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1. Introduction

Molecular electronics that can produce functional electronic circuits using a

single molecule or molecular ensemble remains an attractive research field
because it not only represents an essential step toward realizing ultimate
electronic device scaling but may also expand our understanding of the
intrinsic quantum transports at the molecular level. Recently, in order to
overcome the difficulties inherent in the conventional approach to studying
molecular electronics and developing functional device applications, this field
has attempted to diversify the electrical characteristics and device
architectures using various types of heterogeneous structures in molecular
junctions. This review summarizes recent efforts devoted to functional
devices with molecular heterostructures. Diverse molecules and materials can
be combined and incorporated in such two- and three-terminal heterojunction
structures, to achieve desirable electronic functionalities. The heterojunction
structures, charge transport mechanisms, and possible strategies for
implementing electronic functions using various hetero unit materials are
presented sequentially. In addition, the applicability and merits of molecular
heterojunction structures, as well as the anticipated challenges associated
with their implementation in device applications are discussed and
summatrized. This review will contribute to a deeper understanding of charge
transport through molecular heterojunction, and it may pave the way toward
desirable electronic functionalities in molecular electronics applications.

Over the last half century, various types of
functional devices have been built using
semiconductor heterojunctions; these have
laid the groundwork for the development
of the modern electronics industry.'-%! An
electronic heterostructure is defined as a
junction of two materials with distinct en-
ergy bands in which the charge trans-
port properties can be effectively controlled
and improved under the influence of ex-
ternal electrical and optical sources, to
achieve desirable electronic functionality.
For example, a silicon diode can be con-
structed using a heterojunction of n- and p-
type Si.”l Diverse heterojunctions, includ-
ing Si/SiGe, Si/GaAs, and Si/InGaAs, have
also been developed; these exhibit high car-
rier mobility and low-power operation.[®-1]
In addition to this electronic application
range, modern solar cells, sensors, and
light-emitting diodes (LEDs) have been
extensively explored and proposed, based
upon various forms of heterojunctions
(composed of diverse emerging nanoma-
terials) as well as conventional semicon-
ductor heterostructures.l''-2°! Moreover, for
enhanced organic phototransistors (OPTs),
incorporating additional materials (e.g., col-
loidal quantum dots, surface plasmonic
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Figure 1. a) Diverse molecular homojunction platforms in (left) single-molecule based and (right) molecular-SAM (or bundle) based molecular junctions
under two-terminal and three-terminal device structures. Two-terminal single molecular junctions and molecular-SAM (or bundle) junctions based
on STM, and CP-AFM and nano- or micro via hole junction, respectively. Three-terminal single molecular junction platforms based on nanogap and
STM junction platforms. b) Diverse molecular heterojunction platforms in (left) single-molecule based and (right) molecular-SAM (or bundle) based
molecular junctions under two-terminal and three-terminal device structures consisting of (left bottom) various hetero units (e.g., organic, inorganic,
and 2D materials). Two-terminal single molecular junctions and molecular-SAM (or bundle) junctions based on cross plane break junction (XPBJ) and
STM, and CP-AFM and nano- or micro via hole junction platforms, respectively. Three-terminal single molecular junction based on graphene-nanogap.

nanomaterials, or perovskites) into the channel represents a well-
established method for enhancing photonic functionalities.[?12¢]

Similarly, the field of molecular electronics has recently at-
tempted to diversify the electrical characteristics and device ar-
chitectures of various types of molecular heterojunction, by ex-
ploiting a combination of molecules and other nano or organic
materials. Historically, molecular junction types, referred to as
molecular homojunctions, have been classified into two- and
three-terminal junctions with a single molecule or molecular
self-assembled monolayer (SAM) (i.e., bundle of molecules), as
shown in Figure 1a.?7%°l In fact, since two- and three-terminal
junctions are the main passive and active device architectures
in modern electronic goods, junction platforms for molecular

Adv. Sci. 2022, 9, 2202399

electronics have also been designed in these shapes. The two-
terminal molecular junction structure employs only a sub-1 nm
single molecule or molecular SAMs placed between the top and
bottom conductive electrodes (TE and BE, respectively); this fa-
cilitates a unique charge transport mechanism that primarily
depends upon the molecular structure itself and the contact
geometry (Figure 1a). For decades, numerous research groups
have fabricated two-terminal molecular homojunctions using
scanning tunneling microscopy (STM),[**** conducting probe
atomic force microscopy (CP-AFM)I*** and nano or micro via
hole patterning[*>->3] through metal evaporation. These junction
structures have been recognized as basic platforms for the char-
acterization of single molecule or molecular SAMs and their
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intrinsic quantum transport properties. Meanwhile, three-
terminal molecular junction structures employ a solid back gate
at the molecular nanogap junction (where a single molecule is
laterally connected at the nanogap) or an electrochemical gate
(through ionic liquid) to the side of the single molecular junc-
tions using STM (the left of Figure 1a).5*7) In this type of molec-
ular junction, the transport barriers between the single molecular
orbital level and Fermi level (E;) of the electrodes can be modu-
lated by applying a gate-induced electric field, thereby altering the
overall charge transport across the molecule.

Because both types of molecular junction allow for the use of
countless molecular structure variables and facilitate the ultimate
scale in high-density integration, this field has attracted consid-
erable attention for more than 50 years and has been extensively
investigated using a variety of functional molecular species and
junction structures. This endeavor has resulted in the realization
of a variety of electronic functions in these molecular junctions,
including diode,’®%1 memory,[®-%°] photoswitching,!%¢-°] ther-
moelectric effects,”*73] and field-effect transistors.>>’* How-
ever, these conventional types of molecular junctions suffer from
several challenges, including tailored electrical functionalities
and limited functional molecular components, operational sta-
bilities, and junction yields.”>7°! For example, various electri-
cal functions and high performance may be restricted because
charge transport is primarily determined by the energy levels
of the molecular species. Furthermore, the general design prin-
ciples for a molecular structure capable of exhibiting desirable
electrical characteristics have not yet been concretely established,
which could limit the applicability of molecular junctions. Electri-
cal stability has also been a longstanding issue for these types of
molecular-scale junctions, because of their extremely low junc-
tion yield and high levels of operational unreliability and ther-
mal fluctuation.l”>7°! In particular, the charge transport current
in typical two- and three-terminal molecular junctions varies sig-
nificantly, despite minor variations in the contact geometry and
surface morphology; this limits their utility as reliable electrical
device units beyond charge transport studies.®-#1 Consequently,
developing a novel strategy and methods for overcoming these is-
sues has emerged as the primary challenge in this field.

Recently, with the development of fabrication technology and
well-tailored nanomaterial synthesis, molecular junction archi-
tectures designed to tackle these issues have been suggested and
are becoming more diverse. Among these recent advances, var-
ious molecular heterojunctions in the two- and three-terminal
forms have been reported (Figure 1b). Numerous attempts have
been made to implement molecular heterostructures for novel
electrical functionalities, operational stability, and tunability,
thereby expanding their applicability.#*#] Essentially, a molec-
ular heterojunction is composed of molecules and hetero units
such as 2D or 3D semiconductors or nanomaterials; this facili-
tates the tailoring of various electronic functions and operational
stabilities that are extremely difficult to achieve when using only
molecules. In particular, 2D or 3D semiconductors with a certain
bandgap structure can align hetero energy bands with a molecu-
lar band structure, thereby changing the charge transport path-
ways according to the electrical and junction variables.[**¢! This
could lead to a diversity of electronic functionalities in the molec-
ular heterojunction form, as well as a well-established junction
structure that can be stably operated.
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Several progress reviews in the field of molecular electronics
have been reported in terms of device platform, yield, and electri-
cal functionalities.[?7-2%97-19] For example, Xiang et al. provided
an overview of molecular junctions at the level of the device plat-
form and charge transport phenomena.l?’”} Various molecular
junction platforms and theoretical simulations were described
in detail. Thereafter, they introduced the concept of integrating
molecular functionalities into electronic circuits such as diodes,
transistors, memory, and sensors. Jeong et al. presented various
device platforms for high-yield molecular junctions and their
functionalities; here, distinctive electronic functionalities orig-
inated from the molecular structure and contact properties.?]
They discussed an interlayer strategy and distinctive device
fabrication procedure for high-yield molecular devices. Lu et al.
reviewed various micro/nanofabrication strategies for creating
molecular junctions with a single molecule that enables desirable
functionality.'®l They discussed the difficulties and opportuni-
ties associated with the fabrication of single molecular devices.
Lastly, Xie et al. presented various single molecular junction
platforms for monitoring and manipulating the physical and
chemical behavior of molecular components.!'% They presented
a summary of various dynamic investigations conducted at
single-molecular scale and discussed the open issues in this
field. All of these reviews, however, have mainly addressed
the traditional molecular junction structures (in this review,
we refer to them as molecular homojunction systems) based
on the metal-molecule-metal junction type first proposed by
Aviram and Ratner in 1974.1%] In contrast to previous reviews,
we discuss recent advances made in efforts to develop a wide
spectrum of heterogeneous structures in molecular junctions,
as well as their prospects and applicability. In particular, various
types of two- and three-terminal molecular heterojunction struc-
tures and their novel electrical characteristics, along with their
charge transport mechanisms are presented sequentially. In
addition, the potential applicability and merits of molecular het-
erojunction structures, as well as the anticipated challenges and
issues associated with their implementation in electronic device
applications are discussed and summarized. This review departs
from previous reviews in this field in terms of addressing hetero-
geneous structures in molecular junctions and their potential,
and also offers a fresh perspective on how to advance this field
further.

The remainder of this paper is organized as follows. After the
introduction (Section 1), the molecular heterojunctions in two-
terminal devices are discussed, along with their functionalities
(Section 2). Various types of molecular heterojunctions are intro-
duced (according to the constituents of the molecular heterojunc-
tion systems): molecule-organic heterostructures (Section 2.1),
molecule-inorganic heterostructures (Section 2.2), and molecule-
2D semiconductor heterostructures (Section 2.3). In addition, as
novel types of molecular transistors, three-terminal lateral and
vertical molecular-graphene heterojunction configurations em-
ploying a single and bundle of molecules are introduced and dis-
cussed. (Section 3). Finally, the merits of the molecular hetero-
junction structures, as well as the anticipated challenges and is-
sues associated with their implementation (which are critical to
the success of next-generation electronic devices for practical ap-
plications) are discussed (Section 4); this is followed by a brief
conclusion (Section 5).
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2. Two-Terminal Molecular Heterojunctions

In Section 2, we discuss various two-terminal molecular het-
erojunction structures and the potential transport mechanisms
that govern those systems. Two-terminal molecular heterojunc-
tions are composed of heterostructured molecules and 2D or 3D
semiconductors or nanomaterials.®*] The heterostructure is
sandwiched vertically between the top and bottom electrodes. Di-
verse two-terminal molecular heterojunctions have been investi-
gated using STM,[°2% atomic force microscopy (AFM),[**¢ and
microscale via hole techniques.!®°!! In these junctions, by in-
corporating 2D transition metal dichalcogenides (TMDs) or 3D
(organic, Si, or Ge) semiconductors, various hetero band align-
ments can be made; these can activate different charge transport
pathways, depending on the molecular or semiconductor energy
band structures, the molecular dipole moments and their direc-
tions, and the voltage polarities. In addition, by incorporating a
functional nanomaterial (e.g., a conducting organic polymer or
doped (undoped) graphene), the device stability, yield, and junc-
tion transparency can be significantly increased; the last of these
allows the device to be used as a molecular photoswitching junc-
tion platform.

2.1. Molecule-Organic Heterostructures

When molecular SAMs are formed on a metal electrode (Au,
Pt, Ag, or Cu), their permanent dipole moment can modify
the metal work function (®,,) by varying the interfacial poten-
tial drop.°®91106-114] @, can be increased or decreased accord-
ing to the directions of the molecular dipole moment, and its
magnitude is determined by the difference in electronegativ-
ity between the metal-SAM interface and molecular backbone
structure.[1%111] Furthermore, the pinning effect at the Fermi
level is alleviated because the SAM-modified metal electrode
has an almost dangling-bond-free interface.'%*1%7] And, the non-
covalent or physical contact can be formed between molecules
and organic semiconductor. Because of this effect, the interfa-
cial transport barrier in the molecule-organic semiconductor het-
erostructure can be determined by the offset between the Fermi
level of the SAM-modified metal and the conduction (or valence)
band of the subsequent organic layer. In this sense, this junction
structure creates an asymmetric hetero-band alignment, facili-
tating the enhancement of rectifying features or optoelectronic
properties via the selective blocking of electrons or holes. This
method has frequently been employed to enhance the electrical
properties of organic semiconductor devices. 1711111371151 How.-
ever, the molecular SAMs have only been used for interfacial bar-
rier modulation, to improve the electrical performance of the or-
ganic electronic device; furthermore, the junction size is much
larger than the molecular scale. Nevertheless, this strategy could
offer a promising method and technological ground for imple-
menting and understanding a functional molecular-scale hetero-
junction, as will be discussed later.

Ford et al. reported two-terminal molecule-organic semicon-
ductor heterojunctions and their electrical characteristics with
respect to different molecular SAM species.®”] They used a p-
type organic semiconductor, poly(3-hexylthiophene) (P3HT). Sev-
eral dithiocarbamate (DTC)- and thiol-based molecular species
were used, as shown in Figure 2a. They demonstrated that
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these molecular SAMs layers featuring highly robust dipoles and
chemically bonded interfaces were capable of shifting the work
function (®) of Au and Ag to ~3.2 eV, as shown in Figure 2b. They
investigated the modified ® values by molecular SAMs based
on low kinetic energy photoemission threshold (secondary pho-
toemission cutoff) in the ultraviolet photoelectron spectroscopy
(UPS). Depending on the z-direction magnitude of the molecu-
lar dipole moment (u,), ® can be tuned over the range of 1.6 eV.
A linear dependence of ®@ on u, was also observed. To investi-
gate the effect of the molecular SAMs and their dipoles on the
device performance, electrical measurements of Au/molecular
SAMs/P3HT/Au heterojunctions were performed (Figure 2c,d).
Note that the molecular SAMs can be easily formed by chem-
ical bonding between Au and sulfur atoms. Since the P3HT is
known to form crystals with the z-stacking direction in the plane
of the coated film and has a specific and small dipole moment,
it is highly probable that the interactions between the SAMs and
P3HT are the dipole—dipole interactions with van der Waals force.
As shown in Figure 2d, the Au/DTC-1/P3HT/Au heterojunction
(red) had a much higher rectification ratio (RR) (of #2 X 10%) com-
pared to the Au/P3HT/Au junction (black) (RR = 1) (at 3 V).
However, in the Au/C8/P3HT/Au heterojunction (blue), the rec-
tifying feature was not observed, though the current density (J)
was approximately one order of magnitude lower than that of
the Au/P3HT/Au junction (green). In the Al/P3HT/Au junction
(green), the RR was found to be ~2 x 10* and | was lower by
three orders of magnitude compared to the Au/P3HT/Au junc-
tion. These findings can be explained on the basis of the fol-
lowing two considerations: 1) the effect of the molecular tun-
neling barrier and 2) the effect of the asymmetric hetero-energy
level alignments at both contacts on the transport conduction.
First, the attenuation of | was primarily associated with the pres-
ence of molecular SAMs sandwiched between the Au and P3HT.
The DTC-1 and C8 molecules formed a tunneling barrier at the
Au/P3HT interface, resulting in a decrease in J, as shown in
Figure 2d.['!%) In the case of the Al/P3HT/Au junction, the na-
tive oxide on the Al surface (AlO,) (with a thickness of ~#3 nm)
caused a reduction in J.'7) Second, the effect arising from the
asymmetric hetero-energy level alignment in the junction can
be considered. Figures 2e,f show the hetero-energy band dia-
grams for the Au/C8/P3HT/Au and Au/DTC-1/P3HT/Au hetero-
junctions, respectively. The Au/C8/P3HT/Au junction had sim-
ilar interfacial hole barriers because of the pinning effect (fixed
at 0.6 eV height) between the Au and P3HT.''®] This results in
symmetrical electrical characteristics. However, for the Au/DTC-
1/P3HT/Au junction, the DTC-1 monolayer can tune the work
function of Au to 3.2 eV, closer to the lowest unoccupied molec-
ular orbital (LUMO) level of P3HT. As a result, this junction es-
tablishes different contact barriers between the two interfaces,
which rectifies the electrical properties (Figure 2d,f).

Another example of molecule-organic heterostructures has
also been found in organic photovoltaic device applications.
Lin et al. reported organic photovoltaic (OPV) devices using
2PACz (where 2PACz is [2-(9H-Carbazol-9-yl)ethyl]phosphonic
acid) molecules as a hole-selective transport layer (HTL) func-
tionalized directly onto an indium tin oxide (ITO) anode (Fig-
ure 3a).°! Subsequently, PM6:N3 was spin-coated on 2PACz
molecular SAM, which could form a van der Waals contact be-
tween them. They demonstrated that the work function of the
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Figure 2. a) Molecular structures of the investigated DTC (red) and thiolate (blue) derivatives. b) Dependence of the work function @ (from UV pho-
toelectron spectroscopy (UPS) measurements) on the dipole moment u, (from density functional theory calculations) for the nine DTC derivatives
investigated in this study. The inset shows the graph for thiolate monolayers. As a reference, relevant values of ® for commonly used metals and alloys

are shown on the right ordinate. c) Diode characteristics in junctions implementing the Au/DTC-1/P3HT/Au structure (the layer structure is shown in

the upper right inset). In the left inset, J-V characteristics from the Al/P3HT/Au structure are presented for comparison. The standard deviation of J (at

+3 V) from the mean is 2% for Au/DTC-1/P3HT/Au junctions and 2% for Al/P3HT/Au junctions. The lower inset shows the crossbar structure mounted

on a chip carrier. d) Semilog plot showing the averaged J-V curves for Au/SAM/P3HT/Au and Al/P3HT/Au junctions, as well as for Au/P3HT/Au refer-

ence junctions (black data points). Energy band diagram illustrating the band alignment in e) Au/C8/P3HT/Au and f) Au/DTC-1/P3HT/Au junctions,

as obtained from UPS measurements. Reproduced with permission.!??l Copyright 2014, American Chemical Society.
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Figure 3. a) Chemical structure of 2PACz and schematic illustration of the ITO-2PACz electrode (left), as well as a schematic of the standard cell
architectures employed. b) Work function of ITO, ITO-2PACz, ITO/PEDOT:PSS, and HOMO level of PM6 measured via photoelectron spectroscopy in
air (PESA) technique. c) Dark current through a hole-only device based on ITO, 2PACz, and PEDOT:PSS. The inset shows the schematic of the hole-only
cell’s architecture. d) J-V curves of PM6:N3 solar cells based on ITO, ITO-2PACz, and ITO/PEDOT:PSS. e) Light intensity dependence of V¢ for the
same cells. Reproduced with permission.[*'l Copyright 2020, American Chemical Society.

2PACz-functionalized ITO electrode (—5.45 eV) was significantly
deeper than that of the bare ITO (—4.86 eV) and ITO/PEDOT:PSS
(=5.15 eV) electrodes, owing to the molecular dipole moment
(Figure 3b). They used photoelectron spectroscopy in air (PESA)
to verify the work function of ITO electrode before and after
2PACz functionalization. In their result, the hole-injection bar-
rier at the interface of the PM6 organic layer was negligible,
resulting in symmetric J-voltage (V) characteristics in the for-
ward and reverse bias regions (Figure 3c). The representative
J-V characteristics for all three OPV devices using ITO, ITO-
2PACz, and ITO/PEDOT:PSS are shown in Figure 3d. Remark-
ably, when 2PACz SAM was used as HTL, the power conver-
sion efficiency (PCE) of 16.6%, the short-circuit current (J5¢) of
26.53 mA cm™?, fill factor (FF) of 74.5%, and series resistance
(R,) of 2.47 Q cm? were improved compared to the bare ITO
junction and ITO-PEDOT:PSS junction. This is because the ITO-
2PACz electrode had a lower interface resistance than the ITO or
ITO/PEDOT:PSS electrodes, resulting in a greater FF and over-
all PCE. Figure 3e shows the dependence of the open-circuit
potential (V) on the light intensity for the ITO, ITO-2PACz,
and ITO/PEDOT:PSS electrodes. The slope of ITO-2PACz elec-
trode showed 1.04 kT/q, significantly lower than that for the ITO
electrode and the ITO/PEDOT:PSS electrode. A larger slope in-
dicates that trap-assisted recombination was significantly more
involved."® Therefore, ITO-2PACz-based OPV devices can re-
duce trap-assisted recombination, leading to higher PCE and
longer carrier lifetimes. Thus, the functionalization of 2APCz
onto ITO can improve the functionality and stability of OPV de-
vices by engineering the interface between the ITO and PM6 or-
ganic layers.

Adv. Sci. 2022, 9, 2202399

Organic polymers such as PEDOT:PSS have been utilized
as units of molecular-organic heterostructures for high yields
of molecular junctions.[®8486120-124] Tp this junction struc-
ture, molecular SAMs and metal form covalent bonds through
a chemical anchoring group, whereas molecular SAMs and
PEDOT:PSS form non-covalent bonds through van der Waals
force. Akkerman et al. first suggested a molecule-PEDOT:PSS
heterostructure in molecular junctions.®* Not only did in-
terfacial PEDOT:PSS serve as a conductive electrode, it also
prevented top metal penetration through the partially defective
molecular SAMs layer, which can form a metallic filament.
Based on this strategy, they demonstrated a reliable solid-state
molecular device with >95% vyield (Figure 4a). Note that a
typical molecular junction formed with Au/molecule/Au has
a <2% device yield. Various alkanedithiol molecular species
were used for the molecular SAMs, including octanedithiol
(denoted as HS-CgH;—SH), octanedithiol (HS-C,,H,,—SH),
dodecanedithiol (HS-C,H,,—SH), and tetradecanedithiol
(HS-C,,H,4—SH). Figure 4b shows very stable ]-V non-resonant
tunneling curves for all molecular junctions with the interfacial
PEDOT:PSS layer; this is also consistent with previous experi-
mental and theoretical expectations. It was also found that these
tunneling transports were maintained regardless of the number
of scans or junction diameters for 75 days, as shown in Fig-
ure 4c. Furthermore, this molecular heterostructure containing
PEDOT: PSS can be fabricated on a flexible substrate, which can
be extended to implement a solid-state flexible molecular junc-
tion. Park et al. first developed Au/alkanethiol/PEDOT:PSS/Au
junctions on a polyimide (PI) flexible substrate for use in
flexible molecular-scale electronic devices (Figure 4d).%] They
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Figure 4. a) Completed molecular junction composed of Au/PEDOT:PSS/SAM/Au molecular heterojunctions. b) The error bars give the standard devia-
tion upon averaging over at least 17 devices. Inset, J (on a log scale) at 0.1, 0.3, and 0.5 V biases as a function of the molecular length. This indicates that
the transport is achieved by through-bond tunneling. c) I-V characteristics of molecular junctions based on dodecane dithiol with diameters of 40 um
(squares) and 80 um (triangles), as measured both directly after processing (blue) and after storing under ambient conditions for 75 days (red). The inset
shows three |-V measurements out of 100 consecutive sweeps of a molecular junction stored under ambient conditions for 75 days with diameters of
40 um (squares) and 80 um (triangles). Reproduced with permission.[4] Copyright 2006, Nature Publishing Group. d) Schematics of a flexible molecular
device. The layers (from bottom to top) are as follows: flexible substrate, bottom gold/titanium electrode, molecular layer or photoresist (PR) (for electri-
cal isolation), PEDOT:PSS layer, and top gold electrode. Optical images and schematic diagrams of e) the tensile and f) compressive substrates. J values
of the C12 devices at five different voltages as a function of d (bottom axis) and r (top axis) under e) tensile and f) compressive bending. Reproduced
with permission.[83] Copyright 2012, Nature Publishing Group. g) Completed diarylethene molecular devices on a flexible substrate (Pl substrate) and
the chemical structures of the diarylethene molecules, which can be converted from an open (low conductance) state to a closed (high conductance)
state via exposure to UV and visible light, respectively. h) J-V curves for the closed and open state diarylethene molecular devices on a flexible substrate
under flat conditions. i) J values measured at 0.8 V for closed and open states under flat substrate condition (bending radius = o) and different bending
conditions (bending radii = 10, 5, and 1 mm). Inset photos show the molecular devices under different bending radius configurations. Reproduced with

permission.[2¢] Copyright 2014, Wiley-VCH.

demonstrated that the ] values remained approximately constant
during both tensile and compressive bending (Figure 4e,f). This
indicates that the molecule-PEDOT:PSS heterojunction can ex-
hibit excellent operational stability and durability under various
deformation conditions. Using the same junction platform,
Kim et al. reported a flexible molecular photoswitching junction
using diarylethene molecular SAMs (Figure 4g).[#°) Diarylethene
molecules can have two conductance states (high or low conduc-

Adv. Sci. 2022, 9, 2202399

tance); these are controlled by exposure to the UV or visible light
(bottom of Figure 4g) that can pass the PEDOT:PSS. The J-V
characteristics of diarylethene molecular devices in the open and
closed states are shown in Figure 4h, where the closed state has
a higher J than the open state. This is because when the open
state of diarylethene is exposed to UV light, the central ring of
the molecular structure is closed, leading to activation of the
transport pathway along the z-conjugated molecular structure.

2202399 (7 of 31)  © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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In contrast, when the closed state of diarylethene is exposed to
visible light, the z-conjugation of the current path is broken,
leading to a decrease in | (Figure 4g). In this system, light passes
through the thin Au/PEDOT:PSS layers and approaches the
molecules. Similar to the results shown in Figure 4e.f, the |
(V = 0.8 V) values of both the open and closed states could be
retained without any deterioration, depending on the bending
radii (Figure 4i).

From the perspective of electronic and optoelectronic organic
device applications, molecular SAMs can be adopted to tune
the interfacial transport barrier in the device architecture. The
molecule-organic semiconductor heterojunction can establish
asymmetric (or symmetric) band alignments and improve elec-
trical characteristics. In particular, the molecule-PEDOT:PSS
heterojunctions can significantly improve the yield of molecu-
lar electronic devices with excellent operational stability, repro-
ducibility, and reliability. Moreover, this heterojunction can be
useful for designing flexible molecular photoswitching electronic
devices. Consequently, the molecular junctions combined with
organic semiconductors or organic conductor can not only aid
in fabrication of reliable solid-state molecular heterojunctions,
but also to enhance our understanding of the charge transport
through molecular layer due to the reproducible electrical char-
acteristics observed.

2.2. Molecule-Inorganic Heterostructures

When molecular SAMs are directly formed on an inorganic 3D
semiconductor (Si or GaAs), the depletion region at the hetero-
junction interface can be largely varied in response to the po-
larity of the applied voltage.[86:°293125-129] I this heterostructure,
larger charge carriers flow in one direction, enhancing the recti-
fying characteristics. Furthermore, when a semiconductor with
a direct band gap is irradiated with light of an appropriate wave-
length, electrons and holes are generated separately in the con-
duction and valence bands, respectively.”®! This photogenerated
electron-hole pair can be separated across the direction of band
bending in the semiconductor (owing to the molecular dipole
moment), even when the voltage is not applied. This strategy can
improve the photo-response electrical characteristics.

For example, Aragoneés et al. reported electrical charge trans-
port in a two-terminal single molecule-Si heterojunction us-
ing a scanning tunneling microscopy break-junction (STM-BJ)
approach.?l They formed 1,8-nonadiyne SAMs with highly or-
dered structures on n-type Si surfaces via a hydrosilylation
reaction.['30-132] The 1,8-nonadiyne SAMs on the n-type Si sur-
face could inhibit surface oxidation and make stable chemical
bonding with the Au STM tip, resulting in the formation of an
n-type Si-1,8-nonadiyne/Au junction (i.e., forming single molec-
ular heterojunction) (Figure 5a). To verify the highly ordered
molecular structure on n-type Si surface, they conducted the
X-ray photoelectron spectroscopy (XPS) measurement and con-
firmed that there is no silicon oxide or sub-oxides, and pres-
ence of C 1s signals corresponding to -C=C- groups and sily-
ated olefin (Si-C=C). This indicates that the molecular SAMs on
Si substrate was chemically well-formed. They used the blink-
ing approach to produce mechanically stable heterojunctions, in
which an initial set-point tunneling current was delivered under
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a fixed bias voltage, whereas the Au STM tip approached the 1,8-
nonadiyne terminated n-type Si surfaces (Figure 5a,b). Based on
this junction, -V characteristics were investigated using highly
n-doped Si (denoted as n-Si,;p) and low n-doped Si (denoted as
n-Si;p) in the absence of light. In the n-Si;;-1,8-nonadiyne/Au
junction, when a negative bias was applied to the n-Siy, surface,
electrons accumulated in the space charge region (SCR) (Fig-
ure 5¢, left panel). In this case, electrons can flow through the
transport barrier, which is primarily determined by the molecular
tunneling barrier. Conversely, when a positive bias was applied,
the SCR decreased to ~#1 nm (depletion region). In this case, the
transport barrier is determined by both the molecular tunneling
barrier and SCR width. (Figure 5c, central panel). Nevertheless,
the [-V characteristics were slightly asymmetric because the ef-
fect of the 1 nm-SCR and its band bending was limited in terms
of affecting on the overall charge transport. In contrast, in the
n-Si; p-1,8-nonadiyne/Au junction, the SCR increased to ~1 um
when a positive bias was applied. This thicker SCR can suppress
the transport current from the Au tip; as a result, they achieved
a large asymmetry and rectifying characteristics, with an RR of
~4000 (at +1.5 V) (Figure 5¢, right panel). Note that the junction
without 1,8-nonadiyne SAMs showed random and unpredictable
rectifying characteristics, regardless of the doping level of the Si
substrate. Therefore, the two-terminal molecule Si (n-Si;) het-
erojunction structure could attain very high and reproducible rec-
tifying [-V characteristics.

In addition, molecule-inorganic semiconductor heterostruc-
tures can be employed to improve the electrical characteristics
of the photoresponse. Vezzoli et al. designed a photodiode het-
erojunction consisting of molecular SAMs and GaAs, using the
STM-BJ approach.[®*] They formed SAMs of 1,5-pentanedithiol
(PDT) and 1,4-phenylene(dimethanethiol) (1Ph1) with highly or-
dered structures on n-type GaAs surfaces, and chemical bond-
ing can be formed by Au-STM tip-S bonding (Figure 6a). Note
that they also used different n-doped GaAs substrates, including
highly n-doped GaAs (denoted as GaAs'P) and low n-doped GaAs
(denoted as GaAs'P). As illustrated in Figure 6b, when the laser
(632.8 nm wavelength) illuminated the heterojunction, the pho-
togenerated electrons and holes moved in opposite directions,
owing to the band bending generated by the molecular SAMs.
More specifically, photogenerated holes were transferred to the
Au electrode via the molecular tunnel barrier (the hole-injection
barrier), whereas electrons were transferred to the n-doped GaAs.
In the GaAs"P-PDT-Au tip junction, the -V characteristics were
nearly symmetric and constant, regardless of the laser illumina-
tion (Figure 6¢). This symmetric electrical transport can also be
understood by the same principle as that observed in the n-Sij;p-
1,8-nonadiyne/Au junction (Figure 5c). In addition, because the
SCR is very thin, laser illumination had a negligible effect on
the [-V characteristics. In contrast, in the GaAs'P-PDT-Au tip
junction, they exhibited a rectifying I-V characteristic with RR >
~1000 under dark conditions and achieved a high photocurrent
under laser illumination in the positive bias region (Figure 6d).
Because the SCR of GaAs'P was 2.7 times thicker than that of
GaAs'P, a significantly larger photocurrent could be generated.

In the case of 1Phl SAMs, the photocurrent can be further
enhanced because 1Phl has a smaller band gap and hole in-
jection barrier than PDT. Figure 6e shows the electrical charac-
teristics of the GaAs'P-1Ph1-Au junction in the presence and
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Figure 5. a) Schematic of the STM junction experiment describing the formation and breakdown of the Au-nonadiyne-Si junction. b) Example of the
“blink” captured when a 1,8-nonadiyne molecule bridges the two electrodes at —0.8 V. Current jumps (blink) above the set-point tunneling current appear
when the nonadiyne molecule bridges the gap between the gold and silicon electrodes. c) Energy band diagram representations of the Au-nonadiyne-Si
junction under charge carrier accumulation conditions (applied negative sample voltages) in the Si electrode (left panel) and under depletion conditions
(applied positive sample voltage) for the Si,p (central panel) and Sij 5 (right panel). Changing the starting bias does not affect the shape of the IV curves.
Reproduced with permission.[®2] Copyright 2017, Nature Publishing Group.

holes could be transported through the reduced hole-injection
barrier.33134] Figure 6f shows the photoelectric response for the
“Hard Contact” GaAs!'P junction where the Au STM tip was di-
rectly contacted to a GaAs'® semiconductor without a molec-
ular layer. Compared with the heterojunction implementing

absence of laser illumination. Under dark conditions, the RR
was found to be ~10%, lower than that obtained when PDT
SAMs were used. However, under laser illumination, the pho-
tocurrent response was significantly increased compared to the
case of the PDT SAMs. This is because more photogenerated
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Figure 6. a) Device schematic and structures of the molecular wires used in this study. b) Schematic band diagram for the illuminated metal-molecule-
semiconductor junction under reverse bias. Junction |-V characteristics for ¢) PDT on GaAsHP, d) PDT on GaAs'P, e) 1Ph1 on GaAs'P, and f) “hard
contact” between Au and GaAs'P wafers fabricated by crashing the tip several um into a freshly etched GaAs surface. The inset shows an enlargement
of the low-current area between —1and 1V. Reproduced with permission.[®3] Copyright 2017, American Chemical Society.

molecular SAMs, this junction exhibited a very low photoelec-
tric response. Thus, by incorporating molecular SAMs into this
junction and adjusting the band bending via molecular dipoles,
the optoelectronic properties could be enhanced.

To summarize, in this molecule-inorganic heterostructure
system, molecular SAMs placed directly onto inorganic 3D
semiconductors can determine the degree of band bending in
the semiconductor at the interface, SCR, and charge-injection
barriers; this can significantly affect the rectifying charac-

Adv. Sci. 2022, 9, 2202399

teristics and photocurrent response. In particular, since the
molecular heterojunction formed by the STM-BJ method is
a single molecular heterojunction, both reports indicate that
the rectifying and photoswitching properties can be enhanced
even at the single-molecular scale. In this sense, the molecule-
inorganic semiconductor heterojunction structure may offer
a promising strategy to improve the electronic and optoelec-
tronic properties of molecular junctions at the single molecular
scale.
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2.3. Molecule-2D Material Heterostructures
2.3.1. Molecule-Graphene Heterostructure

The molecular-2D materials heterojunctions were initially devel-
oped in the form of metal/molecular SAMs/multi-layer graphene
(MLG) structures, to increase the yield of molecular devices
whilst maintaining a molecular-scale junction.[¥788135-138] [n this
two-terminal vertical heterojunction, graphene (a one-atomic-
thick 2D material of covalently bonded carbon atoms with
outstanding mechanical and electrical properties) was utilized
as both a top conductive electrode and a preventing layer
that blocked top metal penetration through molecular SAMs.
Moreover, since the graphene is sp? hybridized honeycomb
lattice structure, the z—z stacking interaction between single
molecule and graphene can give the single molecular cross-
plane junction (i.e., two-terminal lateral heterojunction) to ex-
plore the charge transport through molecular cross-plane. This
one-atomic-thick graphene could form a heterojunction on a
molecular scale, much smaller than other types of molecular het-
erostructures (i.e., molecule-organic and molecule-inorganic het-
erostructures).

Wang et al. developed an Au/molecular SAM/MLG/Au het-
erojunction for reliable solid-state molecular-scale devices (Fig-
ure 7a).%”] Various alkanethiol molecular species were used for
the molecular SAMs, including octanethiol (C8), dodecanethiol
(C12), hexadecanethiol (C16), and octanedithiol (DC8) (the right
of Figure 7a). The MLG interlayer prevented the formation of
Au filaments brought about by the top Au electrode penetration;
this enhanced the yield of molecular devices by ~90%. To cre-
ate the two-terminal vertical molecule-graphene heterojunction,
molecular SAMs were directly formed on an Au substrate con-
fined to a specific area, and graphene was then transferred onto
the molecular SAMs to establish van der Waals interactions be-
tween the molecular SAMs and graphene electrode. Figure 7b
shows J-V curves for C8, C12, C16, and DC8 molecules with
the MLG electrode. Depending on the molecular length of the
alkanemonothiol (C8, C12, and C16), J exponentially decreases,
indicating that off-resonant tunneling was the main conduction
mechanism.5?] The C8 junction, on the other hand, exhibited a
greater | than the DC8 junction, in contrast to the conventional
two-terminal metal-molecule-metal junction. Because MLG did
not form a chemisorbed contact with —SH or ~CH3;, the higher
conductance of the C8 junction compared to that of the DC8 junc-
tion originated from the shorter contact length in the C8 junction.
The inset of Figure 7b shows the J-V curves for the C8 molecule,
as measured immediately after device fabrication and after stor-
age under ambient conditions for 40 days. These J-V curves were
almost similar, indicating that the molecular junction was pre-
served by the MLG electrode without any deterioration. The right
of Figure 7b shows the operational stability obtained by J (V =
1.0 V) as a function of time, retaining the value of J for 10* s
with measurement interval At = 100 s. Figure 7c shows that the
DC8 molecular devices also had good retention, realized by the
cross-measured retention of J at V= 1.0 V and —1.0 V for 10*
s with a measurement interval At = 5 s. These results indicate
the excellent durability, operational stability, and device lifetime
of the molecular junction with MLG electrodes. Figure 7d shows

the resistance per single molecule (R,,,) for the DC8 molecular
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junction with different top electrodes (PEDOT:PSS or graphene),
depending on the temperature (from 290 to 383 K).I"*I The R, ;
value for the DC8 molecular junction with PEDOT:PSS rapidly
decreased under increasing temperature (323-383 K). This is be-
cause molecular desorption or removal of the remaining mois-
ture from the hydrophilic PEDOT:PSS/molecule interface can
produce a phase change in the SAM, resulting in a rapid de-
creasein R, ;.[1**1 On the other hand, R, for the DC8 molecular
junction with graphene slowly decreased under increasing tem-
perature. This result indicates that graphene-based molecular de-
vices have a greater thermal stability than molecule/PEDOT:PSS
molecular heterojunctions. Therefore, this study suggests that
molecule/MLG heterojunctions are a reliable platform for the ap-
plication of molecular junctions.

Following that report, and because of the distinct feature of
graphene in electrochemical doping, a molecule/doped graphene
heterojunction system was also studied. Jang et al. reported a
molecular heterojunction structure based on a chemically p-
doped graphene film prepared using trifluoromethanesulfonic
acid (CF;SO;H, denoted as TFMS).[¥8! The benzene-1,4-dithiol
(denoted as BDT) SAMs were sandwiched between the multi-
layer p-doped or pristine graphene top electrode and Au bot-
tom electrode (Figure 8a). TFMS-treated p-doped graphene has
a higher work function (~5.23 eV) than pristine graphene
(4.4 eV), which reduces the interfacial molecular barrier
height.[**] They investigated the raster canning of Raman spectra
to verify the increase in the hole concentration after TEMS treat-
ment. The Raman spectra of the TEMS-treated graphene film
showed upshifts of the G and 2D peaks with negligible D bands,
indicating TFM S-induced p-type doping effect on graphene with-
out generating significant defects. As a result, the average | in-
creased by approximately one order of magnitude for the molec-
ular junction with TFMS-treated p-doped graphene, compared
to that prepared with pristine graphene (Figure 8b,c). This ten-
dency was consistent with the difference in the transition volt-
age spectroscopy (TVS) between the two molecular heterojunc-
tions, which estimates the effective barrier height, as shown in
Figure 8d,e.123141-143] Figures 8d,e show the Fowler-Nordheim
(F-N) plot (In (I/V?) vs 1/ V) for the molecular junction with pris-
tine graphene or TEMS-treated p-doped graphene. The TVS (or
transition voltage, Vi) was obtained from the inflection points
of the F-N plots. The averaged Vi for the molecular junction
with pristine graphene or TEMS-treated p-doped graphene were
~1.08 V and ~0.78 V, respectively. This result indicates that the
enhanced charge transport mainly originates from the barrier-
height-lowering effect induced by the increase in the work func-
tion of TFMS-treated p-doped graphene. Therefore, the charge
transport phenomena of molecule-graphene heterojunctions can
be tuned by the interfacial doping engineering of graphene.

This molecule-graphene heterostructure can also enhance the
thermoelectric effect in the molecular junction. Recently, Park
et al. reported the thermoelectric molecular heterojunction com-
prising eutectic gallium-indium (EGaln)/n-alkylamines/single-
layer graphene (SLG) (Figure 9a).l”?! They enhanced the See-
beck coefficient (S) in noncovalent contact between SLG for
a bottom electrode and n-alkylamines SAMs (H,NC, where n
= 4,6, 8, ..., 18; right of Figure 9a). The SLG on copper foil
(SLG/Cu) was incubated in a 18 mwm solution of H,NC, with
methanol and tetrahydrofuran (THF) mixed solvent to form
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Figure 7. a) Schematic of completed molecular junction device and four types of studied molecular systems along with their chemical structures: C8, C12,
C16, and DC8. b) (Left) The J-V characteristics for representative C8, C12, C16, and DC8 molecular devices. The inset shows a DC8 device as measured
after fabrication (solid line) and after storage under ambient conditions for 40 d (open circles). (Right) Retention characteristics of the molecular junctions
in terms of the measured J at 1.0 V for 10* s (measurement interval: At = 100 s). c) Retention characteristics of the cross-measured positive current
(measured at +1.0 V) and negative current (measured at —1.0 V) for 10* s with an interval At = 5 s. d) The R, values for Au/DC8/PEDOT:PSS and
Au/DC8/graphene devices as a function of increasing temperature. Reproduced with permission.[8”] Copyright 2011, Wiley-VCH.

H,NC, SAMs on SLG. The noncovalent interaction between
amine anchor of SAMs and SLG allows reversible adsorption and
desorption for self-repair, leading to closed packed monolayers
without chemical contact on SLG.[**+1%7] Owing to the inevitable
water treatment and handling of sample in air conditions, the
large-area graphene synthesized by the chemical vapor deposi-
tion (CVD) method tends to be p-type doped compared to exfoli-
ated graphene (Figure 9b).['*¥] However, when the n-alkylamines
SAMs were treated on the SLG, the G peak position in the Ra-

Adv. Sci. 2022, 9, 2202399

man spectra was blueshifted with respect to the position of pris-
tine SLG (Figure 9b). This was attributed to n-type doping of SLG
by the amine anchor.['*>'>%l In addition, when the alkyl chain
length increased, the degree of blueshift of the G peak gradually
increased, which confirmed the densely packed molecular SAMs
structure.

Figure 9c demonstrates that the AV of all SAMs increased
as AT increased, resulting in positive S values. Moreover,
the value of deviation in AV increased with increasing AT
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Figure 9. a) (Left) Schematic describing the structure of large-area thermoelectric junction and (right) molecular structures. b) The G peak (cm™") shift
in Raman spectra for H,NC, SAMs on SLG. The “p,” “i,” and “n” indicate p-type doped, intrinsic, and n-type doped SLGs, respectively. c) Trends of
AV as a function ofvarlous AT for the SAMs. d) Comparlson oflength dependence of Seebeck coefficient (S, uV K1) for noncovalent (SLG/H,NC,)
and covalent (Au/SC,) junctions. e) Enhanced S values in the noncovalent interface as compared to the covalent one. Reproduced with permission.[73]
Copyright 2021, Wiley-VCH.

and shortening the length of H,NC, molecular SAMs. This = Gr/H,NC,/Ga,0;/EGaln and Au/SC,/Ga,0,/EGaln junctions
is because the lateral intermolecular interaction in longer  (Figure 9d). Interestingly, all S values for noncovalent contact
molecular SAMs was stronger than that in shorter molecu- junctions (e.g., Gr/H,NC,/Ga,0,/EGaln) were higher (approx-
lar SAMs, leading to densely packed molecular structures in  imately a factor of five) than that for covalent contact junctions
longer molecular SAMs.["!] To examine the effect of nonco-  (e.g., Au/SC,/Ga,0;/EGaln junctions) (Figure 9e). This is be-
valent contact on thermopower, they compared S values for  cause the noncovalent contact between SLG and amine anchor
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can efficiently suppress the phonon transport, leading to smaller
thermal conductance by an order of magnitude than that in the
covalent contact between Au and thiol anchor.!'>2133] In addition,
both molecular junctions exhibited the same crossover point, n =
10 (Figure 9d). This was attributed to the densely packed molecu-
lar structures in longer molecular SAMs. In the molecular SAMs
of n < 10, the molecular SAM structures were relatively low pack-
ing density compared to that of n > 10. The surface coverage
on SLG and the packing stabilization energy in H,NC, SAMs
vary noticeably at n = 10,[1*+1154] which accounts for the tran-
sition in the slope of plots shown in Figure 9d. Therefore, the
thermopower in saturated molecules can be enhanced by non-
covalent contact properties between molecular SAMs and SLG
electrode.

With these demonstrations in the two-terminal vertical
molecule-graphene heterojunction (Figures 7-9), it is possible
to conclude that this strategy can increase device yield, demon-
strate stable electrical characteristics and a greater thermoelectric
effect, and provide an optoelectronic switchable molecular het-
erojunction platform while preserving the molecular-scale active
region.

Contrary to many previous studies through two-terminal verti-
cal molecule-graphene heterojunctions, charge transport across
the plane of a single molecule has been demonstrated experimen-
tally only rarely. Recently, Zhao et al. fabricated a graphene-single
molecule-graphene heterojunction based on cross-plane break
junction (XPBJ) technique.!’®! They investigated the electrical
characteristics of the graphene-single molecule-graphene het-
erojunction consisting of a family of polycyclic aromatic hydro-
carbons (PAHs) with different number of rings (Figure 10a,b).
By repeatedly controlling the gap between two graphene sides
in a molecular solution, the conductance histograms of linear
and nonlinear PAH molecular junctions with varying numbers
of PAH ring structures were analyzed (Figure 10c,d). Due to
the increase in cross-plane area, the conductance through cross-
plane junctions increased as the number of PAH rings increased
(Figure 10e). This behavior differs from the typical molecular
junction, in which the conductance decreases exponentially as
the molecular barrier width (or length) increases.['>*157] There-
fore, the fact that the conductance increased as the length of the
molecules increased indicated that the molecules are located be-
tween two graphene electrodes while lying flat and that the charge
is transferred via the cross-plane molecular route. Figure 10f de-
picts the construction of a 2D conductance—distance histogram
for graphene-PAH molecule—graphene heterojunctions, allow-
ing the determination of a range of charge transport length across
the nanogap. It could be considered that the conductance plateau
in approximately between 0.3 and 1.3 nm arises from molecular
junctions.!'*®13] The most probable plateau length lied in 0.87 to
1.08 nm regardless of molecular length, where the distance was
much smaller than the molecular lengths of the PAH molecules.
This indicated that the charge transfers through cross-plane
molecular junctions. Raman spectroscopy!*®! was utilized to
demonstrate such a molecular configuration between graphene
electrodes (Figure 10g). There was a significant pack at 1529 cm™!
attributed to the adsorption of PAH molecules on the graphene
surface. In contrast, this signal disappeared on pristine graphene
surface. In addition, the intensities ratio of the G and 2D peaks
that is determined by the electron concentration of graphene was
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decreased with longer molecules, indicating that the degree of
charge transport between cross-plane molecules and graphene
electrode increases with longer molecules (Figure 10h). These
results are consistent with the path analysis for the graphene-
molecule-graphene heterojunctions, as shown Figure 10e. Note
that similar experiments and analyses were also conducted on
the cross-plane molecule-graphene heterojunction platform
employing the fullerene molecule."®!] This two-terminal lateral
single molecule-graphene heterojunction can be used as a new
type of single molecular junction platform to understand the
intrinsic quantum transport at the single molecular scale by
decreasing the uncertainty in controlling the gap between metal
electrodes.

In addition, molecule-(reduced) graphene oxide (GO or rGO)
heterojunctions were also suggested for transparent and photo
switchable molecular junction. Owing to the superior process-
ing properties of GO or rGO over graphene, they can be used
more straightforwardly and conveniently for large-scale device
fabrication.[8162165] 1 et al. recently reported a large-scale
light/heat-switchable Au/molecular SAM/rGO heterojunction
(Figure 11a,b).%%] The junction was 2 or 4 ym in diameter. The
special double-junction layout allowed the SAMs to be switched
whilst simultaneously facilitating electrical measurements
across the molecular junction. That study used DHA 1/VHF 2
isomers as molecular SAMs formed on the Au bottom electrode
(right side of Figure 11b). This isomer facilitated reversible
conformational changes between DHA 1 and VHF 2 under
light illumination and heat treatment.['°-19] Because the top
rGO film was transparent and had high in-plane conductivity
(compared with the molecular component), it enabled conduc-
tive top-electrode contact and interconnection between SAMs in
series (without additional top-metal contact) under light illumi-
nation. To verify the reversible conformational changes under
light illumination and heat treatment, the XPS was employed
to determine the properties of the SAMs. The obvious changes
were not observed after treatments and the S 2p signals showed
only one doublet with S 2p;, attributed to an S atom chemically
bonded to Au without oxidation signal. Figure 11c shows the
J-V characteristics for DHA 1 and VHF 2 molecular junctions
with an average conductance ON/OFF ratio of 5-7. The VHF
2 isomer molecular junction was shown to have a larger J than
that of DHA 1. This is because the increased backbone flexibility
of the VHF 2 isomer produces a larger conformational freedom
than DHA 1, varying the coupling strengths to the physisorbed
contact in rGO.["7% Furthermore, consecutive UV illumination
and heat treatment can reversibly switch the conductance of
this molecular heterojunction, allowing the ON/OFF ratio to
exceed 3 (Figure 11d). Thus, the molecule-rGO heterojunction
could be used for light/heat-switchable solid-state molecular
junctions.

To summarize, graphene material-based molecular hetero-
junctions can enhance the device yield with stable electrical char-
acteristics and provide an optoelectronic switchable molecular
heterojunction platform. Owing to van der Waals interaction
between molecules and graphene, the enhanced thermoelectric
effect and single molecular cross-plane junctions can be real-
ized where it can be utilized to deeply understand the quantum
transport at the single molecular scale. In addition, the energy
band alignment at the graphene-molecule interfaces could be

2202399 (14 Of31) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH

85U8017 SUOWIWOD SAIEaID edl|dde auy Aq peusenob ake sapiie YO 8sn Josajn. Joj Akeiq18ul|uo A8|IA UO (SUONIPUD-pUe-SWBIALI0D" A3 | IMA eI pUl|UO//STIL) SUONIPUOD Pue SWLB | 8L 88S *[2202/0T/S2] Uo ARiqiTauliuo A8|im ‘AiseAIUN eUOIEN [N0SS AQ 668202202 SAPR/Z00T OT/I0P/W00" A8 | Ake.d1jpul Uo//:Sdny Woij pepeo|umoq ‘0E ‘2202 ‘8E86TZ



ADVANCED
ADVANCED
SCIENCE ﬁEWS SCIENCE

www.advancedsciencenews.com www.advancedscience.com

a
PAH2 (I I PAH4

¢
¢

PAH 3 PAH 5 PAH3'" PAH4' PAH 5’ PAH 6' PAH 6”

b

Molecule Graphene

Cu
e
c d e
- CL-3.66 z
15 -3.79
2 2 S 4.0 reeeen R
€ = 2
g 8 < -4.18
(&) o 8 454 CCCO -461 -0
; see i
CCCL
Tz’ -5.0 . -4.82 Cge
8 -5.07
S/
-5.5 1
T T € T T T T T
-6 -5 -4 -3 -6 -5 -4 -3 2 3 4 5 6
Conductance/log(G/Go) Conductance/log(G/Go) Number of rings in the molecule
b G band 25 band 141 o
=34 1529 an
(;E’ OOO W————/\——— 121 OQQ
I3 <«——Tunneling - %_’A ) .
S 44 N 2, S - g, - . O
= Molecular > .__J\__. __.,..,./& o 1.01 Q=
8 junctions %‘ w__,\/\_’ 8:8, 70 N Q Y -0
g 5 AN - 5 0.8 . &
35 = £ AN AN recT I SN
2 [ “A _,_/\_ J
2 = IR—— N ot 390
M= = -
Pure solvent <
05 00 05 10 15 20 25 1400 1600 2600 2800 2 3 4 5 6
AZ (nm) Raman shift(cm) Number of rings in the molecule

Figure 10. a) Chemical structures of the polycyclic aromatic hydrocarbons (PAHSs) that sandwiched between two graphene electrodes. b) Schematic of
the cross-plane break junction (XPBJ) technique and the device structure of the studied graphene-molecule-graphene heterojunctions. 1D conductance
histograms generated from 21000 traces for graphene-molecule-graphene heterojunctions of c) the linear PAHs and d) the nonlinear PAHs. €) The
single-molecule conductance of each molecular heterojunctions, plotted as a function of the number of benzene rings. The error bar is determined from
the chip-to-chip variation of three independent experiments. f) The 2D conductance-distance histogram for the molecular heterojunctions with PAH 3.
The graphene rectangular dashed frame represents tunneling in decane, and the red elliptical dashed frame represents molecular junctions. g) Raman
spectrum of the graphene electrode pair that experienced XPB] operation in the presence of pure solvent (the yellow curve), and the Raman spectra
of the molecular heterojunctions fabricated by the XPBJ method. h) The ratio of the intensities of the G and 2D peaks as a function of the number of
benzene rings. Reproduced with permission.['>3] Copyright 2020, American Association for the Advancement of Science.

modulated by the chemical doping of graphene, tailoring the  2.3.2. Molecule-2D Semiconductor Heterostructures

charge transport characteristics. In the case of rGO-molecule het-

erojunctions, this can be useful for large-scale molecular het- TMDs, which are 2D sheets with a thickness of three atoms (e.g.,
erojunction device platforms. Lastly, owing to the unique elec-  MoS,, WSe,, and WS,) have attracted significant attention owing
tronic structure of graphene, the molecule-graphene heterojunc-  to their good mobility, excellent ON/OFF ratio of 10’-10%, high
tion structure can be extended to a three-terminal transistor, per-  exciton binding energy, and strong optical absorption.['*178] Un-
mitting gate-tunable electrical characteristics. This is discussed  like graphene, molecule-TMD heterojunctions can form various
in Section 3. hetero-band structures with an alignment of two bandgap
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Figure 11. a) Schematic view of molecular test bed with rGO thin film as transparent top contact. b) Schematic cross section of the molecular junction
and molecular structure of DHA 1and VHF 2, to illustrate the thermos-optical switching. c) J-V characteristics of VHF 2 (as prepared) and DHA 1 (70 °C
for 0.5 h) isomers self-assembled in the molecular junctions. The data were averaged from at least 24 junctions of the same batch. d) Representative
bidirectional conduction switching characteristics induced by alternating heating and UV irradiation. UV irradiation typically does not fully recover the
low-conducting state of VHF 2 and therefore results in a decrease of the on/off ratio (inset). Reproduced with permission.[8] Copyright 2013, Wiley-VCH.

structures between the top and bottom conductive
electrodes.['7>18] [n particular, depending on the different
electrical and junction variables (e.g., the orientation of the
molecular dipole moment, molecular species, molecular length,
and types of 2D TMDs), their band alignment can be tuned
differently.”*¢ Therefore, this heterojunction structure offers
a promising means to engineer and unfold novel electrical
functionalities by modulating the dominant charge transport
pathways and interfaces; this cannot be accomplished using
typical molecular SAMs or 2D TMD junctions.

Recently, Margapoti et al. reported a photoswitching diode
using conductive AFM (C-AFM) on a mixed-self-assembled
monolayer (mSAM)/mono (1;)-MoS, heterostructure.[**l They
used the (4-(1-mercapto-6-hexyloxy)-azobenzene) (HS-C,AZO)
as a photo-switching molecule and 6-(2-mercapto)-1-hexanol as
a spacer molecule. The 1;-MoS, was directly exfoliated on top of
the molecular SAMs on the Au substrate; then, a Pt-Ir coated
AFM tip was used to measure the electrical characteristics (Fig-
ure 12a). Due to the dangling-bond-free interface between molec-
ular SAMs and 1L MoS,, van der Waals interaction can exist and
affect the energy band of MoS, according to molecular confor-
mation. The photoisomerization of HS-C;,AZO can be changed
from cis to trans under illumination with 366 nm UV-light for

Adv. Sci. 2022, 9, 2202399

30 min, and it can be changed from trans to cis under white light
illumination for 2 h.[181182] Ag shown in Figure 12b, in the case
of the trans-mSAM junction/1;-MoS, junction, rectifying char-
acteristics can be observed, with an RR of >103. In contrast, for
the cismSAM/1,-MoS, junction, [-V characteristics tended to
be symmetrical. Symmetric -V characteristics were observed in
the junction without mSAM, meaning only the 1,-MoS, junc-
tion exhibited symmetric -V characteristics (Figure 12c). This
is because the trans-mSAM modified Au has a decreased work
function (A®; = 1.03 + 0.10 V) compared to cissmSAM modi-
fied Au (A®, = 0.67 + 0.10 V), resulting in a greater interface
barrier at 1,-MoS, /Au (Figure 12d). The modified work function
by molecular SAMs can be obtained from difference in the con-
tact potential of the heterostructures using scanning Kelvin probe
microscopy (SKPM). In the case of the cismSAM/1,-MoS, junc-
tion, electrons can be easily transported at any bias polarity, be-
cause the conduction band of 1;-MoS, is closely aligned to the
Fermi level of the two electrodes. However, in the case of the
trans-mSAM/1; -MoS, junction, the conduction band of 1,-MoS,
lies far from the bottom Au electrode, and electrons in the re-
verse bias region can be blocked by the Schottky barrier at the 1, -
MoS, /Au interface, leading to a higher RR than the cismSAM/1, -
MoS, junction (the right of Figure 12d). This heterojunction
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Figure 12. a) Schematics of the heterostructure measurement. Monolayer and multi-layers of MoS, are mechanically exfoliated on top of a mixed-SAM
(mSAM) made of spacer molecules and photoswitchable (black arrow) azobenzene derivatives (1:1) on gold. b) Representative |-V characteristics in
semilogarithmic scale for MoS,/mSAM heterostructure before (trans,) and after UV (cis) and white light exposure (trans,). c) |-V characteristic for 1,
MoS,/Au. d) Schematics of the metal-semiconductor rectification barrier between the grounded Pt-Ir tip and the MoS,/mSAM Au heterostructure.
The transport channel of MoS, /ciss-mSAM is closer to the electrodes’ Fermi levels at equilibrium, and transport readily occurs at any bias. The mis-
aligned transport channel for the MoS, /trans-mSAM heterostructure at equilibrium requires a larger bias for transport at the corresponding polarities.

Reproduced with permission.[**] Copyright 2015, Wiley-VCH.

system can further enhance the photoswitching characteristics
of the trans- and cissmSAM.

Similarly, Shin et al. reported interesting electrical char-
acteristics for molecule-2D TMD heterostructure junctions
using non-functional and standard molecular SAMs.[®! Fig-
ure 13a shows a molecular heterojunction system composed
of Au/molecular SAM/TMDs/Au; this was investigated us-
ing C-AFM. Five non-functionalized molecules that differed
in terms of molecular length and backbone structure (i.e.,
benzene-1-monothiol (denoted as OPT1), biphenyl-4-monothiol
(OPT2), 1-octanemonothiol (C8), 1-decanemonothiol (C10), and
1-dodecanemonothiol (C12)) were used as molecular monolay-
ers. As a 2D semiconductor, n-type N; -MoS, with different layers
(mono (1,-), bi (2,-), and tri (3;-)) and p-type 1,-WSe, were used
as rectifying designers in molecular heterojunctions. For junc-
tions composed of only TMDs or molecules (dashed black lines
in Figure 13b), all -V characteristics showed symmetric behav-
ior (RR = 1), owing to the single transport barrier between the
Au electrodes. However, when the TMD was inserted between
the bottom Au and molecular SAM interfaces, the I-V charac-
teristics were changed to asymmetric. For the OPT2/1,-MoS,
molecular heterojunction, RR = (1.38 + 0.73) X 10%, much larger
than that for the OPT2/1,-WSe, (RR = 2.46 + 1.42) molecular

Adv. Sci. 2022, 9, 2202399

heterojunction (Figure 13b,c). Furthermore, this heterojunction
facilitated the modulation of molecular rectifying features, by
controlling the number of MoS, layers, molecular species,
and molecular length. RR decreased under an increase in the
number of MoS, layers, owing to the reduction of the MoS,/Au
Schottky barrier (Figure 13d,e).'83184] Figure 13f shows the rep-
resentative I-V characteristics of the molecular heterojunction
system corresponding to the molecular length and molecular
species. Inserting a thicker insulating layer between the metal
and semiconductor can further alleviate the Fermi-level pinning
effects.['¥#185] [n this regard, inserting longer molecules at the
Au-tip/1,-MoS, interface further unpinned the Fermi level,
resulting in an upward shift of the 1,-MoS, barrier. In particular,
the RR of OPT2 was much larger than that of C8, despite its
similar molecular length. This is due to the higher current in the
positive bias, which is attributed to the smaller highest occupied
molecular orbital (HOMO)-lowest unoccupied molecular orbital
(LUMO) gap of the former. Consequently, RR increased for
molecules with longer molecular lengths and smaller HOMO-
LUMO gaps (Figure 13g). Thus, molecule-2D semiconductor
junctions with non-functionalized molecules can improve
the rectifying characteristics by adjusting the interfacial band
alignment in molecular heterojunctions, and their rectifying

2202399 (1 7 0f31) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 13. a) Schematic of molecular heterojunction composed of OPT2 and 1, -MoS, stacked on an Au/SiO, /Si substrate, as obtained using the C-AFM
technique (left). Five different molecular species (OPT (n =1, 2) and C (n = 8, 10, 12)) and two different 2D semiconductor types (N, (1., 2, or 3,)-
MoS,, and 1,-WSe,) are shown (right). b) Representative |-V characteristics of the junctions without OPT2 or TMDs (dotted black line), OPT2/1 -WSe,
(solid cyan circle), and OPT2/1,-MoS, (solid red circle) junctions. c) Statistical histograms of RR for OPT2/1,-MoS, and OPT2/1,-WSe, junctions. The
line curves denote fitting results from the Gaussian function. Note that the total numbers of OPT2/1,-WSe, and OPT2/1,-MoS, junctions are 200 and
1100, respectively. d) Representative |-V characteristics for the Au/OPT2 (or C12) /N -MoS, (N, = 1, 2, or 3,)/Au junction. e) RR plots of OPT2/N, -
MoS, and C12/N,-MoS, junctions as a function of the number of MoS, layers. f) Representative |-V characteristics for OPT(n) (n=10r2)/1,-MoS, and
C(n) (n=28, 10, or 12)/1L-MoS2 junctions. g) RR plots of OPT(n)/1,-MoS, and C(n)/1-MoS, junctions as a function of molecular length. Reproduced

with permission.[®?] Copyright 2020, Nature Publishing Group.

characteristics can be tuned by engineering the band alignment
between non-functional molecules and 2D semiconductors
in molecular-scale heterojunctions.

In addition, Eo et al. studied the charge transport with re-
spect to the interfacial band offsets in various molecular het-
erojunctions consisting of molecular SAMs with opposite dipole
moments (l-octanethiol (C8) and tridecafluoro-1-octanethiol
(F6H2)) and different types of TMD (1,-MoS, and 1,-WSe,) us-
ing the same C-AFM technique (Figure 14a).°! The surface po-
tential drop (A¢) values for F6H2/Au and C8/Au junctions (as
obtained by the SKPM) were 0.78 + 0.02 eV and —0.60 + 0.02 eV,
respectively, confirming the molecular dipole moment direction
of F6H2 and C8 (Figure 14b). In the molecular heterojunction
with 1,-MoS,, the RRs (defined as |[I (V=1.5V)/I(V==1.5V)|)
for the C8/1,-MoS, (RR = (4.2 + 0.9) x 102) and F6H2/1,-MoS,
junctions (RR = (5.9 + 0.7) x 10?) were positive rectification direc-
tions, regardless of the molecular dipole moment direction (Fig-
ure 14c,d). However, in molecular heterojunction with 1,-WSe,,
the RRs for C8/1,-WSe, and F6H2/1,-WSe, junctions were (3.3

Adv. Sci. 2022, 9, 2202399

+ 0.8) x 10? and (2.2 + 0.9) x 1072, respectively, indicating oppo-
site rectification directions (Figure 14e,f). This is because the en-
ergy band of 1,-WSe, is shifted downward or upward depending
on the molecular dipole moment of C8 or F6H?2; this activates dif-
ferent hole-transport pathways under different voltage polarities.
Based on the tunable RR designed by the hetero-components,
this molecular heterojunction could be employed as a molecular-
scale selector in an array structure. In other words, the rectify-
ing property could mitigate the crosstalk problem induced by
the activation of the leakage path in the array structure, which
determines memory capacity.'8¢1%! In addition, the cell foot-
print in the array could be reduced to the molecular scale (junc-
tion radius: ~#4 nm). The magnitudes of N; for the V, and V,/2
schemes were defined as resistance (R) (V= -V,)/R (V=V,)
and R (V= V,/2)/R (V = V,), respectively.[1¥1%] In that study,
V, was set to 1.5 or —1.5 V (only for the F6H2/1,-WSe, junc-
tion). A larger N, indicates a larger reduction in the sneak cur-
rent through the unselected cells, thereby increasing the mem-
ory capacity. In the molecular heterojunction with 1,-MoS,, the

2202399 (18 of 31) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 14. a) Schematic of the molecular heterojunction consisting of Au (or Pt)-tip/molecule/1,-2D TMD (1,-MoS, and 1,-WSe,) on an Au/SiO,/Si
substrate, which was investigated using the C-AFM technique with F, = 1 nN. b) lllustration of the SAM-modified Au metal substrate with F6H2 (top)
and C8 (bottom). The arrow indicates the orientation of the molecular dipole moment. Statistical heat maps of I-V characteristics for the molecular
heterojunctions of ¢) Au-tip/C8/1,-MoS, /Au, d) Au-tip/F6H2/1 -MoS,/Au, €) Au-tip/C8/1,-WSe, /Au, and f) Au-tip/F6H2/1 -WSe, /Au. The estimated
N, as a function of the molecular species (C8 and F6H2), 2D TMD (1.-MoS, and 1,-WSe,), and top metal electrode (Au and Pt tip) under the g) V, and
h) V,/2 schemes. i) Maximum size of the crossbar array as a function of the molecular heterojunction type under the V, scheme (linear fit in red line)
and V,/2 scheme (linear fit in blue line), based on the average N, (top) and maximum N, (bottom). Reproduced with permission.[®®] Copyright 2021,
Wiley-VCH.

N, in the V,/2 scheme was largely increased from (1.3 + 0.3) X = imum size of the array, achieving ~482 Gb (Figure 14i). This
10 to (3.7 + 0.7) X 10% when the molecular species was changed ~ study demonstrates the possibility of tailoring molecular hetero-
from C8 to F6H2 and the top electrode was changed from Au-  junctions for molecular-scale selectors. Contrary to many previ-
tip to Pt-tip, whereas the N; in the V, scheme increased slightly.  ous studies through the molecule-graphene heterojunctions, the
However, in the molecular heterojunction with 1,-WSe,, the N,  molecule-2D semiconductor heterojunctions can realize hetero
in the V,/2 scheme was further decreased from (2.1 + 0.4) x 10°  band alignment in molecular-scale junctions, which can activate
to (2.3 £ 0.3) x 10! when the molecular species was changed  different charge transport pathways depending on the voltage po-
from C8 to F6H2 compared with the V, scheme. These phe- larity. In particular, the energy band alignment of molecule-2D
nomena indicate that N; strongly depended on the upward (or  interfaces can be tuned by molecular conformational changes in-
downward) degree of band bending induced by the molecular  duced by external stimuli, molecular species and lengths, molec-
dipole moment and metal work function. Based on the calcu-  ular dipole moments and their directions, and different types of
lated N; values for the five molecular heterojunctions, the maxi- 2D TMDs. Therefore, various types of heterojunction structures
mum size of the crossbar array was examined according toa con-  could offer promising strategies for improving electrical proper-
ventional one-bit-line pull-up (one BLPU) simulation for the V,  ties and generating novel electrical functionalities at molecular-
and V,/2 schemes.[1%192] Figure 14i shows the maximum size  scale junctions.

of the crossbar array in the V, and V,/2 scheme in the molecu- To summarize the Section 2, the two-terminal molecular het-
lar heterojunction with 1,-MoS, or 1,-WSe,. The maximum size  erojunctions based on diverse hetero units (e.g., 3D [organic and
of the crossbar array was consistent with the trend of N; with  inorganic] materials and 2D materials) have the great potential
respect to the molecular species, metal work function, and type  to control charge transport characteristics and generate novel
of 2D TMDs. Therefore, the Au/C8/1,-WSe,/Au junction rep-  electrical functionalities with operational stability. In molecule-
resented the optimal heterojunction combination for the max-  organic material heterojunctions, they can significantly improve
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the device yield and produce excellent operational stabilities, ow-
ing to the existence of a subsequent hetero unit after molecular
SAMs. In addition, the molecular permanent dipole moment can
modify the energy band of organic materials, that can activate
different charge transport pathway and generate novel electri-
cal functionalities. However, the complexity of interface between
molecule and organic materials and their junction size that is
much larger than the molecular scale still remains challenges.
In molecule-inorganic materials heterojunctions, the depletion
region at the heterojunction interface can be significantly modi-
fied by forming the molecular SAMs on semiconductors. There-
fore, they can improve the rectifying and photo-responsive char-
acteristics by formation of built-in potential. However, since the
molecules are directly formed on an inorganic semiconductor,
the device yield still remains challenging due to the metal pen-
etration through molecular SAM layers. In molecule-2D mate-
rial heterojunctions, they are one of the best candidates for im-
proving the generating electrical functionalities with high device
yield. The multi-layer graphene can sufficiently prevent the metal
penetration and produce excellent operation stabilities. More-
over, the 2D TMD materials, which have certain bandgap, can
activate different charge transport pathways depending on ex-
ternal stimuli and their energy band can be tuned by molecular
permanent dipole moment. Therefore, they can offer promising
ways to engineer the electrical characteristics and improve de-
vice yield and operational stabilities within ultimate scaling limit.
Nevertheless, the difficulties of device fabrication in molecule-2D
materials and wafer-scale fabrication process have still remained
challenges. The details of merits and challenges of molecular het-
erojunctions will be discussed in Section 4.

3. Three-Terminal Molecular Heterojunctions

Given the three-terminal nature of modern electronic devices, es-
tablishing a three-terminal molecular junction employing a sin-
gle or few molecules as the active component has remained a
long-standing challenge and ultimate goal in the field of molec-
ular electronics. With the development of nanotechnology in the
early 21st century, several three-terminal molecular junction plat-
forms have been reported to use nanogaps produced by electro-
migration, mechanically controllable break junctions (MCBJs),
and STM techniques (Figure 1a). With these techniques, a third
terminal based on various gate configurations (e.g., the back gate,
side gate, and electrochemical gate) can electrostatically modu-
late the molecular orbital levels linked between the gaps of the
other two terminals.[>*5774193-203] These methods have also facil-
itated the investigation of novel physical phenomena that are dif-
ficult to observe in two-terminal configurations (e.g., the molec-
ular orbital gating effect, Coulomb blockade effect, Kondo ef-
fect, and molecular switching effect). For example, Park et al. re-
ported single-electron phenomena (e.g., the Coulomb blockade
and Kondo effect) by using two different molecules composed of
Co ions bonded to polypyridyl ligands with different alkyl chain
lengths, based on the electromigration nanogap technique (Fig-
ure 15a).I7*] In the junction with longer alkyl chain molecules, the
Co ion island was decoupled with both electrodes and its molec-
ular energy level can be tuned using a gate voltage. Therefore,
for most values of gate voltage, it is highly probable that the elec-
tron will not effectively transfer through the molecular junction,

Adv. Sci. 2022, 9, 2202399
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and thus the current will be blocked (Figure 15b). However, the
current was abruptly increased when the molecular energy level
was matched with Fermi level of electrodes by applying a cer-
tain drain and gate voltages (bright line in Figure 15b), that is
Coulomb blockade boundary. In contrast, in the junction with
shorter alkyl chain molecules, the one energy level with unpaired
electron on Co ion island was strongly coupled with the conduc-
tion electrons in the metal electrodes; this allowed the electron
can be transferred via an exchange process and increase the con-
ductance even at low biases. In addition, the pick split in an ap-
plied magnetic field with splitting equal to 2gu, H (Where g~ 2, uy
is the Bohr magneton, and H is magnetic field strength) (Kondo
effect) (Figure 15c).

Following this similar method, Song et al. reported the ob-
servation of solid-state molecular field-effect transistors (FETS)
based on the electromigration nanogap technique, in which the
direct electrostatic modulation of molecular orbital levels in a
three-terminal solid-state device configuration was demonstrated
(Figure 15d).’] The molecular orbital gating effect was demon-
strated using this molecular FET device. In other words, it has
been reported that applying a gate electric field can vary the en-
ergy offset between the Fermi level of the metal electrode and the
molecular orbital levels; this modulates the TVS (Figure 15e). In
addition, the resonantly enhanced molecular orbital under gat-
ing modulation in the comparison between the near- and far-
from-resonant systems was demonstrated by inelastic electron
tunneling (IET) spectroscopy (Figure 15f). In addition, Kay et al.
reported the molecular switching characteristics of a redox-active
molecule, pyrrolo-tetrathiafulvalene (pTTF), based on the STM
break junction technique on an applied electrochemical gate field
(Figure 15g).°%] They demonstrated the ranges of the electro-
chemical potentials for the pTTF molecules and two redox tran-
sitions with a conductance ratio of ~4 (Figure 15h).

However, these three-terminal molecular junction platforms
suffer from several challenges. Owing to the complexity of the
device fabrication processes and the difficulty of obtaining pre-
cise 1- to 2-nm-wide electrode nanogap separation, the electro-
migration and MCB]J techniques have resulted in a low device
yield.[2728100] Furthermore, the MCBJ technique based on silicon
substrates may suffer from breaking of the gating electrode dur-
ing the bending of the substrate (for separation of the source-
drain electrodes).572% To mitigate gate breaking, the electromi-
gration process can be additionally used to aid in the formation
of metal nanogaps. In addition to this, a single molecule FET
with the MCB]J using nanometer scale noncontact side gate to
the molecular junction or using a silicon membrane rather than
silicon wafer had been suggested. For the STM-BJ technique, the
gate configuration is often composed of electrochemical gating
with ionic liquid, which is useful for studying the charge trans-
port behavior but has limitations for solid-state molecular device
applications.[194197:200.205] Moreover, junction platforms contain-
ing single or few molecules are vulnerable to thermal noise and
fluctuations, even at room temperature.27281%] This places lim-
its upon the operating conditions (e.g., cryogenic temperature or
an aqueous environment). To overcome these challenges and is-
sues, a three-terminal molecular heterojunction with lateral and
vertical configuration using a single or bundle of molecules and
graphene has recently been suggested as a novel type of molecu-
lar transistor.

2202399 (20 Of31) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 15. a) Molecular structures of the Co complexes and schematic diagram of the single-molecule transistors. b) Coulomb blockade observed in
devices formed from longer molecules. c) Kondo peaks as a function of voltage. The inset depicts the conductance as a function of the temperature
at V = 0. Reproduced with permission.l”*] Copyright 2002, Nature Publishing Group. d) Representative I—V curves measured at 4.2 K for different
values of V(. Inset, the device structure and schematic: S, source; D, drain; G, gate. Scale bar: 100 nm. e) Fowler—Nordheim plots corresponding to
the I-V curves in (d), showing the transition from direct to Fowler—Nordheim tunneling with a clear gate dependence. The plots are offset vertically for
clarity. The arrows indicate the boundaries between transport regimes (corresponding to V,,,ns). f) IET spectra measured at 4.2 K for different values
of eVg e, With vibration modes assigned. The left-hand y-axis corresponds to the grey shaded region of the spectra, and the various right-hand y-axes
(with different scales) correspond to the related (color-coded) spectra in the non-shaded region. The vertical dotted line corresponds to V =45 mV (363
cm™). Significant modification in the spectral intensity and line shape for the benzene ring modes, y (C~H), v(18a), and v(8a), was observed for different
values of eV o, as indicated. Insets, energy diagrams illustrating inelastic tunneling as the position of the HOMO resonance shifts through gating.
Reproduced with permission.[>>] Copyright 2009, Nature Publishing Group. g) Schematic illustration of the electrochemical gating in a single molecule
in an electrolyte. h) Conductance—sample potential relationship of pTTF. The red lines depict the long KU model, and the blue lines depict the simplified
KU model. For both redox transitions, the KU model versions fit the experimental data well. The inset depicts a schematic energy level representation
of the KU model for the two redox transitions. When the electrode potential is scanned positive, the pTTF/pTTF* redox transition is first brought into
“resonance.” At increasingly positive potentials, the second redox transition (pTTF2* /pTTF*) comes into resonance. Reproduced with permission.[>¢!
Copyright 2012, American Chemical Society.
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Figure 16. a) Chemical structure of the anthracene-functionalized cur-
cuminoid molecules (1,7-(di-9-anthracene)-1,6-heptadiene-3,5-dione). b)
Schematics of a single molecule bridging a graphene nanogap. c) I-V char-
acteristics of the nanogapped electrodes before and after being bridged
by molecules at 300 K. d) Dependence of the -V characteristics of the
nanogapped electrodes bridged by molecules on the applied back-gate
voltage measured at 300 K. Reproduced with permission.[29] Copyright
2011, American Chemical Society.

In this section, we discuss the recently reported three-
terminal molecular heterojunction structures composed of a sin-
gle molecule or molecular SAMs and graphene, as well as their
main electrical characteristics under lateral and vertical configu-
ration. In these device structures, a single (or a few) or molecular
SAMs are commonly placed between graphene nanogap or a sin-
gle layer of graphene (source) and bottom Au (drain) electrodes. A
dielectric layer connected to a gate electrode was back-gate struc-
ture or vertically stacked on top of the graphene layer, as shown
in Figure 1b.

For the three-terminal lateral molecule-graphene heterojunc-
tion (left of Figure 1b), the z—x stacking interaction between
molecules and graphene can give stability up to high temperature
compared to conventional nanogap-based molecular junctions,
as discussed previously. In addition, since the graphene electrode
is extremely thin, the interfacial coupling between molecule and
gate field can be enhanced by reducing the screening of an ap-
plied gate-field. Hence, it can highly be likely to exhibit a reliable
gate tunable electrical characteristics by modulating the molecu-
lar frontier orbital level.

Recently, Prins et al. reported molecular FET devices
with nanometer-separated few-layer graphene electrodes us-
ing feedback-controlled electroburning technique, and they
demonstrated gate-tunable electrical characteristics at room
temperature.’®! They formed anthracene-functionalized cur-
cuminoid molecules (1,7-(di-9-anthracene)-1,6-heptadiene-3,5-
dione) (9Accm) (Figure 16a) on the graphene nanogap devices
(Figure 16b). The anthracene-groups have extended z-conjugated
systems that can interact strongly with the top graphene layer,
providing strong anchor and high z-electron density that can me-
diate charge transport in molecule/graphene interface.?””] They
used few-layer graphene (3-18 nm) as an electrode to exclude the
gating effect of graphene electrode. When the molecular junc-
tion formed, the changes in the I-V characteristics are observed
(Figure 16¢). According to the gate voltage from —10 and 10V, the
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current increased toward more positive gate voltage (Figure 16d).
The gate-tunable characteristics were robust and sustained for
periods of several weeks stored in vacuum, and even after thermal
cycling to low temperature (10 K). This indicated that graphene
nanogap structure can be an alternative to conventional molecu-
lar FET devices to overcome the thermal and environmental sta-
bility with gate-tunable electrical characteristics.

For the three-terminal vertical molecule-graphene heterojunc-
tion (right of Figure 1b), when a gate voltage was applied (via the
dielectric layer), the transport barrier at the molecule-graphene
interface could be tuned through the shift of the Ej, for graphene
in the electrostatic field. In addition, the unshielded partial elec-
trostatic field achieved by graphene could directly tune the energy
level of molecular SAMs or change their redox states, resulting
in effective conductance modulation in the device. As a result,
in comparison to typical three-terminal molecular junctions, this
three-terminal vertical molecular heterojunction can be operated
reliably at room temperature with a high yield and can also be
used to modify the redox state of molecules and the transport
barrier in the presence of a gate electric field.

For example, Jia et al. reported molecular vertical tunneling
transistors using two different molecular SAMs, and they demon-
strated gate-tunable and stable electrical characteristics at room
temperature, as shown in Figure 17a.12% They formed SAMs
of pseudo-p-bis((4-(acetylthio)phenyl)ethynyl)-p-[2,2]cyclophane
(PCP) or 1,4-bis(((4-acetylthio)phenyl)ethynyl)benzene (OPE3)
molecules on patterned Au (source)/SiO,/highly doped Si
substrates (Figures 17a-c). Then, CVD-grown single-layer
graphene was transferred on top of the SAMs and used as
a source electrode. A diethylmethyl(2-methoxyethyl)ammonium
bis(trifluoromethylsulfonyl)imide (DEME-TFSI) ionic liquid was
used as the dielectric layer, and patterned Au (laterally connected
to DEME-TFSI) was used as the gate electrode (Figure 17a,c). The
PCP-graphene heterojunction showed a relatively low conduc-
tance near V, = 0 compared to the OPE3-graphene heterojunc-
tion (Figure 17d). This is because the PCP molecules exhibit z—x
overlapping between the aromatic rings and methylene bridges;
this creates destructive quantum interference features between
the HOMO and HOMO-1 (Figure 17¢).12%]

Figures 17f,g depict the J,—V[ curves as the gate voltage
(V) varies from —1 to 1 V for three-terminal PCP- and OPE3-
graphene heterojunctions, respectively. V. can shift both the
graphene energy level and molecular orbital level with regard to
the E of Au. In other words, when a positive (negative) V;; is
applied, the E; of graphene is shifted upward (downward), and
the positions of the HOMO and LUMO in the molecular SAMs
are shifted downward (upward). When a positive (negative) Vp,
is applied under V; > 0 (V; < 0), the Fermi level approaches
the Dirac point of graphene, resulting in the movement of
conductance minima in the positive (negative) V,, direction
(Figure 17h,i). Namely, |, at positive V}, decreased when V; was
changed from —1 V to 1V, and J,, at negative V}, increased when
Vi was changed from —1 to 1 V, regardless of the molecular
species (Figure 17f,g). They also found that the gate dependence
of the PCP-graphene heterojunction was much higher than
that of the OPE3-graphene one. As shown in Figure 17jk, the
difference between the low-conductance region (green) and high-
conductance region (red-orange) with respect to the gate voltage
was much more distinct in the PCP-graphene heterojunction
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Figure 17. a) Schematic illustration of the overall device structure. b) Chemical structure of the PCP and OPE3 molecules. ¢) Schematic illustration of
the molecular transistor with OPE3 SAMs and ionic liquid (DEME-TFSI) gating. DEME™ ions are the cations, and TFSI™ ions comprise the anions. d)
Plots of experimental current density (/p) versus bias voltage (Vp) for PCP and OPE3. €) Schematic illustration of the PCP and OPE3 junctions. J; versus
Vp characteristics for f) PCP and g) OPE3 with gating from —1to 1V with step of 0.5 V. h) Schematic band diagram of the device under varying V at
graphene electrode. i) Schematic band diagram of the device under varying V(. 2D visualization of dJ/dV plotted with respect to V and Vj, for j) PCP
and k) OPT3. Black lines in (j) and (k) are auxiliary markers of corresponding conductance diamond edge. Reproduced with permission.[298] Copyright

2018, American Association for the Advancement of Science.

than in the OPE3-graphene one. This indicates superior gating
tunability for the PCP-graphene heterojunction, generating a
larger on-off ratio for Jj, at V, = 0.

In addition to this, using the same molecular vertical tran-
sistor configuration, Jia et al. also fabricated a three-terminal
molecular redox-switching device.?!% They formed a monolayer
of 6-ferrocenyl hexanethiol (denoted as FcCS) on an Au/highly
doped Si substrate (source) and transferred CVD-grown single-

Adv. Sci. 2022, 9, 2202399

layer graphene (drain) on top of the SAM (Figure 18a). The
FcC,S and gate electrodes were covered with a 0.1 M HCIO, solu-
tion as the electrolyte solution (Figure 18a). Because FcCS was
encapsulated by graphene, the electrochemical redox reactions
across single-layer graphene could be reversibly switched (Fig-
ure 18b).12112121 To achieve the electrochemical redox reaction, V¢
was applied to generate an electrochemical double layer on the
graphene surface; this can induce electron transfer between the

2202399 (23 of 31) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 18. a) Schematic illustration of the device structure of Au/Fc-SAM/SLG junction with a liquid drop on top of the chip. b) Schematic illustration
of the Au/Fc-SAM/SLG junction with oxidation and reduction treatments. c) Schematic illustration of the EC-oxidation and EC-reduction with controlled
electron transfer processes. d) Jp—Vp curves for the junction in initial state, treated by EC-oxidation and re-treated by EC-reduction. The error bars
represent the log-standard deviation. e) Corresponding |/p| at Vp = —0.5 V for the junction sequentially treated by EC-oxidation (red) and reduction
(green). f) Schematic representation of the Fc-graphene contact, where d is the contact separation. g) Ground state energy versus d for different number
of electrons N on the molecule: N = 0 (neutral) and N = —1 (oxidized). h) I~V characteristics for contact distances of d changed from 2.9 to 4.7 A with
step of 0.2 A. Reproduced with permission.[2'2] Copyright 2022, Elsevier Inc.

Fc moiety and Au electrode (Figure 18c). In the initial state, an
asymmetric J,—V}, curve with a maximum RR of 14 at + 0.8 V
was observed. When a V of 0.3 V was applied for 180 s, the
Jpo—Vp curve was symmetric and its magnitude decreased; this
was denoted as an electrochemical (EC) oxidation (Figure 18d).
On the other hand, when a V; of —0.3 V was applied for 180
s, the Jo—V} curve became asymmetric and its magnitude was
increased; this was denoted as EC-reduction (Figure 18d). Fig-
ure 18e shows the plot of |J,| as a function of switching cycles
when V; was sequentially applied at 0.3 V for 180 s. The de-
vice exhibited reversible switching characteristics and an on/off
ratio of two orders of magnitude. A potential gate-tunable switch-
ing mechanism was suggested as follows. Graphene has a high

Adv. Sci. 2022, 9, 2202399

degree of electronic transparency and ion impermeability. Thus,
the counter anions can remain separated on the top surface of
the graphene layer and balance the oxidized Fc cations under
the graphene when a positive V., is applied. This forms vertical
Fc/graphene or Fc* /graphene heterointerface configurations de-
pending on the electrochemical reaction induced by V. This re-
action can change the distance (d) between the graphene and Fc
moiety (Figure 18f), by changing the transport width. Figure 18g
shows the estimated ground-state energy (Eg,,u,q) @s a function
of the contact length (d) and N (N = 0, green line for Fc, and N
= —1, red line for Fc*). The d corresponding to the minimum
Egyound for N =0 and —1 was changed from 3.2 to 3.8 A, affecting
the conductance of the molecular junction. Figure 18h shows the
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calculated V,—I, curves for different d. They speculated that the
lower conductance of the EC oxidation in Figure 18d,e (namely,
the Fc* condition) might be due to the increase in d under a pos-
itive V.

To summarize, graphene-based vertical molecular heterojunc-
tion structures offer a novel strategy for fabricating molecular
vertical transistors with good stability, reliability, and high yield.
In addition, the molecular redox response can be controlled by
electrochemical gating effects, to provide a switchable molecular
heterojunction platform. Graphene-based vertical molecular het-
erojunctions represent promising candidates for molecular-scale
transistors and novel electrical functionalities in molecular-scale
heterojunction structures.

4. Prospects and Challenges of Molecular
Electronic Heterojunction Devices

This section summarizes and discusses the applicability and mer-
its of molecular heterojunction structures as well as the antic-
ipated challenges and issues associated with their implemen-
tation in electronic devices. As mentioned previously, a single
molecule or molecular SAMs can create a permanent dipole mo-
ment with a strong electric field. This abrupt potential change at
the molecular scale can be utilized to tune the energy levels of the
metal or semiconductor surfaces.l?!3] Furthermore, this effect can
vary depending on the molecular characteristics (e.g., the molec-
ular structure, molecular length, molecular dipole moment, and
direction); that is, it could be used to engineer the energy level
alignment of subsequent hetero units (e.g., 2D or 3D semicon-
ductors). As a result, it has the potential to control charge trans-
port characteristics in heterojunction systems and generate novel
electrical functionalities.[#+-96:206208] Another merit of molecular
heterostructures is that there are numerous heterogeneous ma-
terial combinations and variabilities. Diverse hetero-units can be
combined and included in this junction to implement desirable
electronic functionalities. This diversity in hetero units allows
the rational design of electronic functions to be extended. These
strategies and attempts differ from those of conventional molec-
ular homojunction systems and have the potential to broaden the
field of molecular electronics by diversifying the electronic func-
tionalities and novel junction structures. Also, the heterojunction
system can significantly improve the device yield and produce
excellent operational stabilities, owing to the existence of a sub-
sequent hetero unit after molecular SAMs.[8+#1 This hetero unit
effectively prevents the top metal from penetrating the molecular
layer, passively and effectively protects the junction from the ex-
ternal environment, and is capable of stabilizing under repeated
programming inputs and thermal effects. In addition, those func-
tions and roles of the hetero unit can also increase the degree
of integration in both two- and three-terminal vertically stacked
molecular heterojunction devices, which can raise the possibility
of electronic applications. This is because the molecular SAMs
can be encapsulated and protected against environmental factors
by hetero-materials unit, avoiding oxidation and metal penetra-
tion under fabrication process. Since the device density can be de-
termined by the cross-sectional area between the top and the bot-
tom electrode, fabrication methods for decreasing the junction
area is necessary. Recently, Kwon et al., made a well-defined sin-
gle vertical truncated conical nanopore structure less than 10 nm
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based on a simple CMOS-compatible manufacturing process.[214l
This method for creating a single nanoscale pore could be imple-
mented in vertical two- and three-terminal molecular heterojunc-
tion platforms containing a few tens of molecules, thereby signif-
icantly increasing device density. In the lateral molecular hetero-
junctions based on a single molecule and graphene, the ultimate
scale of molecular heterojunctions can be realized. Compared to
lateral molecular homojunction, the z—z stacking interaction be-
tween molecules and graphene can improve stability up to high
temperature. Recently, there is developed a technique that makes
uniform nanogap < ~1 nm between metal on a 4-in. wafer using
the CMOS-compatible atomic layer lithography technique.l?!!
This technique, which can precisely control the sub-1 nm gap at
the wafer scale, could be used as a platform for FET device for
laterally connected molecular heterojunctions. To summarize,
these molecular heterojunction systems exhibit considerable po-
tential in terms of tailored electronic functions facilitated by inter-
facial energy band engineering, numerous heterogeneous mate-
rial combinations, high device yield, high integration degree, and
stability. Given that all of these are related to the long-standing
challenges of conventional solid-state molecular junction device
forms, molecular heterojunction systems have considerable po-
tential for realizing molecular-scale electronic devices. To sum-
marize various molecular heterojunctions with different hetero
units and device structures, we summarized molecules (single or
SAM), hetero units, thickness of hetero units, junction scheme,
functions, performance, and device yield in Table 1.
Nonetheless, significant obstacles remain in establishing
a genuine molecular electronic heterojunction with desirable
electrical and device performances. First, compared with conven-
tional molecular homojunctions, the level of difficulty for device
fabrication is significantly increased. Because the fabrication of
the molecular heterojunction often requires an additional step to
laterally locate the molecules between hetero units, or vertically
stack the subsequent hetero unit on or under the molecular
SAMs, the fabrication complexity can be further increased; this
could lead to unexpected effects such as damage to the molecular
layer or non-uniformity of the heterostructure regions. As the
difficulty of fabrication increases, large-scale mass manufac-
turing for commercial applications will become more difficult.
The second obstacle is the complexity of charge transport mech-
anisms through the heterostructure. Because the molecular
heterojunction system is composed of a combination of a single
molecule or molecular SAMs, and organic, inorganic, or 2D
nanomaterials, charge transport through these heterostructures
may be difficult to comprehend within the standard frameworks
typically used for inorganic-based heterostructures or molecular
homojunctions. Given the fact that the transport mechanisms
of molecular junction (even for standard alkanethiol molecular
junctions) have remained a controversial issue and have been
studied by many research groups around the world for decades,
it seems very difficult to develop solid theoretical models to fully
understand the charge transport properties of various molecular
heterojunctions. Third, different technical issues arise, depend-
ing on the heterostructure types. For the molecule-organic
heterojunction systems, a second organic layer is typically
formed by the spin-coating process. Owing to the difficulty in
filling the organic material via a nanoscale hole, this method may
impose constraints on the formation of a nanoscale junction.
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Furthermore, because the thickness of a coated-organic layer is
on the order of hundreds of nanometers, the effect of molecules
in the heterostructure upon the electronic characteristics may be
limited. In molecule-inorganic 3D semiconductor heterojunc-
tion systems, molecular SAMs are directly formed on inorganic
3D semiconductors. However, a limited number of molecular an-
choring groups are capable of chemically attaching to inorganic
semiconductors, which limits the variety of heterostructure
combinations. Additionally, because the inorganic hetero unit
is positioned beneath the molecules in this type of molecular
heterojunction, it is difficult to prevent top metal penetration
when fabricating a solid-state molecular device. This could lead
to low device yield and operational instability. Molecular-2D
material heterojunction systems have many strengths in terms
of the fabrication of molecular-scale junctions, implementation
of electrical functions, and device yield and stability. However,
challenges remain in terms of large-scale, high-quality 2D nano-
material growth and direct transfer onto molecular SAMs. These
issues may impede the fabrication of molecular-scale heterojunc-
tion devices on a large scale and may also increase the cell-to-cell
deviation and junction non-uniformity. Therefore, the degree
of advancements in the growth and fabrication of 2D nanoma-
terials could significantly affect the development of molecular
electronics.

5. Conclusion

The field of molecular electronics has seen significant growth in
the last half-century owing to developments in nanofabrication
technology and theoretical calculation capabilities. The original
goal of implementing a wide variety of electronic functions de-
rived from molecular structures has received significant attention
from the perspective of pursuing the ultimate nanoscale elec-
tronic devices. Additionally, because molecular building blocks
possess infinite degrees of freedom in terms of molecular struc-
ture, the growth potential of molecular electronic components
remains substantial. Many molecular homojunction platforms
have been specially devised and designed to gain a better under-
standing of the intrinsic charge transport mechanisms via sin-
gle and molecular SAMs layers, and their electronic device appli-
cability has been thoroughly evaluated. Numerous critical vari-
ables governing the electronic behavior and quantum transport
in molecular junctions have been identified and investigated. Al-
though our understanding of and ability to fabricate molecular
junctions has improved significantly, we are still confronted with
significant challenges in implementing a robust molecular-scale
device with desirable electronic functionalities, as mentioned in
the introduction. In this review, we introduced novel strategies
and methods for overcoming these challenges, in terms of a vari-
ety of molecular heterojunction architectures. Diverse molecular
heterojunction structures, such as molecule-organic, molecule-
inorganic semiconductors (Si and GaAs), and molecule-2D ma-
terials (graphene and TMDs) were sequentially presented, along
with an explanation of the key parameters governing their elec-
tronic functions. As summarized in Section 4, molecular hetero-
junction systems have unique strengths and merits (compared
with typical molecular homojunctions) in terms of their inter-
facial energy band engineering, countless heterogeneous ma-
terial combinations, high device yield, and operating stability.

Adv. Sci. 2022, 9, 2202399
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With these results, utilizing molecular heterojunction systems
may, in our opinion, become a new alternative for validating the
promise of molecular devices in commercial electronic applica-
tions. Whilst a lot remains to be done before a molecular-scale
electronic device can be realized, we believe that recent advances
in molecular heterojunction systems will allow the field of molec-
ular electronics to progress to the next advanced level.
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