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CONSPECTUS

Engineering all interfaces between different components in electronic devices is key to control
and optimize fundamental physical processes such as charge injection at metal-semiconductor
interfaces, gate modulation at the dielectric-semiconductor interface, and carrier modulation
at semiconductor-environment interfaces. The use of two-dimensional (2D) crystals as
semiconductors, by virtue of their atomically flat dangling bond-free structure, can facilitate
the tailoring of such interfaces effectively. In this context, 2D transition metal dichalcogenides

(TMDs) have garnered tremendous attention over the past two decades owing to their



exclusive and outstanding physical and chemical characteristics, such as their strong light-
matter interactions and high charge mobility. These properties position them as promising
building blocks for next-generation semiconductor materials. The combination of their large
specific surface area, unique electronic structure, and properties highly sensitive to
environmental changes makes 2D TMDs appealing platforms for applications in opto-
electronics and sensing. While a broad arsenal of TMDs has been made available which exhibit
a variety of electronic properties, the latter are unfortunately hardly tunable. To overcome this
problem, the controlled functionalization of TMDs with molecules and assemblies thereof
represents a most powerful strategy to finely tune their surface characteristics for electronics.
Such functionalization can be used not only to encapsulate the electronic material, therefore
enhancing its stability in air, but also to impart dynamic, stimuli-responsive characteristics to
TMDs and to selectively recognize the presence of a given analyte in the environment,

demonstrating unprecedented application potential.
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In this Account, we highlight the most enlightening recent progress made on the interface
engineering in 2D TMDs based electronic devices via covalent and non-covalent
functionalization with suitably designed molecules, underlining the remarkable synergies
achieved. While the electrodes functionalization allows modulating charge injection and
extraction, the functionalization of the dielectric substrate enables tuning of the carrier
concentration in the device channel, and the functionalization of 2D TMDs upper surface
allows to screen the interaction with the environment and imparts molecular functionality to
the devices, making them versatile for various applications. The tailored interfaces enable
enhanced device performance and open up avenues for its practical applications. This Account
specifically focuses our recent endeavor on the unusual properties conferred to 2D TMDs
through the functionalization of their interfaces with stimuli-responsive molecules or

molecular assemblies. This includes, electrode-functionalized devices with modulable



performance and charge carriers, molecular-bridged TMD network devices with overall
enhanced electrical properties, sensor devices that are highly responsive to changes in the
external environment, in particular, electrochemically switchable transistors that react to
external electrochemical signals, optically switchable transistors that are sensitive to external
light inputs, multi-responsive transistors that simultaneously respond to multiple external
stimuli including optical, electrical, redox, thermal and magnetic inputs and their application
in the development of unprecedented memories, artificial synapses, and logic inverters. By
presenting the current challenges, opportunities, and prospects in this blooming research field,
we will discuss the powerful integration of such strategies for the next-generation electronic
digital devices and logic circuitries, outlining future directions and potential breakthroughs in

interface engineering.
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1 Introduction

Since the seminal experiment in 2004 by Geim and Novoselov®, demonstrating the outstanding
physical properties of mechanically exfoliated graphene, there has been an ever-increasing
interest in inorganic two-dimensional (2D) materials, especially in view of their electronic
characteristics®®. Despite graphene’s high intrinsic charge carrier mobility, the lack of a
bandgap has limited its potential for application in optoelectronics. As a result, other inorganic
2D materials, primarily layered transition metal dichalcogenides (TMDs), have gained
increasing attention. These materials boast a tunable bandgap - from indirect bandgap
conductors in bulk to direct bandgap semiconductors at the monolayer level - along with
atomically thin structures, ultra-flat surfaces free of dangling bonds, outstanding optical
properties, and high stability®!?. Such attributes render TMDs versatile building blocks for
applications in field-effect transistors (FETSs), photodetectors, sensors, electroluminescent
devices, integrated circuits, and wearable flexible devices''2. Consequently, TMDs have

emerged as the most sought-after 2D semiconductor materials.

Owing to their distinctive 2D characteristics, TMDs exhibit a remarkably high sensitivity to
environmental changes, which can result in the modification of their optical and electrical
properties. Consequently, molecular functionalization of TMD electronic devices has emerged

as a promising strategy to tailor their properties. Although molecular interface engineering has



been extensively explored in organic electronic devices over the last three decades, its
application in ultrathin inorganic TMD electronic devices remains underexplored!*'6. TMDs
are phase-dependent materials, and in this manuscript, TMDs refer to the 2H semiconductor
phase unless stated otherwise. Figure la-d display four planar FET device configurations
utilizing TMD as the active semiconducting layer, categorized by the electrodes position:
bottom-gate top-contact (BGTC), bottom-gate bottom-contact (BGBC), top-gate top-contact
(TGTC), and top-gate bottom-contact (TGBC). These devices feature three critical interfaces
that determine their electrical performance: the source/drain electrode-semiconductor
interface, the semiconductor-dielectric interface, and the semiconductor-environment
interface. Each of these interfaces can be individually or simultaneously functionalized using
molecules, including asymmetric modifications to the source and drain electrodes, being
crucial for optimizing device performance. Figure le depicts a TMD-based FET device with all
three interfaces being molecularly functionalized. Molecular functionalization, involving both
physical and chemical adsorption, can effectively modify interface properties, thereby

modulating device performance!’.

This Account is dedicated to engineering interfaces in TMD-based FETs using molecules and
assemblies thereof as a route to optimize electrical properties and render the devices

multifunctional.
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Figure 1. Scheme of TMD-based FET device configurations: (a) BGTC. (b) BGBC. (c) TGTC.

(d) TGBC. (e) TMD-based FET with molecularly engineered interfaces.

2 Molecular Engineering of Electrode-TMD Semiconductor Interface

In any electronic device, the optimization of the interface between the electrode and
semiconductor is crucial for reaching high-performance. The electrical contact resistance
represents a major bottleneck in transistors and it is caused by the energy level mismatch
between the electrode and the semiconductor's Conduction Band (CB) or Valance Band (VB).
This mismatch forms an injection barrier, significantly affecting the FET performance'.
Adjusting the Schottky barrier height (SBH) at this interface is of paramount importance. This
goal can be achieved by changing the metal electrode type, but such a strategy is limited by
the availability of suitable electrode materials and compatibility with fabrication processes.

Thus, electrode engineering by using molecular assemblies like self-assembled monolayers



(SAMs) represents a promising approach!'®?. These SAMs provide molecular-scale control over
interface properties such as work function (WF), surface roughness, and hydrophobicity-
hydrophilicity, among other properties, enhancing charge injection and device
performance!®?!?2. Thiol molecules, with their sulfhydryl groups, bond covalently with metal
surfaces like gold and silver, adjusting the electrode’s WF through molecular orientation and
dipole moment size. This fine-tuning aligns with the semiconductor energy levels, optimizing

electrode functionality to minimize electrical contact resistance *24,

2.1 Molecular Functionalization of Bottom-Contact Electrodes

For bottom-contact electrodes in FETs, the chemisorption of SAMs is commonly used. While
in organic FETs (OFETs), SAMs can influence the film quality of organic semiconductors, in
TMDs-based FETs, they only affect the carrier injection and concentration*. Matkovi¢ et
al.” investigated the use of pyrimidine-containing SAMs for interfacial band engineering at
the interface between MoS: and Au electrodes to achieve contact-resistance-free bottom-
contact FETs. The authors proposed that the pyrimidine-containing SAMs can modify the
electronic structure of the interface, resulting in the modulation of electrode WF through
molecular dipoles, yielding a reduction of the contact resistance exceeding two orders of
magnitude when a suitable SAM is employed (Figure 2a). Li et al.?” reported the characteristics
of mono and bilayer MoS: on electrodes functionalized with photo-switchable azobenzene
molecules. When Mo$: is in contact with electropositive azobenzene molecules in the trans

configuration, the PL spectrum shows n-doped features, whereas when the



photoisomerization is cis, the doping effect decreases, PL magnitude increases by a factor of

3.2 This reveals the potential of photoisomerization of molecules functionalized electrodes for

applications in FETs.
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Figure 2. Molecular functionalized electrodes in TMD-FETs with (a) bottom-contact and (b,c)

top-contact configurations. (a) Bottom-contact MoS: FETs with SAMs functionalized

electrodes and their contact resistances with/wo SAMs functionalization (W is the channel

width. Rs and Rp are the contact resistances on the source and drain electrode sides,

respectively). (b-c) Top-contact MoS: FETs with (b) symmetric and (c) asymmetric SAMs

functionalized source and drain electrodes as well as corresponding electrical curves. Adapted

with permission from refs 26 and 1. Copyright 2020 The Authors. Published by Wiley under

a Creative

Commons

Attribution

4.0

International

(CC BY 4.0)

license.
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2.2 Molecular Functionalization of Top-Contact Electrodes

To date, most reports on functionalized source and drain electrodes have focused on FETs in a
bottom-contact configuration. Conversely, top-contact FETs enables more efficient charge
injection due to several geometric factors: in the former, injection occurs from the contact
edge into the semiconductor, while in the latter, the entire contact area facing the gate can
participate in the injection process***. However, top-contact FETs face challenges with

functionalization due to the typical deposition method of thermal evaporation. *.

Cho et al. engineered the interface between top-contact metal electrodes and MoS: using
chemically adsorbed thiol molecules, which enhanced contact properties and improved carrier
injection by lowering activation energies®. In 2022, our group developed a novel contact
engineering approach to functionalize gold electrodes in top-contact FETs through a dry
transfer strategy of chemically pre-modified electrodes'. By functionalizing Au electrodes with
appropriate electron-donating or withdrawing molecules, we could significantly regulate the
device performance by altering the SHB between the electrode and the semiconductor (Figure
2b). Additionally, asymmetric functionalization of the source and drain electrodes with two
different molecules having opposed dipole moments enabled the creation of high-performance

Schottky diodes with a rectification ratio of approximately 10° (Figure 2c). This advancement
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substantially broadens the application scopes of molecular functionalization strategies in top-
contact TMD-based FETs and establishes a foundation for developing high-performance TMD

FETs for practical applications.

3 Molecular Engineering of TMD Semiconductor-Dielectric Interface

The interface between dielectric and semiconductor is crucial in FETs due to their extensive
contact. This interface can be regulated using SAMs, allowing manipulation of the dielectric
surface’s properties such as surface energy and charge density. These alterations influence
device performance by impacting the interface with the channel semiconductor, enhancing
polarity effects, modifying the dielectric constant, and optimizing wetting characteristics and

hydrophobic-hydrophilic balance®.

Unlike organic semiconductors, which utilize different terminal SAMs to control growth or
orientation, TMD semiconductors have a fixed crystal structure, thus SAMs cannot alter
structural orientation but can be chosen with functional end groups to dope the channel
semiconductor. This doping shifts the Fermi level and controls the carrier concentration,
thereby influencing device performance.?** Figure 3a depicts the functionalization process of
the SiO2 dielectric layer using octyltrichlorosilane (OTS), 3-(trimethoxysilyl)-1-propanamine
(APTMS) and trichloro(1H,1H,2H,2H perfluorooctyl)silane (FOTS). Electrical results
demonstrate that APTMS, which contains electron-donating groups, can n-dope MoS: FET

and enhance performance, whereas FOTS, with electron-withdrawing groups, can p-dope

12



MoS: FET and reduce performance (Figure 3b). Additionally, doping effect diminishes as MoS:
thickness increases (Figure 3c)*. Xu et al. observed that octadecyltrimethoxysilane (OTMYS)
functionalization of the SiO: substrate significantly reduced the charged impurity density of
MoS: FET, thereby enhancing mobility by an order of magnitude compared to that on
untreated substrates®. Najmaei et al. demonstrated that by varying the end functional groups
in SAMs on SiO:2 one can finely tune electrical properties . These findings confirm that an

appropriate molecular-engineered dielectric interface can be instrumental to optimize the

performance of TMD FETs.
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Figure 3. (a) Process of functionalization of the SiO: dielectric interface using OTS, APTMS
and FOTS. (b) Transfer curves of MoS: FETs on various SAMs functionalized SiO: substrates.
(c) The Fermi level shift of MoS2 on various SAMs functionalized SiO: substrates as a function
of the MoS: layer number. Adapted with permission from ref 33. Copyright 2013 American

Chemical Society.
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4 Molecular Engineering of TMDs Semiconductor-Environment Interface

In the bottom-gate configuration of TMDs FET (Figure 1a,1b), the large exposed area of the
TMD:s to the environment and its 2D ultrathin nature render the interface highly sensitive to
environmental changes, establishing it as an ideal platform for investigating new
functionalities such as charge doping, sensing of chemical analytes, light-responsiveness in
molecularly functionalized devices, etc. Molecules can dope semiconductors by introducing
functional groups or dopants, conferring various functionalities like photoresponse,3¥+
electrochemical modulation,* chemical sensing,**, and enhancement of the hydrogen
evolution reaction* etc. Electron-donating or electron-withdrawing groups in molecules can
achieve the semiconductor doping through charge transfer or dipole induction, thereby
increasing carrier concentration and mobility*#. This approach has improved FET
performance, including lowering the threshold voltage and increasing the on-current.
Molecules can be interfaced to the surface of 2D materials using different types of interactions,
from the more weak physical adsorption onto the TMDs surface via van der Waals (vdWs)
interactions to the more robust covalent bonding®, both fostering efficient interactions

between the molecule and the TMDs.

4.1 Noncovalent Functionalization of TMDs Surface

The atomically flat surface of TMDs offers an opportunity for noncovalent functionalization,

as a tool to controllably adjust the physical and chemical properties of TMDs without
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compromising their crystal structure, thereby preserving their outstanding optoelectronic
properties®. Noncovalent functionalization involves the formation of assembles through the
physical adsorption of molecules on the TMDs surfaces via vdWs or m-m interactions?. This
method can effectively control the doping level of TMDs and introduce new functionalities
when functional molecules are employed, such as photo-switchable molecules or those with
redox-active centers. In 2019, our group unveiled the impact of small aromatic solvent
molecules on the optical and electrical properties of MoS: and black phosphorus (BP) (Figure
4)>152. Depending on the nature of the physisorbed molecule, the precise description of the

molecule-TMD interactions can be achieved by considering dipoles and quadrupoles.
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Figure 4. Noncovalent functionalization of molecules on TMDs surface. Schematic diagram

and the calculated Bader charge transfer and charge carrier density change after physisorption
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of (a) aromatic molecule on MoS: FET! and (b) solvent molecules on BP FET>2. Adapted with
permission from refs 51 and 52. Copyright 2019 American Chemical Society. Copyright 2019

Wiley-VCH Verlag GmbH & Co.

4.2 Covalent Functionalization of TMDs Surface

The dangling bond-free surface of TMDs is inert, complicating the process of covalent
functionalization, which often requires harsh chemical reactions, such as click-chemistry
based strategies, to graft molecules onto their surface. Nevertheless, the production of 2D
TMDs rarely provides defect-free crystals. In truth, a variety of different structural defects can
be found on the surface of TMDs including dislocations, substitutional or interstitial defects,
grain boundaries, and vacancies due to the absence of one or more atoms in the lattice. The
nature of the defect found on the 2D surface, its amount and distribution depend on the
method employed to produce the 2D crystals and the fine experimental conditions*. Among
these defects, chalcogen atom vacancies are the most prominent ones due to their low vacancy
formation energy. Such point vacancies can serve as highly reactive anchoring sites for

functionalization with thiol molecules through the formation of covalent bonds.

Numerous defect engineering strategies have been developed to introduce “artificially” point
defects in high-quality CVD or mechanically exfoliated TMDs, facilitating covalent
functionalization that would otherwise be challenging due to the inert nature of their

surfaces®. During the molecule covalent functionalization process, the sulfur atoms from thiols

16



occupy vacancies left by chalcogen atoms in TMDs, simultaneously repairing and
functionalizing the defects. These covalently grafted molecules can then be annealed at high
temperatures to cleave the S-C bonds, thereby completing the defective lattice healing of
TMDs>*. In 2017, our group demonstrated that defects could be introduced in mechanically
exfoliated MoS: monolayers through ion-beam irradiation, followed by covalent
functionalization with thiols (figure 5a)*. Further studies revealed that selenium defects in
monolayer tungsten diselenide (WSe2) could also be covalently functionalized with thiols.
Such a demonstration not only expands the electrical characteristics of the devices given the
ambipolar nature of WSe:2 but it allows to exploit and manipulate the photoluminescence
properties of WSe: (Figure 5b)*. In liquid phase exfoliated TMDs the defects are mostly
positioned at the edges of the flakes. In 2021, we present a novel molecular strategy that
enhances the electrical properties of printed TMD FET devices. This approach utilizes
dithiolated conjugated molecules to simultaneously heal sulfur vacancies in solution-processed
TMDs and covalently bridge adjacent flakes, creating networks of covalently connected flakes,
thus facilitating improved charge transport through the film. Field-effect mobility, f./Lrratio,
and switching time are all increased reproducibly by an order of magnitude®. This strategy
holds huge potential for integrating molecular properties into TMD-based films by using
molecules containing ad-hoc functional groups, opening perspectives for applications in

multiresponsive devices.
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Figure 5. Covalent functionalization of molecules on TMD surface. (a) Scheme of the ion-
bombardment irradiating and creating sulfur vacancies on MoS, as well as transfer curves
before and after functionalization. (b) Scheme of WSe: FET with covalent functionalization of
thiophenol molecules and transfer curves before and after functionalization. (c) Scheme of
benzenedithiol-bridged MoS: inter-flake network. Adapted with permission from refs 55 and
56. Copyright 2017 and 2020 Wiley-VCH Verlag GmbH & Co. Reproduced with permission
from ref 3. Copyright © 2021, The Author(s), under exclusive licence to Springer Nature

Limited.

Overall, molecular engineering of the semiconductor-environment interface in TMD FETs
offers a promising and versatile approach for developing high-performance electronic and

optoelectronic devices characterized by enhanced efficiency, stability, and multifunctionality.
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5 Application of Molecular Engineering in 2D Transition Metal

Dichalcogenides

Molecular engineering has been demonstrated as a powerful tool to enhance various physical
properties and introduce new functionalities in TMD electronics. By combining molecules
with TMDs, this approach has progressed from enabling basic applications like carrier doping
and chemical sensing to more advanced functionalities in devices such as responsiveness to
optical and electrochemical inputs. Furthermore, it extends to proof-of-concept devices with

complex functionalities, including memory devices, synaptic simulations, inverters, etc.

5.1 Carrier Doping

When a molecule is interfaced to a TMD semiconductor, the functional group of the molecule
controls the doping effect on the TMD through charge transfer or dipole induction, thereby
shifting the Fermi level and regulating carrier concentration and mobility in transistors. In
2019, we demonstrated that top surface functionalization of monolayer WSe: with electron-
withdrawing trichloro(1H,1H,2H,2H-perfluorooctyl)silane (PFS) or electron-donating N[3-
(trimethoxysilyl)propyl]ethylenediamine (AHAPS) SAMs is a viable route to control the
polarity of WSe2 FETs (Figures 6a,6b). An ambipolar FET with balanced electron and hole
carriers was created by asymmetrically functionalizing the surface of a SiO: dielectric layer
and a two-layer WSe: crystal with AHAPS and PFS SAMs, respectively (Figures 6¢)?. Recently,

we showed that the interfacing via vdW interactions of 2D networks of strong electron-
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donating cyanuric acid-melamine (CA-M) and covalent organic framework (COF) with
monolayer MoS: is an efficient strategy to regulate carrier concentration across a broad range

yielding device performance enhancement (figure 6d,6e)*->%.
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Figure 6. (a-c) Transfer curve of ozone-treated WSe: functionalized with PFS SAMs (a),
AHAPS SAMs (b) and these two SAMs asymmetric functionalization (c), as well as
corresponding architecture. (d-f) Transfer characteristics of MoS: FET functionalized with
CA-M (d), TAPB-PDA COF (e) and ligand-coordinated ZnPc (f). Adapted with permission
from refs 2, 47, 58 and 59. Copyright 2019 American Chemical Society. Copyright 2022 and
2023 The Authors. Published by Springer Nature and Wiley under a Creative Commons
Attribution 4.0 International (CC BY 4.0) License.
https://creativecommons.org/licenses/by/4.0/. Copyright 2020 Wiley-VCH Verlag GmbH &

Co.
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The functionality of molecules is not confined to a single molecular monolayer adsorbed onto
the basal plane of the TMDs, but it can also be extended to a second layer grown over the first
one thereby utilizing the 3D space above the TMD basal plane. Initially, we self-assembled a
monolayer of metal phthalocyanine molecules on the monolayer MoS: surface, followed by
the assembly of a second molecular layer through axial spatial coordination of the
phthalocyanine metal core with pyridine exposing molecules possessing different dipoles. The
results indicate that the second layer of molecules can effectively dope the TMD through
dipole induction, allowing modulation of the carrier density up to 4.8 X10'? cm™ (figure 6£)>°.
This approach demonstrates that TMD functionalization extends beyond the conventional 2D

scope.

5.2 Chemical Sensor

The high sensitivity to the environment possessed by ultrathin TMD surfaces can be enhanced
by molecular functionalization, rendering the hybrid system a powerful platform for chemical
sensing. Proof-of-concept includes the detection of gases, isomers, both alkali and heavy
metals, small organic compounds and biologically relevant molecules®. In 2022, we revealed
that defect healing in monolayer MoS: can be used to achieve remarkable sensitivities in the
detection of highly carcinogenic polycyclic aromatic hydrocarbons (PAHs) (figure 7a)*. Later,
we further showed that defect-engineered MoS: can readily distinguish isomers> (figure 7b,7c)
and detect heavy metal ions® (figure 7d,7e) by observing changes in optical and electrical

properties post-functionalization.
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Figure 7. (a) Threshold voltage change as a function of the selected polycyclic aromatic
hydrocarbons for MoS:2 FET. (b) Schematic illustration of the preparation steps for the isomer-
functionalized MoS:. (c) Transfer curves of monolayer MoS: FETs functionalized with isomers.
(d) Schematic illustration of thiolated terpyridine molecules functionalized on MoS: surface.
(e) The sensitivity (slope) comparison of pristine and functionalized MoS: device versus Co*
concentration. Adapted with permission from refs 45, 53 and 61. Copyright 2022 and 2023
American Chemical Society. Copyright 2023 The Authors. Published by Wiley under a
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5.3 Electrochemical Switchable Device

When devices are functionalized with molecules containing redox-active centers, such as
ferrocenes (Fc), tetrathiafulvalenes (TTF), and viologens, electrochemically switchable
transistor devices can be constructed. These devices leverage the distinct electronic properties
of the oxidized and reduced states of the molecules®?%. Our experiments demonstrate that in
a MoS: dual-gate FET functionalized with the ferrocene derivative 6-(ferrocenyl)hexanethiol
(Fc-SH), both the reduced state (Fc) and oxidized state (Fc*) can be programmed by
electrochemical stimuli using the top-gate voltage. The molecular layers of Fc and Fc* induce
different doping effects on MoS:, with the process being reversible and regulated by the top
gate. Moreover, the combination of redox molecules with ionic liquid (IL) endows the device
with a steep subthreshold swing (SS) sub-60 mV/dec in the backward sweep*. This research
highlights the potential of combining TMDs with molecular engineering for developing

electrochemically switchable functional devices with enhanced performance.

5.4 Light Switchable Device

Photoresponsive molecules represent a unique family of functional molecules that can undergo
isomerization upon exposure to light at specific wavelength, resulting in isomers with distinct
properties. This unique attribute enables the modulation of TMD performance via external
light stimuli. In case such modulation is determined by the interfacing of molecules possessing

different dipolar natures with MoS:, the modulation can be boosted upon maximizing the
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orientation of the molecules at the supramolecular level through the formation of a
superlattice onto the 2D material. Within this context, we have pioneered the generation of
highly ordered 2D molecular superstructures on highly oriented pyrolytic graphite (HOPG)

and TMD surfaces®4,

Azobenzene (AZO) and spiropyran (SP) are photochromic molecules whose two states,
achieved upon illumination with light at different wavelengths, display a significant difference
in dipole moments, a characteristic that can be used to reversibly dope and undope the TMD
through external light modulation. More precisely, AZO can reversibly switch between its cis
(cis-AZO) and trans(tans-AZO) isomers, while SP can reversibly undergo photo-isomerization
between the neutral SP and the zwitterionic merocyanine (MC) form, as shown in Figure 8d.
Our research® demonstrates that upon illuminating at specific wavelengths the MoS: surface
functionalized with AZO compounds it is possible to effectively and reversibly modulate both
the carrier concentration and the optical properties of monolayer MoS, as depicted in Figure
8a-b. Figure 8c illustrates the device current response during one illumination cycle. Figure
8e-f display the enhanced electrical properties of SP-functionalized MoS: devices with
graphene nanoribbons, achieving a photomodulation of the device current by 52% without

signal attenuation across 10 cycles®.

Diarylethene (DAE) is another type of photochromic molecule that can be reversibly toggled
between open (DAE_o) and closed (DAE_c) isomers and upon light irradiation with UV and

visible light. These two isomers possess distinct frontier orbital energy levels, enabling charge
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transfer doping as depicted in Figure 8g. We functionalized the surface of few-layers thick
WSe: using DAE, positioning the CB of WSe: between the lowest unoccupied molecular
orbital (LUMO) of DAE_o and DAE_c. This configuration permits electron transfer from the
CB of WSe: exclusively to the LUMO of DAE_c, but not to the LUMO of DAE_o. The electrical

results, presented in Figure 8h, demonstrate device stability following 16 illumination cycles,

as evidenced in Figure 8i.
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Figure 8. (a) Scheme of the MoS: FET with the physisorption of AZO molecules. (b) Transfer

curves of the AZO/MoS: FET for one switching cycle (trans-cis—trans transition). (c) Time-
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resolved photoresponse of AZO/MoS: FET when undergoing one cycle of UV and visible light
irradiation. d) Chemical structure of the SP-MC derivative. e) Transfer curves of the MoS:-
Graphene-Nanoribbon device before and after SP-C18 molecules deposition and after UV—-vis
illumination. f) Current modulation with SP-C18 and MC-C18 isomers over ten illumination
cycles of alternating UV and visible light irradiation. (g) Chemical structure of DAE_1 in its
open and closed form and energy-level diagram. (h) Transfer curves of bare WSe,
WSe2/DAE_1 as prepared, and after UV-vis irradiation. (i) lass—time measurement under
alternating dark and illumination conditions at Vg =30 V and Va =2 V over 16 illumination
cycles. Adapted with permission from refs 39, 64, 66 and 38. Copyright 2019 American
Chemical Society. Copyright 2018 The Authors. Published by Springer Nature under a
Creative =~ Commons  Attribution 4.0 International (CC BY 4.0) License.
https://creativecommons.org/licenses/by/4.0/. Copyright 2020 and 2019 Wiley-VCH Verlag

GmbH & Co.

5.5 Multi-Responsive Device

Molecular engineering was previously introduced for individual interfaces in TMD electronic
devices. To advance toward practical applications, this technique can be applied
simultaneously at multiple interfaces to develop sophisticated analog functional devices. In
particular, the functionalization of more than one interface using various stimulus-responsive
molecules is extremely interesting for fabricating multilevel memory devices and artificial

synapses. In 2021, we showcased a quaternary-responsive FET that was asymmetrically
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functionalized on the top and bottom surfaces of a WSe2 semiconductor with a ferroelectric
layer (P(VDF-TrFE)) and a photoresponsive molecular SAM (SP), respectively (Figure 9a). This
device responds to light, heat and electric stimuli as depicted in Figure 9. UV light illumination
triggers the conversion of SP into MC, which can then be reverted to SP either by heat or
visible light, resulting in an 84% modulation of current (Figure 9b). An electric field was then
employed to induce the P(VDF-TrFE) reversible switch between its inherent polarizations,
inducing a 99% change in current. Additionally, the synergistic use of light and electrical
inputs was demonstrated to alter the WSe: from n-type to p-type, enabling the modulation of
device polarity*. This multi-stimulus-responsive device significantly enriches TMD

electronics functionality.
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Figure 9. Molecularly engineered multiple stimulus-responsive devices. (a) Schematic

illustration of the Janus SP/WSe/P(VDF-TrFE) FET device with the asymmetric
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functionalization of the two faces of WSez: the bottom and top surface were functionalized
with SP SAMs and a P(VDF-TrFE) layer, respectively. (b) Optical/thermal switching by UV
and heat/vis/dark treatment. (c) Electrical switching by +80 V top-gate bias. (d) Orthogonal
switching with the stimuli order of UV/-80 V/heat/+80 V and (e) -80 V/UV/+80 V/vis. (f)
Current modulation efficiency at Vg = 90 V during the two switching cycles in (d) and (e).

Adapted with permission from ref 41. Copyright 2021 American Chemical Society.

5.5.1 Memory

Photoresponsive molecules, with their two stable, switchable states, are ideally suited for
memory applications in TMDs. In 2020, our group reported on DAE-functionalized few-layer
WSe: devices designed for light-controllable memory. The photoisomerization of DAE led to
a 97% modulation in hole current and a 52% modulation in electron current. By precisely
controlling the light dose, we achieved 64 distinct levels of hole and electron currents, as
shown in Figure 10b and 10c, corresponding to a data storage capacity of 7 bits®’. Subsequently,
our group introduced the asymmetric functionalization of the top and bottom interfaces of
few-layer WSe: with a ferroelectric P(VDF-TrFE) layer and a photoresponsive DAE layer,
respectively. This design enabled a multi-level memory with dual electric field and optical
control, detailed in Figure 10d-f. The synergistic modulation of optical and electric fields
resulted in an output current modulation efficiency of up to 87%. The device encompasses a

total of 9 ferroelectric states and 84 optical states, combining to offer 756 distinct resistive
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states. It also maintains cyclic endurance of more than 10 cycles and a retention time exceeding

1000 hours*.
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Figure 10. (a-c) Memory composed of a single molecularly engineered interface. (a) Transfer
curves of pristine WSe2 and WSe2/DAE blend as prepared and after UV-vis irradiation. (b)
Dynamic hole current lass—time curves under periodic UV irradiation per 20 s enabling to
achieve in total 64 levels. (c) The five distinct current levels over five illumination cycles
recorded at Vy =-90 V. (d-f) Memory composed of asymmetric functionalization of the WSe2
surfaces with different (macro)molecular functions. (d) Transfer curves of DAE/WSe2/FeFET
by alternating UV/vis irradiation and +60 V bias. (e) Dynamic lss current evolution behavior
under exposure to short UV pulses at Vig = 0 V, enabling to achieve 84 distinct current levels.

(f) The multilevel current of DAE/WSe2/FeFET device over five cycles by different stimuli
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orders. Adapted with permission from refs 67 and 4. Copyright 2020 and 2021 Wiley-VCH

Verlag GmbH & Co.

5.5.2 Artificial Synapses

The multi-interfaces molecular engineering in TMDs is a facile route to realize devices capable
to respond to multiple stimuli, by dynamically adjusting the carrier density. This approach also
offers a unique opportunity to emulate artificial synapses by simulating both short-term
potentiation (STP) and long-term potentiation (LTP). Recently, our group focuses on the
molecular engineering of multiple interfaces to develop artificial synapses using a novel Janus
2D TMD®. By asymmetrically dressing the two surfaces of MoS: with an electrochemically-
switchable ferrocene (Fc)/ferrocenium (Fc*) redox couple and an optically-responsive
photochromic azobenzene (AZQO) derivative in vertical configuration electrochemical FET
device, we could demonstrate a sophisticated control over synaptic memory functions (Figure
11). The functional complexity of the artificial synapse is harnessed through the integration of
multiple materials as active components, enabling the encoding of both STP and LTP in a single
device. The interplay of electrochemical and optical stimuli at the interface allows for the
modulation of conductivity and memory states, showcasing the potential for high-density
integration, energy efficiency, and fast data manipulation in brain-like computing. This
innovative approach to interface functionalization opens up new avenues for the design of

advanced neuromorphic devices with enhanced performance and versatility.
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Figure 11. (a) Schematic representation of device structure of Janus Fc/MoS2/Azo. (b) Band
alignment of Au-Azo and MoS:. (c) Scheme of electrochemical charge transfer between
ferrocene/ferrocenium and MoS: and adsorption of ferrocenium. (d) Mechanism of STP, LTP,
and finely tuned LTP synaptic signal formation from Janus Fc/MoS2/Azo by electrochemical
and optical inputs. Reproduced from ref 68. Copyright 2023 The Authors. Published by Wiley

under a Creative Commons Attribution 4.0 International (CC BY 4.0) license.
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5.6 Logic Inverter

The realization of logic circuitries is a significant goal in current research on 2D materials for

electronic applications. Interface molecular engineering represents an effective tool for the
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construction of TMDs-based logic circuits. The functionalization with specific molecules of
the TMD surface makes it possible to modify its electronic properties, thereby enabling device
polarity modulation. This is critical for designing advanced electronics, especially logic
inverters, which rely on switching stably between high and low output states in response to
an external input. In 2019, Ji et al. functionalized CVD-grown WSe:2 by selecting electron-
donating or electron-withdrawing molecules, in which, diethylenetriamine (DETA)
functionalization was used to realize NMOS, and 4-nitrobenzenediazotetrafluoroborate (4-
NBD) functionalization was employed to tailor PMOS, achieving controlled doping and
polarity modulation (Figure 12a,b). This enabled the integration of chemically tuned FETs into
complementary metal-oxide-semiconductor (CMOS) inverters, showcasing extremely low
energy consumption with a maximum Vgin of 10 and power consumption around 0.17 nW

(Figure 12c-d) .

Additionally, incorporating optical switching molecules into the TMD structure provides a
means to dynamically adjust inverter performance through light-induced reversible changes
in electrical properties. These molecules can change their conductive properties upon exposure
to light, allowing the inverter to respond dynamically to optical stimuli. In 2021, we studied
the integration of photoswitching molecules on 2D TMDs to enhance inverter performance*.
This was made possible through the functionalization of MoS: with 3D axial coordination using
AZO photochromic molecules, via the fine control of light programmable logic inverter

(Figure 12e-g). Upon UV irradiation to trigger the isomerization of AZO to the cis state, the
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voltage at the transition point is reduced by half. This optical control represents a major step
forward as it enhances the versatility and responsiveness of TMD-based inverters, providing
rapid on/off switching that is key for efficient logic operations. The addition of light-responsive
functionality not only expands the potential applications of TMD inverters in optoelectronics

but also contributes to the development of more energy-efficient and miniaturized digital

clrcuits.
12
a) b) 4 C) 141 Vou d)
10 Voo PWSe, ¢ n-wse, 10l T Vg=9V
4NBD  NO: 10° d (4-NBD) (DETA) 1
5 H L
DETA :E, 10 . ﬁ oV o
. ¥ g 107 » T Ves S 6 = Vo
- E' HNANUN S N, £ \ 8 Voain= - v,
Immerse in c [ { \ 6 4l H
s :°"‘“:3" Expose to DETA vapor § 10° | > ‘
i 5 | 2
i ] 10™ N
T m— LA AL Vem 1Y
> 4 10™M [ & 0
10-12 1 1 1 1 1 ~ R K R R
50 -40 30 20 -10 0 10 -40 <0 20 1 ~40 30 Z 10
Gate voltage (V) Vin (\%) Vin 2]
e) f) 105 —— — Trans state 7 g) 12
. Voo 7| - - - - Cisstate ‘ MX,/ CoPc(TFAP)
Molecular switch L % 10 =
s _| Molecular
. 10 8- switch
z 109_ . Vaa_m v | controlled
< S 6 memory
= = 10-!0 . >§
4 -| — Beofre illumination
10"+ cycle
Vis cycle 1
12 — UV cycle 2
1072 2+ — Vis cycle 2
— UVcycle 3
107" . - . . ' : 04— Vis cycle 3
60 -40 20 0 20 40 60 4'0 2’0 (') 2’0 ' __Jo
Ve (V)

Figure 12. (a) Chemical doping processes using 4-NBD and DETA molecules for p- and n-type
doping, respectively. (b) Transfer characteristics of pristine and doped WSe2 FET devices. (c)
Vou-Vin and (d) voltage gain curves of the CMOS inverter. (e) Schematic representation and
the circuit of the molecular functionalized inverter. (f) Transfer characteristics of NMOS and

PMOS with the molecular switch on both trans state and cis state. (g) Vou-Vin of the inverter
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and the dynamic cycles controlled by the molecular switch. Adapted with permission from ref
69 and 42. Copyright 2019 Wiley-VCH Verlag GmbH & Co. Copyright 2021 American

Chemical Society.

6 Conclusion and Outlook

This Account provides a comprehensive assessment of molecular engineering across all
interfaces of 2D TMD devices, elucidating the individual and synergistic effects that can be
integrated into TMD FETs. This approach has proven vital for enhancing electronic and
optoelectronic properties of TMDs. The precise manipulation of interfaces among electrodes,
dielectrics, and semiconductors holds the potential for substantial device performance
improvements and multifunctionality. Ongoing research is establishing molecular engineering
as a pivotal methodology in advancing electronic device technology. Additionally, molecular
functionalization of TMD surfaces enables the dynamic adjustment of electronic
characteristics, thus facilitating the design of devices such as logic inverters, which are building
blocks in digital circuits. Although the integration of functionalized FETs into basic logic
circuits has been demonstrated, realizing more complex logic circuits for practical applications
remains a significant challenge. Future developments are expected to focus on addressing
major challenges, including: 1) Multi-responsive devices: Although single-stimuli responsive
TMD devices are well-developed, multi-stimulus examples remain scarce but promising. The
development of multi-stimuli-responsive molecular systems, which operate independently

without interference from each other, has become a critical focus. 2) Analog neuromorphic

34



circuits: Employing TMD devices to simulate neural structures like synaptic devices may
achieve biomimetic functionalities. However, current biomimetic devices remain isolated
from actual neural networks. This gap may be bridged through optimized interface contacts,
innovative device architectures, and improved synaptic learning behaviors. 3) Material and
interaction optimization: Advancing the performance and functionalities of TMD devices
necessitates optimizing molecular interactions and exploring new materials. It is vital to
balance performance enhancements with the integration of new functionalities, ensuring that
any added functional molecules do not detract from established performance metrics. 4) Large-
area controllable molecular doping toward integration: Molecular functionalization is apt for
expansive circuit applications, yet controlling device performance and polarity through
molecular directional doping presents a challenge. This may be addressed by designing
selective in-situ molecular assembly on TMD surfaces and tailoring molecular structures for
selective doping and polarity control, essential for achieving NMOS and PMOS integration. 5)
Device stability: Most TMDs are n-type semiconductors, thus are highly susceptible to water
and oxygen exposure. This susceptibility significantly compromises the stability of TMD-based
electronic devices. Protective strategies, such as encapsulation, are useful, though they can
introduce unwanted doping. Thus, molecular engineering to shield devices from atmospheric
exposure and investigating molecular interactions at interfaces are promising directions for
enhancing device stability. Overall, the integration of molecular engineering with TMDs could
revolutionize computing and data processing applications, significantly impacting various

technological sectors.
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