

switch could be reversibly set off by deprotonation and protonation of the pyridine

ring. Further experiments focused on investigating the conductance of PCC with

different substitutions of pyridine. The para-position of pyridine was functionalized

with –NO2, –Cl, –H, –OCH3, and –N(CH3)2 (Fig. 11a). The conductance value of

these protonated molecules remained consistent, which indicates the independence

of the substituents on the pyridine ring. The switch mechanism was ascribed to the

change in charge tunneling channels form HOMO in neutral molecules to LUMO in

protonated ones.

Chemical reactants have an important effect on the device conductance, which in

turn can show the reaction behavior of chemical reactants, offering a new way to

understanding the mechanism of these chemical and biological activities. Different

from the former studies, which bonded molecules in nanogaps between SWCNTs,

Sorgenfrei et al. used an electrochemical oxidation to from point defects in carbon

nanotube, then the probe DNA was covalently bonded there via an amide linkage

[55]. This device could offer more rapid conductance change and higher yield

because of the real-time monitoring while the point defects grew. By using an AFM

tip to apply the gate voltage and combining the electrical data with spatial map, a

scanning gate microscopy (SGM) was obtained to observe the defects. When the

Fig. 10 a Schematic of mechanically induced quaterthiophene molecular junctions. b 2D conductance
histograms constructed for H, and M and L conductance regimes, respectively; white circles are eye-
guides to highlight H-, M-, and L-conductance states. Reproduced with permission from Ref. [53].
Copyright 2014 American Chemical Society
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probe DNA was connected with target DNA, there was a conductance decrease

(Fig. 12b), representing the off state of the device. On the contrary, when there was

no target DNA, the device showed a high conductance, representing the on state

(Fig. 12a). After the DNA combination, there were more detailed changes in the

current, because of the conformational change of DNA. This study developed a

single-molecule device with high sensitivity and high time resolution, showing the

potential in kinetics monitoring of DNA and protein activities.

In 2012, Choi et al. attached a single lysozyme with SWCNT on the side wall via

p–p stacking (Fig. 12c). Lysozyme is big enough to be identified by AFM

(Fig. 12d), guaranteeing the single-molecule level [56]. Treating the device with

peptidoglycan substrate made an increase of current (Fig. 12e), and the device

showed a two-level random telegraph signal as a symbol of the single-molecule

event. This device is stable with a temporal resolution into the single-microsecond

regime, providing the basis of electrical monitoring of molecular dynamics.

Using the EBL to make SWCNT point contacts, Liu et al. [57] covalently bonded

SWCNT electrodes with DNA, which were decorated with amine at the both ends.

The DNA contained hydroxypyridone nucleobases (H) in the opposite position of

DNA, as a flat bidentate ligand to form a stable metal-mediated base pair. The

conductance of DNA increased with the number of H. Since the introduction of

metal ions, which reinforce the p–p stacking of base-pairs in DNA, the conductance

was improved. Because of the coordination of Cu2? ions in DNA, they used a

heated EDTA buffer to wash off Cu2? ions, forming a metal-free DNA. This

treatment resulted in a decrease in current, corresponding to the off state.

Subsequently, after immersed in Cu2? solution, the device gave out an increase in

conductance. Alternately treating the device with EDTA and Cu2? led to an on/off

current switching circle. Similar conductance switching phenomenon was also

found for other metal ions. This work indicated the potential of single metallo-DNA

devices, which can act as reversible sensors of metal ions.

Huang et al. achieved irreversible control of the electrical conductance through

changing the molecular orientation by selective gold electrode anchoring [22]. They

rationally designed and synthesized a cruciform conjugated molecule with a benzo

Fig. 11 a Conductance of protonated and unprotonated molecular junctions with different side groups.
b Setting a course for molecular conductance along different pathways based on M1-N and M1-C.
Reproduced with permission from Ref. [54]. Copyright 2016 The Royal Society of Chemistry.
Reproduced with permission from Ref. [22]. Copyright 2015 Wiley-VCH
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(1, 2-b: 4, 5-b0) difuran core M1 (Fig. 11b). By adding tetrabutylammonium fluoride

(TBAF), the protection group TIPS (TIPS = tri-isopropylsilyl) was cleaved in situ.

A complete conversion from nitrogen atom-anchoring junctions to carbon atom-

anchoring junctions was achieved and this led to more than an order of magnitude

increase of the conductance. The conductance changing was attributed to the change

between two electronic transport pathways.

3.2 Electrochemical Switch

Charging generally leads to notable changes in the molecular conductivity and can

therefore be used as a switching mechanism. Molecular charging may occur via

virtual occupation of an ionization level or by resonant tunneling to a molecular

orbital, followed by geometric reorganization that stabilizes the charge state.

Alternatively, it may result from external gating, which changes the energetic

position of the molecular energy levels with respect to the Fermi level of the

contacts, thus leading to charging.

There are two approaches for building a gate-controlled device. First, a third

electrode can be added in a two terminal junctions. However, building a three-

terminal electrode at the molecular level is a great challenge. In addition, an

important limitation of solid-state three-terminal single-molecule devices is their

low gate coupling n [58], being defined as the ratio between the molecular orbital

energy shift (EHOMO/LUMO) and the actual applied gate voltage (VG). An alternative

solution for this approach is to build a planar device, where an electrode gate is

separated from the source-drain connects by a slight insulation film such as SiO2

[24]. The second way is to import an electrochemical gate. In this approach, the

Fig. 13 Schematic diagram of the four-electrode cell (a) and the electrochemical double layer under a
gate voltage (b). Reproduced with permission from Ref. [59]. Copyright 2015 American Chemical
Society
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molecular junction is immersed in an electrolyte, as shown in Fig. 13 [59]. The

functional molecule was linked between the two metal electrodes, which can be

viewed as the drain and source electrodes. The counter and reference electrode

combination provided the gate electrode in this four-electrode bipotentiostat setup,

with independent electrochemical potential control of the source and drain. Since

the electrochemical electrode modulates the molecular bridge through the formation

of an electronic double layer, it is presented as a more efficient alternative to control

charge transport in a single-molecule electrical contact.

Molecules ‘‘wired’’ between single-molecule electrochemical junctions include

redox active organic molecules, such as viologens [20], pyrrolo-tetrathiafulvalene

(pTTF) [60], oligoanilines [61], oligothiophenes [62], unsubstituted and substituted

oligo(phenylene ethynylenes) (OPEs) [63, 64], ferrocene [65], anthraquinone

[66, 67], perylene tetracarboxylic bisimide (PBI) [68, 69], benzodifuran [70],

pyrrolidine-substituted perylenetetracarboxylic diimide (PTCDI) [71], redox-active

proteins [72], and transition metal complex [73]. Some nonredox active molecules

can also be adjusted by electrolyte gating, for example bispyridylethylene [74].

The intrinsic principle of electrochemical gating is to tune the energy level of the

molecule. If the electrochemical potential is outside the HOMO–LUMO gap of the

molecule, this apparently leads to charging of the molecule. If the molecule traps an

electron (the LUMO level becomes available), this is a reduction process. Vice

versa, if an electron is donated (or a hole is taken up, as the HOMO level becomes

available), then the process is called oxidation [58]. An attempt for building an

electrochemical control was achieved by Bahernejad et al. using an anthraquinone

(AQ) center [52]. Two isomeric AQ-based derivatives, AQ-1,5 and AQ-1,4, were

linked to molecular junctions by the STM-BJ technique (Fig. 14a–c). By varying

the electrode potential over a range of *1 V, the conductance had a changing with

over an order of magnitude. At the redox potential, changing in redox state leads to

reversible conductance switching. This was accompanied by changes in conjugation

pattern from linear (reduced state) to cross-conjugated (oxidized state). These

observations were supported by DFT-based transport calculations.

Gating effect is a crucial parameter for an electrochemical gating. Li et al.

correlated the molecule/electrode contact resistance to the electrochemical gating

effect [70]. They studied a benzodifuran core-based single-molecule redox switch in

HClO4 electrolyte using both STM-BJ and MCBJ methods. An anchoring group

effect had also been tested (Fig. 14d–f). The on/off ratio rose from 2.5 to 8 when

using CS2
- group to replace thiol group. These results showed that we could

improve the gating effect by reducing the resistance between electrodes and

molecules.

By changing aqueous electrolyte into ionic liquid, Osorio et al. quantitatively

investigated the gating difference between aqueous electrolyte and ionic liquid.

They constructed a single-molecule electrochemical gating of a viologen molecular

bridge in 1-butyl-3-methylimidazolium triflate (BMIM-OTf) [59]. A hard gating

with gate-coupling efficiency n = 1 was found in ionic liquid, while a soft gate with

n\ 0.2 was found in aqueous solution. Since the gating coupling is controlled by

electrostatic interactions between the double layer gate and the redox bridge, its

efficiency might be expected to depend on both of these components and vary
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between redox systems. A similar trend can be seen in the data for a redox active

pyrrolo-tetrathiafulvalene bridge, with a gate coupling of n = 0.8–1 in ionic liquid

in comparison with a lower value (n = 0.5) in aqueous solution. Kay et al.

investigated redox-active pTTF moieties in room-temperature ionic liquid (RTIL)

[60]. Compared with aqueous solution, RTIL is more stable, which enables the

study of molecular conductance over a much wider electrochemical potential range.

pTTF first switch to its monocationic state (pTTF?�) and then to its dicationic state

(pTTF 2?�) (Fig. 15).

The charge-transport mechanism can be described as a two-step Kuznstzov–

Ulstrup Model (Fig. 16). In this model, charge is transported (‘‘hops’’) through

either the reduced or oxidized state of the molecule. First, the redox center

reorganizes through environmental and internal fluctuations in order to let the

relevant molecular orbitals approach the Fermi level of one electrode. Charge is

then transferred onto the redox center through a Franck–Condon-type transition. It is

accompanied by partial vibrational relaxation and subsequent charge transfer to the

other electrode in the adiabatic limit. In this partially relaxed state, many electrons

or holes can transfer across, benefiting to the enhancement in the junction current

seen close to the reversible potential. In contrast, in the weak-coupling (diabatic)

limit, complete vibrational relaxation occurs before the electron/hole transfers to the

second electrode, and current enhancement is minimal.

Besides electrolyte environment, a local microenvironment also has a large

impact on the molecular conductance. In a recently work, Zhang et al. used

Cucurbit(8) uril to host the viologen (bipyridinum), forming a 1:1 supramolecular

complex [20]. The experimental result showed that the conductance of viologen

derivatives increased upon encapsulation within the hydrophobic CB(8) cavity. This

can be explained by reduced outer sphere reorganization energy within the

framework of Marcus-type model for electron transfer.

The electrochemical gating method provides an effective method for tuning the

energy level of a single molecule and further results in the redox reaction and

corresponding switching effect. Great efforts have been made in tuning different kinds

of functional molecules and optimizing the device performance. Miniaturization of this

four-electrode system and finding applications will be the next step in this field.

Fig. 15 a An electrochemical molecular break junction with electrolyte gating. b Plot of conductance of
pTTF against the sample electrochemical potential (with Vbias = ? 0.6 V, black point) and a cyclic
voltammogram (blue line) of a pTTF monolayer. Reproduced with permission from Ref. [59]. Copyright
2012 American Chemical Society
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3.3 Electron Spin Tuning-Based Switch

Spintronics utilizes the spin degree of freedom of electrons to transfer and

manipulate information, thus offering low-power and high-speed electronic devices.

Electron spin tuning can be operated in two ways: one is to contact organic

molecules between two ferromatic electrodes, called the spintronic progress, and the

other is to use a molecule with a tunable spin state that can be triggered by the spin

crossover effect. Transporting spin electrons through organic molecules takes

advantage of the weak spin–orbit and hyperfine interactions in the organic

compound. This leads to the possibility of preserving spin coherence over time and

distance much longer than in conventional metals. For unpaired spins, the Kondo

effect has been observed at a low temperature anomaly at small voltage.

In a previous work, the idea of using organic molecules as spin valves with large

magnetoresistance ratios has been proven theoretically to be feasible by using non-

equilibrium transport methods and density functional theory [75]. Either n-octane-

dithiolate or 1,4-n-phenyl-dithiolate was analyzed with a nickel connect. The octane

molecule had a tunneling-like transport behavior and an order of magnetoresistance.

For the case of transport through molecular states extending throughout the entire

molecule (1,4-n-phenyl-dithiolate), much larger magnetoresistance can be achieved.

Fig. 16 KU model. The first step of charge transfer occurs when the HOMO is close to the Fermi level of
the ‘‘left-hand’’ gold electrode, and involves hole tunneling to the HOMO of the molecular bridge (or
electron tunneling from the HOMO). The oxidized and vibrational group relaxes toward the Fermi level
of the ‘‘right-hand’’ gold electrode. Reproduced with permission from Ref. [59]. Copyright 2012
American Chemical Society

Top Curr Chem (Z)  (2017) 375:56 Page 21 of 33  56 

123



This can be attributed to the strong current suppression in the antiparallel

configuration due to the spin-selective coupling of the molecule with the leads.

A novel single-radical molecular junction, which has a large magnetoresistance,

was successfully done by Hayakawa et al. [76]. An oligo(p-phenyleneethynylene)

(OPE) backbone, {4-({(2,5-bis(4-sulfanylphenyl(eth-1-yn-2-yl))phenyl)carbonyl}

(methyl)amino)-2,2,6,6-tetramethylpiperidin-1-yl}oxidanyl (TEMPO-OPE), was

placed on an Au electrode by using the MCBJ method at 4.2 K (Fig. 17).

Substantially, MRs of 16–278% were observed at 4 T while MRs in non-radical

OPE were only found to be 2–4%. The unpaired electron can reduce the coupling of

the current-carrying molecular orbital with metal electrodes, which results in large

MRs for TEMPO-OPE.

Spin crossover (SCO) phenomenon can lead to the bistability, which has been

observed in some metal-containing molecules. The most investigated metal ion

Fe(II) can be used as an example to illuminate the principle of electron

configuration. When the iron atom is surrounded by an octahedral ligand

environment, its five spin-degenerate 3d levels will be spilt into a doublet and a

triplet. The filling order of these levels with the six electrons of Fe(II) depends on

the ratio between the ligand field energy, ELF, and the spin exchange energy, EEXC.

If ELF � EEXC, electrons are all paired up and the triplet is completely filled. This

case is defined as the low-spin (LS) state, which gives a total spin S = 0. Inversely,

if EEXC � ELF, the levels are filled based on Hund’s rule and the spin reaches a

maximum value, S = 2. This case is defined as the high-spin (HS) state. The EEXC/

ELF ratio can be adjusted by external stimuli such as pressure, temperature, and

mechanical force. In addition to the total spin, the LS and HS states present the

difference in geometry, electronic structure, and HOMO–LUMO gap energy.

According to the theoretical prediction, in general the HS state has a higher

conductance than the LS state.

Frisenda et al. have studied a mechanically Fe(II) spin crossover switches by

using a MCBJ technique [77]. Two trepyridines form an orthometric coordination

under the relaxation condition and the electron was in a low-spin state (Fig. 18).

Fig. 17 Schematic illustration of single-molecule junctions for TEMPO-OPE (a) and pristine OPE (b).
c Magnetoresistance curves from TEMPO-OPE molecular junctions. Reproduced with permission from
Ref. [76]. Copyright 2016 American Chemical Society
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When elongating the gap between two electrodes, the molecule got stretched,

reaching a coordination angle larger than 90. The current had a two-orders-of-

magnitude increase in this process. This can be explained by switching the LS state

to the HS state.

Apart from setting up a transition metal ion in the electron transport pathway,

which can directly tune the current, a magnetic coupling path can also be

orthogonally oriented to the conductance channel. Wagner et al. synthesized a

molecule modulated by two cobalt ion centers [78]. They found a bias-driven

switching, which has been assigned to the transition from the pseudo-singlet of the

ground state of a coupled spin system to a pseudo-triplet state at a higher bias

voltage. Aragonès et al. built a junction by bridging individual Fe(II) SCO

complexes, [Fe(tzpy)2(NCS)2], with high- and low-spin states between a gold

electrode and a magnetically polarized nickel electrode [79]. The switching

mechanism was based on spin-dependent transport in a single-molecule device that

results in the strong interaction of a paramagnetic molecule with heavy-metal

surface atoms. This switch led to a large conductance switch ([100) at room

temperature.

Another nickel electrode-based single-molecule device was investigated by

Brooke et al. [80]. They integrated a non-redox active molecule 4,40-bipyridine
(44BP) into two Ni electrodes by using STM-BJ and electrochemical gating. The

conductance and gain of the resulting Ni–44BP–Ni electrochemical transistor was

significantly higher than an analogous Au-based device. Ab initio calculations

revealed that this behavior arose because charge transport was mediated by spin-

polarized Ni d-electrons, which hybridize strongly with molecular orbitals to form a

‘‘spinterface’’.

Fig. 18 a Sketch of a Fe(II)-based SCO molecular junction in the ideal arrangement to trigger the LS to
HS switch by separating the electrodes by Dx. b Fe(II) 3d levels involved in the spin-crossover
phenomenon. c Schematic illustration of a MCBJ setup (bottom) with the molecule placed in the junction
as sketched in a. Reproduced with permission from Ref. [77]. Copyright 2016 American Chemical
Society
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3.4 Other Switching Mechanisms

Except for the classic mechanisms, switching phenomena such as stochastic

switching and charge-state alteration have also been found in the recent work. A

field (bias voltage)-induced conductance switching was found by Schwarz et al.

[19]. Three organometallic compounds, which had individual metal centers (Fe, Ru,

Mo) in the transport pathway, were studied. The I–V curves of single-molecule

devices fabricated by MCBJ could be classified by two types. The first type was

found for all compounds and was characterized by a small hysteresis that affected

only a particular section of the voltage. The conductance gap was not altered, and

the transition between the curves was continuous. The second type of curves was

only observed for Mo compounds and distinct from the first type by a lower current

and an abrupt switching (on/off ratio *1000) between two distinct curves,

accompanied by an obvious hysteresis. The conductance gaps changed substantially

(from 0.15 to 0.85 V). Theoretical results showed that bias-driven charging

indicated an oxidation/reduction mechanism mediated by a weakly coupled,

localized molecular orbital that is unique to the Mo compound because of its spin-

polarized ground state. Raising bias voltage can also apply a force on the dipole of

an asymmetric molecule that can reorient the molecule from the ground state

(‘‘off’’) into a metastable configuration (‘‘on’’) and back [81].

In some cases, stochastic switching was observed. This phenomenon was firstly

investigated in self-assembled monolayer (SAM) systems. Through a room-

temperature STM system, the oligo(phenynylene ethynylene) (OPE) was found to

show stochastic switching and remain the effect when the side group of OPE was

changed [82]. Further experiments showed that molecules with higher degrees of

confrontational freedom exhibited higher switching rates. A supposed explanation

for these results was given when the authors observed stochastic switching in simple

alkanedithiols embedded in alkanethiolate SAMs. The authors argued that the

switching was caused by changes in the Au–S bond between the molecules and the

gold substrate rather than internal molecular electronic changes. In single-molecule

junction systems, a temperature-dependent stochastic switching effect has been

demonstrated in a graphene–diarylethene–graphene junction (Fig. 19) [49]. This

phenomenon was observed only for the closed form in the temperature range of

160–240 K. The stochastic switching was attributed to DAE conformational change,

possibly driven by molecular charging, which means changing occupation of the

molecular HOMO. Consequently, two mechanisms have been proposed to explain

stochastic switching: (1) molecular motion due to the conformational changes; (2)

bond-fluctuation due to the attachment/detachment process of the molecules

tethered to the gold surface in a random manner [83].

3.5 Multiple Responses

We have discussed different kinds of molecular switches above. One goal in the

field is to build a ‘‘molecular chip’’ by using integrated molecular switches. There

are two strategies for integrating these switches into the electrical circuit. The first

way is to install several molecular switches in series in the same molecular junction.
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Another way is to integrate molecular junctions. However, the latter method needs

extensive accurate control at the molecular level. The former method was studied by

Meng et al. [84, 85]. The orthogonally modulated molecular transport junctions

were achieved via chemically fabricated nanogaps (on-wire lithography) function-

alized with DAE units bearing organometallic ruthenium fragments (Fig. 20). The

stepwise control of molecular isomerization can be repeatedly and reversibly

completed with use of orthogonal electrochemical and optical stimuli to realize the

controllable switching of conductivity between two distinct states. An electronic

logic gate can be achieved such as two-input OR and a three-input AND–OR,

proving that rational chemical design can lead to multifunctional molecular devices.

There are limitations in this molecular device: the molecular gap fabricated by on-

wire lithography is an ensemble molecular gap which can only show ensemble

average molecular characteristics. What’s more, response time of the devices is in a

range of 30 min resulting from ensemble properties of the devices. Another multi-

responsive single-molecule switch triggered by photon and chemical stimuli was

fabricated by Darwish et al. [47]. They designed the switch by using a spiropyran

center, which is responsive to many kinds of stimuli such as light, solvent, metal

ion, gas, acid, and base.

Fig. 19 Temperature-dependent stochastic switching of graphene–diarylethene–graphene junctions. a I–
V characteristics of a single diarylethene junction in the closed form screened at 140 K for at least three
times, which did not show stochastic switching. b Stochastic switching between two conductive states at
180 K. c I–V characteristics at 240 K. The stochastic conductance switching started to disappear at this
temperature. d Real-time recording of stochastic conductance switching at 180 K, with a source-drain
bias of -0.8 V and a gate voltage of 0 V. Reproduced with permission from Ref. [49]. Copyright 2016
AAAS
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4 Film-Based Switches

The film formed by organic molecules can be used as a smart surface [86], which is

able to respond to external stimuli. According to the types of stimulus, different

molecules were designed to achieve multiple functional devices. Organic molecules

with their own features, such as photochemically and electrochemically switching

abilities, can be combined together, affording molecules with various functions and

thus forming multifunctional films.

For example, DAE is a photo and electrochromic unit with the multi-functions. It

was the most commonly used key element for building smart surfaces. In 2012 [87],

the DAE unit was combined with polymerizable groups, in the presence of phenyl

spacers, which ensured their functionality that electronic-redox switching can be

achieved in polymer electrodes. The electro-polymerization process can be realized

and remain stable in open air, having a potential in future applications of closed

electronic devices. DAE films can also be applied in photoswitchable devices

[88, 89]. They can absorb UV light to form a closed state and visible light to an open

state. The conductance of this device showed repeated conductance switching when

UV and Vis lights were alternatively introduced to illuminate the DAE film.

This phenomenon was well investigated by using STM when DAEs were inserted

into a monolayer of dodecanethiol (Fig. 21a) [90]. DAE has two states (Fig. 21a),

which shows a bright pot with a higher configuration. When UV and Vis light were

interacted in turn, the reversible switching behavior of individual molecules was

observed in STM images (Fig. 21c). The variation of height was also consistent

with the experiments. This work gave us a clear image of the reversible change of

DAE, offering a better understanding of DAE ensemble phenomena.

When the DAE unit was combined with a chiral unit [90], the molecular layer

can show reversible colors with the irradiation of UV and Vis light, exhibiting a new

way in developing functional devices. Amphiphilic photochromic DAE [91] can

also be achieved by decorating the photochromic DAE unit with a cholesterol unit

Fig. 20 Schematic of molecular isomerization under external control. Reproduced with permission from
Ref. [84]. Copyright 2014 Nature Publishing Group
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(providing hydrophobic functionality) and a poly (ethylene glycol)-modified

pyridinium group (providing hydrophilic functionality). This molecule reacted to

UV and Vis light with configuration changes (Fig. 22a), which result in a

transformation of hydrophobicity/hydrophilicity, showing different dynamic self-

assembly behaviors in aqueous (Fig. 22b) and organic media (Fig. 22c). This

allowed photocontrolled vesicle formation in water and self-assembly of organ-gel

fibers in organic media. This research exhibited the potential use of DAE in

photocontrolled chemical release systems.

The various functionalities and fundamental understanding of DAEs offer a

remarkable symbol of functional molecules, fostering the rapid development of this

field towards practical application. Functional molecules with a revisable switching

effect can be applied between metal electrodes, which have a screening of the field

effect, resulting in inefficient switching and poor on/off ratio [92]. On the contrary,

the low-dimensional carbon material only screens the gate field in junction regions.

Fig. 21 a Individual DAE molecules were located within a self-assembled monolayer of dodecanethiol.
b Schematic diagram of the on and off states of DAE. c Reversible switching behaviors of individual
molecules. Reproduced with permission from Ref. [90]. Copyright 2013 Royal Society of Chemistry
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Hence, the gate regulation can be more efficient with high on/off ratio. For example,

hexabenzocoronenes (HBCs) were chosen as a monomer to form monolayers in a

self-assembled way between SWCNT electrodes with a current on/off ratio of

*105. HBC can also react to environment stimulus such as temperature and photon.

The combination of top–down fabrication and bottom–up self-assembly gave a new

way in constructing molecular devices, showing a new device type of environmental

and chemical sensing.

By using the similar method, a water-processed copper phthalocyanine (CuPc)

monolayer was used with SWCNT electrodes for high sensitive photo-detector [93]

at room temperature, with responsivity greater than 108 A W-1, detectivities greater

than 7 9 1015 Jones.

Fig. 22 a Open and closed forms of decorated DAE. b, c Light-induced dynamic self-assembly
behaviors of decorated DAE. Reproduced with permission from Ref. [91]. Copyright 2014 Wiley-VCH
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In comparison with SWCNTs, graphene electrodes exhibit outstanding interface

contact with organic molecules, and its humongous electric character offers higher

stability and will not be influenced by gate regulation, making it suitable for

molecular electronics. Cao et al. used graphene sheets as electrodes to measure the

electrical conductance of poly (3-hexylthpene-2,5diyl) (P3HT) [94]. This device

had responsivity as high as 8.3 A W-1 and on/off ration of 105. This device also

showed reversible photocurrents by switching on/off light, offering a new

application in developing integrated ultrasensitive devices. In 2010, CuPc LB

monolayers were applied with single-layer graphene electrodes [95], with a carrier

mobility of 0.04 cm2 v-1 s-1, an on/off ration current ratio over 106, and the best

responsivity of about 7.1 9 105 A W-1. This similar fabrication method [92] with

graphene electrodes gives new material options in future devices.

With the development of molecular devices, the wearable device is drawing

increasing attention [96]. Graphene as an intrinsically transparent, conductive, and

flexible electrode meets the need of wearable devices. In 2013, Seo et al. reported a

photo-switchable device with highly transparency and flexibility [97]. They used

aryl diazonium compounds, which undergo a self-assembled process on graphene

electrodes, and the diazonium unit was covalently connected with carbon atoms in

the graphene plane (Fig. 23a). On the other side, a layer of graphene as top electrode

was connected with molecular monolayers by physical contact (Fig. 23b). This

vertical device combined chemical and physical contact together and maintained the

good conductance as well as high flexibility. Since the molecule has UV/Vis

absorption, its configuration can switch with light induction (Fig. 23c). Figure 23e

shows the reversible current of this device with good stability. Unlike the traditional

electrodes [94, 95, 98], this vertical structure provides a new way in flexibility

devices.

5 Conclusion

The switching effect is an essential phenomenon in our daily life. Design and

fabrication of switchable devices with good stability and reproducibility is of great

importance to the development of the field of nano/molecular electronics. In this

review, metal- and carbon-based molecular junctions were discussed. Carbon

electrodes have unique characteristics, promising the potential of carbon era after

silicon. On the other hand, as the essence of functionality in the material world,

molecules exhibit numerous characteristics. Understanding and using these unique

qualities is the goal we are pursuing. To this end, conformation transformation,

electrochemical gating, and electron spin tuning are mostly used as the intrinsic

mechanism for explaining the intrinsic molecular switching effect. Different

triggers, such as light, mechanical force, bias voltage, gating, and chemical reactant,

have been proven suitable for particular situations. Molecular film-based devices

provide us the nature of the ensemble, while single-molecule devices offer a way to

learn the rich information hidden in the ensemble at the single-event level. The

combination of reliable electrodes with functional molecules creates new oppor-

tunities to achieve remarkable electrical characteristics. However, there are still
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some challenges that need to be overcome. The stability and reproducibility of

molecular devices remain challenging. An electrode with controllable configuration

is the foundation of molecular devices. Hence, new methods for precise formation

of molecular junctions are crucial. The contact interface between molecules and

electrodes is also of great importance to modulate the transport characteristics of

molecular devices. Therefore, further investigation of the contact interface should

be done to solve this problem. In addition to these, as the detailed mechanism of

molecular conformational changes or biomolecular interactions is not fully

understood, the development of more stable and reliable molecular devices is in

great need.
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