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Synthesis of Molecular 2D Materials via
Low-energy Electron Induced Chemical
Reactions
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Abstract: After the demonstration of a variety of inorganic two-dimensional (2D) materials (graphene, hBN, MoS,,
etc.), molecular 2D materials have attracted a significant research interest as well. However, the direct synthesis
of these materials is an exceptionally challenging task for chemists. In this review article, a simple and robust
physical method for the synthesis of molecular 2D materials is presented based on low-energy electron induced
chemical reactions in aromatic molecular layers. In this way, ultrathin (~1 nm) molecular nanosheets with adjust-
able chemical and physical properties called Carbon Nanomembranes (CNM) can be prepared. Moreover, the
method enables the synthesis of various other 2D organic-inorganic hybrids (e.g. MoS,-CNM, graphene-CNM
lateral heterostructures, etc.) or ~20 nm thick nanosheets of organic semiconductors. Mechanisms of the reac-
tion and functional properties of these molecular 2D materials including their chemical functionalization and
engineering of hybrid hierarchical structures for application in nanoscience and nanotechnology are discussed

in this article.
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1. Introduction: Materials Synthesis with Electron
Beams

Radiation-induced chemistry deals with the material modifi-
cation under irradiation with photons (X-rays, y-rays, UV irra-
diation), subatomic particles (o-particles, He*-ions, B-particles,
neutrons, efc.) or a mixture thereof.[!! This area of research can be
dated back at least to the discovery by Wilhelm Conrad Rontgen
in 1895 of the irradiation that he named X-rays, and which, as he
reported,[?! could modify photographic plates even if packaged in
a carton envelope. Already this example demonstrated that radia-
tion chemistry may induce some processes, which are hardly pos-
sible, if at all, using the traditional chemical approaches. Ionizing
radiation typically has an energy of 10 eV or more, which is
higher than the ionization potential of most organic and inorganic
compounds. Therefore it is suitable for the activation of various
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chemical processes without applying any additional treatment,
e.g., by temperature or by introduction of catalysts.

Among the different types of ionizing radiation, electron ir-
radiation takes a special place. Electron beams can be generated
with adjustable energies as well as be focused, defocused or de-
flected by relatively simple technical means. This combination of
properties makes the electron beam a flexible tool for materials
synthesis and nanofabrication. Thus, the focused electron beams
used, for example in lithography, enable the fabrication of devices
and components for nanoelectronics, nanophotonics and nanome-
chanics with an unprecedented high lateral resolution and com-
plexity (see e.g. ref. [3]). On the other hand, large-area irradiation
of the materials with defocused electron beams induces their func-
tional modification including polymer curing, surface hardening
or microbiological sterilization (see e.g. ref. [4]).

Application of the electron beams in materials processing relies
on scission of existing chemical bonds and formation of new ones.
The related mechanistic details depend very much on the energy
of the employed electron beams. In case of the interaction of a pri-
mary high-energy electron (typically tens of keV and higher) with
a molecule, the momentum is directly transferred to the atomic
nuclei, which may result in rupture of the existing and formation
of a new chemical bond.!3! In this way, the synthesis of a variety of
novel carbon-based nanomaterials including carbon onions,[°! car-
bon nanotubes,!”! graphene nanoribbons!8! or functionalized single
layer graphene sheets!®! was demonstrated. On the other hand, a
primary low-energy electron (typically significantly below 1 keV)
interacts directly with the molecular orbital resulting in its elec-
tronic excitation.[19-121 Then the electronic excitation can trigger a
modification of the chemical bond, which leads to dissociation of
the pristine and formation of new molecular compounds culminat-
ing even in extended molecular networks (see e.g. refs. [13—-16]).
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In this article, a simple and robust method for the room temp-
erature and solvent-free synthesis of two-dimensional (2D)
carbon-based materials via low-energy electron beam induced
chemical reactions in organic monolayers and thin films will be
reviewed. Fig. 1 shows a photograph of the high vacuum cham-
ber (base pressure 2x10® mbar) of a low-energy electron beam
reactor (LEEBR), which can be employed to this end. Two main
components of the LEEBR are recognized through the window.
These are an electron flood gun with an adjustable energy of
10-1000 eV and a sample table with integrated Faraday cups en-
abling a measurement of the electron dose during irradiation. In
the following sections it will be demonstrated that such a simple
experimental set-up enables the synthesis of a manifold of func-
tional molecular 2D materials including multifunctional molecu-
lar nanosheets with ~1 nm thickness!!7-18] (section 2), nanosheets
of organic semiconductors!9! (section 3) as well as atomically thin
free-standing lateral organic-inorganic heterostructures (section
4).1201 Tn section 5 these results will be summarized and an outlook
will be presented for implementation of the developed synthetic
methods in nanotechnology.

2. Carbon Nanomembranes (CNMs)

In this part, the synthesis of molecular nanosheets — carbon
nanomembranes (CNM) — will be introduced,!!7-18] (Fig. 2). The
process is based on the electron irradiation-induced crosslinking
of aromatic self-assembled monolayers, which was discovered
by Golzhiuser et al.'*l for 1,1'-biphenyl-4-thiol (BPT) self-as-
sembled monolayers (SAMs) on gold. Low-energy electron ir-
radiation of the BPT SAMs in high vacuum, with typical electron
energies of 50-100 eV, results in rupture of the C—H bonds in
biphenyl molecules leading to a crosslinking between their adja-
cent aromatic rings. As a dominating mechanism for this chemi-
cal transformation, dissociative electron attachment (DEA) was
suggested.[!o] In DEA,[19-12] an impinging electron is captured by
a molecular orbital forming a transition negative ion, the time
evolution of which causes a bond rupture. As demonstrated by
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Fig. 1. Photograph of the vacuum chamber of a homemade low-energy
electron beam reactor (LEEBR-3) at the Friedrich Schiller University
Jena. An electron flood gun and a sample table can be recognized
through the window; black arrows are guiding your eye. The LEEBR-3
enables a homogenous irradiation of the samples with dimension up to
30 mm x 30 mm using electron energies of 10-1000 eV. The electron
dose is measured during the irradiation by Faraday cups, which are
located on the sample table. The residual pressure in the chamber dur-
ing the irradiation is ~2x10® mbar. A typical time for the irradiation of a
sample with 50 eV electrons and a dose of 50 mC/cm?is ~10 min. The
photograph is by Christof Neumann, Friedrich Schiller University Jena.

UV photoelectron spectroscopy, quantum chemical and molecu-
lar dynamics calculations of BPT SAMs on gold, the formation of
single- and double-links (carbon—carbon bonds) between phenyl
rings of the molecules is expected during the crosslinking.[!6] This
picture is supported also by a UV-Vis spectroscopic study of the
refractive indexes of the monolayers.2!l Moreover, recent molec-
ular dynamic calculations suggest2?] that a partial dissociation of
the aromatic rings can also take place in the BPT SAM upon this
process, which is in agreement with some desorption of carbon
observed by X-ray photoelectron spectroscopy (XPS).[231 The XPS
data also show that the electron irradiation-induced crosslinking
results in the formation of new sulphur species and reconstruction
of the sulphur/gold interface.l'®! These structural changes of the
interface are in agreement with the low-electron energy diffrac-
tion (LEED) and scanning tunneling microscopy (STM) results
that demonstrate a loss of the long-range order in the SAMs upon
crosslinking.[2425] Note that not only primary electron irradiation
but also secondary electrons (SE) produced in the substrate con-
tribute to the crosslinking process.[20l For BPT SAMs, the total
electron dose required to induce a complete crosslinking is ~50
mC/cm?.10l Taking into account the surface coverage of BPT
SAMs on gold and the respective SE yield, the cross-section of
this process was estimated as ~107'® cm?.l'6l In summary, the low-
energy electron irradiation of a BPT SAM on gold results in the
crosslinking of the monolayer. This process converts a BPT SAM
into a covalently bonded, short-range ordered molecular network,
i.e. into a molecular nanosheet, which has been introduced above
as a carbon nanomembrane (CNM).

The formed BPT CNM possesses an extraordinary me-
chanicall?’l and thermal stability.[28] Already in 2005 it has been
shown(?7] that BPT CNMs with only ~0.9 nm thickness can eas-
ily be prepared as free-standing sheets spanning openings with
lateral dimensions over 30 pum. Furthermore BPT CNMs with ex-
tremely large free-standing lateral dimensions over ~0.5 mm were
demonstrated recently.[?%] A typical helium ion microscope (HIM)
image of a BPT CNM lying on a hexagonal metal grid is pre-
sented in Fig. 3a. To enable the fabrication of such free-standing
CNM structures as well as their van der Waals heterostructures,
Nottbohm, Beyer, Golzhiduser and co-workers have developed a
flexible transfer method.[2330-331 This method employs a support-
ive poly(methyl methacrylate) layer to transfer the CNMs from
their growth substrates onto new solid or holey target substrates.
This method, known in the literature as PMMA -assisted transfer,
is now applied widely in the 2D materials community to transfer
any kind of 2D material.[34

In 2007 it was found that BPT CNMs sustain also extreme-
ly high annealing temperatures in vacuum,!?8! which enabled
Turchanin et al. to develop a new method for scalable synthesis
of graphene monolayers with tunable crystallinity and electronic
properties.[243235-371 Using this method and employing area selec-
tive electron irradiation of BPT SAMs, graphene monolayers with
predefined shapes can be grown.[383% These sculptured graphene
structures can be transferred onto various target substrates and
prepared as free-standing sheets preserving their integrity.[3%

A systematic study of the response of various aromatic SAMs
(oligophenyls, hexaphenylbenzene, polycyclic aromatic hydro-
carbons, efc.) towards low-energy electron irradiation has re-
vealed that CNMs can be synthesized from a variety of molecu-
lar compounds.[23] In this way, the chemical and physical prop-
erties of CNMs can be tuned. Thus, the thickness of individual
CNMs can be adjusted from ~0.5 to 3 nm. The surface structure
of the formed SAMs and molecular shape of the SAM building
compounds predefines the presence or absence of nanopores in
the CNMs!2] enabling the synthesis of nanomembranes for ul-
trafiltration applications.[2>40] By an appropriate choice of the
molecular precursors, functional groups can be introduced allow-
ing their flexible chemical or biochemical functionalization for
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Fig. 2. Schematic representation of the carbon nanomembrane (CNM)
synthesis by low-energy electron irradiation of aromatic self-assembled
monolayers. a) A SAM of aromatic molecular compounds formed on a
substrate; here, a 4'-nitro-1,1'-biphenyl-4-thiol (NBPT) SAM on gold is
depicted. b) Low-energy electron irradiation induces the lateral cross-
linking and converts the NBPT SAM into a molecular nanosheet — CNM.
In case of the NBPT SAMs, also the terminal nitro groups are converted
into amino groups. c) The CNM possesses a high mechanic stability
and can be prepared as a free-standing nanosheet. In the presented
example, the free-standing nanosheet forms a Janus CNM with one
face terminated with amino groups (N-face) and another face terminated
with sulphur containing groups (S-face). d) The N-face and S-face of the
Janus CNMs can be independently and specifically functionalized, for
example, as schematically shown here, by C, on the N-face and gold
nanoparticles on the S-face.

applications in energy conversion and nanobiotechnology.[*1-43]
The mechanical or dielectric properties of CNMs can be tuned
in this way as well,[*4#5] enabling their integration into various
electronic devices as complementary 2D dielectric material (e.g.
nanosensors,[*3] nanocapacitors[4l), protective (anticorrosive)
coatings[347] or as an active material in a nanomechanical sys-
tem.[32:48]

A comprehensive review on the CNM properties and their
prospects for applications in nanoscience and nanotechnology
has been recently presented by Turchanin and Golzhéuser.[!8]
Therefore, in this section, only two more recent examples will
be presented, which relate to the unique possibility for chemi-
cal functionalization of CNMs*9! and their microfabrication into
free-standing 2D nanostructures. 30!

2.1 Chemical Functionalization of CNMs

The possibility to introduce chemically active groups on both
surfaces of the otherwise chemically inert CNMs opens up a va-
riety of possibilities for their post-functionalization and creation
of functional hybrid 2D nanosheets.[414249.511 As schematically
shown in Fig. 2 for an example of the 4'-nitro-1,1'-biphenyl-4-thi-
ol (NBPT) SAM on gold, the electron irradiation induces not only
the SAMs crosslinking into a CNM with ~1 nm thickness, but
it also converts the terminal nitro groups into amino groups!!s]
(Fig. 2a,b). Transferred from the substrate and suspended freely
on a holey structure, both faces with different chemically active
groups are available for the specific functionalization (Fig. 2c).
In the resulting molecular nanosheet one face (N-face) is termi-
nated with amino groups and the opposite face (S-face) with the
sulphur-containing groups (thiols and sulphides).*2491 Such a bi-
facial CNM can be referred as a Janus CNM.

Zheng et al. used Janus CNMs for the engineering of molecu-
lar nanosheets with efficient energy-funneling properties.[*?l To
this end, two different fluorescent dyes — tetramethylrhodamine
isothiocyanate (TMR) and ATTO647N-maleimide — were grafted
on the N-face and the S-face of a Janus CNM, respectively. Due
to the distance of only ~1 nm between the donor TMR and the
acceptor ATTO647N, which is defined by the CNM thickness,
an effective fluorescence resonance energy transfer (FRET) was
demonstrated, showing the nanomembranes functionality.[42]

In general, Janus CNMs provide a universal platform for
chemistry in two dimensions and in particular for the genera-
tion of complex hierarchical systems consisting not only of or-
ganic but also of organic/inorganic nanomaterials. Fig. 2d sche-
matically shows a low-dimensional hybrid assembled on a Janus
CNM functionalized on its S-face with gold nanoparticles and
the N-face with C_ fullerenes. These hybrids were engineered
and studied with respect to their mechanical properties and po-
tential for assembling van der Waals (vdW) heterostructures (see
e.g. ref. [52]), which consist of OD and 2D materials.[*! Fig. 3b
shows a HIM image of Janus CNMs with immobilized ~16 nm

Fig. 3. Helium ion microscope (HIM) images of free-standing CNMs. a) Large-area CNM with ~1 nm thickness spanning a hexagonal metal grid.?® b)
Janus CNM on a metal grid with 16 nm gold nanoparticles immobilized on its S-face.®? c) A van der Waals heterostructure consisting of four layers:
(Janus CNM)/(C60-Janus CNM), - spanning an orifice in a SiN membrane with dimensions of 40x44 um?.
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gold nanoparticles. These nanoparticles cover ~50% of the nano-
membrane surface demonstrating their homogenous and effective
integration into the hybrid. Fig. 3c presents an image of a vdW
heterostructure consisting of four 2D layers stacked on each oth-
er — (Janus CNM)/(C, -Janus CNM), —over an orifice with dimen-
sions of 40x44 um?. Despite their multiple nanosheet structure
and the functionalization with C - the resulting nanomembrane is
homogeneous. Additionally, it does not show a degradation of the
mechanical properties in the bulge test!*91 with respect to the indi-
vidual nanosheets, revealing a Young’s modulus of 8.7+1.5 GPa.

The presented examples demonstrate that the flexible chemi-
cal functionalization of one or both faces of a CNM provides a
universal and powerful platform towards the generation of novel
functional hybrid 2D materials and their vdW heterostructures.
This flexibility distinguishes CNMs from many other 2D materi-
als, in particular from the inorganic ones. It paves the way for
their implementation in nanosystems for artificial photosynthesis,
biofunctional membranes for tissue engineering and molecular
recognition, nanomembranes for osmosis and water desalination
applications, or as active materials in nanosensors and photoelec-
trical devices, etc.

2.2 Free-standing Nanopatterned CNMs

Due to the very favorable mechanical properties including
the Young’s modulus of ~10 GPal3244 and the tensile strength
of ~500 MPa,I33l not only continuous free-standing CNMs, as
shown in Fig. 3, but also nanostructured free-standing CNMs can
be manufactured efficiently,33501 (Fig. 4). The use of EUV inter-
ference lithography>* (EUV-IL) is particular promising for the
nanopatterning of CNMs, as it allows both the formation of CNM
nanostructures via the direct EUV-induced crosslinking!26-331 or
the implementation of standard photoresist-based microfabrica-
tion techniques.[3% In both cases, nanostructures with lateral di-
mension down to 20 nm have been demonstrated in free-standing
CNMs by Turchanin et al.133-0 Using a wavelength of 13.5 nm,
EUV-IL potentially enables a large area, highly parallel and high-
throughput nanopatterning with a sub10 nm resolution.[3+55]

Fig. 4a shows free-standing 1 nm-thick CNM nanoribbons of
150 nm width prepared by the EUV-IL induced pattern on a con-
tinuous CNM and afterwards transferred onto a TEM grid with
a holey lacey carbon support film.150 The total size of this pat-
tern is ~1x1 mm?2. A parallel array of the nanoribbons on the flat
support (bright) and the freestanding nanoribbons spanning the
open areas (dark) can be clearly recognized in the HIM image;
the inset shows a high magnification image of the free-standing
nanoribbons. A 1 nm-thick CNM nanomesh with 260+5 nm wide
openings and 90+5 nm wide mesh lines is shown in Fig. 4b. It
demonstrates the remarkable mechanical stability of an intact
CNM free-standing area of 2500 um? (with exception of a few
point defects) supported by a 50 um x 50 wm metal grid. Note
that in all HIM images, free-standing CNM areas appear darker in
comparison to the supported areas, which can be especially well
recognized in the inset to Fig. 4a, showing an increase of contrast
towards the center of the free-standing nanoribbons. These imag-
ing effects are related to the dielectric properties of the CNMs
resulting in their electrostatic charging upon imaging with ions
and thereby with a lower yield of secondary electrons reaching
the detector of the HIM.[2%]

The presented examples demonstrate that the application of
EUV-IL on the nanopatterning of CNMs results in perforated ~1 nm
thick molecular nanosheets and nanoribbons, which can be pre-
pared as free-standing objects on holey supports. This method-
ology opens up manifold possibilities of implementing the sup-
ported or free-standing nanopatterned CNMs in devices such as
nanomechanical, nanophotonic and nanoelectrical systems, as
well as their integration into lateral heterostructures with other
2D materials, which will be presented in section 4 of this review.

Fig. 4. Helium ion microscope (HIM) images of free-standing nanopat-
terned CNMs.®% a) 150+5 nm wide CNM nanoribbons transferred onto
a TEM grid with a holey lacey carbon film. Free-standing areas appear
darker in comparison to the lacey carbon substrate. Insert presents a
magnified area with the free-standing nanoribbons. The free-standing
nanoribbons appear narrower in comparison to the supported nanorib-
bons on the lacey carbon substrate. Dashed lines are included to
guide the eye. b) A square shaped CNM nanomesh of 260+5 nm wide
openings and 90+5 nm wide mesh lines on a 50x50 um? wide opening
of a metal grid. The complete sample homogeneously covers about
1x1 mma2. In the insert the mesh is magnified.

3. Nanosheets of Organic Semiconductors

In 2017 Nickel and Turchanin presented a method for the
synthesis of free-standing nanosheets of organic semiconductors
(OSC) via low-energy electron irradiation-induced crosslinking
of the surface of OSC films,[195¢] (Fig. 5a). This approach relies
on a very basic property of electrons to penetrate into matter up
to a certain depth, which depends on their kinetic energy (see e.g.
ref. [57]). In this way, the crosslinking depth in OSC films can be
adjusted with a precision of a few nanometers. The formed sur-
face crosslinked layer, schematically shown in Fig. 5a as a black
color gradient, stabilizes mechanically the whole OSC film and
enables its transfer as a nanosheet onto new solid or holey sub-
strates without disintegration as well as in the absence of any ad-
ditional transfer medium.[9-561 Fig. 5b shows a HIM image of such
a 20 nm thick pentacene nanosheet transferred on an oxidized
silicon wafer. This nanosheet was produced by irradiation with
500 eV electrons and a dose of 3 mC/cm? on the respective 20 nm
thick pentacene film prepared by vacuum deposition. It is notice-
able that some wrinkles are present in the topography indicating
the sheet character of the transferred pentacene. The characteristic
terrace-like topography of pentacene is conserved after irradiation
and transfer. In Fig. 5c, an optical microscopy image of a 50 nm
thick free-standing pentacene nanosheet spanning a hole with a
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Fig. 5. Free-standing nanosheets of organic semiconductors (OSC). a) Schematic representation of the synthesis of pentacene nanosheets. First, an
OSC film is prepared on a substrate, e.g. by vapor deposition, preferentially on a sacrificial layer such as poly(vinyl alcohol) (PVA). Then, the surface
of the OSC layer is crosslinked by low-energy electron irradiation. Next, the sacrificial layer is dissolved and the OSC nanosheets, stabilized by the
crosslinked surface, can be transferred onto a target substrate. b) HIM image of a crosslinked 20 nm pentacene nanosheet transferred onto a SiO,
substrate.['¥ c) Optical microscope image of a 50 nm thin pentacene nanosheet spanned over a 2 mm hole in a 0.5 mm brass sheet.['® d) Electric
transfer curves of a FET with pristine, partially crosslinked and strongly crosslinked surface layer. The arrows indicate the sweep direction. Inset:
Schematic of the transistor. When irradiated softly (low-energy electrons), only the top layers of the pentacene film are crosslinked, i.e. the conduc-
tion channel at the dielectric interface is not affected. After hard irradiation (high-energy electrons), the crosslinked region penetrates the conduction

channel and the device performance is reduced.'”!

diameter of 2 mm is shown. A detailed structural analysis of these
nanosheets by X-ray diffraction demonstrated!!°! that this remark-
able mechanical stability results from lateral crosslinking of only
the topmost 3—4 pentacene monolayers, which corresponds to a
depth of ~5 nm. The remaining pentacene layers in the nanosheet
preserve their original crystalline structure and therefore can be
used for functional photonic or electronic applications.[°]

In Fig. 5d the transfer characteristics of a microfabricated
field-effect transistor (FET) device from a pentacene nanosheet
prepared by electron irradiation with 350 eV is shown (blue trian-
gles). The pentacene nanosheet does not show any degradation of
the electronic properties in comparison to the non-irradiated pen-
tacene film (black squares). Only a pentacene nanosheet prepared
by irradiation with a higher energy of 700 eV (red triangles) and
therefore with a higher electron penetration depth, shows some
reduction of the electronic properties. Moreover, it has been found
that bottom contact pentacene FETs made from the transferable
nanosheets are superior to the analogous devices prepared by di-
rect vapor deposition of the pentacene films. Their contact resis-
tance is about two orders of magnitude smaller due to a smoother
interface with the gold contacts.[!9]

This developed methodology opens up new possibilities to-
wards the fabrication of organic semiconductor devices with
transferable OSC nanosheets from a variety of aromatic mol-
ecules.[561 It paves the way towards free-standing organic field-
effect devices, an area which was reserved for single crystals so
far, as well as to their integration with other 2D materials like
graphene or transition metal dichalcogenides in heterostructure
devices.

4. 2D Lateral Organic-Inorganic Heterostructures
Low-energy electron irradiation allows not only to induce
crosslinking between organic aromatic compounds, but also, as
demonstrated by Winter et al.,[20] to stitch 2D organic and inorgan-
ic materials into their lateral heterostructures. This unique mate-
rial composite is enabled by a combination of inorganic 2D sheets
grown by chemical vapor deposition (CVD) with standard micro-
fabrication techniques, molecular self-assembly and low-energy

electron-induced chemical reactions. Fig. 6 shows two examples
of graphene-CNM (a,b) and MoS -CNM (c,d) lateral heterostruc-
tures synthesized in this way. Initially both graphene and MoS,
monolayers were grown by CVD on copper#3! or SiO, 58 sub-
strates, respectively. Next, the formed inorganic atomically thin
sheets were transferred from their growth substrates onto Au/mica
substrates. In case of graphene sheets, a photolithographic patter-
ing was applied, whereas no lithographic treatment was used for
MoS, samples, as they grow by CVD as arrays of micrometer-
sized triangular single crystals. To synthesize lateral heterostruc-
tures with CNMs, the monolayers of aromatic biphenyl-thiols
(BPT SAM or NBPT SAM, see section 2) were self-assembled
on the gold areas free of graphene or MoS,, and the samples were
irradiated with 100 eV electrons at a dose of 50 mC/cm?. This
treatment results not only in the formation of CNMs from the
respective SAM areas (see section 2), but also in their stitching
with the edges of the graphene or MoS, sheets and ultimately in
the formation of continuous 2D lateral heterostructures.

Fig. 6b shows an optical microscope image of a graphene-
CNM heterostructure transferred onto a 300 nm SiO,/Si wafer.
This heterostructure consists of an array of square (2.5%2.5 wm?)
graphene dots embedded in a CNM matrix. The graphene areas
appear darker, as they have a higher optical contrast in comparison
to the surrounding CNM.21I The graphene-CNM sheet is con-
tinuous over a whole macrofabricated area, which corresponds to
10x10 mm? in total.

A rupture defect is visible in the right top corner enabling to
differentiate clearly between the bare SiO, surface and the hetero-
structure area. It has been demonstrated?0! that these heterostruc-
tures possess a sufficient mechanical stability to be also prepared as
free-standing nanomembranes. Such a free-standing MoS -CNM
heterostructure was imaged with high-resolution transmission
electron microscopy (HRTEM) by Mohn and Kaiser,20! (Fig. 6d).
The stitching region between these two 2D materials — CNM and
MoS, - can be clearly recognized and appears to be atomically
sharp, which demonstrates that the lateral heterostructures can be
synthesized with a precision close to the atomic scale with a width
of the boundary between the constituting 2D materials below
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2 nm. In this process, low-energy electron irradiation activates
the terminal atoms and chemical groups at the edges of graphene
or MoS, sheets resulting in the formation of new chemical bonds
with the edges of the formed CNM in both heterostructure types.

The presented examples of hybrid organic—inorganic materials
would be very difficult to realize by conventional chemical syn-
thesis, which demonstrates the uniqueness of the applied synthe-
sis by low-energy electron irradiation. This technique can induce
chemical reactions in a variety of materials (see e.g. ref. [1]), and
therefore can be applied potentially to a broad variety of organic
and inorganic 2D materials. This physical approach enables the
flexible synthesis of their lateral heterostructures with complex
architectures incorporating some distinct electronic, optical and
biochemical functions (due to the chemical functionalization of
CNMs) into the atomically thin sheets. Therefore a broad panel of
materials for nanoelectronic, nanophotonics and nanobiotechnol-
ogy can be specifically engineered.

5. Summary

The synthesis of 2D materials beyond graphene has attracted
significant research interest in the chemistry and materials sci-
ence communities during the last years.[34-611 Besides the ac-
tivities on synthesis of different inorganic materials and their
heterostructures, 5262631 also organic 2D materials are coming
more and more in focus.[!7:18.64-661 21D materials consisting of in-
dividual organic molecules as their building blocks, provide an
unprecedented flexibility for their tailored synthesis. The intrinsic
molecular structure of the constituents, their organization in 2D
assemblies and chemical functionalization paves a way towards
the engineering of 2D materials with tunable electronic (dielec-
tric, semiconductor, conductor), mechanical (hard or soft) and
functional (catalytic, photoactive, biofunctional, efc.) properties.
The applications of these synthetic materials in nanotechnology
are manifold and include their implementation in molecular- and
bio-recognition, energy storage, catalysis, photonics, electronics
or ultrafiltration, just to name a few. However, direct preparation
of molecular 2D materials by traditional chemical synthesis faces
significant challenges. For instance, (i) the mechanism of many
chemical reactions in the 2D constraint may differ significantly
from the 3D analogues; (ii) the thermodynamically favorable 3D

Fig. 6. 2D lateral organic-inorganic
heterostructures synthesized by
low-energy electron irradiation-
induced stitching.?% a) Schematic
of graphene-CNM heterostructure.
b) Optical microscopy image of
the heterostructure on a 300 nm
SiO,/Si substrate. Graphene areas
appears darker than CNM areas.
The graphene square dots in (b)
have a width of 2.5 um. The whole
sample has a size of 10x10 mm2.
c) Schematic of MoS,-CNM het-
erostructure. d) HRTEM image of
the boundary between CNM (top
left) and MoS, (bottom right) in the
free-standing heterostructure.

growth has to be avoided; (iii) implementation of the lateral or-
ganic and inorganic heterostructures materials can be very much
restricted to a few material combinations.

As demonstrated in this review article, the low-energy elec-
tron beam induced synthesis of 2D materials provides a simple
and robust physical approach to address largely these challenges.
It relates to the conversion of well-defined monolayers or ultra-
thin 2D films, prefabricated by physical or chemical deposition
on solid substrates, into their nanosheets by irradiation induced
crosslinking. As the impinging electrons possess sufficient en-
ergy to activate nearly any chemical bond, the crosslinking can
be initiated within a variety of chemically dissimilar materials.
Moreover, the activation on only specific chemical bonds may be
tuned by an appropriate choice of the electron energy.!!!l The syn-
thesis takes place at room temperature and does not require any
solvents making it both energetically efficient and environmen-
tally friendly. Moreover, all synthetic steps are compatible with
clean room techniques, which enables their integration into the
standard microfabrication technologies and processes as well as
their scalability. As specific functional groups can be incorporated
into the nanosheets, they can be modified further by conventional
chemical functionalization. In this way, complex hierarchical 2D
materials can be synthesized. Such a favorable combination of dif-
ferent options in the developed methodology opens broad avenues
for its implementation in nanoscience and nanotechnology.
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