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Abstract: Molecule-based field-effect transistors (FETs) are of great significance as they have a
wide range of application prospects, such as logic operations, information storage and sensor
monitoring. This account mainly introduces and reviews our recent work in molecular FETS.
Specifically, through molecular and device design, we have systematically investigated the
construction and performance of FETs from macroscale to nanoscale and even single molecule.
In particular, we have proposed the broad concept of molecular FETSs, whose functions can be
achieved through various external controls, such as light stimulation, and other physical,
chemical or biological interactions. In the end, we tend to focus the discussion on the
development challenges of single-molecule FETSs, and propose prospects for further break-

throughs in this field.

Keywords: field-effect transistor, organic electronics, single-molecule junction, carbon nano-

tube, graphene

1. Introduction

A field-effect transistor (FET) is the cornerstone of the digital
revolution." Tt is the core component of various electronic
circuits. In a standard FET, current flows along a semi-
conductor channel connected to source and drain electrodes,
and can be switched on and off by the gate electrode. The
original FET's were mainly made of inorganic materials such as
silicon and germanium, and silicon FETs have become the
current mainstream. However, according to Moore’s law,
traditional top-down manufacturing techniques for silicon-
based FET's have almost reached the limit of miniaturization."”
In addition, future electronic devices will also need to have
functions required by specific applications, such as flexibility,
light response, force monitoring and chemical/biological
sensing. Therefore, in order to adapt to the trend of
miniaturization and functionalization of electronic devices, it is
necessary to design new field-effect devices and develop new
materials for the devices.

Molecular electronics are one of the best choices for future
field-effect
devices." ™ Because they exhibit many inherent advantages,
such as mechanical flexibility, light weight and adjustable
electronic characteristics. In addition, through molecular syn-

electronic  device  applications,  especially

thesis and design, functional molecular electronic devices, such
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and  chemical/biosensors, can be

! Meanwhile, molecular materials also have advan-

as  photodetectors
realized.*1¢
tages in assembly, from macro/nano single crystals and self-
assembled monolayers to single molecules, which provides the
basis for constructing FETs from macroscale to single
molecule."” ™ In particular, the design and construction of
FETs with single molecules can satisfy the need of miniatur-
ization and functionalization of electronic applications. Due to
the inherent molecular size of single-molecule FETs, it can
overcome the development bottleneck of Moore’s Law.
Furthermore, single-molecule FETs provide a platform to
study the laws of physics and chemistry at the single-molecule
level. It can also meet the functional requirements of electronic

applications, laying the foundation for ultra-high sensitivity

chemical/biological 21-24] and
]

sensing! environmental
monitoring.[25

The emergence of carbon nanomaterials, especially single-
walled carbon nanotube (SWCNT) and graphene, also provide
the material basis for the construction of molecular FETsS,
particularly as electrode materials.”**”’ SWCNT can be
considered to be formed by folding graphene flakes into
cylinders along specific lattice vectors. They have good
electrical conductivities, molecule-level diameters, and can be
controlled from metal to semiconductor by changing the
chirality.”**” These properties make SWCNT ideal electrodes
for constructing molecular devices, especially capable of
forming molecularly matched contacts between electrodes and
molecules. Graphene has the advantages of high conductivity
and high carrier mobility, single atom thickness and con-
jugated planar structure, which allows organic molecules and
electrodes to form good interfacial contacts through van der
Waals integration.”*?* The excellent interfacial contacts can
improve the performances of molecular devices, such as higher
carrier mobility, higher device response speed, lower power
consumption and enhanced on/off ratios.”” In addition, these
carbon electrodes can be prepared with chemical groups at the
ends, especially carboxylic acid groups, which provide the basis

for single-molecule assembly through chemical bonding.”**”
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In the past two decades, we have been devoted to the
research of fabricating stable and reliable molecular devices,
and exploration of molecular FETs from macroscale to
nanoscale and single molecule. Through molecular design,
interface design, electrode design and the regulation of
generalized FETSs, we can improve the original performances
and add new functions such as sensing, storage, and photo-
switching to molecular FETs.

2. Macroscale FETs

Organic field-effect transistors (OFETs) have become promis-
ing devices for electronic applications because of their
advantages such as the diversity of molecular design, broad
selection of materials, ease of manufacturing, low cost and

[8,34-36] In

large area processing of electronic components.
general, an OFET consists of source, drain and gate electrodes,
a dielectric layer and a semiconductor channel (Figure .7 I
usually takes metal (eg. gold or aluminum) as source/drain
electrodes and heavily doped silicon or conductive metal as
gate electrode. Organic semiconductor materials are used to
construct conductive channel and insulator materials are used
as dielectric layer.

In OFETs, the source electrode injects charges into the
conductive channel; the drain electrode collects charges
flowing out of the conductive channel; the gate electrode
induces carriers in the organic semiconductor layer close to the
dielectric layer to form a conductive channel. The intensity of
the electric field passing through the dielectric layer can be
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Figure 1. Schematic diagram of a typical FET structure. Reprinted with
permission from Ref. [17], Copyright 2020 American Chemical Society.

adjusted by the gate voltage, and the concentration of induced
carriers in the semiconductor layer can be changed accordingly.
Therefore, the current between source and drain electrodes can
be controlled by the gate. By adjusting the thickness, dielectric
constant, impedance and other parameters of the dielectric
layer, the performance of the OFET will be affected. In
addition, there are four heterogeneous interfaces including the
interface within semiconductor layer, electrode/semiconductor
interface, semiconductor/dielectric interface and semiconduc-
tor/environmental interface in OFETs. All the interfaces can
be regulated by organic molecules with different usages in
OFETs. Therefore, an effective and promising approach has
been proposed to enhance the performance of the original
OFETs and add new functions to the devices.

2.1. Molecules as the Conductive Channel
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The organic semiconductor channel material determines the
performance of OFETs and is the core of the device. By
regulating the semiconductor channel, the key performance of
the device can be improved, such as on/off ratio,”” threshold
voltagelas] and carrier mobility.[”] In this section, we summa-
rize recent works in designing small-molecule organic semi-
conductor materials and controlling their assembly morphol-
ogy to be used as semiconductor layers of OFETS, which can
improve on/off ratio and mobility or other performances of
OFETs. At the same time, more functions have been
introduced into the device through molecular design, such as
bio-sensing,""”’ humidity or pH detection,”’
storage.*”

As organic semiconducting materials, oligothiophenes and
polythiophenes show great potential in OFETs due to their
relatively straightforward synthesis and flexible structural
design. However, they have disadvantages such as assembly
defects and the sensitivity to photo-oxidative doping/bleach-
ing, which limit their application in OFETs. To eliminate
intrinsic defects and restore the stability of the OFETs, we
designed and synthesized two liquid crystalline oligothiophene
derivatives (Figure 2a), which have been modified by strategi-

! and information

(a) 1

(e) Nonclassical nucleation mechanism

cally placed long alkyl side chains. They are assembled and
used as conductive channels for fabricating OFETs. Due to
the deeper highest occupied molecular orbital (HOMO)
energy level and high-quality assembly, the constructed OFETs
have high field-effect mobility up to 6.2 cm*V~'S™" and good
air stability (Figures 2b and 2¢)."”' To further improve the
molecular assembly quality and device performance, we
proposed a biomimetic design using phosphonate. The alkyl-
terminated molecule has a phosphorus (P) group at the end,
forming amphiphilic molecule that can self-assemble well
(Figures 2d and 2e). The growth trajectory of such organic
semiconductor thin films has also been monitored in situ,
which helps us to understand the mechanism of assembly.
Specifically, the fundamental mechanism of single crystal film
growth by evolutionary selection approach and the change of
free energy under different growth models are proposed
(Figure 2f) 144

Furthermore, we modified the pentathiophene core with
strategically placed double-sided long alkyl chains and used
solution-processed sol-gel HfO, thin films as ultra-thin gate
dielectrics to form a controllable OFET with self-assembled
monolayer films. In such OFET, each molecule is exposed to
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Figure 2. Strategies for regulating the performance of OFETs by different molecular designs of the conductive channel. (a) Molecular structures of two liquid
crystal oligothiophenes. (b) SEM image of the self-assembled microribbons with molecule 2. (c) Corresponding transfer characteristics of a single crystal device.
Reprinted with permission from Ref. [43], Copyright 2012 Wiley-VCH. (d) Single-crystal structure of C,P-benzo[b]benzo[4,5] thieno [2,3-d] thiophene. (c)
Schematic illustration of the nanocluster-involved nonclassical nucleation mechanism. (f) Free energy curves in different models vary with reaction coordinates.
Reprinted with permission from Ref. [44], Copyright 2019 Springer Nature. (g-i) Schematic and sensing mechanism of a FET with self-assembled monolayer.

Reprinted with permission from Ref. [45], Copyright 2015 Wiley-VCH.
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the air and can be in full contact with the surrounding
environment, which makes the device with a high detection
sensitivity.!

Furthermore, due to its low operating voltage and long-
term water resistance, it is an ideal device for chemical and
biological sensing and in-situ detection (Figures 2g—i). Overall,
these results provide a new path to achieve device application
performance through molecular engineering and self-assembly.

2.2. Molecules for Modification of the Conductive Channel

The electrode/semiconductor interface greatly affect the
performance of the devices.”*
electrode/semiconductor interface is complex, especially the

presence of dipoles at the interface on the side of organic

Charge injection at the

semiconductor affects the interface properties. Therefore,
optimizing the contact interface between electrode/organic
semiconductor layers and reducing the injection barrier
between them through the usage of molecules for modifying
the effect of different interfaces are the effective strategies to
improve the device performance.

Focusing on the integration of molecular functions into
OFETs, a photochromic spirothiopyran (SP) self-assembled
monolayer (SAM) is inserted into the electrode/semiconductor
interface (Figure 3a) to modify the conductive channel. Due to
the photoisomerization of SP molecules, the dipole moment of
SP-SAMs is reversibly changed, which can tune the work
function of Au electrodes. This leads to two different hole
injection barriers at the electrode/semiconductor interface,

(a)

Pentacence

Source (Au

which enables us to obtain a new type of OFET photodetector
with high photosensitivity."”

In addition, using a blend of solution-processed poly(3-
hexylthiophene) (P3HT)-spiropyran directly as the semi-
conductor layer in the OFET, a reversible photo-switching
function can be achieved (Figure 3b)." Under ultraviolet
(UV) irradiation, the conductance of the OFET gradually
changes from a low state to a high state. Upon exposure to
visible light, the reverse reaction occurs and the device returns
to the original drain current value (Figure 3c).

2.3. Molecules for Modification of the Dielectric Layer

In addition to organic semiconductor channels, for the
fabrication of high-quality functional OFETs, it is also
important to design dielectric layers with appropriate gate
characteristics to meet device requirements with desired
functions.

2.3.1. Surface Modification of the Dielectric Layer

For the organic semiconductor/dielectric interface, carriers are
generated and transport directly at the interface under the
action of the gate electric field, so this interface is particularly
important. Molecules can be used for surface modification of
dielectric layers to regulate the electric characteristics of
OFETs. For example, when the photochromic SP-SAM is
sandwiched between the semiconductor transport layer and the
gate dielectric layer to modify the surface of the dielectric layer,
the carrier density in the conductive channel can be reversibly

5555555455555 % P-closed
uv is - .
X isr-open
UVon Visible on

t ; o~ Photocurrent jump

[ I R N T |
0 200 400 600

Time (s)

Figure 3. Strategies for regulating OFET's by molecules used for modification of the conductive channel. (a) Schematic of the OFET architecture with Au
clectrodes modified by SP-SAMs. Reprinted with permission from Ref. [47], Copyright 2016 The Royal Socicty of Chemistry. (b) Schematic of a P3HT/SP
OFET. (c) Switching effect of the PAHT/SP OFET. Reprinted with permission from Ref. [48], Copyright 2012 The Royal Society of Chemistry.
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controlled by light irradiation (Figure 4a). The modulation of
channel conductance and accompanying threshold voltage
value can be used to implement the memory function.”” In
order to realize the non-volatile memory function in OFETs,
the dielectric layer is replaced with a photoactive hybrid bilayer
dielectric, which consists of a photochromic diarylethene
(DAE) SAM and an ultra-thin solution-processed hafnium
oxide layer (Figure 4b). The non-volatile memory function of
the device is programmed with optical signal and erased with
electric signal. During this process, it can produce a large
reversible threshold voltage shift. Moreover, the storage state
can be maintained for a period of time, and the OFET has
good capability of nondestructive signal processing.””

2.3.2. Internal Modification of the Dielectric Layer

Using molecules for internal modification of the dielectric
layer is another approach to regulate the electrical character-
istics of OFETs. We have fabricated an OFET with mirror-
image photo-switching characteristics thanks to its hybrid gate
dielectric layer formed with mixed photoactive materials. The
hybrid gate dielectric layer is composed of a buffer polymer
dielectric, polymethyl methacrylate (PMMA), and photores-
ponsivity titanium oxide (TiO,) nanoparticles (Figure 5a). A
detailed dynamic study indicates that the charge trapping/
detrapping processes can be performed reversibly on the
interface.’” When using a mixture of PMMA and SP as the

(a)

; —Si(CH;);NHCO(CH,);s—

(b)
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gate dielectric, the optical switching effect can also be realized
(Figure 5b)."” As the photoisomerization of SP, the dielectric
constant of the gate dielectric layer will change collectively due
to the large change in the dipole moment of each molecule.
This results in reversible photoelectric modulation of the
capacitance of the gate dielectric layer. Replacing the hybrid
gate dielectric material with SP-co-MMA copolymer (Fig-
ure 5¢) can achieve better mixing, so the optical response rate
of devices can be improved by nearly three orders of
magnitude.””’ Such devices with hybrid gate dielectric or
copolymer gate dielectric generally have good reversible optical
switching functions (Figure 5d).

2.4. Regulation of SWCNT/Graphene FETs

The approaches of controlling OFETs through interface
modifications as described above, especially introducing photo-
active molecules into the interface, are also applicable to
SWCNT or graphene-FET systems, where SWCNT or
graphene is used as a conductive channel for constructing
FETs. We have described the importance of conducting
channels in the previous section. Graphene and SWCNT
themselves have special characteristics, such as high inherent
sensitivity, high electrical conductivity, and high carrier
mobility.®*>" Due to these excellent properties, the FETs
using them as conductive channels show good performances.
Furthermore, both graphene and SWCNT have the simplest
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Figure 4. Strategies for regulating OFETs by molecules used for surface modification of the dielectric layer. (a) Schematic of an OFET sandwiched by SP SAMs
in the semiconductor/dielectric interface. Reprinted with permission from Ref. [49], Copyright 2011 American Chemical Society. (b) Schematic of an OFET
with a photoactive dielectric layer. Reprinted with permission from Ref. [50], Copyright 2015 American Chemical Society.
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Figure 5. Strategies for regulating OFETs by molecules used for internal modification of the dielectric layer. (a) Mechanism of the device with a TiO, hybrid
dielectric layer. Reprinted with permission from Ref. [51], Copyright 2010 American Chemical Society. (b) Schematic of the device with a hybrid dielectric
(PMMA + SP) layer. Reprinted with permission from Ref. [52], Copyright 2010 Wiley-VCH. (c) Schematic of the OFET with SP-co-MMA gate dielectrics.
Reprinted with permission from Ref. [53], Copyright 2015 Wiley-VCH. (d) The switching effect of this type of OFETs with hybrid or copolymer gate
dielectrics. Reprinted with permission from Ref. [52], Copyright 2010 Wiley-VCH.

chemical composition and atomic bond configuration in a 2D
manner, thereby maximizing the surface-to-volume ratio. Since
each carbon atom on the surface is fully exposed to the
environment, any slight changes in the environment may cause
the electrical properties of the SWCNT/graphene FETs to
change drastically, thus forming the basis for ultrasensitive
biosensing.”®*® In addition, through the regulation of inter-
face, external functions can be added to the devices.

The molecules labeled with photochromic head groups are
assembled to the surface of an individual SWCNT based FET
(Figures 6a and 56).”” Due to the exposed conductive channel
of SWCNT, the FET using semiconducting SWCNT as
conductive layer has electrostatic sensitive characteristics, so
that the conformational changes accompanying the molecular
dipole change of these molecules can be sensed. When
photoactive rotaxane molecules are used to modify graphene,
the mirror photo-switch and non-volatile memory functions
can be realized in the graphene FET (Figure 6¢).°* The
switching response behavior of the graphene device can be
assigned to binary logic, which realizes a basic computation in
the form of half adder and half subtractor.

In addition to the regulation of SWCNT/graphene-FET's
with photoactive molecules, the system can also be extended to
the regulation of SWCNT/graphene-FET by quantum dots.

The advantage of using quantum dots for regulation is that it

Chem. Rec. 2020, 20, 1-17

© 2020 The Chemical Society of Japan & Wiley-VCH GmbH

not only has electric field effects, but also has charge injection
effects. For example, the functional SWCNT FET coated with
photoactive TiO, quantum dots has been prepared through
microfabrication and molecular assisted assembly (Figure 7a),
which possesses mirror-image photo-switch effect. This effect
is due to the photo-induced charge separation at TiO,
quantum dots/SWCNT interface due to the matched energy
structure, where electrons are injected into SWCNT and holes
are left on the surface of the quantum dots. In this process, the
p-type/n-type semiconducting channels show a rapid and
significant current decrease/increase under UV irradiation, and
have excellent reversibility when the UV light is switched
off.”” Similarly, when PbS quantum dots are assembled to
graphene FET, the hybrid graphene FET become a reversible
photosensor with fine tunability (Figure 7b). This is because
when exposed to light, the light-induced free holes can be
effectively injected into the conductive channel, thereby
producing the light response characteristics opposite to the
TiO, system.

In addition, the additional effects of gas molecules are also
introduced into the system with modified quantum dots. In an
oxygen atmosphere, the ZnO quantum dots based SWCNT
FET shows a sensitive response to UV light irradiation. This is
because that the oxygen adsorbed on the surface of ZnO
quantum dots will be photo-desorbed by capturing the

Wiley Online Library 7
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Figure 6. Strategies for regulating SWCNT/graphene FETs with photoactive molecules. (a, b) SEM image and schematic representation of a SWCNT-FET
modified with photoactive molecule tagged with photochromic headgroups. Reprinted with permission from Ref. [57], Copyright 2005 American Chemical
Society. (c) Schematic representation of graphene transistors assembled with light-activated rotaxane. Reprinted with permission from Ref. [58], Copyright 2013

Wiley-VCH.
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Figure 7. Strategies for regulating SWCNT/graphene FETs by quantum
dots. (a) Mechanism of a photoswitching SWCNT FET with TiO,
nanoparticles. Reprinted with permission from Ref. [59], Copyright 2009
Wiley-VCH. (b) Schematic of graphene transistors decorated by PbS thin
films. Reprinted with permission from Ref. [60], Copyright 2012 Wiley-
VCH. () Mechanism of functionalizing the surface of SWCNTs FET with
ZnO nanoparticles. Reprinted with permission from Ref. [61], Copyright
2009 Wiley-VCH. (d) Schematic of a multifunctional TiO,/graphene hybrid
transistor exposed to specific gases. Reprinted with permission from Ref.

[62], Copyright 2016 Wiley-VCH.

photogenerated holes from the inside of quantum dots under
UV light (Figure 7c¢), and the accompanying carrier concen-
tration in SWCNT is changed. Therefore, the conductance of

Chem. Rec. 2020, 20, 1-17
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SWCNT FET with ZnO quantum dots can be regulated by
UV light." For TiO, quantum dots modified graphene FET
(Figure 7d), we achieve reasonable control over the carrier type
and concentration in conductive channel by further introduc-
ing the redox molecules and light stimulation at the same time
(Figure 7d). Upon exposure to specific gases, such as O, as an
electron acceptor or NH;/H, as an electron donor, the gas can
further regulate the photo-induced charges at TiO,/graphene
interface. Therefore, an all-mirror-image sensing ambipolar
graphene FET can be realized with controllable fast response
rate, high stability, and ultra-low detection limit for gases.[@]

3. Nanoscale OFETs Based on Carbon Electrodes

In recent years, carbon nanomaterials such as SWCNT and
graphene are particularly attractive because of their unique
advantages when used as nanoscale electrodes. They have the
simplest chemical composition, atomic bond configuration,
large surface area and good electrical conductivity. Especially,
both SWCNT and graphene are composed of carbon six-
membered rings with a work function of about 4.5-5.0 eV,
which is compatible with organic semiconductors. In compar-
ison with macroscale OFETs based on metal electrodes,
nanoscale OFETSs based on carbon electrodes have the similar
working mechanism. However, because of the precise prepara-
tion of the carbon nanomaterial electrodes, the nanoscale
OFETs have the characteristics that it can precisely control the

Wiley Online Library
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single-layer molecules of the semiconductor layer close to the
dielectric layer. By applying a gate electric field to the device,
the energy barrier between the molecular conductive channel
and the carbon electrodes can be adjusted to improve the
conductive characteristics of the device.

Among the carbon nanomaterials, SWCNTs are quasi-one-
dimensional ballistic conducting nanowires,” which have the
matched size with molecules, so high-quality contact between
SWCNT electrodes and molecules can be formed. Further-
more, SWCNTs can be considered to be formed by folding
graphene flakes into cylinders along certain lattice vectors,
which leads to their diversity in structure and structure-
property relationships.>* With different chirality, SWCNTs
can be divided into metal type (m) and semiconductor type
(s), which have quite different energy band structures and
corresponding electronic density of states (DOS). In general, s-
SWCNTs are selected when they are used as semiconductor
channels, and m-SWCNTs are used when they are required to
act as metal electrodes in FETs.

Graphene has a two-dimensional single atomic layer
structure, good conductivity, and high electron mobility up to
15000 cm®/v-s at room temperature, which is much larger than
the mobility of silicon crystals. Because of these advantages,
graphene is a promising electrode material for high-perform-
ance new-generation electronic components, such as FETs.
Compared with the metal electrodes for FETs, graphene has a
molecular structure similar to organic semiconductors, result-
ing in extremely strong interaction between organic semi-
conductor, which can induce self-assembly between molecules

and graphene electrodes through n-n interactions, forming a
good interface contact. Furthermore, the hole injection barrier
between graphene and organic semiconductor layer is lower.
Such excellent interface contact and reduced injection barrier
can improve the performance of molecular devices, such as
greater carrier mobility, higher device response speed, lower
power consumption, and enhanced on/off ratios.**¢*

3.1. Nanoscale OFETSs Based on SWCNT Electrodes

To form SWCNT point contact electrodes, single m-
SWCNTs connected with macro metal leads are cut through
electron beam lithography and selective oxygen plasma
oxidation etching to make gap less than 20 nm. Organic
semiconductor molecules are physically self-assembled to the
electrodes to form transistors with high efficiency current
modulation by gate electrodes.

Specifically, by using m-SWCNTs as source/drain electro-
des, the liquid crystalline material of tetra(dodecyloxy)hex-
abenzocoronenes (HBC) molecule can be stably connected
between the SWCNT electrodes in a self-assembly form
(Figure 8a). Since the size of these columnar nanostructures
exactly matches the diameter of the SWCNT electrodes, the
measurement of the photoconductivity of a single one-dimen-
sional liquid crystal cylindrical core is realized. The device is
very sensitive to environmental stimuli such as photons, so
ultra-sensitive photoelectric devices with optical response are
constructed.”” However, the molecular assembly achieved
directly using droplets is usually a messy multilayer. To further
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Figure 8. Examples of nano-FETs based on SWCNTs electrodes. (a) Schematic of modification of a FET with droplet HBC molecules. Reprinted with
permission from Ref. [37], Copyright 2009 The National Academy of Sciences of the USA. (b) Schematic of a FET with self-assembled HBC monolayers.
Reprinted with permission from Ref. [68], Copyright 2006 by The National Academy of Sciences of the USA. (c) Schematic of ultrasensitive monolayer
photodetectors with CuPc LB monolayer. Reprinted with permission from Ref. [69], Copyright 2011 The Royal Society of Chemistry.
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improve the quality of molecular assembly, we modified the
molecular assembly form by covalently assembly the molecules
onto the surface of the silicon wafer to form the molecular
monolayer of polycyclic aromatic hydrocarbons (Figure 8b).
When the polycyclic aromatic hydrocarbons monolayers are
connected into the nano-gaps of SWCNT contact electrodes,
their electrical properties can be measured. Because these
devices consist of a single molecule layer exposed to the
environment, their electrical properties change dramatically
when they are exposed to electron-deficient molecules such as
tetracyanoquinodimethane (TCNQ), forming the basis for a
© In addition, the

Langmuir-Blodgett (LB) assembly technique is also used to

new type of environmental sensors.

construct ordered molecular monolayers. Combining the
excellent photoconductive properties of phthalocyanine (Pc)
class compounds and the advantages of using SWCNT as
point contact electrodes, the devices based on high-perform-
ance LB assembled copper phthalocyanine (CuPc) as an
organic semiconductor monolayer show excellent ultra-sensi-
tive optical detection performance (Figure 8c). Under the low
bias voltage, the response coefficient of the CuPc photo-
detector is greater than 10° A/W, and the detection capability
is greater than 7x 10" cm Hz"?/W. Moreover, the devices

have high repeatability.”®”

3.2. Nanoscale OFETSs Based on Graphene Electrodes

To form graphene nanogap electrodes, high-quality single-layer
graphene sheet is first obtained on silicon substrate by
chemical vapor deposition and subsequent transfer or by
stripping techniques, and then covered with a polymethyl
methacrylate (PMMA) layer. With patterned PMMA mask
generated by electron beam lithography, graphene sheet is
locally cut by an oxygen plasma etching process to achieve
graphene contacts with nano-scale gap. Finally, organic semi-
conductor molecules are physically self-assembled between the
graphene nanogap electrodes.

High-performance photosensitive nanoscale transistors are
fabricated with the two-dimensional single-layer graphene
nanogap electrodes. The transistor with P3HT prepared by dip
coating as the functional semiconductor layer exhibits effective
current modulation and high on/off ratio (Figure 9a). Due to
the light response characteristics of P3HT, when the device is
intermittently exposed to visible light, the current changes
reversibly, and the calculated response rate of the device is as
high as 8.3 A/W."" However, the dip coating method is not
precise enough to control the molecular assembly, so we
propose to use copper phthalocyanine (CuPc) monolayer
assembled by Langmuir-Blodgett (LB) process as the func-
tional layer to form FET (Figure 9b). With the CuPc
monolayer molecular structure, a high-performance photo-
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Global Back-Gate

Figure 9. Examples of nano-FETs based on graphene electrodes. (a) Device
structure of a P3HT transistor made by dip-coating. Reprinted with
permission from Ref. [70], Copyright 2009 Wiley-VCH. (b) Device
structure of the transistor with a CuPc LB monolayer. Reprinted with

permission from Ref. [71], Copyright 2010 Wiley-VCH.

responsive molecular FET with higher carrier mobility, higher
on/off ratio and reliable reproducibility can be obtained.”"

4. Single-molecule FET's

With the rapid development of modern information technol-
ogy, there is an urgent need to develop electronic components
with smaller scale to promote the development of electronics
field. The ultimate goal is to construct electronic devices with
the molecular or even atomic size, hopefully by making single-
molecule/atom transistors.”* The field-effect function of
single-molecule transistors can be obtained by adjusting the
relative energy level positions between the molecular orbitals
and electrodes. There are two approaches to achieve this: one
is to shift the Fermi level of the electrodes, and the other is to
shift the energy level position of the molecular orbitals through
the gate electric field. In addition, the chemical or biological
interactions may cause the conformational changes of mole-
cules by which the energy level of molecules will be changed,
thereby realizing a generalized field-effect function. Therefore,
due to the molecular scale, rich diversity and designable
functions, single-molecule transistors form the basis of a new
class of chemical/biosensors with ultra-high sensitivity, which
can directly detect single-molecule events in natural samples
and monitor high-sensitivity biomolecular interactions in real
time. [23,24,72]

Unlike traditional macroscale OFET, single-molecule
transistors usually use carbon materials (SWCNT and
graphene, etc.) with molecular-scale nanogaps as electrodes.
Single functional molecules are chemically assembled into the
nanogap electrodes through stable amide bonds. Since the
molecule-carbon electrode connection is robust enough, the
prepared single-molecule devices are very stable.

4.1. Single-molecule FETs Based on SWCNT Electrodes

SWCNT electrodes with molecular scale nanogaps are
constructed through a specific local oxidation process. Due to
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strong oxidation, carboxyl groups are formed at both ends of
the SWCNT electrodes. Single molecule with amine terminal
groups on both sides is bridged to terminal carboxyl groups of
electrodes with forming amide bond connections through
dehydration reaction. These stable covalent bond connections
make the single-molecule junctions very stable. And this
chemical assembly allows the use of a variety of molecules to
bridge and introduce functions (Figures 10a—c)."’ In addition,
the conductivity of the molecular junctions can be optimized
and adjusted by matching the electronic energy level of the
molecule to the SWCNT electrodes with specific diameter and
chirality.

In the single-molecule FETS, a part of functional properties
mainly come from the s-SWCNT electrodes, whose conduc-
tance can be regulated by adjusting the diameter and chirality
of the SWCNTs. For this type of device, different molecules
including general organic molecules”’ and DNA molecules”
have been used for single-molecule junctions. (Figures 10d and
10e), and similar properties can be observed, such as field
effect switching. Specifically, when the molecule is successfully
assembled into the nano-gap electrodes, the drain current can
be regulated by the gate voltage. Meanwhile, the on/off ratio
curve is similar to that of the SWCNT electrodes (Figure 101),
which indicates that the field effect mainly comes from the
electrodes.™"

In addition to gate electric field regulation, the conduc-
tance of generalized FET's can also be regulated in other ways,
such as the stimulate of light, other physical, chemical or
biological interactions. This provides a platform for designing
new type of single-molecule FETs with extended applications.

(a) Oxygen plasma (b)
WIRMMANL " R

Therefore, specific molecules are designed to achieve general-
ized gate regulation. For example, through the protonation
and deprotonation of the polyaniline chain, the pH-adjusting
single-molecule junction has been successfully constructed
(Figure 11a)."Y When the bridging molecules are photoactive
molecules with photoisomerization function (such as diary-
lethene or spiropyran), their conductance can be turned on
and off by light (Figure 11b).”* Extending the concept of
generalized FET to biological systems, single-molecule devices
that can be used to locate nanostructures (such as nano-
particles) are realized (Figure 11¢).”” By bridging DNA
sequences decorated by amine groups at the ends of different
strands into SWCNT electrodes (Figure 10e), the electrical
properties of complementary and mismatched strands can be
measured, which indicates that the charge transport in DNA
double strands depends on m-stacking integrity of base-pair
duplex.” With understanding the charge transport character-
istics of DNA molecules, a single DNA aptamer is also bridged
to nano-gapped SWOCNT electrodes to construct single-
molecule junction, which can realize rapid, real-time single-
molecule sensitive monitoring. In this system, the interaction
of target protein thrombin and aptamer can be selectively and
reversibly detected (Figure 11d).7

4.2. Single-molecule FETs Based on Graphene Electrodes

Graphene is a zero-gap semimetal, which does not have
variable electronic properties as that of SWCNTs. Therefore,
single-molecule FET's based on graphene electrodes have more
uniform performance. Different from the graphene electrode

Auon Cr Auon Cr
8 um
SWCNT after cutting
(d) Howomod (8
R=4-dodecyloxybenzene - ) g ST R PR TR D [
e o8 STOATGICA TS O~ 12E petore cuting 3
Hoeg-lbaod r—— = sLater E
B et Bridging with both strands £ [connecton :
£ °F |
(0§ 3-TCATGT CAG TAG CGC-5' E after cutting ]
] 'S, Q 0 Rl s 0, (1] g
SOt i — bttt o1
AR A : " 8 4 0 4 8
3 10m Bridging with one strand Ve (V)

Figure 10. The regulation of single-molecule FETs based on nano-gapped SWCNT electrodes. (a—c) Preparation and AFM/SEM images of nano-gapped
SWCNT electrodes. (d, e) Structure of molecules for single-molecule assembly including general organic molecules and DNA molecules. (f) Gating characteristics
of a typical device. (a—d, f) Reprinted with permission from Ref. [41], Copyright 2006 American Association for the Advancement of Science. (e¢) Reprinted with

permission from Ref. [73], Copyright 2008 Springer Nature.
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Figure 11. Generalized single-molecule FETs based on SWCNT electrodes. (a) The design of a molecule with pH sensitivity. Reprinted with permission from
Ref. [41], Copyright 2006 American Association for the Advancement of Science. (b) Schematic of single-molecule junctions with a photo-isomeric diarylethene
molecule. Reprinted with permission from Ref. [74], Copyright 2007 American Chemical Society. (c) Schematic of single-molecule FETSs with scaffolding for
multiple assembly. Reprinted with permission from Ref. [75], Copyright 2007 American Chemical Society. (d) Device structure and sensing mechanism of a
single DNA aptamer junction. Reprinted with permission from Ref. [76], Copyright 2011 Wiley-VCH.

fabricating method of nanoscale OFETs, the graphene point
contact electrodes for single-molecule FETs are prepared by
using the dash-line lithography (DLL) method.”” Specifically,
the used graphene flakes are firstly prepared on silicon
substrate by chemical vapor deposition and further transfer
process or peeling-off techniques, and then spin-coated with a
polymethyl methacrylate (PMMA) layer. Then, a design CAD
file with 5 nm wide dashed line is used for electron beam
lithography to form an array with holes smaller 10 nm in the
PMMA mask layer (Figure 12). Through oxygen plasma
etching, carboxyl-terminated graphene point contact arrays
with a gap less than 10 nm was fabricated. The carboxyl
groups at the end of the graphene point contacts react with
assembled molecules with terminal amino groups to form
single-molecule junctions with high yield.

Since the traditional dielectric layer is difficult to be
extremely thin, it is difficult to apply the gate voltage to the
single molecular channel. Therefore, it is necessary to develop
new ways to adjust the current flowing through the assembled

Chem. Rec. 2020, 20, 1-17
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Oxygen plasma

Figure 12. Schematic representation of cutting graphene by DLL defined
oxygen plasma etching to form indented graphene point contact arrays
terminated by carboxyl groups. Reprinted with permission from Ref. [77],
Copyright 2012 Wiley-VCH.

single molecules between the source/drain electrodes through
the gate voltage. We propose using an ionic liquid gate to
apply the gate electric field to the single molecular channel of
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the device through the effective double-layer electrostatic field
induced by the gate voltage (Figures 13a and 13c). The
electrical double layer thickness of the ionic liquid gate is
about 0.75 nm, which can generate strong electrostatic field
within small gate voltage range, thus effectively regulating the
molecular energy levels (Figure 13b). Due to the low freezing
point of ionic liquid (- 180 K), continuous gate control can be
achieved over a large temperature range. This device overcomes
short-channel effect of traditional FETs and provides a reliable
platform for studying quantum transport laws related to
! Considering that the
molecule-electrode interface is also a key factor affecting the

molecular orbital energy levels.”

performance of single molecular FETs, the molecules are
designed to modulate the properties of single-molecule FETs
by interfacial coupling adjustment. Through molecular engi-
neering, different amounts of methylene were added between
the diketopyrrolopyrrole (DPP) functional center and the
anchor group (AMN-DPP, n=0-3) to control the interfacial
coupling between the molecular functional center and the
electrodes (Figures 13c and 13d). When there are 0 or 1
methylene groups, HOMO-pinning effect occurs in molecular
junctions; and when there are 2 or 3 methylene groups, there
is an ambipolar field effect across the devices.””

Generalized single-molecule FETs can also be realized by
directly designing functional molecules and further introduce
other ways such as light stimulation to adjust the conductance
of single-molecule junctions. For example, through molecular
engineering, a stable single-molecule junction can be formed
by covalently assembling single diarylethene molecule with
photoisomerization function to nano-gapped graphene electro-
des. This molecule is specially designed to introduce three
methylene groups between the diarylethene functional center

\
'HOMO!

—
HOMO |

and the terminal groups for adjusting the interfacial coupling
(Figure 14a). In this way, reversible photo-switching (Fig-
ure 14b) and a random switching at certain temperature range
can be realized for the single-molecule junction. This device
has unprecedented accuracy (on/off ratio ~ 100), stability (over
a year), and reproducibility for photo-switching (46 devices,
over 100 cycles) and random switching (10’ -~ 10° cycles).®
Besides the diarylethene system, azobenzene is also a feasible
chemical gate, which can effectively adjust the energy levels
and spatial electronic structures between cis and #ans
conformations. And the isomerization of azobenzene can be
used to implement conductance switching of single-molecule
junctions. One way is to bridge azobenzene molecule between
molecular-scale graphene point contacts (Figures 14c and
14d). Under light stimulation, reversible switching between
different conductance states is achieved.®" Another way is to
use azobenzene molecule as side group of bridge molecule
(Figure 14e). Then, a fully reversible dual-mode single-
molecule transistor is obtained (Figure 14f).1

5. Summary and Perspective

With the rapid development of molecular electronics, molec-
ular FETs have attracted much attention. Due to their
advantages such as low power consumption, high speed,
miniaturized and high integration, they have become potential
electronic components in the future. In this review, we have
given a detailed introduction to the development of molecular
FETs from macroscale to nanoscale and single molecule. We
describe the development of different fabrication techniques of
molecular devices through molecular design and assembly as

(c)

Gate
X X XX N N X X
(I’onic liquid (DEME'-TFSI')G

AMn-DPP (N = 0~3)

Figure 13. Ionic liquid gated single-molecule FET's based on graphene electrodes. (a, b) Schematic diagram and energy level structures of single-molecule FET's
with an ionic liquid gate. Reprinted with permission from Ref. [78], Copyright 2018 Wiley-VCH. (c) Schematic illustration of GMG-SMJs with an electrical
double layer of ionic liquids gating. (d) Molecular structures of AMn-DPP (n=0-3) with different numbers of methylene used as molecular spacers. Reprinted

with permission from Ref. [79], Copyright 2020 Wiley-VCH.
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Figure 14. Generalized single-molecule FETs based on graphene electrodes. (a) Schematic of a graphene-diarylethene-graphene junction. (b) Reversible photo-
switching of the diarylethene junction. Reprinted with permission from Ref. [80], Copyright 2016 American Association for the Advancement of Science. (c)
Structures of zrans and cis isomers of azobenzene. (d) Schematic representation of a junction with a bridged azobenzene. Reprinted with permission from Ref.
[81], Copyright 2013 Wiley-VCH. (e, f) Schematic representation of the junction with a side group of azobenzene and photo-switching characteristics. Reprinted

with permission from Ref. [82], Copyright 2019 Springer Nature.

well as carbon electrodes design, and emphasize the important
progress of molecule-based functional devices towards practical
applications. These demonstrations significantly enhance the
fundamental understanding of the correlation between molec-
ular structure, assembly, and function, thereby providing new
insights for the design of a new generation of practical
multifunctional optoelectronics and sensors. Moreover, the
regulation strategies of ionic liquid gate and other external
controls such as light stimulation are demonstrated. These
studies have promoted the basic research and application
development of molecular FETs.

Despite these significant achievements, future research still
faces great challenges, especially for single-molecule FETs. The
following fields need to be overcome and explored. First, new
processes need to be developed to fabricate stable and efficient
single-molecule devices to meet the requirements of single-
molecule FET construction and further integration in the
future. Then, more efficient ways of applying gate voltage to
single molecule need to be developed, especially solid-state
gate, to meet the research requirements of the device at low
temperature and to be compatible with current semiconductor
fabrication processes. In addition, molecular design is required
to further improve gate regulation, such as increasing the on/
off ratio of single-molecule FETs. Based on the constructed
devices, some basic scientific laws can be explored, such as
quantum transport of single molecules and chemical reaction
kinetic processes at the single-molecule level. At last, the
applications of single-molecule FETs need to be further
expanded, such as the construction of highly sensitive
chemical/biological sensors. We trust that molecular FETs

Chem. Rec. 2020, 20, 1-17
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have the bright future for creating practical multifunctional
integrated nanocircuits beyond Moore’s law.

Acknowledgements

We acknowledge primary financial supports from National
Key R&D Program of China (2017YFA0204901), NSEC
(21727806 and 21933001), NSFB (Z181100004418003) and
the Tencent Foundation through the EXPLORER PRIZE.

References

[1] C. Jia, Z. Lin, Y. Huang, X. Duan, Chem. Rev. 2019, 119,
9074-9135.

[2] R. M. Metzger, Chem. Rec. 2004, 4, 291-304.

[3] H.H. Choi, K. Cho, C.D. Frisbie, H. Sirringhaus, V.
Podzorov, Nat. Mater. 2018, 17, 2—7.

[4] M. M. Waldrop, Nature 2016, 530, 144-147.

[5] S. Fratini, M. Nikolka, A. Salleo, G. Schweicher, H. Sirring-
haus, Nat. Mater. 2020, 19, 491-502.

[6] D. Xiang, X. Wang, C. Jia, T. Lee, X. Guo, Chem. Rev. 2016,
116, 4318-4440.

[71 N. Xin, J. Guan, C. Zhou, X. Chen, C. Gu, Y. Li, M. A.
Ratner, A. Nitzan, J. F. Stoddart, X. Guo, Nat. Rev. Phys. 2019,
1, 211-230.

[8] E. Coronado, Nat. Rev. Mater. 2019, 5, 87—104.

[9] K. Geng, T. He, R. Liu, S. Dalapati, K. T. Tan, Z. Li, S. Tao,
Y. Gong, Q. Jiang, D. Jiang, Chem. Rev. 2020, 120, 8814—
8933.

Wiley Online Library 14


https://doi.org/10.1021/acs.chemrev.9b00164
https://doi.org/10.1021/acs.chemrev.9b00164
https://doi.org/10.1002/tcr.20015
https://doi.org/10.1038/nmat5035
https://doi.org/10.1038/530144a
https://doi.org/10.1038/s41563-020-0647-2
https://doi.org/10.1021/acs.chemrev.5b00680
https://doi.org/10.1021/acs.chemrev.5b00680
https://doi.org/10.1038/s42254-019-0022-x
https://doi.org/10.1038/s42254-019-0022-x
https://doi.org/10.1021/acs.chemrev.9b00550
https://doi.org/10.1021/acs.chemrev.9b00550

Personal Account

THE CHEMICAL RECORD

(10]
(11]
(12]
(13]
(14]
(15]
(16]
(17]
(18]

(19]

(20]

Chem. Rec. 2020, 20, 1-17

L.S. Xie, G. Skorupskii, M. Dinci, Chem. Rev. 2020, 120,
8536-8580.

J. Rivnay, S.C. Mannsfeld, C. E. Miller, A. Salleo, M. F.
Toney, Chem. Rev. 2012, 112, 5488-5519.

A. Vilan, D. Aswal, D. Cahen, Chem. Rev. 2017, 117, 4248—
4286.

C.A. Di, Y. Q. Liu, G. Yu, D. B. Zhu, Acc. Chem. Res. 2009,
42, 1573-1583.

C.F. Liu, X. Liu, W. Y. Lai, W. Huang, Adv. Mater. 2018, 30,
e1802466.

L. Torsi, M. Magliulo, K. Manoli, G. Palazzo, Chem. Soc. Rev.
2013, 42, 8612-8628.

H. Li, W. Shi, J. Song, H. J. Jang, J. Dailey, J. Yu, H. E. Katz,
Chem. Rev. 2019, 119, 3-35.

H. Chen, W. Zhang, M. Li, G. He, X. Guo, Chem. Rev. 2020,
120, 2879-2949.

M. L. Perrin, E. Burzuri, H. S. van der Zant, Chem. Soc. Rev.
2015, 44, 902-919.

C. C. Jia, M. Famili, M. Carlotti, Y. Liu, P. Q. Wang, I. M.
Grace, Z. Y. Feng, Y. L. Wang, Z. P. Zhao, M. N. Ding, X. Xu,
C. Wang, S.]J. Lee, Y. Huang, R. C. Chiechi, C.]. Lambert,
X. F. Duan, Sci. Adv. 2018, 4, eaat8237.

M. Famili, C. C. Jia, X. S. Liu, P. Q. Wang, I. M. Grace, J.
Guo, Y. Liu, Z. Y. Feng, Y. L. Wang, Z. P. Zhao, S. Decurtins,
R. Haner, Y. Huang, S.X. Liu, C.]. Lambert, X. F. Duan,
Chem 2019, 5, 474-484.

X. Guo, Adv. Mater. 2013, 25, 3397-3408.

G. He, J. Li, H. Ci, C. Qi, X. Guo, Angew. Chem. Int. Ed.
2016, 55, 9036-9040; Angew. Chem. 2016, 128, 9182-9186.

] Y. Li, C. Yang, X. Guo, Acc. Chem. Res. 2020, 53, 159-169.
] C. Gu, C. Jia, X. Guo, Small Methods 2017, 1, 1700071.
] F. Zhang, G. Qu, E. Mohammadi, J. Mei, Y. Diao, Adv. Funct.

Mater. 2017, 27, 1701117.

C. Jia, B. Ma, N. Xin, X. Guo, Acc. Chem. Res. 2015, 48,
2565-2575.

A. K. Feldman, M. L. Steigerwald, X. Guo, C. Nuckolls, Acc.
Chem. Res. 2008, 41, 1731-1741.

S. Liu, Q. Shen, Y. Cao, L. Gan, Z. Wang, M. L. Steigerwald,
X. Guo, Coord. Chem. Rev. 2010, 254, 1101-1116.

Y. Magnin, H. Amara, F. Ducastelle, A. Loiseau, C. Bichara,
Science 2018, 362, 212-215.

K.S. Novoselov, A. K. Geim, S.V. Morozov, D. Jiang, Y.
Zhang, S.V. Dubonos, 1. V. Grigorieva, A. A. Firsov, Science
2004, 306, 666—669.

K. S. Novoselov, V. L. Fal'ko, L. Colombo, P. R. Gellert, M. G.
Schwab, K. Kim, Nature 2012, 490, 192-200.

Y. Liu, Y. Huang, X. Duan, Nazture 2019, 567, 323-333.

Y. Cao, M. L. Steigerwald, C. Nuckolls, X. Guo, Adv. Mater.
2010, 22, 20-32.

M. Fahlman, S. Fabiano, V. Gueskine, D. Simon, M. Berggren,
X. Crispin, Nat. Rev. Mater. 2019, 4, 627-650.

H. Bronstein, C. B. Nielsen, B. C. Schroeder, I. McCulloch,
Nat. Rev. Chem. 2020, 4, 66-77.

X.]J. Jia, C. Fuentes-Hernandez, C.Y. Wang, Y. Park, B.
Kippelen, Sci. Adv. 2018, 4, eaao1705.

X. F. Guo, S. X. Xiao, M. Myers, Q. Miao, M. L. Steigerwald,
C. Nuckolls, Proc. Natl. Acad. Sci. USA 2009, 106, 691-696.

(38]

(39]

(41]

[53]

[54]

© 2020 The Chemical Society of Japan & Wiley-VCH GmbH

S. Casalini, C. A. Bortolotti, F. Leonardi, F. Biscarini, Chem.
Soc. Rev. 2017, 46, 40-71.

E. C.P. Smits, S. G.]J. Mathijssen, P. A. van Hal, S. Setayesh,
T.C.T. Geuns, K. A.H.A. Mutsaers, E. Cantatore, H.].
Wondergem, O. Werzer, R. Resel, M. Kemerink, S. Kirch-
meyer, A. M. Muzafarov, S.A. Ponomarenko, B. de Boer,
P. W. M. Blom, D. M. de Leeuw, Nature 2008, 455, 956-959.
T. Sekitani, T. Yokota, U. Zschieschang, H. Klauk, S. Bauer, K.
Takeuchi, M. Takamiya, T. Sakurai, T. Someya, Science 2009,
326, 1516-1519.

X. F. Guo, J. P. Small, J. E. Klare, Y. L. Wang, M. S. Purewal,
I. W. Tam, B. H. Hong, R. Caldwell, L. M. Huang, S. O'Brien,
J.M. Yan, R. Breslow, S.J. Wind, J. Hone, P. Kim, C.
Nuckolls, Science 2006, 311, 356-359.

L. Zhou, J. Mao, Y. Ren, S. T. Han, V. A. L. Roy, Y. Zhou,
Small 2018, 14, 1703126.

S. Dong, H. Zhang, L. Yang, M. Bai, Y. Yao, H. Chen, L. Gan,
T. Yang, H. Jiang, S. Hou, L. Wan, X. Guo, Adv. Mater. 2012,
24, 5576-5580.

H. Chen, M. Li, Z. Lu, X. Wang, J. Yang, Z. Wang, F. Zhang,
C. Gu, W. Zhang, Y. Sun, J. Sun, W. Zhu, X. Guo, Naz.
Commun. 2019, 10, 3872.

H. Chen, S. Dong, M. Bai, N. Cheng, H. Wang, M. Li, H.
Du, S. Hu, Y. Yang, T. Yang, F. Zhang, L. Gu, S. Meng, S.
Hou, X. Guo, Adv. Mater. 2015, 27, 2113-2120.

O. Dopfer, M. Fujii, Chem. Rev. 2016, 116, 5432-5463.

H. Zhang, H. Chen, W. Ma, J. Hui, S. Meng, W. Xu, D. Zhu,
X. Guo, J. Mater. Chem. C 2016, 4, 5289-5296.

Y. Li, H. Zhang, C. Qi, X. Guo, J. Mater. Chem. 2012, 22,
4261-4265.

H. Zhang, X. Guo, J. Hui, S. Hu, W. Xu, D. Zhu, Nano Lett.
2011, 71, 4939-4946.

H. Chen, N. Cheng, W. Ma, M. Li, S. Hu, L. Gu, S. Meng, X.
Guo, ACS Nano 2016, 10, 436—445.

Q. Shen, Y. Cao, S. Liu, L. Gan, J. Li, Z. Wang, J. Hui, X.
Guo, D. Xu, Z. Liu, /. Phys. Chem. Lett. 2010, 1, 1269-1276.
Q. Shen, L. Wang, S. Liu, Y. Cao, L. Gan, X. Guo, M. L.
Steigerwald, Z. Shuai, Z. Liu, C. Nuckolls, Adv. Matzer. 2010,
22, 3282-3287.

H. Zhang, J. Hui, H. Chen, J. Chen, W. Xu, Z. Shuai, D. Zhu,
X. Guo, Adv. Electron. Mater. 2015, 1, 1500159.

D. Akinwande, C. Huyghebaert, C. H. Wang, M. I. Serna, S.
Goossens, L.]J. Li, H.P. Wong, F. H.L. Koppens, Nature
2019, 573, 507-518.

L. M. Peng, Z.Y. Zhang, C. G. Qiu, Nat. Electron. 2019, 2,
499-505.

S. Liu, X. Guo, NPG Asia Mater. 2012, 4, e23—e23.

X. F. Guo, L. M. Huang, S. O'Brien, P. Kim, C. Nuckolls, /.
Am. Chem. Soc. 2005, 127, 15045-15047.

C. Jia, H. Li, J. Jiang, J. Wang, H. Chen, D. Cao, J.F.
Stoddart, X. Guo, Adv. Mater. 2013, 25, 6752—6759.

S. Liu, J. Li, Q. Shen, Y. Cao, X. Guo, G. Zhang, C. Feng, J.
Zhang, Z. Liu, M. L. Steigerwald, D. Xu, C. Nuckolls, Angew.
Chem. Int. Ed. 2009, 48, 4759-4762; Angew. Chem. 2009,
121, 4853-4856.

D. Zhang, L. Gan, Y. Cao, Q. Wang, L. Qi, X. Guo, Adv.
Mater. 2012, 24, 2715-2720.

Wiley Online Library 15


https://doi.org/10.1021/acs.chemrev.9b00766
https://doi.org/10.1021/acs.chemrev.9b00766
https://doi.org/10.1021/cr3001109
https://doi.org/10.1021/acs.chemrev.6b00595
https://doi.org/10.1021/acs.chemrev.6b00595
https://doi.org/10.1021/ar9000873
https://doi.org/10.1021/ar9000873
https://doi.org/10.1039/c3cs60127g
https://doi.org/10.1039/c3cs60127g
https://doi.org/10.1021/acs.chemrev.8b00016
https://doi.org/10.1021/acs.chemrev.9b00532
https://doi.org/10.1021/acs.chemrev.9b00532
https://doi.org/10.1039/C4CS00231H
https://doi.org/10.1039/C4CS00231H
https://doi.org/10.1126/sciadv.aat8237
https://doi.org/10.1016/j.chempr.2018.12.008
https://doi.org/10.1002/adma.201301219
https://doi.org/10.1002/anie.201603038
https://doi.org/10.1002/anie.201603038
https://doi.org/10.1002/ange.201603038
https://doi.org/10.1021/acs.accounts.9b00347
https://doi.org/10.1002/smtd.201700071
https://doi.org/10.1002/adfm.201701117
https://doi.org/10.1002/adfm.201701117
https://doi.org/10.1021/acs.accounts.5b00133
https://doi.org/10.1021/acs.accounts.5b00133
https://doi.org/10.1021/ar8000266
https://doi.org/10.1021/ar8000266
https://doi.org/10.1016/j.ccr.2009.11.007
https://doi.org/10.1126/science.aat6228
https://doi.org/10.1126/science.1102896
https://doi.org/10.1126/science.1102896
https://doi.org/10.1038/nature11458
https://doi.org/10.1038/s41586-019-1013-x
https://doi.org/10.1002/adma.200900504
https://doi.org/10.1002/adma.200900504
https://doi.org/10.1038/s41578-019-0127-y
https://doi.org/10.1038/s41570-019-0152-9
https://doi.org/10.1126/sciadv.aao1705
https://doi.org/10.1073/pnas.0807596106
https://doi.org/10.1039/C6CS00509H
https://doi.org/10.1039/C6CS00509H
https://doi.org/10.1038/nature07320
https://doi.org/10.1126/science.1179963
https://doi.org/10.1126/science.1179963
https://doi.org/10.1126/science.1120986
https://doi.org/10.1002/smll.201703126
https://doi.org/10.1002/adma.201202099
https://doi.org/10.1002/adma.201202099
https://doi.org/10.1002/adma.201405378
https://doi.org/10.1021/acs.chemrev.5b00610
https://doi.org/10.1039/C6TC00387G
https://doi.org/10.1039/C1JM14872A
https://doi.org/10.1039/C1JM14872A
https://doi.org/10.1021/nl2028798
https://doi.org/10.1021/nl2028798
https://doi.org/10.1021/acsnano.5b05313
https://doi.org/10.1021/jz100293z
https://doi.org/10.1002/adma.201000471
https://doi.org/10.1002/adma.201000471
https://doi.org/10.1002/aelm.201500159
https://doi.org/10.1038/s41586-019-1573-9
https://doi.org/10.1038/s41586-019-1573-9
https://doi.org/10.1038/s41928-019-0330-2
https://doi.org/10.1038/s41928-019-0330-2
https://doi.org/10.1038/am.2012.42
https://doi.org/10.1021/ja054335y
https://doi.org/10.1021/ja054335y
https://doi.org/10.1002/adma.201302393
https://doi.org/10.1002/anie.200901018
https://doi.org/10.1002/anie.200901018
https://doi.org/10.1002/ange.200901018
https://doi.org/10.1002/ange.200901018
https://doi.org/10.1002/adma.201104597
https://doi.org/10.1002/adma.201104597

Personal Account

THE CHEMICAL RECORD

(61]
(62]
(63]

(64]

Chem. Rec. 2020, 20, 1-17

S. Liu, J. Ye, Y. Cao, Q. Shen, Z. Liu, L. Qi, X. Guo, Small
2009, 5, 2371-2376.

C. Jia, Q. Wang, N. Xin, J. Zhou, Y. Gong, L. Li, Q. Sun, X.
Guo, Adv. Mater. Technol. 2016, 1, 1600067.

G. lannaccone, F. Bonaccorso, L. Colombo, G. Fiori, Nat.
Nanotechnol. 2018, 13, 183—191.

F. Yang, M. Wang, D. Zhang, J. Yang, M. Zheng, Y. Li, Chem.
Rev. 2020, 120, 2693-2758.

H. Feng, Z. Qian, Chem. Rec. 2018, 18, 491-505.

H. G. Yang, T.Y. Xue, F. Y. Li, W. T. Liu, Y. L. Song, Adv.
Mater. Technol. 2019, 4, 1800574.

H.J. Dai, Acc. Chem. Res. 2002, 35, 1035-1044.

X.F. Guo, M. Myers, S.X. Xiao, M. Lefenfeld, R. Steiner,
G.S. Tulevski, J.Y. Tang, ]J. Baumert, F. Leibfarth, J.T.
Yardley, M. L. Steigerwald, P. Kim, C. Nuckolls, Proc. Natl.
Acad. Sci. USA 2006, 103, 11452-11456.

S. Liu, Z. Wei, Y. Cao, L. Gan, Z. Wang, W. Xu, X. Guo, D.
Zhu, Chem. Sci. 2011, 2, 796-802.

Y. Cao, S. Liu, Q. Shen, K. Yan, P. Li, J. Xu, D. Yu, M. L.
Steigerwald, C. Nuckolls, Z. Liu, X. Guo, Adv. Funct. Mater.
2009, 19, 2743-2748.

Y. Cao, Z. Wei, S. Liu, L. Gan, X. Guo, W. Xu, M. L.
Steigerwald, Z. Liu, D. Zhu, Angew. Chem. Int. Ed. 2010, 49,
6319-6323; Angew. Chem. 2010, 122, 6463-6467.

M.Y. Zhao, Y. H. Chen, K. X. Wang, Z. X. Zhang, J. K. Streit,
J. A. Fagan, ]. S. Tang, M. Zheng, C. Y. Yang, Z. Zhu, W. Sun,
Science 2020, 368, 878-881.

X. Guo, A. A. Gorodetsky, J. Hone, J. K. Barton, C. Nuckolls,
Nat. Nanotechnol. 2008, 3, 163-167.

(74]
[75]

[76]

(77]

(81]

(82]

A. C. Whalley, M. L. Steigerwald, X. Guo, C. Nuckolls, /. Am.
Chem. Soc. 2007, 129, 12590-12591.

X. F. Guo, A. Whalley, J. E. Klare, L. M. Huang, S. OBrien,
M. Steigerwald, C. Nuckolls, Nano Lett. 2007, 7, 1119-1122.
S. Liu, X. Zhang, W. Luo, Z. Wang, X. Guo, M.L.
Steigerwald, X. Fang, Angew. Chem. Int. Ed. 2011, 50, 2496
2502; Angew. Chem. 2011, 123, 2544-2550.

Y. Cao, S. Dong, S. Liu, L. He, L. Gan, X. Yu, M. L.
Steigerwald, X. Wu, Z. Liu, X. Guo, Angew. Chem. Int. Ed.
2012, 51, 12228-12232; Angew. Chem. 2012, 124, 12394—
12398.

N. Xin, X. Li, C. Jia, Y. Gong, M. Li, S. Wang, G. Zhang, J.
Yang, X. Guo, Angew. Chem. Int. Ed. 2018, 57, 14026-14031.
N. Xin, X. Kong, Y. P. Zhang, C. Jia, L. Liu, Y. Gong, W.
Zhang, S. Wang, G. Zhang, H. L. Zhang, H. Guo, X. Guo,
Adv. Electron. Mater. 2020, 6, 1901237.

C. C. Jia, A. Migliore, N. Xin, S.Y. Huang, J. Y. Wang, Q.
Yang, S. P. Wang, H. L. Chen, D. M. Wang, B. Y. Feng, Z. R.
Liu, G. Y. Zhang, D. H. Qu, H. Tian, M. A. Ratner, H. Q. Xu,
A. Nitzan, X. E. Guo, Science 2016, 352, 1443-1445.

Y. Cao, S. Dong, S. Liu, Z. Liu, X. Guo, Angew. Chem. Int. Ed.
2013, 52, 3906-3910; Angew. Chem. 2013, 125, 3998-4002.
L. Meng, N. Xin, C. Hu, J. Wang, B. Gui, J. Shi, C. Wang, C.
Shen, G. Zhang, H. Guo, S. Meng, X. Guo, Nat. Commun.
2019, 10, 1450.

Manuscript received: September 11, 2020
Revised manuscript received: October 13, 2020
Version of record online: um 1, mumm

© 2020 The Chemical Society of Japan & Wiley-VCH GmbH

Wiley Online Library 16


https://doi.org/10.1002/smll.200900576
https://doi.org/10.1002/smll.200900576
https://doi.org/10.1002/admt.201600067
https://doi.org/10.1038/s41565-018-0082-6
https://doi.org/10.1038/s41565-018-0082-6
https://doi.org/10.1126/science.aaz7435
https://doi.org/10.1038/nnano.2008.4
https://doi.org/10.1021/ja073127y
https://doi.org/10.1021/ja073127y
https://doi.org/10.1021/nl070245a
https://doi.org/10.1002/anie.201006469
https://doi.org/10.1002/anie.201006469
https://doi.org/10.1002/ange.201006469
https://doi.org/10.1002/anie.201205607
https://doi.org/10.1002/anie.201205607
https://doi.org/10.1002/ange.201205607
https://doi.org/10.1002/ange.201205607
https://doi.org/10.1002/anie.201807465
https://doi.org/10.1002/aelm.201901237
https://doi.org/10.1126/science.aaf6298
https://doi.org/10.1002/anie.201208210
https://doi.org/10.1002/anie.201208210
https://doi.org/10.1002/ange.201208210

PERSONAL ACCOUNT

This personal account introduces our P. Li, Prof- C. Jia* Prof- X. Guo*
recent works in the construction and 117
performance of molecule-based FET's

from macroscale to nanoscale and even Molecule-Based Transistors: From

single molecule. Macroscale to Single Molecule

Nanoscale
FETs

Single molecule
FETs




