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Electronic Devices Based on Heterostructures of 2D
Materials and Self-Assembled Monolayers

Mengmeng Li, Yu Jiang, Hongyu Ju, Suhang He,* Chuancheng Jia,* and Xuefeng Guo*

2D materials (2DMs), known for their atomically ultrathin structure, exhibit
remarkable electrical and optical properties. Similarly, molecular
self-assembled monolayers (SAMs) with comparable atomic thickness show
an abundance of designable structures and properties. The strategy of
constructing electronic devices through unique heterostructures formed by
van der Waals assembly between 2DMs and molecular SAMs not only enables
device miniaturization, but also allows for convenient adjustment of their
structures and functions. In this review, the fundamental structures and
fabrication methods of three different types of electronic devices dominated
by 2DM-SAM heterojunctions with varying architectures are timely
elaborated. Based on these heterojunctions, their fundamental functionalities
and characteristics, as well as the regulation of their performance by external
stimuli, are further discussed.

1. Introduction

As the channel length of metal-oxide-semiconductor field-effect
transistors (MOSFETs) shrinks to the nanoscale, the short-
channel effect of MOSFETs becomes more and more obvious,
limiting further miniaturization of devices. From traditional pla-
nar transistors to 3D fin field-effect transistors (FinFETs) and to
next-generation gate-all-around (GAA) FETs, the current control
capability of the gate has been further improved. However, if the
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focus is turned to the construction mate-
rials of devices in combination with their
structural designs, the goals of functional
tunability and device miniaturization can be
achieved by selecting nanoscale materials
that are regulated by external stimuli.

2DMs, including graphene (Gr), transi-
tion metal dichalcogenides (TMDs), black
phosphorus (BP), emerging layered materi-
als, etc., are layered materials with atomic
thickness. Different 2DMs have distinct
properties such as carrier mobility, bandgap
width, optical absorption, etc. Similarly,
due to the diversity of molecules, single-
molecule thick self-assembled monolay-
ers (SAMs) have various properties such
as photoisomerization,[1] redox,[2] dipole,[3]

chirality,[4] and other properties. By us-
ing these heterostructure of 2DMs and

molecular SAMs, the interfacial properties of devices can be mod-
ulated, such as reducing the Schottky barrier generated by the
contact between 2DMs and metals.[5] In addition, the combi-
nation of molecular and 2DM characteristics can realize spe-
cific functions, such as molecular optical switch,[6] molecular
rectifier,[7] 2DM sensor,[8] etc. Therefore, devices based on 2DM-
SAM heterojunctions can greatly enhance the functional rich-
ness and tunability of the devices while meeting the require-
ments of miniaturization.

In this review, we introduce three types of electronic de-
vices composed of 2DM-SAM heterojunctions, primarily cover-
ing their structures, mechanisms, and functions. By classifying
the direction of current transmission and the relationship be-
tween the positions of the two electrodes, two main categories
of devices are presented: vertical tunneling devices and horizon-
tal conducting devices. In addition, a category of 2DM-SAM het-
erojunction devices with intercalation structures are discussed,
although such devices can be categorized into vertical and hori-
zontal structures. Finally, an outlook on the prospects of 2DM-
SAM heterojunction devices are provided. We hope that this re-
view will provide useful insights and inspiration for researchers
and contribute to the ongoing advancement of this field.

2. Vertical Tunneling 2DM-SAM Heterojunctions

In most vertical devices, molecular SAMs are assembled between
two electrodes, forming a basic “electrode-SAM-electrode” het-
erostructure. 2DMs, especially graphene, benefiting from their
atomic thickness and high carrier mobility, are excellent electrode
materials of SAMs with minimal heterojunction size. The contact
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Figure 1. Vertical tunneling devices based on “2DM-SAM” heterojunctions. a,b) Vertical tunneling devices formed by covalent bonding on the metal
electrode (a) and the Gr electrode (b). a) Reproduced with permission.[11a] Copyright 2012, Wiley-VCH. b) Reproduced with permission.[6] Copyright
2013, Springer Nature. c,d) Vertical tunneling devices formed by 𝜋 ̶ 𝜋 interaction with the Gr electrode (c) and non-covalent interactions between
amino groups and the Gr electrode (d). c) Reproduced with permission.[9a] Copyright 2018, Wiley-VCH. d) Reproduced with permission.[9b] Copyright
2015, Wiley-VCH. e) Relationship between the molecular length of alkanethiol and the current density of vertical tunneling devices. Reproduced with
permission.[11a] Copyright 2012, Wiley-VCH. f) Odd-even effect in vertical tunneling devices. Reproduced with permission.[17] Copyright 2017, American
Chemical Society.

between 2DMs and SAMs can be established through soft van der
Waals (vdW) interactions or covalent bonds. Inserting 2DM be-
tween SAM and metal electrodes prevents irreversible damage
to the SAM that can result from direct deposition of metal elec-
trodes. Based on this structure, extensive research has been con-
ducted on the fundamental electrical properties of SAMs and the
interactions between SAMs and electrodes.[6,9] In addition, the
properties of SAMs modulated by external stimuli (such as light,
electric field, temperature, electrochemical means, etc.) were also
investigated.[6,10]

2.1. Construction of Molecular SAMs

The vertical 2DM-SAM devices, designed to explore the funda-
mental properties of SAMs, were fabricated using different ap-
proaches and exhibit diverse structures. These devices can be
classified based on the electrode materials used for assembling
molecular SAMs into those with SAMs on metal electrodes and
those with SAMs on 2D materials. Electron transport in het-
erojunctions can be either coherent or incoherent, depending
on whether the electrons interact with the molecules. Coherent
transport is primarily governed by the tunneling mechanism.
During incoherent transport, where the molecular size is gen-
erally larger, electrons are scattered by molecules, and the trans-
port is dominated by the hopping mechanism. Besides the type

of molecule and electrode, the electron transport mechanism is
also influenced by external factors such as bias and temperature.

For vertical devices with molecular SAMs on metal electrodes,
the molecules are preassembled by covalent bonds to form a
monolayer on the metal bottom electrodes, followed by placing
the top electrodes. This approach requires anchoring groups,
such as ̶ SH or ̶ NH2 at the end of molecules, to form covalent
bonds like Au ̶ S with the metal electrode, ensuring the creation
of a firmly assembled monolayer. While, in theory, a molecular
device can be formed through the contact of molecules with the
metal electrodes on both upper and lower sides, practical prepara-
tion processes often yield SAMs that are only a few nanometers
thick. Therefore, there is a strong preference for establishing a
soft contact between the SAM and the metal electrode.

A vertical molecular device, following the structure of
“metal-2DM-SAM-metal,” can be fabricated by spin-coating well-
dispersed reduced graphene oxide (rGO) sheets in a solution
onto a bottom Au electrode, with the molecular monolayer pre-
assembled covalently. Subsequently, a top Au electrode layer is
slowly evaporated onto the rGO (Figure 1a). In comparison with
monolayer Gr, rGO is a more cost-effective choice, as it can be
conveniently produced through spin-coating, without the need
for chemical vapor deposition and transfer steps. The rGO inter-
layer serves to decrease the likelihood of the molecular damage or
short circuits resulting from metal atoms penetrating the SAM
during the direct metal deposition process, thus realizing the
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authentic molecular effects in molecular devices.[11] In addition,
the devices exhibited minimal degradation even after 30 days
in a vacuum, demonstrating the dependable capability of 2DM
rGO to provide stable molecular transport properties. Figure 1b
shows the assembly of aryl diazonium molecules onto the sp2

hybridized Gr through a dediazoniation process, a chemical reac-
tion employed for functionalizing Gr surfaces.[6,12] This covalent
connection, characterized by strong coupling, enhances the
stability of the 2DM-SAM heterojunction. Consequently, the for-
mation of a covalently linked 2DM-SAM heterojunction implies
the occurrence of a corresponding chemical reaction between
the electrode surface and the molecular attachment points.

From a molecular energy level perspective, excessively strong
coupling between molecules and electrodes results in a signif-
icant broadening of molecular orbitals,[9a] which is unfavorable
for the rectification effect of the device.[13] The rectification ef-
fect involving molecules containing ferrocene (Fc) units was re-
ported by using the 𝜋 ̶ 𝜋 interaction between molecules and Gr to
form a monolayer of Fc-terminated molecules on the surface of
Gr electrodes (Figure 1c). The 𝜋 ̶ 𝜋 interaction, being a weak non-
covalent force, prevents the broadening of molecular orbitals, en-
suring the smooth assembly of molecules on Gr.

An alternative non-covalent method for assembling molecules
is to use the vdW interaction between the ̶ NH2 group at the end
of the molecule and the Gr to form a SAM (Figure 1d). This
interaction maintains the sp2 hybridization of Gr, resulting in
an effective tunneling barrier for the junction (i.e., a tunneling
decay coefficient of 1.02 ± 0.08 nC

−1, where nC is the number
of C atoms). Moreover, compared to molecular monolayers as-
sembled via organothiolate-metal bonds, those assembled in this
manner are not easily decomposed under ambient conditions.
The Cu//Gr//H2NCn//GaOx

cond/EGaIn tunneling junctions con-
structed in this way maintain their electrical properties in ambi-
ent conditions for more than 30 days.[9b,14]

The alkanethiol monolayer assembled between the two elec-
trodes behaves as a passive molecular resistance. The conductiv-
ity of the alkanethiol device correlates directly with the thickness
of the SAM, with more C atoms indicating a longer tunneling dis-
tance and lower conductivity. Figure 1e shows the current densi-
ties of three alkanethiol devices with varying lengths at different
bias voltages. The average tunneling attenuation factor 𝛽 is mea-
sured to be 0.82 ± 0.12 Å−1, which is consistent with previously
reported values for alkanethiol junctions.[11a,15]

The vertical tunneling junction is also an excellent structure
for the study of interfacial effects between SAMs and materi-
als. An odd-even effect in the tunneling rate is observed in junc-
tions based on SAMs with an alkyl skeleton, where CH2 is the
repeating unit. In previous studies, strong covalent interaction
was used to assemble the molecular monolayer with fixed bond
angles between the SAM and bottom electrode, resulting in an
odd-even effect of the molecular end groups.[16] Furthermore, the
odd-even effect of the tunneling rate is also observed in junc-
tions with the molecular monolayer assembled by vdW interac-
tion between the molecular end group ̶ NH2 and the bottom Gr
electrode (Figure 1f). This suggests that the odd-even effect is in-
dependent of rigid bond angles between the SAM and bottom
electrode.[17] This result inspires further exploration of molecule
properties and molecule-electrode interactions using vertical tun-
neling SAM devices.

2.2. Regulation of Devices Properties

2DMs, typically represented by Gr and TMDs, play an important
role in optical, electric field and electrochemical regulation of ver-
tical SAM tunneling devices. For example, as the top electrode in
the device, Gr is characterized by its ability to allow the trans-
mission of light, electrostatic fields, and electrons, which greatly
facilitates the direct manipulation of SAM properties through ex-
ternal stimuli. Moreover, the regulated SAM, in turn, influences
the properties of the 2DMs.

2.2.1. Devices Based on Gr-SAM Heterostructures

There are many ways to manipulate the properties of vertical
2DM-SAM heterojunction devices, most of current researches
are focused on the inherent characteristics of the SAMs.[18] In
the case of light regulated vertical 2DM-SAM heterojunction de-
vices, specific conditions must be met for effective regulation.
First, the molecules assembled on the bottom electrode should
be photosensitive to ensure responsiveness to light stimulation.
Second, the material selection or structural design of the hetero-
junction device should enable efficient irradiation of the SAM
by light, a prerequisite for regulating device properties through
light. In comparison to previous vertical devices using metal elec-
trodes, a single layer of 2DMs, whether Gr or TMDs, as elec-
trodes offer good light transmittance. Thus, the structure of ver-
tical 2DM-SAM heterojunctions meets the latter condition men-
tioned above.

In response to the above requirements, many photoisomerized
molecules with photosensitive properties have been used to pre-
pare functional vertical SAM devices,[1,6,10c,19] including azoben-
zene (Azo), a common photoisomerization unit that can be con-
verted into a cis or trans structure when exposed to ultraviolet or
visible light. The Gr-SAM-Gr vertical device constructed from aryl
azobenzene molecules covalently assembled on Gr allows irradi-
ation to regulate Azo units in SAM (Figure 2a). Figure 2b shows
the current density plots for reversible optical switching cycles,
where the ultraviolet-irradiated cis-isomer SAM exhibits a higher
conductivity state than the trans-isomer, attributed to the shorter
tunneling distance of the cis-isomer SAM.[6]

Diarylethene (DAE), another widely studied photoisomeriza-
tion unit, is capable of transitioning between the open-ring and
closed-ring structures upon exposure to ultraviolet or visible
light. Figure 2c shows the structures of two vertical SAM de-
vices featuring DAE as the functional unit, with Au serving as
the bottom electrode and multilayer rGO as the top electrode. The
switching ratio of the device resulting from photoisomerization
of the SAM can reach up to two orders of magnitude (Figure 2d).
However, due to the strong coupling between the closed state
molecules and the electrodes, the switching function of the device
is unidirectional, meaning that it can only switch from a low con-
ductivity state to a high conductivity state, and vice versa.[19] This
strong coupling can be mitigated by designing a proper molecu-
lar length.[20]

Another photoisomerization system worth mentioning is
the dihydroazulene (DHA)/vinylheptafulvene (VHF) system, al-
though has received less attention previously. As shown in
Figure 2e, the molecules are assembled onto the Au electrode,
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Figure 2. Photo-regulated vertical tunneling switching device based on “Gr-SAM” heterojunction. a,c,e) Schematic diagram of the optical switching
device with the Azo unit (a), the DAE unit (c), and the DHA1/VHF2 unit (e). b,d,f) The electrical performance of the optical switching device with the
Azo unit (b), the DAE unit (d), and the DHA1/VHF2 unit (f). a,b) Reproduced with permission.[6] Copyright 2013, Springer Nature. c,d) Reproduced
with permission.[19] Copyright 2019, American Chemical Society. e,f) Reproduced with permission.[10c] Copyright 2013, Wiley-VCH.

with rGO as the top electrode. A DHA derivative, namely DHA1,
can transform into the corresponding VHF derivative VHF2 by
ring-opening reaction upon ultraviolet irradiation. The latter can
then convert back to DHA1 through thermal activation. There-
fore, the bidirectional switching characteristic of the SAM device
can thus be induced by heating and ultraviolet irradiation, how-
ever, the switching ratio is not very high (<10) (Figure 2f).[10c]

It is noteworthy that the optical switching behavior of photoi-
somerized molecular devices is inherently slow, which is con-
strained by the rate of conformational transformation. For exam-
ple, in the case of the SAM device with DAE (Figure 2c), the state-
switching process requires 613 s.[19] Similarly, the optical switch-
ing process for the SAM device featuring Azo as the functional
unit, as shown in Figure 2a, also exhibits a slow transition.[6]

In addition, an external electric field can also serve as an
effective physical means to modulate the tunneling character-
istics of vertical tunneling vdW heterojunctions by adjusting
specific energy levels, in the premise of the partial electrostatic
transparency of Gr. Figure 3a shows a vertical tunneling het-
erojunction structure that uses an electric field generated by an
electric double layer (EDL) of an ionic liquid gate to regulate
the tunneling current between the Gr electrode and the metal
electrode. In detail, the gate electric field penetrates the Gr layer,
finely tuning the energy level of the SAM relative to the Dirac
point of Gr (Figure 3b), and consequently impacting the electron
tunneling rate, thereby achieving the regulation of the conduc-
tance by the gate electric field. Therefore, SAM devices based
on this regulatory mechanism are expected to achieve higher
switching ratios through reasonable selections of energy levels
of molecules and electrodes. For example, Figure 3c shows the

Jds ̶Vds characteristic curves of a SAM experiencing destructive
quantum interference effects under the control of a gate electric
field, exhibiting a higher switching ratio compared to a SAM in
the absence of electric field modulation.[10a,b,21]

To enable the chemical regulation of 2DM-SAM heterojunc-
tion properties, it is essential, on one hand, for the molecule
to respond to the chemical environment and thereby alter cer-
tain characteristics of the molecule. On the other hand, changes
in certain characteristics of the molecule should be translated
into alterations in some properties of the device. As shown in
Figure 3d, a vertical device is proposed based on a Gr-SAM-
Au heterojunction, where Fc serves as a functional unit in the
molecule with redox properties. Electrons can transfer through
Gr between an oxidizing reagent (such as H2O2 solution) or re-
ducing reagent (such as NaBH4 solution) outside the device and
a SAM inside the device, capitalizing on Gr electron permeabil-
ity and the impermeability of most ions. In detail, as shown in
Figure 3e, the Fc unit can lose an electron to undergo a chem-
ical reduction reaction (C-reduction) (left). Conversely, the posi-
tively charged Fc unit can obtain an external electron, undergo-
ing a chemical oxidation reaction (C-oxidation) (right), while im-
proving the coupling strength of the Gr and Fc functional units,
thereby increasing the conductance of the device. For devices
treated sequentially by oxidizing (red) and reducing (green) solu-
tions, |Jds| at Vds = −0.5 V is shown in Figure 3f, which achieves
a switching ratio of more than two orders of magnitude.[2]

In addition to switching devices where the SAM is posi-
tioned between the source and drain electrodes, there is also
a less-explored photovoltaic device configuration where the
SAM is situated outside the two electrodes, capitalizing on the
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Figure 3. Vertical tunneling switching devices with electric field and chemical regulation. a) Schematic diagram of the electric field-regulated device.
b) Energy level structure with gate voltage regulation. c) Jds ̶Vds curves with gate voltage regulation. Reproduced with permission.[10b] Copyright 2018,
American Association for the Advancement of Science. d) Schematic diagram of the chemically regulated device structure. e) SAM redox in vertical
device. f) Switching performance of chemically regulated vertical devices. Reproduced with permission.[2] Copyright 2020, Elsevier Inc.

electron permeability of Gr. The SAM of photoactive molecules
acts as an organic layer within these vertical photovoltaic
devices.[22]

The dye molecule Acridine Orange (AO) has been employed in
the fabrication of such photovoltaic devices. Figure 4a,b shows,
respectively, the structural diagram of a TiO2/SLG/AO ternary
interface device with polymethyl methacrylate protective layer
and cross sectional high-resolution dark field scanning trans-
mission electron microscopy (STEM) images. Different from the
mechanisms and performances of conventional organic semi-
conductor photovoltaic devices, this TiO2/Gr/SAM heterostruc-
ture, based on the ipsilateral selective electron tunneling (ISET)
mechanism, exhibits an ultrahigh absorbed photon-to-current ef-
ficiency. In the ISET mechanism, the photogenerated electron-
hole pairs in the SAM on one side of Gr are separated. Electrons
tunnel through the electron-permeable Gr to the TiO2 layer, while
the holes are blocked. The following two examples of TiO2-Gr-
SAM ternary interfaces illustrate in detail this important mecha-
nism in photovoltaic devices.

The unique interfacial electronic structure leads to the ipsilat-
eral separation of the photogenerated carriers and selective bal-
listic electron tunneling across Gr to the TiO2 layer. Figure 4c
shows the projected density of states (PDOS) spectra, showing
the electron band structure of the TiO2/SLG/AO ternary inter-
face. The lowest unoccupied molecular orbit (LUMO) of AO lies
at ≈−2.7 eV relative to the vacuum energy level, matching well
with the unoccupied electron states of the adjacent Gr, which are

strongly coupled to the conduction band (CB) states of TiO2. Si-
multaneously, the highest occupied molecular orbit (HOMO) of
AO is ≈−5.0 eV, matching the occupied states of Gr, while the
valence band (VB) maximum of TiO2 is ≈−7.3 eV. Therefore, the
electron permeability of monolayer Gr enables the photoexcited
electrons in the SAM to traverse through Gr and ballistically in-
ject into the CB of TiO2, whereas the holes cannot, ensuring ef-
fective separation of photoexcited electrons and holes. Moreover,
the process of electron tunneling into TiO2 (89 fs) is much faster
than the energy relaxation (5.1 ps) and recombination (17.8 ps)
processes of the injected electrons, allowing for a high electron
collection efficiency (97.8%). Subsequently, the electrons are di-
rected to the external circuit for use by the load, thereby achieving
the photovoltaic function of the device (Figure 4d).

Z907 ruthenium, a dye molecule with high photoactivity
and unique amphiphilic structure, has been widely used as the
dye sensitizer in solar cells.[22a,23] Similar to the AO molecular
device mentioned above, the Z907 molecule also realizes a pho-
tovoltaic device with good performance based on TiO2/Gr/SAM
heterostructure and ISET mechanism. Figure 4e shows the
photoinduced carrier generation, separation, and transport in
photovoltaic devices, with the principle consistent with that
presented in Figure 4c. For a charge density of −3.7 eV, electrons
demonstrate direct tunneling from Z907 to TiO2 (Figure 4e,
upper right), while, for a charge density of −5.2 eV, holes transfer
from Z907 to SLG (Figure 4e, lower right). The current-voltage
characteristics are shown in Figure 4f, including conditions
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Figure 4. Ipsilateral selective tunneling photovoltaic devices based on “Gr-SAM” heterojunction. a) Structure of the photovoltaic device with a
TiO2/SLG/AO ternary interface. b) Cross sectional high-resolution dark-field STEM image of the TiO2/SLG/AO ternary interface. c) PDOS spectra for
TiO2, SLG, and AO. d) Schematic diagram of the photovoltaic effect mechanism. Reproduced with permission.[22c] Copyright 2016, American Chemical
Society. e) Schematic diagram of photoinduced carrier generation, separation, and transport in the photovoltaic device with a Z907/SLG/TiO2 ternary
interface. f) Jsc–V curves of the Z907/SLG/TiO2 photovoltaic device and a control device without the Z907 dye in both dark and light conditions. Repro-
duced with permission.[22a] Copyright 2017, Wiley-VCH.

both in darkness and under light, and with or without Z907
molecules. Under illumination, Z907 has an open-circuit volt-
age (Voc) of ≈0.663 V and a short-circuit current density (Jsc)
of ≈3.27 μA cm−2, showing its high photovoltaic conversion
performance. Crucially, the selection of the SAM and the single
layer of Gr in the photovoltaic heterostructure is very important.
The higher electron transparency of the single layer of Gr, in
comparison to multilayer Gr, coupled with the less photoexcited-
hole collection process and reduced electron-hole recombination
resulting from the use of a SAM instead of a multilayer of
molecules, collectively contribute to a high fill factor (FF) and a
high open circuit voltage (Voc) of the photovoltaic device.[22b,24]

2.2.2. Devices Based on TMD-SAM Heterostructures

Monolayer TMDs, characterized as direct bandgap semiconduc-
tors, have been widely studied and applied in the field of optoelec-
tronics. In vertical molecular film devices, molecules with differ-
ent structures can be used to modulate the interface between the
SAM and the 2DM electrode, thereby influencing the properties
of the 2DM. For example, when monolayer MoS2 which with ob-
vious photoluminescence (PL) characteristics, is used as the top
electrode on the Azo derivative SAM, as shown in Figure 5a, light

can reversibly regulate the configuration of the Azo unit through
the monolayer MoS2 and further influence the electrical proper-
ties of MoS2 via the doping effect. The qualitative energy level
diagram of MoS2 doped with Azo units is shown in Figure 5b. In
the trans configuration of the Azo unit, n-type doping occurs on
the emission side band of the monolayer MoS2 electrode. Upon
conversion of the molecules from a trans to a cis configuration,
the doping of MoS2 is reduced, resulting in the quenching of the
emission side band and an overall enhancement in PL efficiency
(Figure 5c). This achieves photoswitchable optical properties of
the monolayer MoS2.[1]

The devices prepared from the combination of non-functional
SAM and photoactive 2DM layer holds the potential for achiev-
ing a higher optical switching speed compared to those pre-
pared from photoisomeric molecules. In Figure 5d, a photodiode
device comprising a dipolar tridecafluoro-1-octanethiol (F6H2)
SAM, a photoactive layer of WSe2, and Gr has been proposed.
The molecular dipole moment induces band alignment of WSe2
in the WSe2-SAM interface, enabling the photoswitching capa-
bility of the device. An ultrafast photo-response of ≈100 μs has
been achieved. The band diagram of the dipole-dependent charge
transport mechanism for the WSe2-SAM heterojunction device
is illustrated in Figure 5e. Notably, the band bending of WSe2 al-
lows the rapid separation of photoexcited electrons and holes by

Small 2024, 2402857 © 2024 Wiley-VCH GmbH2402857 (6 of 22)

 16136829, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202402857 by Peking U
niversity H

ealth, W
iley O

nline L
ibrary on [17/09/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.small-journal.com


www.advancedsciencenews.com www.small-journal.com

Figure 5. Vertical tunneling devices based on “TMD-SAM” heterojunction. a) Structure of the “MoS2-Azo SAM” heterojunction-based device. b) Energy
levels of MoS2 doped with two configurations of Azo SAMs. c) PL performance of the “MoS2-Azo SAM” heterojunction. Reproduced with permission.[1]

Copyright 2014, AIP Publishing LLC. d) Structure of the “Gr-WSe2-dipolar SAM” heterojunction-based device. e) Energy levels of the device with dipolar
F6H2 SAM. f) Switching performance of the photoresponsive device. Reproduced with permission.[25] Copyright 2022, Wiley-VCH.

an internal electric field between two electrodes when exposed
to light. This implies that a certain photocurrent can be gen-
erated rapidly even at zero bias. Conversely, the photocurrent
is minimized when the external bias and internal electric field
counterbalance each other. In the absence of light, the current
is minimized at zero bias, resulting in an optical on/off ratio
of up to 1.99 × 105 at zero bias for the device (Figure 5f).[25]

The rectification performance of the “Gr-WSe2-dipole SAM”
heterojunction (with a ratio of 10 to100) is not as strong
as that of a typical 2D semiconductor heterojunction (usually
> 103). However, it offers unique advantages. By modifying the
molecular dipole moment, the rectification and photovoltaic re-
sponse characteristics of the heterojunction can be conveniently
adjusted.

3. Horizontal Conducting 2DM-SAM
Heterojunction Devices

In most horizontally conducting 2DM-SAM heterojunction de-
vices, the 2DM is the main electron conduction pathway, while
the SAM significantly influences the properties of the 2DM.
This is different from the vertical tunneling heterojunctions dis-
cussed in the previous chapter, where the SAM functions as
the primary electron tunneling pathway, and the 2DM serves
as the electrode. Horizontal devices, conducted by the 2DM,
can be initially categorized into three types based on the differ-
ent environments in which 2DM-SAM heterojunctions are con-
nected. In addition, a small number of horizontal conducting
2DM-SAM heterojunction devices rely on the SAM for current
conduction.

3.1. Intrinsic 2DM-SAM Heterojunctions

By doping 2DMs, their electrical and optical properties can be
conveniently tuned, allowing for the design of devices with spe-
cific requirements and a better understanding of their work-
ing principles. In comparison with other techniques, such as
substitution doping and electric/magnetic field-induced doping,
chemical doping using SAMs has the advantage that molecular
dopants are versatile and readily available, without the need to
consider lattice matching. Additional advantages include the sim-
plicity of the doping procedure, because SAMs can be applied
to the 2DM surface through soaking or spinning molecular so-
lutions. However, despite these advantages, the connection be-
tween 2DMs and SAMs is generally based on physical adsorption
(especially in chemical doping based on charge transfer mecha-
nisms), which is not very stable and easily degrades, resulting in
a short device lifetime.

Mechanistically, chemical doping can change the charge trans-
fer between the SAM and the 2DM, which is expected to bring
about a shift in the Fermi level of the 2DM, thus regulating its
electrical and other properties of 2DMs. The extent of charge
transfer signifies the relative electron-donating or -absorbing ca-
pacity of the two materials in contact. This characteristic is in-
dependent of the molecular connection to the 2DM, whether co-
valent or non-covalent,[26] and it is also unaffected by the rela-
tive positioning of the SAM and the 2DM.[27] Figure 6a shows
two major horizontal conducting 2DM-SAM heterostructures.
The upper configuration is a case where the molecules are as-
sembled on the 2DM. The lower configuration shows a situation
where the molecules are assembled on an insulating substrate.
Through the introduction of suitable molecular dopants, both
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Figure 6. Horizontal conducting devices with “Gr-SAM” heterojunction. a) Schematic presentation of two typical “2DM-SAM” horizontal conduction
heterojunction devices with the SAM on the 2DM (upper) or under the 2DM (lower). b) Calculated electrical potential induced by a supramolecular lattice
on Gr. c) Ids ̶ Vgs transfer characteristic curves of the horizontal device. Reproduced with permission.[31] Copyright 2017, Springer Nature. d) Schematic
diagram of electron doping and hole doping effects of SAMs with different dipole orientations on Gr. e) Energy level diagram of the chemical reaction
between BPO molecules and the surface of the ̶ CH3/ ̶ F SAM doped-Gr. Reproduced with permission.[39] Copyright 2020, Royal Society of Chemistry.

structures can undergo chemical doping via the charge trans-
fer mechanism. More specifically, if the redox potential of the
molecules is situated below the valence band maximum (VBM) of
the 2DM, electrons may transfer from the 2DM to the molecules,
which possess a strong electron-absorbing ability, resulting in
p-type doping.[28] Conversely, when the redox potential of the
molecules exceeds the conduction band minimum (CBM) of the
2DM, electrons can transfer from the molecules, which have a
strong electron-donating ability, to the 2DM, leading to n-type
doping.

Dipolar interaction is another important aspect through which
chemical doping regulates the properties of 2DM. When a
molecule comes into contact with the 2DM, its dipole moment
can apply an electric field to the surface of the 2DM, influenc-
ing the intrinsic electronic structure of the latter. Establishing a
significant electric field requires the molecules to form a well-
organized arrangement. In such conditions, a macroscopic shift
of the Fermi level in the 2DM occurs, which allows the carrier
density of 2DMs to be controlled. Molecules of varying dipolar
orientations and magnitudes can be used to customize the types
and sizes of chemical doping.[28a]

To fabricate a horizontal heterojunction device via chemi-
cal doping, as showcased by the lower structure in Figure 6a,
molecules are intricately designed to covalently assemble on
the SiO2 substrate via their anchoring groups, while also in-
teracting non-covalently with the lower surface of the trans-
ferred 2DM. The advantages of this design, first, enables the for-
mation of a SAM with an ordered and compact arrangement
of molecules, ensuring the effective regulation of the 2DM by

molecular dipoles. Second, employing non-covalent interaction
between the SAM and the 2DM can minimize the reduction in
carrier density caused by the molecular covalent assembly on its
surface.[29] For the heterojunctions based on SiO2-SAM-Gr struc-
ture, the Fermi level shifts of Gr caused by molecules with differ-
ent dipole moments were studied experimentally and computa-
tionally. Monolayers assembled by molecules with larger dipole
moments result in more significant Fermi level shifts, while
those with opposite dipole moments induce shifts in different
directions.[30]

Notably, achieving chemical doping through molecular dipoles
can also be realized by the ordered assembly of SAMs on the
2DM surface,[31] in which case it can reduce the susceptibility
of 2DMs to ambient conditions. For instance, BP is sensitive
to oxygen and humidity due to its threefold coordinated atoms,
which compromises performance of BP-based devices in ambi-
ent conditions.[32] 2DMs also exhibit enhanced stability in the
presence of molecular monolayer. For example, the preservation
period of BP-based devices, when coated with the octyltrichlorosi-
lane (OTS) SAM, is extended to over 28 days in ambient air,
in sharp contrast to the less than 7 days of stability observed
when BP is directly exposed to air.[33] On the other hand, the as-
sembly of certain molecules at surface defect of 2DMs can im-
prove the electron transport and PL properties of these materials.
Through the adsorption of organosulfur compounds at sulfur va-
cancy points on the MoS2 surface, the sulfhydryl groups play a
reparative role in addressing sulfur vacancies within transitional
TMDs, thereby effectively inhibiting electron scattering around
defect sites.[34]
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3.1.1. Devices Based on Gr-SAM Heterostructures

By chemical doping, the electronic structure of Gr that in con-
tact with molecular dopants can be modulated. A Gr surface
with high carrier density of over 1013 cm−2 can be achieved by
self-assembling monolayer fluoroalkyl silanes on Gr.[35] By us-
ing tetrafluorotetracyanoquinodimethane (F4-TCNQ) molecules
with strong electron absorbing capacity to functionalize the Gr
surface, the band structure of epitaxial n-type doped Gr on
SiC(0001) can be precisely tailored to attain charge neutrality.[36]

For a device with 2DM-SAM heterojunction (Figure 6a, up-
per), the doping effect on 2DMs can be regulated via molecu-
lar conformation changes upon photochemical reactions.[31] By
spin-coating a molecular solution onto the Gr surface, the long
molecular chains interact with the Gr surface through vdW inter-
actions, whereas the diazirine moiety responds to the light stimu-
lus, forming a supramolecular lattice. Changes in the position of
̶ CF3 relative to the Gr plane after the photochemical reaction re-
sult in a modification of the dipole interaction between the SAM
and Gr. Consequently, this leads to the realization of 1D periodic
potentials of varying magnitudes and controllable doping effects
(Figure 6b). The transfer curve of the device after the photochem-
ical reaction, as shown in Figure 6c, indicates that the doping ef-
fect of the molecule results in a significantly positive threshold
voltage (Vgs > 20 V) compared to the absence of molecules.

For a device in which the SAM on the substrate is enclosed
and separated from the air (Figure 6a, lower), effective chem-
ical doping of 2DMs can be achieved by modifying the termi-
nal groups of the molecule, such as adjusting their electron-
donating or electron-absorbing capabilities. As an illustration, 3-
aminopropyltriethoxysilane molecules, in their protonated form,
are assembled on a SiO2 substrate through covalent bonds, form-
ing a H3N+-SAMs. The positively charged ̶ NH3

+ terminal group
contacts the top Gr and absorbs electrons from Gr, resulting in
the formation of p-type doped Gr. When a back-gate voltage is
applied, a significant threshold voltage (Vgs = 20 V) is observed
on the transfer curve at Vds = 100 mV, confirming the presence
of p-type doping. In contrast, the self-assembled monolayer of 3-
aminopropyltriethoxysilane molecules (H2N-SAM) contacts the
top Gr and donates electrons to Gr through the ̶ NH2 terminal
group, which contains lone pair electrons. The corresponding
transfer curve shows an opposite threshold voltage (Vgs =−18 V),
indicating that H2N-SAM supplies electrons to Gr, resulting in
n-type doping of Gr.[29b]

In addition, solid-phase reactions on the surface of Gr can be
effectively controlled by SAMs. Given the electron-rich nature
of Gr, it has a tendency to form chemical bonds with electron-
accepting molecules through an electron transfer mechanism,
which is intricately correlated to the energy level arrangement
of both Gr and molecules.[37] SAMs play an important role in
fine-tuning the energy levels of graphene, thereby regulating the
ensuing chemical reactions with surface-active molecules. Ben-
zoyl peroxide (BPO), a representative molecule for modifying
Gr surfaces, can produce neutral phenyl radicals in the pho-
tochemical reaction process, which can selectively absorb elec-
trons from Gr, leading to subsequent reactions and binding with
the Gr surface.[37,38] To modulate the photochemical reaction of
BPO molecules on Gr, a design involving the use of the elec-
trostatic field generated by a monolayer of dipole molecules has

been proposed.[39] As shown in Figure 6d, molecules with spe-
cific dipoles, e.g. ̶ CH3 (or ̶ F) as terminals, are preassembled on
the SiO2 substrate and selectively introduces electrons (or holes)
to the upper Gr. This can effectively adjust the energy levels of
Gr, and consequently, control the reaction of BPO molecules on
its surface. The study revealed that elevating the energy level of
Gr can facilitate the reaction to occur, as the electron transfer
from the Gr level to the molecular level is more likely to occur
(Figure 6e).

3.1.2. Devices Based on TMD-SAM Heterostructures

As important new 2D semiconductor materials with remarkable
electrical and optical properties, TMDs have attracted great inter-
est in recent years. The bandgap of TMDs changes from indirect
bandgap to direct bandgap as the thickness decreases from bulk
to monolayer.[40] Chemical doping provides an efficient way to
convert 2DM into p-type and n-type semiconductors, similar to
that in conventional silicon-based semiconductors.

Benzyl viologen (BV) is among the electron-donor organic
compounds that has the highest reduction potentials. As shown
in Figure 7a, when BV molecules are used as surface charge
transfer donors for MoS2 flakes, MoS2 shows stable n-type
doping, characterized by a high electron sheet density of
≈1.2 × 1013 cm−2. Upon applying a top gate voltage to the device,
the device doped with BV molecules exhibits a shifted transfer
characteristic curve and a higher on/off current ratio (≈106) at
Vds = 1 V (Figure 7b).[41]

Similarly, three molecules with dipole moments
of different orientations and magnitudes, namely
OTS, 3-(trimethoxysilyl)−1-propanamine (APTMS), and
trichloro(1H,1H,2H,2H-perfluorooctyl) silane (FOTS), are
individually assembled on SiO2 substrate to form SAMs through
covalent bonds and touch the top transferred few-layer MoS2.
By introducing a large positive dipole, the FOTS SAM induces
a p-type doping effect on pristine MoS2 and weakens the n-type
doping characteristics of pristine MoS2 on the substrate. This
is reflected in a significant positive threshold voltage shift on
the transfer curve of the MoS2 FET. On the contrary, the reverse
dipole moment of APTMS SAM enhances the n-type doping
effect of MoS2, as evidenced by a significant negative threshold
voltage shift on the transfer curve. At the same time, the change
in carrier density induced by different molecules affects the
switching current ratio characteristics of FETs. The switching ra-
tio of FETs with APTMS (>103) is much higher than that of FOTS
(<10), indicating that the doping of the former leads to a higher
carrier density of MoS2.[42] Furthermore, a method for controlled
doping by introducing ligand molecules is also proposed.[3]

Metal phthalocyanines (MPcs), such as CoPc, MgPc, etc., are
initially self-assembled on the surface of MoS2. Then, pyridines
with different functional groups are introduced on the MPc
molecules as ligands. The type and position of the functional
group respectively determine the orientation and magnitude of
the supramolecular dipole moment, thus controlling the doping
effect on MoS2.

In addition to the high carrier density and switching ra-
tio characteristics of FETs, other electrical properties of 2DM
can be realized by hybridizing doping effects from different
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Figure 7. Horizontal conducting devices with “TMD-SAM” heterojunction. a,b) Schematic diagram of horizontal conducting device with unilateral chem-
ical doping on MoS2 (a) and its corresponding transfer characteristic curves (b). Reproduced with permission.[41a] Copyright 2014, American Chemical
Society. c,d) Schematic diagram of horizontal conducting device with asymmetric chemical doping on both sides of WSe2 (c) and the corresponding
transfer characteristic curve (d). Reproduced with permission.[27] Copyright 2019, American Chemical Society. e,f) Schematic diagram of horizontal p-n
junction for subregional chemical doping on WSe2 (e) and its switching performance (f). Reproduced with permission.[45] Copyright 2019, Wiley-VCH.

molecules. WSe2 is a layered ambipolar semiconductor capable
of transferring holes and electrons with a high carrier mobility
(μh > 200 cm2 V−1 s−1 and μe > 250 cm2 V−1 s−1, monolayer
WSe2).[43] However, in previous FETs composed of WSe2, am-
bipolar transport characteristics could only be observed by ap-
plying a high gating electric field or using two different metal
electrodes.[44] To fully exploit the ambipolarity of WSe2 in de-
vices, a new strategy of asymmetric chemical doping is pro-
posed. N-[3- (trimethoxysilyl)propyl]ethylenediamine (AHAPS)
molecules are assembled on SiO2 substrate to induce n-type
doping at the bottom of WSe2, and trichloro(1H,1H,2H,2H-
perfluorooctyl)silane (PFS) molecules are assembled on the bi-
layer WSe2 to induce p-type doping, as shown in Figure 7c. The
transfer curve in Figure 7d demonstrates the ambipolar charac-
teristics of the device, with carrier mobility of similar magnitude
(μh = 20 cm2 V−1 s−1 and μe = 5.7 cm2 V−1 s−1) and an on/off cur-
rent ratio of more than 103. However, it should be noted that the
same asymmetric functionalization method does not introduce
ambipolar properties for monolayer WSe2. This is because the
bilayer WSe2 allows each layer to have an opposite polarity, mak-
ing a parallel contribution to the overall charge transport, which
cancels out in monolayer WSe2.[27]

Moreover, a p-n junction on a single WSe2 grain with a switch-
ing function can be realized by spatially controlled chemical dop-
ing. As shown in Figure 7e and p-type doping is applied on one
side of WSe2 with 4-nitrobenzenediazonium tetrafluoroborate (4-
NBD) and n-type doping with diethylenetriamine (DETA) is ap-
plied on the other side of WSe2. Figure 7f shows the apparent

rectification behavior of the doped device (red curve) compared
to the Ids ̶Vds characteristics of the original WSe2 grain (black
curve).[45] The electrical parameters of 2DMs, such as carrier den-
sity and working function, can be controlled by selecting suitable
dopants and controlling the treatment time and concentration of
dopants.[46]

The reversible isomerization of molecules has been extensively
studied,[47] and the resulting doping effect is anticipated to be
controlled reversibly by switching between the isomers. Recently,
an approach for simple and effective controlling the doping effect
on the upper surface of 2DM using photoisomeric molecules has
been proposed.[48] As the functional unit of the molecule, Azo un-
dergoes a configuration change upon external light irradiation,
leading to a redistribution of dipole moments on the surface of
MoS2 and the ability to remotely and effectively control of carrier
concentration in MoS2 using light. This method of using pho-
toisomeric molecules to regulate the chemical doping effects of
2DMs is noteworthy, although the Azo molecules in contact with
MoS2 are multilayered.

Monolayer TMDs have unique optical properties, such as
strong PL, strongly bound excitons and charged excitons,[49] and
valley polarization,[50] making them promising materials for the
development of future optoelectronic devices. When electrons
are photoexcited from the valence band to the conduction band in
TMDs, they create an electron-hole pair (or exciton), with subse-
quent relaxation likely from the conduction band to the valence
band. The recombination of the electron with the hole induces
radiation in a process known as PL. Due to the strong Coulomb
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Figure 8. Horizontal conducting devices with “TMD-SAM” heterojunction. a) Schematic presentation of electron transfer process from TMDs to MPcs
molecules under illumination. Reproduced with permission.[51] Copyright 2015, American Chemical Society. b) PL intensity map of MoS2 influenced
by the −SH SAM. Reproduced with permission.[60] Copyright 2014, American Chemical Society. c) Schematic diagram of p-type doping on MoS2 by
F4TCNQ SAM. d) PL intensity of the pristine (upper) MoS2 and after doping with F4TCNQ SAM (lower). Reproduced with permission.[28b] Copyright
2013, American Chemical Society. e) Schematic diagram of the method for manipulating the Tc of NbSe2. f) Normalized R ̶ T measurements of NbSe2
with and without PFS SAM. Reproduced with permission.[58] Copyright 2020, American Chemical Society.

interaction in atomically thin TMDs, the exciton binding energy
is 0.6 eV for MoS2 and 0.37 eV for WSe2.[49a,c]

The optical properties of TMDs can be regulated through
charge transfer from TMDs to molecules.[51] As shown in
Figure 8a, the adsorption of MPc molecules on the surface of
MoS2 leads to the transfer of electrons excited by incident light
to the molecules, thereby inhibiting the exciton recombination of
MoS2 itself. It is important to note that this requires the selection
of TMDs and molecules with matching energy levels. For exam-
ple, NiPc molecules adsorbed on different TMDs have different
effects on the regulation of PL of TMDs. While NiPc molecules
cannot inhibit the PL properties of monolayer MoS2, they can in-
hibit those of monolayer WSe2 and MoSe2. When choosing MgPc
molecules, only the PL properties of WSe2 can be inhibited. This
is due to the transfer of excited electrons to the molecular en-
ergy level when the reduction potential of molecules is below
the CBM of the single-layer TMDs, which reduces the recom-
bination of excited electrons and holes in the valence band and
thus inhibits the PL properties of TMDs. Conversely, if the reduc-
tion potential of molecules is higher than the CBM of the TMDs,
the excited electrons cannot be transferred to the molecule, and
thus do not affect the PL properties. Notably, the inhibitory ef-
fect of MPc molecules on the PL properties disappears upon the
removal of MPc molecules, allowing for flexible and reversible
tuning of PL properties of TMDs. In Figure 8b, the PL inten-
sity diagram of MoS2 in a SiO2-monolayer MoS2 heterojunction

with ̶ SH as the end group of the SAM is presented. The dashed
lines distinguish the underlying ̶ SH patterns, highlighting the
enhancement of PL intensity associated with dipole moment and
charge transport brought by the SAM. Moreover, the PL inten-
sity decreases as the temperature increases, which is thought to
be due to the thermal activation of nonradiative recombination
centers.

The interaction between the exciton and the carrier leads to
the formation of a multibody bound state, such as the charged
exciton (trion).[49a] Therefore, it is expected that the optical prop-
erties of TMDs can be regulated by adjusting the density and pro-
portion of excitons and trions. Specifically, the change of carrier
density through chemical doping is an effective means to reg-
ulate PL properties, which has been extensively studied.[3,27,48,52]

As shown in Figure 8c, the assembly of 2,3,5,6-tetrafluoro-7,7,8,8-
tetracyanoquinodimethane (F4TCNQ) molecules on the surface
of a monolayer MoS2 absorbs electrons of MoS2, resulting in a p-
type doping effect. Furthermore, the PL spectra of single layers of
MoS2, with or without F4TCNQ molecules, demonstrate the im-
portant role of carrier doping in regulating PL properties from
a perspective of mechanism, as shown in Figure 8d.[28b] In the
case of monolayer MoS2, two conventional peaks indicating exci-
ton formation are observed near 1.92 eV (A exciton) and 2.07 eV
(B exciton), respectively. Moreover, peak A includes an X− trion
peak composed of two electrons and one hole (blue line) and an
X exciton peak composed of one electron and one hole (red line),
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which are consistent with previous research results.[52,53] After p-
type doping, the PL intensity of A and B excitons increases, with
the X exciton peak intensity (red line) higher than the X− trion
peak intensity (blue line), suggesting that F4TCNQ-induced p-
type doping increases exciton radiative recombination.

In contrast, when nicotinamide adenine dinucleotide (NADH)
molecules are used for n-type doping of MoS2, the PL peak in-
tensity decreases, and the peak shifts to the X− trion peak com-
pared with undoped MoS2. This indicates that the enhancement
of electron density increases the number of trions, thereby re-
ducing the radiation recombination of excitons. In fact, molec-
ular doping not only regulates the optical properties of TMDs,
but also provides a new method for controlling the perfor-
mance of TMDs-based photoelectric devices. A decrease in PL
intensity means a reduction in carrier recombination, which
leads to an increase in photocurrent, and vice versa.[54] For ex-
ample, in APTES doped MoS2 photodetectors, n-type doping
leads to a reduction in the PL intensity. The optical respon-
siveness of the device is improved by a factor of ≈26.4 (from
219 to 5.75 × 103 A W−1), which is much higher than previ-
ously reported TMDs photodetectors.[52,55] Therefore, the selec-
tion of appropriate molecular doping plays an important role
in improving the performance of TMDs-based optoelectronic
devices.

Apart from the regulation of electrical and optical properties,
the contact of SAMs with 2DMs also has implications for the in-
trinsic physical characteristics of 2DMs, including superconduc-
tivity. The transition of 2DM NbSe2 to a superconducting state
occurs below the critical temperature (TC). Notably, in SAMs, the
TC is lower (≈1 K) compared to that in bulk crystals (≈7 K).[56]

Manipulating the low-temperature superconducting state on the
surface of NbSe2 is achievable through the use of molecules, such
as paramagnetic and non-magnetic chiral molecules.[57] In addi-
tion, molecules with opposite dipoles can cause opposite shifts in
TC.[58] AHAPS and PFS molecules, each with permanent dipoles,
are assembled on a single layer of NbSe2 to create 2DM-SAM
heterojunctions (Figure 8e). The normalized R and T measure-
ments of NbSe2 before and after the assembly of PFS molecules
are shown in Figure 8f, where resistances are normalized to the
value of the resistance state above TC (R0), and TC represents
the temperature corresponding to R0/2. Relative to the TC of
NbSe2 (1.0 ± 0.1 K), the TC of PFS-assembled NbSe2 increases
to 1.55 K, while that of AHAPS-assembled NbSe2 decreases to
below 0.29 K. The change of carrier density induced by different
molecular dipoles influences the original electron–phonon inter-
action, which is closely associated with the formation of Cooper
pairs and the superconducting state.[59]

3.2. 2DM-SAM in Contact with Chemical/Biological Solution

While the regulation of properties in most horizontal 2DM-
SAM heterojunctions typically occurs under vacuum or air
conditions, it is noteworthy that regulation in a solution also
plays a crucial role.[61] Ionic liquid, with a higher electric field
than that of traditional back-gate, provides a new approach
for effectively regulating horizontal 2DM-SAM devices.[62]

Specifically, the diethylmethyl(2-methoxyethyl)ammonium

bis(trifluoromethylsulfonyl)imide (DEME-TFSI) ionic liquid is
an unconventional electrolyte with highly repeatable electro-
chemical behavior.[63] As shown in Figure 9a, Fc is a typical
electrochemical switchable molecular unit that can be attached
to the end of an alkyl thiol and then assembled on the surface
of MoS2 through the sulfur vacancy of MoS2. DEME-TFSI is
dripped onto the 2DM-SAM devices, and a Pt wire is immersed
into the ionic liquid as a top gate electrode. The two-electrode
electrochemical cell involves MoS2 and Pt wires as working and
counter electrodes, respectively, using DEME-TFSI to establish
an electrolyte environment for the redox reaction of Fc. The
voltage applied to the top gate electrode creates an EDL at the
interfaces between ionic liquid and monolayer MoS2, as well as
the ionic liquid and the gate electrode, thereby regulating the
redox state of the SAM and the doping effect of SAM on MoS2.
The device transfer curves under back-gate control correspond-
ing to Fc units in different states are shown in Figure 9b, which
achieve the reversible regulation of the doping effect of SAM
through electrochemical means.

With an extraordinarily high surface-to-volume ratio, atomi-
cally thin 2DMs are highly responsive to their surroundings, al-
lowing for easy modification by external inputs.[48] Meanwhile,
molecules with rich structures and functions provide a broad and
stable platform for 2DMs to communicate with their surround-
ings. Therefore, the 2DM-SAM heterojunction represents a vi-
able protocol for developing functional devices suitable for sens-
ing applications. A design of nitric oxide (NO) sensors based on
hemin-functionalized Gr FET has been developed for application
in biological systems with excellent selectivity and sensitivity.[8]

As shown in Figure 9c, hemin molecules can be immobilized
on Gr by 𝜋 ̶ 𝜋 stacking and can selectively bind to NO, which
ensures high sensitivity and specific detection of NO. The detec-
tion result of NO in physiological solutions such as cell culture
media or real biological samples like fetal bovine serum can be
inferred from the conductance value of Gr, influenced by the dop-
ing effect induced before and after the specific binding of NO. As
shown in Figure 9d, the introduction of interfering chemicals,
including oxygen and hydrogen peroxide, does not cause a sig-
nificant change in conductance. However, upon the addition of
1 nm NO, a substantial change in conductance can be observed,
and higher concentrations of NO result in a more pronounced
change in conductance.

Beyond the specific detection of small molecules, functional-
ized 2DMs enable the detection of biological macromolecules,
which is beneficial for the study of immune responses in or-
ganisms and disease treatments. For instance, a biosensor for
the rapid and sensitive detection of severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) in physiological solutions is
achieved by functionalizing monolayer WSe2 with SARS-CoV-2
spike protein antibodies, based on the specific binding of the vi-
ral antigen to the corresponding antibody.[64] In Figure 9e and
11-mercaptoundecanoic acid (MUA) effectively binds the SARS-
CoV-2 antibody to WSe2. The results indicate that the specific
binding of SARS-CoV-2 spike proteins and antibodies resulted
in an increase in the current of WSe2 FETs (Figure 9f). Overall,
the specific molecular interactions facilitate the development of
sensitive and rapidly responsive biochemical sensors through the
appropriate functionalization of 2DM-SAM.
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Figure 9. Horizontal conducting devices with “2DM-SAM” heterojunction in contact with solution. a) Schematic diagram of the dual-gated MoS2-Fc-SH
SAM device. b) Back-gate transfer characteristic curves of the MoS2-SAM device with different Fc-SH electrochemical states under ionic liquid-gate
regulation. Reproduced with permission.[61] Copyright 2020, Wiley-VCH. c) Schematic diagram of Gr-hemin SAM device that selectively responds to the
NO molecule. d) Conductance changes upon the sequential addition of a series of control solutions and NO solutions. Reproduced with permission.[8]

Copyright 2013, Springer Nature. e) Schematic diagram of the SARS-CoV-2 sensor based on WSe2-SAM. f) Electrical measurement of the sensor with
the addition of the SARS-CoV-2 spike protein. Reproduced with permission.[64] Copyright 2021, American Chemical Society.

3.3. 2DM-SAM in Contact with Metal

While 2D semiconductor materials have attracted considerable
attention for their unique electrical and optical properties, the
development of high-performance devices based on these ma-
terials has been hampered by issues such as the Schottky bar-
rier and large contact resistance arising from direct contact
with metal electrodes.[65] Several strategies have been proposed
to reduce the contact resistance at the metal-2DM interface,
including high-temperature annealing,[66] additional steps in-
volving the introduction of graphene or hexagonal boron ni-
tride as an interlayer,[67] and the selection of metals with low
work functions to align with the conduction band of 2DMs.[68]

The use of SAMs to functionalize 2DMs has been proposed
as a productive and alternative approach to improve contact
performance.[69]

As shown in Figure 10a, perfluorodecanethiol (PFDT)
molecules can be selectively adsorbed by sulfur vacancies on the
surface of MoS2 through vapor deposition, which introduces an
additional thin tunneling path in the contact region of Au and
MoS2. For the Au-MoS2 interface without molecular treatment,
the carrier injection characteristics are determined by the Schot-
tky barrier as well as the tunneling barrier caused by the vdW gap
naturally formed between the metal and the 2DM. The main car-
rier injection mechanism is thermionic emission, which requires
sufficient activation energy to overcome the barrier between Au
and MoS2. Therefore, for untreated MoS2 FETs, Ids tends to in-
crease with rising temperature. In contrast, for the thiol-treated
Au-MoS2 interface, the combination of thiol molecules and sul-

fur vacancies creates a tunneling path with a lower thin barrier at
the interface, hindering the Au-MoS2 interaction and removing
the interface states (sulfur vacancies) responsible for Fermi level
pinning.[69,70] Consequently, carriers can be injected from Au
electrode to MoS2 via field emission even with much lower acti-
vation energy (Figure 10b). The Ids of the thiol-treated MoS2 FETs
is essentially maintained as the temperature increases, as shown
in Figure 10c. After PFDT treatment, the normalized contact re-
sistance of the device is reduced from ≈175.5 to ≈67.7 kΩ μm.
Meanwhile, the output current increases from ≈20 μA to over
30 μA (at T = 80 K, Vgs = 40 V, and Vds = 3 V). Overall, the in-
troduction of thiol molecules induces a transition from Schottky
contact to Ohmic contact behavior, thereby increasing the tunnel-
ing current.

From another perspective, in addition to the introduction
of thin tunneling barriers, molecular assembly between the
metal and the 2DM can also lead to the reduction of the metal
work function or the increase of the 2DM Fermi level. This is
beneficial as it aligns the energy levels of the metal electrode and
the 2DM, thus lowering the barrier.[5,71] An approach has been
proposed to improve the contact performance of the Au-MoS2
interface by adjusting the work function of the metal through
molecular monolayer assembly (Figure 10d). In this approach,
molecules are pre-assembled onto the metal electrode via the
Au ̶ S bond, following which MoS2 is transferred onto the
SAM. Figure 10e shows the work function range of Au after the
assembly of different molecules (BP0-down, BP0, and BP0-up)
and the electron affinity range of MoS2 flakes, assuming vacuum
level alignment.[71,72] Among them, the electrodes assembled
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Figure 10. Horizontal conducting devices with “2DM-SAM” heterojunction in contact with metal. a) Structure of thiol-treated MoS2 in contact with Au
electrode. b) Energy band diagram of the contact between thiol-treated MoS2 and the Au electrode. c) Temperature dependent Ids ̶Vds output curves
of the untreated and PFDT-treated MoS2 device. Reproduced with permission.[69] Copyright 2018, Wiley-VCH. d) Structure of the SAM-treated MoS2
device in contact with the gold electrode. e) Work function range of SAM-treated electrodes compared to the electron affinity range of MoS2 flakes.
f) On/off ratio as a function of electrodes treated by different SAMs. Reproduced with permission.[71] Copyright 2020, Wiley-VCH.

with BP0 and BP0-up exhibit work function closer to the electron
affinity range of MoS2 flakes, which allows both interfaces to
exhibit low contact resistance during electron injection, both
from the source electrode to MoS2 and from MoS2 to the drain
electrode. For the Au/BP0/MoS2 heterojunction, the output
current (Id) is ≈1.6 μA at V = 1 V. In contrast, for the Au/MoS2
heterojunction with a similar current transmission length, Id
is only ≈25 nA. The introduction of the BP0 SAM significantly
reduces the contact resistance in MoS2-based FETs compared to
unmodified electrodes (13.56 vs 0.01 kΩ cm), leading to an on/off
ratio increase of more than two orders of magnitude (Figure 10f).

3.4. Horizontal Devices Relying on SAM for Charge Transport

In most horizontal devices with 2DM-SAM heterojunctions, the
2DM is typically used as the conduction path and metal is used as
the electrode. However, this setup tends to underutilize the rich
molecular properties in enhancing device performance. More-
over, the high energy barrier between the metal and the 2DM lim-
its the development of high-performance FETs, which are charac-
terized by characteristics such as high mobility and a high switch-
ing ratio. A novel horizontal device employing a 2DM-SAM het-
erojunction, where the SAM acts as the conduction path and

2DM as electrode, has been proposed.[73] As shown in Figure 11a,
monolayers of copper phthalocyanine (CuPc) molecules with a
face-to-face 𝜋 ̶ 𝜋 packing conformation strongly interact with
the monolayer Gr electrodes in two dimensions, giving rise to
back-gate regulated molecular FETs. The Gr nanogap is crafted
by the oxidative cutting of individual Gr sheets through an ul-
trafine lithographic process and precise oxygen plasma etching.
The electrical characteristics of Gr before and after oxidative cut-
ting, alongside the AFM image following the assembly of the
SAM are shown in Figure 11b. The current of Gr after cutting
is nearly zero. Compared with metal electrodes, due to the low
work function (4.7 to 4.9 eV) of Gr, there is a favorable interface
contact and a low injection barrier between Gr and the SAM.[74]

This results in both high carrier mobility (up to 0.04 cm2 V−1 s−1)
and a high on/off current ratio (>106) for the FETs. Furthermore,
the photoactive properties of CuPc molecules are fully realized.
Figure 11c demonstrates that the photoelectric response charac-
teristics of the device are consistent with the UV/Vis absorption
spectra of corresponding CuPc films. The photoelectric response
can occur in a SAM with a thickness of only 1.3 nm, thanks to the
effective charge injection with small bias allowed by the low in-
jection barrier, which avoids harmful charge recombination un-
der light irradiation and prevents the quenching effect by the
environments.
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Figure 11. Horizontal devices relying on SAM for charge transport. a) Structure of the CuPc SAM transistor device with Gr as electrodes. b) Ids ̶ Vgs
transfer characteristic curves of Gr before and after oxidative cutting. c) The wavelength-dependent spectrum (black line) and the UV/Vis absorption
spectrum (gray circles) of CuPc thin films. Reproduced with permission.[73] Copyright 2010, Wiley-VCH. d) Schematic diagram of a device containing a
𝜋 ̶ 𝜋 stacked SAM that fulfils the nanogap between Gr electrodes. e) Local state density of the M/BPC SAM and Gr electrodes heterojunctions. f) I ̶ V
plots of the BPC device. Reproduced with permission.[75] Copyright 2019, Springer Nature.

In addition, as shown in Figure 11d, the covalent connection
of the molecular terminal groups to the SiO2 substrate ensures
the overall mechanical stability of these horizontal devices. Fur-
thermore, the 𝜋 ̶ 𝜋 packing between BPC molecules gives rise
to a uniform and compact SAM, contributing to the high elec-
tronic stability of the charge transport process in devices.[75] As
shown in Figure 11e, the wave function extends over the biphenyl
N-carbazole groups for the BPC SAM, whereas for the M SAM,
no delocalized orbitals are formed, and transport occurs via the
poorly conducting silane groups. This demonstrates the critical
role of the 𝜋 ̶ 𝜋 stacking head group in transport and rationalizes
the fact that the current of the BPC SAM (Figure 11f) is much
higher than that of the M SAM observed in the experiment.

4. 2DM-SAM Hybrid Superlattice Devices

Molecular intercalated 2DMs refers to stable superlattice struc-
tures formed by the interaction between guest molecules and the
host 2DMs, which allows the insertion of molecules into the in-
terlayer voids of 2DMs. The guest molecules discussed in this
section include not only neutral molecules but also emphasize
organic cations, especially those derived from ammonium salts.
The structural modification of 2DMs through molecular interca-
lation often results in changes to their properties, such as electri-
cal conductivity, thermal conductivity, magnetism, etc. Moreover,
the incorporation of different 2DMs with molecular intercalation
in devices holds the potential to achieve specific functionalities.

4.1. Construction of 2DM-SAM Hybrid Superlattices

There are many methods to obtain intercalated 2DMs, including
the vapor transport method,[76] solvent-based intercalation,[77]

electrochemical intercalation,[78] and artificial assembly.[79]

Among these, electrochemical intercalation stands out a mild,
efficient, and controllable strategy for achieving intercalation.[80]

The construction of molecular films through electrochemical
methods mainly relies on the electrostatic interactions between
2DM electrodes and charged molecules. The resulting het-
erostructures with an alternating arrangement of 2DM layers
and molecular films are referred to as 2DM-SAM hybrid super-
lattices. It is important to note that these hybrid superlattices are
not as uniform as those produced by self-assembly techniques.
In these hybrid superlattice structures, the molecular films
between adjacent 2DM layers are not necessarily monolayer and
can consist of several layers.

Figure 12a shows a BP superlattice device with molecular inter-
calation prepared through electrochemical intercalation. Briefly,
molecular intercalation of BP with cetyltrimethylammonium
bromide (CTAB) molecules takes place in a three-electrode elec-
trochemical cell, with Pt used as the counter electrode, Ag/AgCl
as the reference electrode, and the organic cations CTA+ being
intercalated into the vdW gap of the BP cathode. Figure 12b sim-
ulates the structure of monolayer phosphorene molecular super-
lattices (MPMS) after intercalation, allowing the extraction of key
intrinsic properties of the single layer of BP. Moreover, when the
device is placed under a Raman/PL microscope, the intercalation
process can be monitored by both the current and Raman/PL
spectra in situ.[78a]

4.2. Properties of 2DM-SAM Hybrid Superlattices

Recently, there has been a growing interest in the distinctive
properties of organic cationic intercalation 2DMs obtained by
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Figure 12. 2DM-SAM hybrid superlattices. a) Schematic presentation of the electrochemical-optical measurement platform for BP intercalation.
b) Cross sectional view of the simulated atomic structure of MPMS. c) Ids ̶ Vgs transfer characteristic curves of BP and MPMS devices. Reproduced
with permission.[78a] Copyright 2018, Macmillan Publishers Limited, part of Springer Nature. d) Schematic illustration of MoS2 intercalated with CTA+

organic cations. e) Structure of the MoS2-CTA+ hybrid superlattice. f) Ids ̶ Vgs transfer characteristic curves of the MoS2 device at different stages of
CTA+ intercalation. Reproduced with permission.[81] Copyright 2019, American Chemical Society.

electrochemical intercalation processes, showing their potential
for building devices with excellent electrical performance. For
example, as shown in Figure 12b, the MPMS of CTA+ inter-
calation increases the bandgap width of monolayer BP from
1.94 to 2.13 eV, thereby changing the semiconductor proper-
ties of BP.[78a] Figure 12c shows the transfer curves of both
BP and MPMS FETs before and after intercalation, wherein
the on/off current ratio of MPMS FETs exceeding 107, signif-
icantly enhancing the switching performance of the device.
Similarly, as shown in Figure 12d, molecular intercalation of
MoS2 with CTA+ takes place based on the principle of elec-
trochemical intercalation, wherein the organic cations CTA+

are inserted into the van der Waals gap of the MoS2 cathode.
Concurrently, the anions accumulate near the counter electrode,
forming the superlattice structure as shown in Figure 12e.[81]

The intercalation of CTA+ induces a phase transition of MoS2,
transforming from a semiconductor to a metal, resulting in
a significant increase in conductivity (>5 orders of magni-
tude). The transfer curves at different stages during the CTA+

intercalation processes are shown in Figure 12f, from the
pristine MoS2 with n-type doping characteristic to the par-
tially intercalated MoS2 with small gate regulation, and finally
to the superlattice with almost no gate regulation. Different
molecular intercalation can manifest different semiconductor

properties. For example, in contrast to the previous case, the
MoS2 superlattice intercalation with tera-heptyl-ammonium
cation (THA+) maintains a semiconducting 2H-MoS2
phase.

In addition to regulating the semiconductor characteristics
of 2DMs, molecular intercalation can be applied to modulate
their magnetic properties. Notably, electrochemical intercalation
of tetrabutyl ammonium (TBA+) cations has been reported to in-
duce the conversion of Cr2Ge2Te6 from a ferromagnetic semicon-
ductor to a ferromagnetic metal, due to the electron doping ef-
fect of intercalation.[82] This intercalation-induced changes in the
magnetic coupling mechanism significantly raises the Curie tem-
perature of Cr2Ge2Te6 from 67 to 208 K, accompanied by a change
in the direction of the magnetic easy axis. Furthermore, a novel
spintronic device has been constructed based on the chiral molec-
ular intercalation 2DM superlattice and a magnetic electrode.[4]

Figure 13a shows the formation of right-handed (R-) and left-
handed (S-) chiral molecular intercalation superlattices (CMIS)
by chiral molecular intercalation of TaS2, respectively. The CMIS,
along with an Au electrode and a ferromagnet Cr3Te4 electrode
then establishes a spin tunneling junction (STJ). When charge
is transported through specific chiral molecules or structures,
an electron spin polarization associated with molecular chiral-
ity occurs, and this phenomenon is known as the chiral-induced
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Figure 13. 2DM-SAM hybrid superlattices. a) R-CMIS and S-CMIS with alternating layers of TaS2 and chiral molecules. b) Magnetic-field-dependent
tunneling current measured in the S-CMIS with CISS effect. Reproduced with permission.[4] Copyright 2022, Springer Nature. c) Schematic presentation
of the emergence of superconducting weak topological insulators from type-II Weyl fermion in bulk MoTe2 through ion intercalation. d) Resistance of
the MoTe2-molecular monolayer superlattice under different magnetic fields. Reproduced with permission.[84c] Copyright 2019, Science China Press and
Elsevier. e) Schematic diagram of the TiS2-based hybrid superlattice structure. f) In-plane ZT of TiS2 single crystal and TiS2-based hybrid superlattice.
Reproduced with permission.[85] Copyright 2015, Macmillan Publishers Limited.

spin selectivity (CISS) (Figure 13b). A bidirectional magnetic field
scan of the S-CMIS STJ at a constant bias voltage shows typical
characteristics of STJs. The CISS effect of chiral molecules can
lead to asymmetric spin tunneling probability for carriers with
different spin polarization directions. During the field sweep
scan, when the magnetic field surpasses the coercive field of
Cr3Te4, there is an abrupt switch in the out-of-plane ferromag-
netic order of Cr3Te4, leading to an instantaneous change in the
spin polarization direction of carriers, and subsequently causing
a sudden shift in the tunneling probability through the CMIS.
Notably, the R-CMIS STJ displays the I ̶ B curve with an opposite
trend. This CMIS STJ, with a distinct chirality-dependent tunnel-
ing current, demonstrates a magnetoresistance of over 300% and
the spin polarizability of more than 60%. The versatility of lay-
ered 2DMs and customizable chiral molecular structures opens
up possibilities for designing and integrating novel spintronic
devices.

Organic cations intercalation provides a new pathway for en-
hancing the superconductivity of superconducting materials. For
example, a single layer of WTe2 exhibits emergent superconduc-
tivity with Tc ≈ 0.82 K, which is absent in bulk crystals.[83] The
intercalation of organic cations induces a reduction in the inter-
layer coupling of WTe2 single crystals, transforming them from
a 3D type-II Weyl semimetal to a 3D weak topological insulator
(Figure 13c). This results in a significant enhancement of su-
perconductivity (Tc ≈ 2.3 K).[84] The improved superconductiv-
ity is attributed to the increase in the density of states near the

Fermi level, brought about by the introduction of organic cations
that disrupt the balance of electrons and holes. Similarly, organic
cationic intercalated MoTe2 crystals exhibit enhanced supercon-
ductivity, as evidenced by an increase in Tc increasing from 0.25
to 7.0 K. Furthermore, the resistance of intercalated MoTe2 under
different out-of-plane magnetic fields, as shown in Figure 13d,
demonstrates the tunability of superconductivity by magnetic
fields.

The TiS2[(HA)x(H2O)y(DMSO)z] hybrid superlattice, charac-
terized by a high thermoelectric figure of merit (ZT), is formed
through the electrochemical intercalation of hexylammonium
(HA) ions with TiS2 and subsequent solvent exchange reactions
(Figure 13e).[85] The coupling between the inorganic layers and
the organic layers resulting from the intercalation of organic
cations, as well as the deformation of the superlattice, disrupt
photon transport in the plane direction and increase the phonon
scattering at the interface and reduces the thermal conductivity
of TiS2. At the same time, the intercalation of organic cations in-
troduces additional stable electrons to the inorganic layer, which
improves the electrical conductivity of TiS2. Overall, the increase
of electrical conductivity and the decrease of thermal conductivity
contribute to an elevated ZT value. This suggests that the inter-
calation of organic ions has the potential to facilitate more effi-
cient thermoelectric conversion of certain thermoelectric materi-
als. Furthermore, with the rise in temperature, ZT reaches 0.28
at 373 K, as shown in Figure 13f, which is close to that of the most
promising p-type organic material PEDOT-PSS.[86]
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5. Conclusion

In this review, we have discussed the latest development in elec-
tronic and optoelectronic devices based on 2DM-SAM hetero-
junctions. The fabrication of devices with superior material prop-
erties has been achieved through the hybridization of various
SAMs and 2DMs with rich chemical and physical properties. In
the design of vertical tunneling devices, the employment of 2DM
electrodes and external control means can fully exert the prop-
erties of molecular SAMs, which is crucial for understanding
the working mechanisms of 2DM-SAM heterojunction devices.
For horizontal conducting devices, the functional SAMs regulate
the properties of 2DMs, realizing the high performance of 2DM-
SAM devices. For the 2DM-SAM hybrid superlattices, the inter-
calation of SAMs with thickness comparable to that of monolayer
2DM changes the basic physical properties of the 2DM crystals.
On this basis, devices with high performance or new functions
have been realized.

Research in this field is still in its early stages, and there is
still a lot of works to be explored. For the preparation process, it
is necessary to develop more stable, controllable, and atomically
accurate methods of molecular self-assembly on 2D materials,
which is critical to improving the yield and stability of fabricated
devices. For instance, atomic-level precise covalent assembly pro-
cesses need to be developed to assemble molecular monolayers
onto BP, TMDs, and other 2D materials. To realize the appli-
cation of 2DM-SAM heterojunctions, it is necessary to explore
the new functions and working mechanisms of the correspond-
ing devices, especially the switching, field effect, and magnetic
characteristics. In addition, the high-density integration of the de-
vices is also key to real-world applications. New integration strate-
gies need to be developed, especially with crossbar architectures,
which are essential to realize their applications in sensing, com-
puting, and information storage. Overall, close collaborations be-
tween chemists, physicists, materials scientists, and engineers
are needed to advance this field and enable practical applications
of 2D organic-inorganic heterostructures.
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