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Project Scientific Abstract

The 2D-PRINTABLE project aims to integrate sustainable large-scale liquid exfoliation techniques with
theoretical modelling to efficiently produce a wide range of new 2D materials (2DMs), including
conducting, semiconducting, and insulating nanosheets. The focus includes developing the printing
and liquid phase deposition methods required to fabricate networks and multicomponent
heterostructures, featuring layer-by-layer assembly of nanometer-thick 2DMs into ordered
multilayers. The goal is to optimize these printed networks and heterostructures for digital systems,
unlocking new properties and functionalities. The project also seeks to demonstrate various printed
digital devices, including proof-of-principle, first-time demonstration of all-printed, all-nanosheet,
heterostack light-emitting diodes (LEDs). In conclusion, 2D-PRINTABLE will prove 2D materials to be an
indispensable material class in the field of printed electronics, capable of producing far-beyond-state-
of-the-art devices that can act as a platform for the next generation of printed digital applications.
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Public summary

Deliverable D2.4 addresses the molecular assembly of solution-processed two-dimensional materials
at the nanosheet level. The central concept is to replace weak, uncontrolled contacts between
neighbouring flakes with chemically defined junctions created by molecules carrying more than one
anchoring group. The experimental work reported here validates this concept using benzene-1,4-
dithiol (BDT) as a representative bidentate linker for transition metal dichalcogenide (TMD)
nanosheets.

Liquid-processed MoS, and WSe; were used as model semiconductor building blocks. Molecular
treatment was applied at chalcogen-deficient sites, allowing the same chemistry to contribute to
vacancy healing and to the connection of adjacent flakes. Spectroscopic measurements on MoS; and
WSe; confirm that the functionalization strategy can be transferred between chemically distinct TMDs.
Repeating the local flake-linker-flake motif throughout a deposited film yields interconnected
assemblies, as visualized by atomic force microscopy, while electrical measurements show that BDT
treatment enhances charge transport through MoS; nanosheet networks. The molecularly assembled
TMD platform was additionally combined with photoswitchable molecular functionality, producing
wavelength-dependent electrical responses under UV and visible-light illumination.

The results establish a robust bidentate-linker strategy for second-generation 2DM assemblies and
provide the chemical basis for extending this approach to heterostructures assembled from different
nanosheet inks.
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Abbreviations & Definitions

Abbreviation | Explanation

2D Two-dimensional

2DM Two-dimensional material

TMD Transition metal dichalcogenide
BDT Benzene-1,4-dithiol

LPE Liquid-phase exfoliation

AFM Atomic force microscopy

PL Photoluminescence

XPS X-ray photoelectron spectroscopy
FET Field-effect transistor

DB

D6.4 — Nanosheet-based memory devices

5/17



DB

GA No. 101135196

1 Introduction

Solution-processed 2D materials are attractive building blocks for printed electronics because
nanosheets can be produced as dispersions and deposited by scalable liquid-phase methods. In
contrast to continuous single crystals, however, a film assembled from individual nanosheets contains
a large number of flake-flake interfaces. These interfaces can dominate charge transport, while defects
exposed during exfoliation provide additional electronic scattering and trapping sites. Improving the
performance of solution-processed 2DMs therefore requires control not only of the individual flakes
but also of the junctions that connect them.

D2.4 targets a second generation of discrete 2DM assemblies in which molecular chemistry is used to
define those junctions. Bi- or multidentate linkers are particularly relevant because a single molecule
can carry two or more anchoring groups and can therefore connect more than one nanosheet. For
TMDs, chalcogen vacancies provide chemically addressable sites for thiol-based functionalization. A
dithiolated molecule can consequently serve a dual role: one thiol can react at a vacancy on one
nanosheet while the second thiol remains available to connect to another nanosheet.

The experimental work presented here focuses on the use of BDT as a representative bidentate linker
for MoS; and WSe; nanosheets. The chemistry is first assessed at the level of molecular
functionalization and then at the level of the assembled film, where repeated flake-linker-flake
junctions generate interconnected TMD networks. Beyond improving nanosheet connectivity, the
molecularly engineered assemblies were further post-functionalized with photoswitchable molecules,
introducing an additional optically addressable functionality and enabling wavelength-dependent
modulation of the electrical response under UV and visible-light illumination. In this way, the work
progresses from chemically defined nanosheet junctions to multifunctional 2DM assemblies in which
interflake coupling and external-stimulus response can be introduced through distinct molecular
components.
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2 Methods and core part of the report

2.1 Preparation of the 2DM building blocks

MoS, and WSe; nanosheets were prepared by liquid-phase processing followed by controlled
centrifugation and redispersion. Processing conditions were adjusted to obtain stable dispersions
while controlling flake dimensions and preserving the semiconductor phase. The representative MoS;
population had a typical lateral size of about 2 um and an average thickness of approximately 5 nm.
For WSe,, typical lateral sizes were about 200 nm, with thicknesses in the 5-20 nm range.

2.2 Molecular-linker strategy

Thiolated aromatic molecules were investigated as molecular modifiers of the exfoliated TMDs. BDT
was selected as the representative bidentate linker because it contains two terminal thiol groups. The
functionalization scheme is shown in Figure 1a. The strategy exploits chalcogen-deficient sites on the
TMD flakes: molecular attachment at these sites provides a route to defect passivation, while the
second thiol functionality enables coupling to an adjacent nanosheet.

2.3 Assembly procedure

TMD inks were deposited using solution-based coating approaches. Interconnected assemblies were
then constructed through alternating nanosheet deposition and molecular-functionalization steps.
This procedure allows the local molecular junction to be repeated throughout the film. Different TMD
inks can be selected or combined during deposition, making the chemistry compatible with
compositionally varied 2DM assemblies.

2.4 Data analysis
OriginLab software was used to carry out data analysis. NanoScope software from Bruker was used
to preform AFM data treatment.
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3 Results & Discussion
3.1 Results

3.1.1 Molecular functionalization across different TMDs

The molecular functionalization strategy was examined on both MoS; and WSe,. Figure 1a summarizes
the functionalization concept. For MoS,, the comparison before and after BDT treatment is shown by
Raman spectroscopy (Figure 1b), photoluminescence spectroscopy (Figure 1c) and Mo 3d XPS (Figure
1d). The same approach was then applied to WSe;,: Figure 1e shows the Raman comparison, while
Figures 1f—h show the corresponding W- and Se-related XPS regions. These measurements support
successful molecular functionalization and are consistent with the defect-healing and electronic-
property modulation observed after thiol treatment.
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Figure 1. Molecular functionalization of solution-processed TMD flakes. (a) Schematic of the
functionalization strategy using thiol-containing molecules. (b—d) Raman, photoluminescence and Mo
3d XPS comparisons of liquid-processed 2H-MoS; before and after BDT treatment. (e) Raman spectra
of 2H-WSe; before and after BDT treatment. (f—h) XPS regions of BDT-treated and untreated 2H-WSe;,
including W 4f and Se-related core levels.

3.1.2 From discrete flake junctions to interconnected assemblies

The key step in D2.4 is the creation of molecularly defined connections between individual nanosheets.
Repetition of this flake-level linking motif during deposition progressively builds up extended,
interconnected networks. Figure 2 follows this process across successive deposition/functionalization
stages. Figure 2a shows the initial TMD-flake state. After introduction of the molecular linker, the
schematic and AFM image in Figure 2b show the formation of a more interconnected assembly.
Repetition of the deposition and functionalization sequence further increases the density of linked
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nanosheets, as shown in Figure 2c. The resulting film is therefore built from repeated local flake-
molecule-flake junctions rather than from physical overlap alone.
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Figure 2. Formation of molecularly interconnected TMD nanosheet assemblies by alternating
deposition and molecular functionalization. (a) Initial nanosheet assembly. (b) Molecularly connected
assembly after a functionalization/deposition step. (c) More densely interconnected assembly
obtained after further alternating processing. Each panel combines a schematic representation with
the corresponding AFM image.

At the flake level, BDT acts as a bidentate linker because its two terminal thiols can participate in bond
formation at chalcogen-deficient sites on different nanosheets. At the film level, repetition of this local
connection generates a continuous molecularly coupled network. This multiscale relationship links the
discrete-assembly objective of WP2 directly to the transport properties of later printed networks.

3.1.3 Electrical characterization

Electrical measurements were used as a functional test of whether the molecular treatment modifies
interflake transport. Figure 3a shows the device-level functionalization scheme. The output
characteristics in Figure 3b compare pristine TMD, annealed TMDs and BDT-functionalized TMD films,
while Figure 3c shows the corresponding FET transfer characteristics. The BDT-treated films exhibit a
markedly higher current than the pristine material, consistent with the improved interflake
connectivity reported after molecular linking.
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Figure 3. Electrical response of liquid-processed TMD networks after molecular functionalization. (a)
Schematic of the functionalization of a deposited MoS,. (b) Output characteristics of pristine, annealed
and BDT-functionalized MoS: films. (c) Transfer characteristics of the corresponding FETs.

These results are consistent with the established role of conjugated dithiols in creating additional
electronic pathways between solution-processed TMD flakes described in previous Deliverable
reports.

3.1.4 Photoresponsive TMD films

Beyond using molecular chemistry to improve interflake coupling, the interconnected TMD platform
was further post-functionalized with photoswitchable molecules. This additional molecular treatment
is distinct from the bidentate-linking step itself: the linker establishes the interconnected nanosheet
assembly, whereas the photoswitchable component introduces an optically addressable functionality.
The molecules were selected according to their chemical compatibility with the TMD network and their
relative energy alignment with the semiconductor.

The resulting device architecture is illustrated in Figure 4a. The output characteristics measured for
the functionalized network in dark and under 365 nm and 530 nm illumination (Figure 4b) show a
wavelength-dependent modulation of the current. The corresponding transfer characteristics (Figure
4c) display the same illumination-dependent response over the gate-voltage range. These
measurements demonstrate that photoresponsive molecular functionality can be introduced into the
molecularly engineered TMD network while retaining transistor operation.
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Figure 4. Photoresponsive optoelectronic device based on a molecularly functionalized TMD
network. (a) Schematic of the device architecture containing the functionalized TMD network. (b)
Output characteristics measured in dark (Pristine) and under 365 nm and 530 nm illumination. (c)
Transfer characteristics measured under the same conditions.

The available measurements establish an illumination-dependent electrical response under UV and
visible excitation. They do not, however, resolve the microscopic switching mechanism, switching
kinetics, cycling endurance or long-term reversibility; these aspects are therefore not inferred in this
deliverable.

3.2 Contribution to project (linked) Objectives

The work reported in D2.4 contributes to all three objectives of WP2. It advances 02.1 by exploiting
chalcogen-defect sites for targeted molecular functionalization of solution-processed TMD nanosheets
and by assessing the resulting changes in their spectroscopic and electronic properties. It contributes
to 02.2 by establishing thiol-based anchoring chemistry as a functionalization strategy applicable to
chemically distinct TMDs, including MoS; and WSe;. Most directly, it addresses 02.3 through the use
of bifunctional molecular linkers to create chemically defined connections between individual
nanosheets. Repetition of this flake-level linking motif during deposition produces extended
interconnected networks, thereby validating the chemical-coupling strategy required for the
controlled linkage of nanosheets and providing a basis for the formation of flake-level heterostructures
with well-defined molecular interfaces.

3.3 Contribution to major project exploitable result

This demonstrator directly supports Tasks 2.4 and 3.6. Furthermore, the findings of this study are
interconnected with different deliverables, such as D3.5, and serve as core pillars for subsequent works
related to devices relevant to WP6.
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4 Conclusion and Recommendation

D2.4 establishes a molecular route for assembling discrete solution-processed 2DM nanosheets into
chemically connected structures. BDT serves as a representative bidentate linker, exploiting thiol
chemistry at chalcogen-deficient sites to combine defect functionalization with interflake coupling.
Spectroscopic characterization confirms the applicability of this strategy to MoS,; and WSe,;, AFM
follows the evolution from dispersed flakes to interconnected assemblies, and electrical
measurements show improved transport after BDT treatment. In addition, post-functionalization with
photoswitchable molecules produced wavelength-dependent electrical responses under 365 and 530
nm illumination, showing that the interconnected assembly can host an additional optoelectronic
function.

D6.4 — Nanosheet-based memory devices 12/17
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5 Risks and interconnections

5.1 Risks/problems encountered

Risk No. What is the risk Probability of Effect of Solutions to overcome the
risk risk! risk
occurrence!
7 Agglomerates of flake-level 2 3 Changed deposition
heterostructures are too big for technique to achieve a more
direct printing: (i) M, (ii) L uniform coating

& Probability risk will occur: 1 = high, 2 = medium, 3 = Low

5.2 Interconnections with other deliverables

The flake-level molecular coupling strategy developed in D2.4 provides input for downstream
activities on printed 2DM networks, multiscale characterization and electronic/optoelectronic
devices. In these later activities, the linker-defined junction becomes a repeated element of the
collective film and can be evaluated through network transport and device performance.
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6 Deviations from Annex 1

Not applicable
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