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Recent progress in single-molecule transistors:
their designs, mechanisms and applications

Huanyan Fu,?° Xin Zhu,1°° Peihui Li,” Mengmeng Li,® Lan Yang,’
Chuancheng Jia (2 *® and Xuefeng Guo () *@®

Single-molecule field-effect transistors (FETs) are the key building blocks of future electronic circuits. At
the same time, they are also a unique platform for studying physical mechanisms at the single-molecule
level. How to construct single-molecule FETs and how to efficiently control the charge transfer
characteristics of the devices are two core issues in the development of single-molecule FETs. In this
review, we present the research progress in single-molecule FETs with solid or liquid gates. Strategies to
design single-molecule FETs are emphasized, including the design of functional molecules, the
construction of gate electrodes and the control of molecule-electrode interface coupling. These single-
molecule FETs provide a basis for practical applications and the exploration of physical laws. Specifically,
the physical mechanisms of single-molecule FETs, especially those related to interfacial coupling, are
explained, such as the energy level shift, Coulomb blockade effect, Kondo effect and electron—phonon
coupling. The applications of single-molecule FETs are summarized, including the regulation of
quantum interference, spin, thermoelectric effect and superconductivity. Finally, the current
opportunities and challenges in the field of single-molecule FETs are proposed, aiming to promote the
future development of single-molecule electronics.

1. Introduction

Single-molecule field-effect transistors (FETS) are not only an
important part of future integrated circuits, but also an effective
experimental platform for studying the physical and chemical
laws at the molecular scale."” The current research of single-
molecule transistors mainly focuses on two aspects. One is how
to design and construct various types of single-molecule FETs
technically, and the other is to use single-molecule FETs as
experimental platforms to explore the laws and realize various
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specific applications.>™" Specifically, the design of single-
molecule FETs needs to consider the following aspects. First is
the design of the gate, including the gate type, the selection of the
dielectric layer material and the relative position between the gate
and source/drain electrodes."*™* The second is molecular
characteristics, mainly to design the molecular structure.”>™® The
third is the molecule-electrode interface, especially the interface
connection and electronic coupling between the molecule and
electrode.” " With novel designs, a series of breakthroughs in
single-molecule FETs have been achieved, especially in the explora-
tion of scientific laws and specific applications.

Single-molecule FETs work based on quantum mechanics.
The role of the gate is not only to simply realize the function of
switching, but also to modulate the molecular orbitals and
change the electronic and spin states of the molecule.”>** In
the case of strong coupling, the interaction of associated
electrons can also be adjusted, which greatly increases the
freedom of device adjustment. At low temperatures, measurements
with extremely high energy resolution have observed very fine
gate-dependent physical effects, such as the Coulomb
blockade, Kondo effect and electron-phonon coupling.**™>°
It can provide rich information on the molecule, including
electronic transitions between energy levels, molecular
vibrations and changes in spin states. Furthermore, some
molecular-scale physical effects can be controlled by specially
constructing single-molecule FETs, including quantum inter-
ference, spin, thermoelectric effects, superconductivity, and so
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single-molecule devices.

In this review, we present the research progress in single-
molecule FETs with solid or liquid gates. The first part is about
the design and construction of single-molecule FETs; the
second part is about the basic mechanisms of single-
molecule FETs; the third part is about the applications of
single-molecule FETs; at the end, the current opportunities
and challenges in the field of single-molecule FETs are
proposed, aiming to promote the future development of
single-molecule electronics.
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2. Design and construction of single-
molecule FETs

The construction of single-molecule electronic devices is a
promising approach to overcome Moore’s law and improve
the integrated circuit technology.>’® In comparison with
two-terminal molecular devices, single-molecule FETs, in which a
single molecule acts as the tunable charge transport part in three-
terminal device configurations, are the key components for further
integration of molecular-level electronic circuits. According to the
types of gates, such as solid and liquid gates, and generalized gates
with external stimuli, we divide single-molecule FETs into three
categories in this review. Single-molecule FETs with solid gates
have potential applications in integrated circuits. Liquid gating
with large gate adjustment capabilities is an alternative method
to understand the charge transport characteristics of single
molecules. While based on the two-terminal device, the
introduction of external stimuli as a generalized gate provides a
new concept for the design of novel single-molecule FETs.

2.1 Single-molecule FETs with a solid gate

The fabrication of nanogap electrodes is the basis for constructing
single-molecule FETs.*® Specifically, the effective distance of the
nanogap between the source and drain electrodes is expected to
match the length of the molecule to form a single-molecule
junction. How to construct a solid gate electrode to effectively
apply a gate electric field to a single molecule in the nanogap is
another key to construct single-molecule FETs. The gate coupling
parameter f is used to estimate the shift degree of the orbital
levels of the molecule with the gate potential. Since the shielding
of the gate potential by the source/drain electrodes will reduce the
parameter f, the geometry of the nanogap electrodes needs to
be considered. Therefore, considering the above key points,
applicable approaches for fabricating nanogap electrodes with
solid gates should be developed, so that the construction of
single-molecule FETs involves fewer processes or minor
modifications.

Prof. Xuefeng Guo received his BS
degree in 1998 from Beijing Normal
University and his PhD degree in
2004 from the Institute of
Chemistry, Chinese Academy of
Sciences, Beijing. From 2004 to
2007, he was a postdoc at the
Columbia University Nanocenter.
He joined the faculty as a

-
& professor under the “Peking 100-
Talent”  Program at  Peking
' University in 2008. His current

Xuefeng Guo research is focused on functional
nanometer/molecular devices.

-

This journal is © The Royal Society of Chemistry 2022


https://doi.org/10.1039/d1tc04079k

Published on 26 October 2021. Downloaded on 5/14/2024 3:55:22 PM.

Journal of Materials Chemistry C

2.1.1 Electromigration junction-based single-molecule
FETs. The most common strategy for fabricating single-
molecule FETs based on single-molecule break junctions is to
form nanogap electrodes by electromigration breaking.®” When
a high-density current is applied to an unbroken thin and
narrow metal wire, the metal atoms undergo electromigration
in the conductor, which eventually causes the metal wire to
break. The size of the electromigration nanogap can be as small
as the molecular level to trap a single molecule, so that a single
molecule can be bridged stochastically with a high probability.
In addition, it is feasible to integrate electromigration nanogap
electrodes on a Si wafer, so the gate coupling can be enhanced by
placing single-molecule junctions directly on gate dielectrics.

The first single-molecule FET was fabricated in 2000, which
introduced a single Cgo molecule to bridge nanogap Au electrodes
fabricated by the electromigration break junction technique.'
When a voltage is applied to the SiO, insulating layer through
the gate electrode, the current of single Cg, molecule junctions
can be regulated. To further improve the gate control ability,
electron beam lithography is used to fabricate nanogap Au source/
drain electrodes on the aluminum gate electrode pad, which is
covered with a ~3 nm oxide layer as a dielectric layer. Then, a
single divanadium (V,) molecule is connected into nanogap Au
electrodes to fabricate a single-molecule FET (Fig. 1a).*® The
Kondo resonance of the single-molecule FET can be observed,
which can be modulated reversibly through the gate voltage to
change the charge and spin states of the divanadium molecule.
In addition, magnetic metals can also be used as nanogap
electrodes to construct single-molecule FETs instead of gold
electrodes, which provides a potential platform to study the
spin-dependent transport characteristics. Single Cq, molecule
FETs with 15 nm thick ferromagnetic Ni leads have been
constructed (Fig. 1b),*® which were fabricated on a 100 nm thick
oxide layer grown on heavily p-type doped Si substrates by using

Polyimide | Counter support

Au electrodes Phosphor bronze

Fig.1 (a) Single-molecule FET incorporating single divanadium
molecule.®® Copyright: 2002, Nature Publishing Group. (b) Single Cgo
molecule FET with ferromagnetic Ni electrodes.® Copyright: 2013, Amer-
ican Chemical Society. (c) Layout of the MCBJ set-up.®® Copyright: 2013,
Macmillan Publishers Limited. (d) Schematic diagram of a single-molecule
transistor with a back gate and graphene nanoelectrode.*® Copyright:
2015, The Royal Society of Chemistry.
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electron-beam lithography and electron-beam evaporation. When
Ni nanogap electrodes are designed to have an asymmetrical
shape, the single-molecule device may undergo magnetic reversal
under different magnetic fields due to shape anisotropy. When
source/drain electrodes are replaced with superconducting
materials, superconducting research of single-molecule FETs
can also be investigated. For instance, a superconducting single
Ceo molecule FET is fabricated by the electromigration
technique,’® in which the superconducting contact with the Cqg
molecule is made of aluminum or gold, and the superconductivity
is induced by the close vicinity of the aluminum capping layer.
At the dilution refrigeration temperature, the electrical character-
istics of superconducting single-molecule FETs can be accurately
measured. In single-molecule FETs with solid gates fabricated
using the electromigration technique, various new properties of
single molecules, such as the Coulomb blockade, Kondo effect,
superconductivity, resonant coherence and incoherent tunnelling,
can be explored.

2.1.2 Mechanically controllable break junctions-based
single-molecule FETs. Another method to create nanogap electrodes
is the mechanically controllable break junction (MCBJ) technique,**
which shows the precisely controllable gap size through the
bending of the substrate. Specifically, the bending of the
substrate can be achieved via a three-point bending configu-
ration, which will eventually lead to stretching and breaking of
the electrode wire (Fig. 1c).®® The formed nanoscale gaps can be
used for the electrical contact of single molecules, such as
assembly from solution.

Single-molecule FETs can be realized through the MCB]J
technique in combination with electrostatic gating and
mechanical regulation.'> A degenerately doped silicon sub-
strate is used as a bottom gate electrode, which makes it
possible to produce molecule-gate spacing as small as 40 nm
through electron beam lithography. However, the brittleness of
the Si substrate during mechanically controllable break limits
the movement range of the electrode. A sandwich-type gated
MCB] is further constructed on a phosphor bronze substrate,
and the Au electrode is directly deposited on the plasma
alumina gate, which avoids an unnecessary gate field electro-
mechanical effect in the suspending source-drain electrode
device.”” This three-terminal MCBJ not only accurately controls
the distance between two electrodes, but also ensures a high
coupling between the molecule and the gate. With a high &
dielectric layer, gate coupling can be further improved. For the
overlap of the gate electrode and nanogap electrode, high-
precision alignment is required to achieve as small as 1 pm?,
thereby significantly reducing the leakage current path through
the oxide. Three different gate dielectrics, plasma-enhanced
AlOx (4 nm), SiO, (10 nm) and Ta,Os (10 nm), are tested,
respectively. The Ta,O5 dielectric layer shows superiority with
a dielectric constant of about 24-28, a low leakage current of
below +£1 pA and a high gate voltage of up to +5 V at room
temperature.”® The electromigration assists the mechanical
break process to prevent the dielectric layer from splitting,
and good electrostatic regulation can be achieved. In addition,
Xiang et al. introduced a non-contact side gate into the MCB]

J. Mater. Chem. C, 2022,10, 2375-2389 | 2377


https://doi.org/10.1039/d1tc04079k

Published on 26 October 2021. Downloaded on 5/14/2024 3:55:22 PM.

Review

(Fig. 1c) to form a stable three-terminal single-molecule FET."*
The perpendicular distance between the gate and single-
molecular junctions is reduced to about 5 nm, which can
simultaneously shift the molecular energy levels and modulate
the molecular charge transport.

2.1.3 Carbon electrode-based single-molecule FETs. For
single-molecule devices with metal electrodes, the high mobility
of gold atoms leads to relatively unstable single-molecule junctions
at room temperature. Carbon-based electrodes,** especially
graphene electrodes, with stable characteristics are supposed to
be an alternative choice, and they also match well with organic
molecules. It is feasible to create nanoscale gaps and covalently or
non-covalently connect single molecules to graphene electrodes
with more defined binding geometries. In this review, we focus on
graphene electrodes, considering the sensitivity of carbon nanotube
electrodes to gate voltages, which might hamper us to understand
the intrinsic properties of single molecules in FETs.>’

Some theoretical studies have been reported to predict the
construction of single-molecule FETs using the nanogapped
graphene electrodes.’® Different from the principle of
traditional single-molecule FETs, the field effect of the
graphene-based single-molecule FETs can be achieved by
regulating both graphene electrodes and molecules through the
gate. Furthermore, in comparison with bulk metal electrodes, thin
graphene-based electrodes can reduce the shielding effect on the
gate electric field and enhance the gate coupling. The use of
graphene-based electrodes can also solve the problem of size
mismatch between single molecules and electrodes. In addition,
in comparison with metal electrodes, single molecules can be
connected to graphene electrodes in a variety of ways, not only
through n-r stacking,”” but also through covalent bonds.*®

Nanogapped few-layer graphene electrodes have been fabricated
by using feed-back controlling electroburning.”” The few-layer
graphene is chosen because its conductance is not adjusted by
the gate, thereby avoiding the characteristics of the connected
single molecules from being affected by the response of the
electrode to the gate. In addition, with chemical vapor deposition
(CvD) grown single-layer graphene, nanogapped electrodes
prepared by an electroburning method and n-m stacking
molecule-electrode connections are used to construct single-
molecule FETs (Fig. 1d).*> Such single-molecule junctions are
insensitive to the atomic configuration of the electrodes and show
good reproducibility. However, the gate response characteristics of
the CVD grown single-layer graphene electrodes have not been
verified, and the influence of the electrodes on the single molecular
characteristics during the test cannot be ruled out. The local buried
bottom gate can directly electrostatically modulate the molecular
orbitals in the single-molecule FETs, and achieve a relatively high
modulation efficiency. However, in previous studies, the effect of
gating the state density of the graphene electrode is usually
ignored. Sun et al realized the regulation of the Dirac-cone of
graphene electrodes in the single-molecule junction by a local
gate.”® Specifically, a local aluminum pad with a naturally oxidized
alumina layer is used as the gate. A 10 nm thick HfO, dielectric
layer is grown by atomic layer deposition, which can avoid
destroying the traditional Al,O; dielectric layer during the
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introduction of wet graphene. In comparison with the non-local
SiO,/Si bottom gate, the local HfO,/Al,O;/Al bottom gate has a
higher gate efficiency.

2.2 Single-molecule FETs with a liquid gate

Although single-molecule FETs have been studied for many
years, there are still many challenges in preparing devices,
especially with solid gates. Several things are needed to be
considered for an ideal single-molecule FET: (1) the distance
between the gate electrode and the molecule should be as small
as possible in order to generate a large enough electric field,
which is difficult to achieve in the solid state; (2) the shielding
effect of the source-drain electrodes to the gate electric field
should be minimized. The shielding effect will be enhanced as
the distance of source-drain electrodes is smaller than that
between the gate electrode and the molecule, while the distance
between the source and drain electrodes is dependent on the
length of molecule. These requirements are difficult to be met
for single-molecule FETs controlled by solid-state electrostatic
gate. However, single-molecule FETs with liquid ion gates can
make up for the shortcomings of solid-state FETSs, can operate
in a liquid ion environment and achieve high gate
efficiency.>>"* Single-molecule FETs with liquid gates can
modulate molecular conductance through direct orbital gating
or electrochemical electron transfer driven by the ionic double-
layer potential.

For instance, Xu et al. have used a scanning tunnelling
microscopy (STM) technique and perylene tetracarboxylic diimide
(PTCDI) as redox functional molecules to construct single-
molecule junctions.*® Due to the molecular-level thickness of
the ion double layer at the electrode—electrolyte interface, a large
gate electric field can be applied to single-molecule junctions by
using an electrochemical gate in the electrolyte. Single-molecule
electrochemical transistors based on 4,4'-bipyridine with Ni and
Au contacts have also been established (Fig. 2a),>* in which
electrochemical control is utilized to prevent oxidation of Ni
contacts and to provide non-redox electrochemical gating of the
devices. The results reveal that, in comparison with Au electrodes,
Ni electrodes in single-molecule devices display significant
advantages, especially due to the influence of Ni d-electrons,
which leads to larger conductance and more stable chemical
binding.

Aqueous solutions are usually used as electrolytes, but they
will condense during low temperature measurements, which
limits their further applications. The ionic liquid is considered
to be an ideal candidate for gating because it has higher
electrochemical stability and a larger potential window, and
can achieve gating modulation under low-temperature vacuum
conditions. For instance, based on an STM technique, the
electrical properties of a single redox active pyrrolo-
tetrathiafulvalene (pTTF) molecule have been studied in a
single-molecule device with ionic liquid electrochemical gating
at room temperature (Fig. 2b).”> When the electrochemical
potential is scanned from positive to negative potentials
through redox transitions, an “off-on-off-on-off”’ conductance
switch behaviour is realized. This is due to a sequential

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 (a) Schematic diagram of the four-electrode cell for electrochemical single-molecule junctions and the electrochemical double layer over the
junction which the gate voltage (V) is applied.>* Copyright: 2014, American Chemical Society. (b) Schematic diagram of an electrochemical single-
molecule junction with electrolyte gating.* Copyright: 2012, American Chemical Society. (c) Schematic illustration for the setup of single-molecule FETs
with graphene nanogap electrodes and ionic liquid gate.>® Copyright: 2018, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (d) Schematic diagram of
the vertical molecular tunneling transistor with an ionic liquid gate.*® Copyright: 2018, American Association for the Advancement of Science.

two-step charge transfer process with full or partial vibration
relaxation. In addition to single-molecule junctions with metal
electrodes, a series of single-molecule FETs (Fig. 2c) based on
graphene-molecule-graphene single-molecule junctions with
an ionic-liquid gate have also been constructed.>® Experimental
and theoretical results reveal that ionic liquid gating can
modulate the energy level alignment between molecular frontier
orbitals and the Fermi energy level of graphene electrodes.

Cross-plane graphene/self-assembled monolayer (SAM)/gold
molecular tunnelling junctions with ionic liquid gating
(Fig. 2d) have also been constructed and operated at room
temperature.>*>® A strong gating electric field could be generated
from the electrical double layer of ionic liquid after applying the
gate voltage. Due to the partial electrostatic transparency of
graphene, the electric field can penetrate through the graphene
layer and tune the energy levels of single molecules in SAM, which
would achieve an effective current modulation of molecular FETs.
Further results demonstrate that the transistor exhibits a high on-
off ratio due to the destructive quantum interference (QI) char-
acteristics of the molecule. The destructive QI effects discovered
in single molecules might provide an opportunity to design new
devices with high performance. Molecular transistors operate in
the quantum tunnelling regime, providing potential electronic
building blocks for future integrated circuits.

2.3 Generalized single-molecule FETs with other gates

In general, a typical single-molecule FET is an electronic
component, which has at least three terminals including a gate
electrode, and is used as an amplifier or an electrical switch
according to its characteristics. The charge transport of single-
molecule junctions can be modulated not only by gates, but

This journal is © The Royal Society of Chemistry 2022

also by other strategies, such as light, magnetic field or
functional group modification. This can be regarded as
generalized gate modulation relative to typical gates. In addition,
the comprehensive multiple effects of generalized gates will
enhance the understanding of basic physical mechanisms at the
single-molecule level and help to develop multifunctional devices.

The switching behaviour is commonly pursued in a single-
molecule device due to its potential application in logical
devices and memories. For instance, Yu et al. have used
chemical modification to achieve a switching effect in the
single-molecule junction, which contains an edge-on pyridino-
paracyclophane moiety triggered by the protonation of the
pyridine ring.>® Protonation converts single-molecule charge
transport from p-type to n-type. The switch mechanism is
attributed to the change of the charge tunnelling channel from
the highest occupied molecular orbital (HOMO) in a neutral
molecule to the lowest unoccupied molecular orbital (LUMO) in
a protonated molecule, thus forming a binary system. A further
work based on pyridinoparacyclophane acting as diodes was
developed, which demonstrates that the rectification ratio can
be enhanced by a through-space gating effect as the increasing
electron-rich gating group (Fig. 3a).°° This phenomenon might
result from a shift in the HOMO level both spatially and
energetically. Photoisomerization of photochromic molecules can
form two different conformational and electronic states, which
provides a broad prospect for building logic and memory devices at
the single-molecule level. For instance, single diarylethene
molecules are covalently connected to nano-gapped carbon
electrodes to form single-molecule junctions.®*> For the single
diarylethene molecule junctions based on carbon nanotube
electrodes,” since energy is transferred from the photoexcited

J. Mater. Chem. C, 2022,10, 2375-2389 | 2379
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Fig. 3 (a) Assembly of pyridinoparacyclophane based diodes with edge-on gates on the Au surface.®® Copyright: 2016, American Chemical Society.
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diarylethene molecule to the extended r-electron system of the
carbon electrodes, an irreversible “off-on” switch can be observed,
which indicates that it cannot be isomerized from the closed form
back to the open form under visible irradiation. In order to achieve
the reversible switching effect in the graphene-based single-
molecule junctions, various molecular designs are considered to
adjust the energy level alignment and electronic coupling at the
molecule-electrode interface. When three CH, units are introduced
to each side of the molecular backbone to optimize the molecule-
electrode coupling, the reversible light-controlled conductance
switch is realized in the single-molecule devices (Fig. 3b).®" In
addition, a reversible azobenzene-based single-molecule photo-
switch device was also designed by making use of light- and electric
field-driven cis—trans isomerization of the azobenzene molecular
functional center.*® Specifically, an azobenzene molecular bridge
is covalently incorporated between the nano-gapped graphene
electrodes through the amide covalent linkage (Fig. 3¢).* To avoid
the quenching of the excited state of the molecule, the azobenzene
moiety is introduced as the side chain of the molecular bridge, and
the molecular backbone with benzene rings is used for charge
transport. Both experimental and theoretical investigations demon-
strate that the switching behaviour can be easily detected under
different source—-drain bias voltages or at low bias voltages under
UV/Vis light irradiation. This concept of in situ chemical
gating provides a new perspective for the practical creation of
multifunctional single-molecule optoelectronic devices. Therefore,
multifunctional single-molecule transistors can be constructed not
only by the gate electric field modulation, but also by external
stimuli based on molecular structural changes.

3. Mechanisms of single-molecule
FETs

In order to better design and construct single-molecule FETs, it
is necessary to deeply understand the mechanism. The essential
mechanism of single-molecule FETs is to control the relative
position of the molecular orbitals with the Fermi level of the
electrodes through the gate electric field. The molecule-
electrode interface coupling determines the mode of charge
transport through single molecules. Therefore, the interface
coupling mechanism of the single-molecule FETs is first

2380 | J Mater. Chem. C, 2022, 10, 2375-2389

b) Schematic of a graphene—-diarylethene—graphene junction.®* Copyright: 2016 by the American Association for the Advancement of Science;
) schematic representation of the single-molecule junction with an azobenzene side group as a chemical gate.®* Copyright: 2019, Springer Nature Limited.

introduced below. To better understand the charge transport
behaviour of single-molecule FETs, the Coulomb blockade effect,
Kondo effect and electron-phonon coupling effect are discussed
in detail.

3.1 Molecule-electrode interface coupling

Electrons inject molecules from one electrode through the
interface, and then across to the other electrode from the
interface. Therefore, the interface between the molecule and
the electrode plays an important role in the transport charac-
teristics of the molecular device.®® Through the experiments of
single-molecule FETs to explore the properties of the interface
between molecules and electrodes, it is found that the influence
of the interface between molecules and electrodes on device
characteristics even exceeds that of molecules.”

The interfacial coupling strength is an important parameter
that determines the transport mechanism of single-molecule
devices. In order to better define the coupling strength, it is
necessary to introduce two energy concepts: one is the energy
required for the additional energy (U,qq) molecule to increase
or decrease an electron, and the other is the coupling energy.
When molecules are connected to electrodes, the energy levels
of discrete molecules that are originally under weak coupling or
isolation will broaden, and this broadening is represented by
coupling energy (I'). When I' « U,qq, it is weak coupling; when
I' » U,qq, it is strong coupling; between the two is called
intermediate coupling (Fig. 4a and b).*° Using the gate to
control the electron transport through single-molecule devices,
the energy levels of the molecules can be adjusted to resonate
with the Fermi level of source and drain electrodes. In a three-
terminal device with strong coupling, it is predicted to be a one-
step coherent electron transfer. However, weak coupling
promotes a two-step process, such as Coulomb blockade. Many
electron-electron correlation effects can be observed under the
transition coupling mechanism, such as the Kondo effect and
incoherent tunnelling.

There are two main types of contact between molecules and
electrodes. One is chemical adsorption with covalent bonds,
and the other is physical adsorption. In comparison with
physical adsorption, chemical adsorption can lead to stronger
coupling strength. This is mainly determined by the electrode
type and the anchor group at the end of the molecule. Whether

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 (a) Schematic diagram of energy levels in a single-molecule junc-
tion under weak coupling and (b) strong coupling.?® Copyright: 2009,
Macmillan Publishers Limited.

it is chemical connection or physical connection, changing the
anchor group will affect the charge transfer. In other words, the
anchor group affects the charge transfer through some internal
factors, that is, the coupling strength. Even if the adsorption type
is the same, if the coupling strength is different, the transport
characteristics of single-molecule FETs will be different. For
example, using MCBJ and STM-BJ to electrochemically gate
single benzodifuran (BDF) molecules with redox activity through
the chemical connection to the electrodes, it is found that the
sulfur-terminal BDF molecules exhibit single-molecule redox
switching characteristics by adjusting the potential. If the sulfur
end group is changed to carbodithioate (CS, ), as shown in
Fig. 5a, the molecular conductance increases. During the gating
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process, the on-off ratio is also significantly increased, as shown
in Fig. 5b, indicating that the gate effect can be improved by
reducing the resistance between the molecule and electrodes.®®
This proves that the gate regulation will be affected by the
coupling strength in the case of a chemical connection.
For the case of physical connection, Limburg et al. have used
porphyrin molecules with five different types of anchoring
groups, as shown in Fig. 5¢, which can be connected to graphene
electrodes by physical adsorption (Fig. 5d). Because of the weak
coupling, all devices exhibit the behaviour of single electron
FETs. The differences in electron transport characteristics for the
devices with these five anchor groups can be compared by the
difference of Coulomb peaks. However, since the complex of
each molecule and the anchor group leads to a large range of
changes in the coupling strength, as shown in Fig. 5e, the
position of the Coulomb peak is also different in different
devices. Although it is difficult to distinguish the effects of these
types of anchor groups on the charge transport through different
devices, the number of Coulomb peaks can also be used to
distinguish the anchor groups with large differences.®”

3.2 Energy level shifting

Single-molecule FETs rely on gated electrostatic modulation of
the relative position of the molecular orbitals with respect to
the Fermi level of the electrode. Creating a true three-terminal
single-molecule device that operates in this way is a long-
standing challenge. Different from the two-terminal device, in
addition to fixing the molecules on the source and drain
electrodes, the molecules must be close enough to the gate
to ensure that the gate electric field can act on the molecules.
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® compound 2 ® compound 5
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compound 4
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Fig. 5 (a) Schematic of a single-molecule junction of a BDF molecule with thiol (-=S™) or carbodithioate (-CS,~) anchoring groups. (b) Single molecule

conductance of BDF-S™ (red circles) and BDF-CS,™ (blue squares) as a function of gating.®® Copyright: 2014, American Chemical Society. (c) Synthesis
of zinc porphyrins 2-6 from molecule 1 with different terminal groups. THS = trihexylsilyl. i. N-Bromosuccinimide, CHCls, pyridine, 20 °C, 98%.
ii. Sonogashira coupling conditions with RC=CH, 25-52%. (d) Schematic of the single-molecule device with nanogap graphene electrodes and
assembled single molecule. (e) Scatter plot of the coupling to the leads versus the energy of the resonant level relative to the Fermi level (E — Ep).%7
Copyright: 2018, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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For instance, Xu et al. achieved an experimental breakthrough
for the first time, using the perylene tetracarboxylic diimide
(PTCDI) molecule to construct a single-molecule FET with a
liquid gate. A single-molecule n-type transistor is realized, in
which at room temperature the current through the molecule
can be reversibly switched over nearly 3 orders of magnitude
through electrochemical gating. One mechanism is resonant
tunnelling, which predicts that the current reaches a peak when
the empty molecular orbital is shifted by the gate to the Fermi
level of the electrodes.” It is also proved that the electroche-
mical gate modulates the relative position of the molecular
orbital relative to the Fermi level in the non-electrochemically
active potential range.®® Due to the high efficiency of the electro-
chemical gating, in the process of adjusting the relative position
of the molecular orbital respect to the Fermi level, both the
HOMO and LUMO dominated electron and hole transport
can be achieved, respectively (Fig. 6a). When the energy gap
between the HOMO and LUMO is small, the single-molecule
FETs can achieve bipolar transport (Fig. 6b and c).'*"*>%°
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Fig. 6 (a) Energetic diagram of the alignment of molecular orbitals relative
to the graphene Fermi level in a triphenyl single-molecule FET under different
gate voltages. (b) Transfer characteristics for the triphenyl device at Vp = 0.5 V.
(c) Two-dimensional visualization of dI/dV versus Vg and Vp, for the triphenyl
device.>® Copyright: 2018, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
(d) Molecular structure of OPV5 and schematic experimental set-up.
(e) Measurements of the differential conductance (d/s_q/dV;s_g) as a function
of Vs_g and Vg The full solid line at the top of the figure shows a
representative /s_q—Vg trace.”* Copyright: 2003, Nature Publishing Group.
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Furthermore, single-molecule FETs are also realized through
the direct electrostatic shift of energy levels of the molecular
orbitals in a solid-state device with a back gate electrode.??
However, Xiang et al. also found that in single-molecule FETs
composed of BDF molecules, the charge transfer under low bias
voltages is mainly affected by the coupling strength between
molecules and electrodes, while the influence of the gate
voltage is very weak.”®

3.3 Coulomb blockade effect

In the case of weak coupling, the obvious Coulomb blockade
can be realized in single-molecule FETs. The electrons pass
through the molecule one by one, which is a typical quantum
phenomenon. Specifically, when the device size is reduced to
the molecular scale, the Coulomb interaction between the
electrons is enhanced, so that when an electron enters
the molecule, the next electron will not be able to enter the
molecule due to insufficient energy. By increasing the source-
drain voltage or adjusting the gate voltage, electrons can break
through the Coulomb blockade and enter the molecule. Adjusting
the gate voltage can change the energy level position of the
molecular orbital, thereby reducing the energy difference between
the molecular orbital and the Fermi level. After the molecular
orbital enters the bias window, electrons can undergo resonant
tunnelling. This process is performed in a manner of continuous
tunnelling of a single electron. Therefore, such single-molecule
FETs are also called single-electron FETs. For instance, a
single-molecule FET is constructed by using a single p-phenyle-
nevinylene oligomer to protect the terminal sulfur through a tert-
butyl group to prevent the chemical adsorption of sulfur with the
gold electrode, as shown in Fig. 6d, thus the physical adsorption
between the molecule and the electrode is realized for weak
coupling. The single electron tunnelling process can be observed
in this single-molecule FET with weak interfacial coupling.
Specifically, through the electrical test with the gate voltage in the
range of —4.3 to 4.3 V, eight different charge transport states as
shown in Fig. 6e can be observed.” When a Coulomb blockade
occurs, a Coulomb diamond shape will appear on the electrical
spectrum. Therefore, each Coulomb diamond shape corresponds
to a charge state. The intersection of the two diamond shapes is the
degeneracy point of the charge, and redox occurs at this position.

3.4 Kondo effect

When the coupling strength between the molecule and the
electrode is weak, electrons can only tunnel through one barrier
ata time, and the current is formed by the continuous tunnelling
of a single electron. However, when the coupling strength
between the molecule and the electrode increases, the high
order tunnelling process of electrons begins to appear, which
is related to the electron spin called the Kondo effect.”>”> The
most widely studied Kondo process for single-molecule FETs is
the single-channel Kondo effect with spin 1/2 (Fig. 7a), that is,
the system containing a single magnetic center. Due to the
Kondo effect, the density of states of the electrons near the
Fermi surface is significantly enhanced, which appears as a clear
resonance conductance peak at zero bias.
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The Kondo effect only occurs when the coupling strength
between the molecule and the electrode is strong enough. For
instance, cobalt complex molecules are connected to metal
electrodes through insulating tethers with different lengths to
construct single-molecule FETs. By changing the length of the
insulating tethers, the coupling strength between the molecules
and the electrodes can be changed. When the insulating tether is
long, it behaves as a single electron FET (Fig. 7b); when the
insulating tether is short, the Kondo effect appears. The single-
molecule junctions composed of cobalt complexes can exhibit
both the Kondo effect and the Coulomb blockade effect at the
same time when the interfacial coupling is intermediate, and the
charge state can be adjusted by the gate voltage. When in the Co*
state, the total spin quantum number S = 1/2, and the Kondo
effect will appear in this case (Fig. 7c). Such a Kondo effect is
usually expressed by the Kondo temperature Ti. In the cobalt
complex system, the Kondo temperature can reach up to 25 K.*®
While for the single-molecule FET with a divanadium molecule,
the Kondo temperature can reach up to 30 K.>* When the
temperature is lower than Ti, the Kondo effect occurs, the
conduction electrons are scattered, and the local spins are
constantly flipped, showing that the conduction electrons shield
the local spins. When the temperature is lower, the shielding
effect is stronger. At absolute zero, the local spin is completely
shielded.

3.5 Electron-phonon coupling effect

Electron-phonon coupling indicates that when electrons pass
through molecules, they absorb or release a quantum of energy,

a b 6
F 3
| S
Eo
-
-3
-6 -
-0.50 -0.45 -0.40
v, V)
d d2/d?V (a.u.) - N \ N+1 M>>1
S
£
=

-0.8 -0.6
v, (V)

-0.4

View Article Online

Review

usually called phonon. The charge transport channel length of
single-molecule FETs is usually on the order of sub-
nanometers, which is smaller than the inelastic mean free path
of electrons. It is believed that most electrons pass through the
single-molecule device by elastic scattering, and little inelastic
scattering occurs. Therefore, electron-phonon coupling is
usually ignored in the early research of single-molecule FETs.
With the deepening of research, the influence of electron-
phonon interactions on the electron transport of single-
molecule FETs has gradually attracted attention.>>>”7%7”

In the case of weak coupling, molecules can change the
ground state by gaining and losing electrons. This process
involves the Franck-Condon mechanism. When the charge
and vibration are strongly coupled, the Franck-Condon blocking
effect will appear. For instance, Burzuri et al. show the experi-
mental evidence of the FC blockade effect in electron transport
via an individual magnetic molecule ([Fe,(L),(dpm)e]). It sup-
presses the single electron tunnelling process under a low bias
voltage and is not controlled by the gate voltage. As shown in
Fig. 7d, under the bias below the threshold Vi, = +7.4 meV,
sequential electron tunnelling is highly suppressed. When the
electron-vibron coupling /4 is strong, the zero-bias conductance
suppression may originate from the FC blockade effect
(Fig. 7€).>®7® In the case of intermediate coupling, the tunnelling
process is accompanied by vibration excitation or de-excitation
through the virtual state of the molecule. When the bias voltage
increases and the energy of the electron exceeds the energy
difference between the two vibration modes, a new transport
channel will be opened to increase the charge transport (Fig. 7).

Hy

Fig. 7 (a) Schematic of the mechanism of the spin 1/2 Kondo effect. (b) Differential conductance diagram of the spin signal is superimposed on the

Coulomb blocking signal. (c) Typical temperature dependence of the Kondo peak (left) and magnetic-field dependence of the Kondo peak (right) for the
single-molecule device with spin electron.*® Copyright: 2002, Nature Publishing Group. (d) Numerical derivative of differential conductance (d?//d?V)
color map as a function of bias V and gate voltage V, for the single-molecule junction with periodic excitations. () Schematic representation of the
Franck—Condon model for strong electron—phonon coupling.”® Copyright: 2014, American Chemical Society. (f) Schematic of the electron—phonon
coupling effect in the case of intermediate coupling.”® Copyright: 2019, Springer Nature Limited.
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In the case of strong coupling, the emission of the vibration
mode will increase the backscatter and suppress the increase in
current.”’

4. Applications of single-molecule
FETs

By constructing and designing different types of single-
molecule FETs, the regulation of quantum interference, spin,
thermoelectricity and superconductivity can be achieved at the
single-molecule level.>**77%°"8> This will help to understand the
essential physical mechanism of these physical properties and
realize the construction of high-performance functional devices.
Single-molecule FETs also have many applications in bioelec-
tronics, which can be obtained from recently published review
papers.®*®* The following section will focus on the applications
related to physical mechanisms. The following will introduce the
regulation of these effects in single-molecule FETs.

4.1 Regulation of the quantum interference effect

The quantum interference of single-molecule devices describes
the interference effects of tunnelling electrons through a single
molecule. Due to the uniqueness of sub-nanoscale single-
molecule devices, electrons can maintain quantum coherence
when they transport through single molecules, making it
possible to study quantum interference in the process of
electron transport.®>®® The quantum interference in the
single-molecule FETs can control the transmission coefficient,
which is one of the effective means to achieve high-efficiency
control. Therefore, controlling the quantum interference effect
is an important means to realize the function of the single-
molecule FETs with the quantum interference effect.
Single-molecule FETs can control the quantum interference
effect either through redox or through adjusting the relative
position of the molecular orbital with the Fermi level. For
instance, Koole et al. realized the regulation of quantum
interference by using single-molecule FETs to control the redox
states of the molecule. Specifically, anthraquinone (AQ) molecules
with the quantum interference effect are used to construct single-
molecule FETs. By controlling the gain and loss of electrons of the
AQ molecule, an order of magnitude of conductance switching
effect can be achieved in a single-molecule FET. This is due to the
changes in the conjugation of the AQ molecule during the redox
process, which changes the quantum interference path, resulting
in a high switching ratio.®” In 2018, Huang et al. used the single-
molecule field effect mechanism to realize the regulation of
quantum interference. For the single-molecule junctions with
meta-benzene (meta-BT) (Fig. 8c) based molecules and
dihydrobenzo[b]thiophene as the anchoring group, more than
two orders of magnitude changes in conductivity can be observed
during the electrochemical gating process. The electric potential
modulates the quantum interference of the meta-BT molecule to
make it enter anti-resonance, so that the sharp-valleyed quantum
interference effect can be directly observed.®® Subsequently, Duan,
Tao and Hong’s research groups also used an electrochemical
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gate to directly observe the distinctive features of destructive
quantum coherence in molecules with quantum interference
properties (Fig. 8a).>%°%%% When adjusting the electrochemical
gate in the Faraday zone, the relative position of the molecular
orbital with the Fermi energy level can be adjusted to modulate
the quantum interference between the HOMO and LUMO
(Fig. 8b). Since the molecules can enter and exit anti-resonance,
they can achieve continuous control of conductance. Therefore,
the quantum interference effect can be regulated by the gate
control of the molecular charge states or the molecular energy
level position, thereby improving the switching performance of
the single-molecule FETs.

4.2 Regulation of the spin effect

The regulation of the spin state in magnetic molecules is the
focus of spintronics research, especially the regulation of the
spin through the electric field.”"*> Unlike the magnetic field,
the electric field can achieve faster regulation in a more local
space. The single-molecule FET provides an ideal means to
adjust the spin state of a single magnetic molecule through an
electric field. For instance, the transition from high spin (S = 5/2)
to low spin (S = 1/2) is realized in a single-molecule FET
constructed by a single Mn>" ion coordinated by two terpyridine
ligands through electric field control, as shown in Fig. 8d. This
transition is realized by the modulation of the terpyridine ligand
by the gate electric field. By increasing the gate voltage, a spin 1/2
electron can be added to the terpyridine ligand, thereby
enhancing the intensity of the ligand field and realizing the
transition of Mn center from high spin to low spin.>* The
modulation of the spin state by the electric field can be achieved
not only in transition metal complexes, but also in free radical
molecules. For instance, the regulation of the spin state by the
electric field is realized in single-molecule FETs with the all-
organic free radical molecule thiol end-capped penta phenylene
ethynylene (OPE5). By controlling the relative position of the
introduced electrons in the free radical molecules, ferromagnetic
or antiferromagnetic coupling can be formed, so as to control
the spin state of free radical molecules.”*

When the spin is related to electron transport, selection
rules need to be considered, which results in some subtle
characteristics of the transport properties.”> For example,
molecules with a high-spin state can appear the ground state
spin blockade (Fig. 8e).”* It is not enough to clarify the
resistance change during the transport process through the
I-V test of the two-terminal single magnetic molecule devices.
It is very necessary to systematically study the electron trans-
port in the single magnetic molecule FET. For example,
Yoshida et al. studied the tunnelling magnetoresistance
(TMR) of single Cqo molecule FETs with nickel electrodes. In
the entire test bias, the tunnel magnetoresistance can be
adjusted by the gate voltage of up to —80%. The TMR is always
negative in the range, which is caused by the new hybrid state
generated at the interface between the nickel electrode and the
Ceo molecule (Fig. 8f).>° Therefore, as mentioned above, single-
molecule FETs play an important role in modulating spin states
and exploring spin transport of single molecules.
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4.3 Regulation of the thermoelectric effect

The thermoelectric effect describes the interaction between heat
and charge flow. Single-molecule FETs are an ideal platform for
exploring the thermoelectric effects at the single-molecule level.
Specifically, the thermoelectric efficiency is expressed by the
dimensionless quality factor ZT = (GS*/x)T, where T represents
the average temperature, G represents the conductance and «
represents the sum of the contributions of electrons and phonons
to the thermal conductance. In traditional thermoelectric
materials, S, G, and x are mutually restricted, which is not
conducive to the improvement of thermoelectric efficiency, while
in single-molecule devices, they can be improved at the same
time. For instance, Kim et al. introduced a temperature difference
in a single-molecule FET to achieve electrostatically controlled
thermoelectric properties, which is confirmed in the test of Au-
biphenyl-4,4’-dithiol-Au and Au-fullerene-Au single-molecule
FETs, as shown in Fig. 9a and b. The Seebeck coefficient and
conductance can be simultaneously increased by electrostatic
control (Fig. 9c). This improvement in thermoelectric perfor-
mance is essentially due to the fact that the main transmission

This journal is © The Royal Society of Chemistry 2022
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channel of molecules is brought closer to the Fermi level of the
electrode through electrostatic control.”® Gehring et al also
achieved electrostatically controlled thermoelectric properties in
a fullerene single-molecule FET composed of graphene electrodes.
By replacing metal electrodes with graphene electrodes, the
shielding effect on the gate is reduced. The adjustment range of
the main molecular transmission orbital is further improved, and
the energy factor GS” is close to the theoretical limit of the isolated
Breit-Wigner resonance.’® Therefore, by adjusting the main
transmission orbital by electrostatic control to approach the
Fermi level, the thermoelectric performance of the single-
molecular FET can be effectively improved.

4.4 Regulation of superconductivity

When superconducting electrodes are used for constructing
single-molecule FETSs, interesting physical phenomena can be
observed. For instance, for the single-molecule devices with
magnetic molecules, the Cooper pair will compete with the
Kondo shield, causing the Cooper pair to be broken and
produce a Shiba state.”” Single Cq, molecules are connected
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Fig. 9 (a) Schematic of the electromigrated break junction with an integrated heater. (b) Schematic diagram of the structure of single-molecule
junctions with BPDT and Cgo molecules. (c) The Seebeck coefficient diagram of an Au—Cgo—Au single-molecule junction.®® Copyright: 2014, Macmillan
Publishers Limited. (d) Schematic of Ceq single-molecule FETs constructed with superconductor electrodes. (e) Schematic of the corresponding energy
level alignment for minimal bias voltage conditions allowing for the finite current flow. (f) d//dV as a function of drain—source voltage (Vys) at a constant
gate voltage (T < 40 mK) and in both the normal (black line) and the superconducting state (red line). The inset shows the normal-state data over a larger

bias-voltage window.*® Copyright: 2009, Macmillan Publishers Limited.

to aluminum electrodes to achieve superconductivity in single-
molecule FETs (Fig. 9d and e). It is found that when the coupling
strength between the molecule and the electrode changes in a
wide range, the Coulomb blockade effect, Kondo effect and the
superconductivity show a coexistence and competition relation-
ship (Fig. 9f).*° Furthermore, when the ring-shaped molecule is
connected to the superconducting electrodes, a single-molecule
superconducting FET can be constructed. Specifically, a single-
molecule superconducting FET model is theoretically constructed
with a benzene ring as a prototype. When quantum interference
occurs, the Cooper pair can transport through the molecule.
Therefore, superconductivity can be achieved by the gated control
of quantum interference.*

5. Summary and outlook

In summary, a single-molecule FET is one kind of key electronic
device with both important basic research and future application
value. Single-molecule FETs can be used as an important
platform for studying the physical and chemical mechanisms
at the single-molecule level. Therefore, single-molecule FETSs
with different structures are designed for different applications.
At present, single-molecule devices based on liquid or solid gates
have been developed. For liquid gate systems with electrolyte
solutions or ionic liquids, when a gate voltage is applied, an
electric double layer is formed around the molecules, thereby
applying a gate electric field to a single molecule. Since the
thickness of the electric double layer is determined by the size of

2386 | J Mater. Chem. C, 2022, 10, 2375-2389

the used ions, a large gate electric field can be applied to achieve
a strong gate control capability. Solid-state gates can better meet
the basic conditions of some practical applications, such as
exploring the physical mechanism of single molecules at low
temperatures. However, the current development of single-
molecule devices with solid-state gates still faces many
challenges, such as how to construct high-performance dielectric
layers at the molecular scale.

The essential mechanism of the single-molecule FET is to
change the potential energy of the molecule by applying a gate
electric field, thereby changing the relative position between the
molecular orbital and the Fermi level. The interface coupling
between the molecule and the electrode has a great influence on
the performance of the single-molecule FET. When the coupling
strength is different, the single-molecule FET will show different
characteristics. In the case of weak coupling, electron transfer in
a single-molecule FET is a two-step process, and Coulomb
blockade occurs; in the case of strong coupling, the electron
transfer becomes a one-step coherent process. The uniquely
designed single-molecule FETs can also be used to adjust
quantum interference, spin and thermoelectric and supercon-
ducting properties. For instance, based on the field effect
mechanism of single-molecule devices, quantum interference
can be effectively adjusted to improve the switching ratio of the
devices, the spin state of the molecules can be controlled to
explore the spin transport characteristics, and the thermoelectric
effect of single molecules can be regulated to improve the
thermoelectric conversion efficiency.
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Despite such tremendous progress, to realize the iterative
development of single-molecule FETs, new architectures and
new systems need to be developed. It is also necessary to
introduce new research methods, such as ultra-low temperature,
strong magnetic field, femtosecond laser, and terahertz, to reveal
the physical mechanism. The application of single-molecule
FETs should not only be expanded on the existing basis, but
also give full play to the advantages of single molecules as
quantum systems. In addition, for the future development of
integrated circuits based on single-molecule devices, the highly
successful fabrication and integration of solid-state gated
devices will invite intense research.
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