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5.4.1 Key messages

— Graphene and other 2D materials are becoming more and more popular thanks
to their unique properties in comparison to bulk materials. Graphene has found
several commercial applications and along with other 2D materials has enormous
potential. The properties of these materials are intensively investigated, in partic-
ular by optical spectroscopy methods.

— High-resolution spectroscopic and microscopic techniques allow for the identi-
fication and characterization of graphene and 2D atomic materials and their hy-
brid structures synthesized by conventional (e. g., micromechanical exfoliation,
liquid phase exfoliation, chemical exfoliation, chemical vapor deposition (CVD)
on metal surfaces, epitaxial growth on electrically insulating surfaces) and non-
conventional (e. g., substrates rubbing) methods.

— Raman spectroscopy allows the identification of bonding in 2D materials. Based
on a Raman spectrum, the layer thickness of graphene and other 2D materials can
be identified easily, fast, and nondestructively. Besides, the presence of defects,
strain, and doping of materials can be evaluated based on their Raman spectra.

—  Photoluminescence (PL) spectroscopy is one of the widespread optical spec-
troscopy techniques that allows the characterization of several key properties of
materials, for instance, the electronic structure of the materials, their quality, and
their purity.

- Tip-enhanced Raman scattering (TERS) takes advantage of a scanning probe mi-
croscopy (SPM)-Raman platform combined with surface plasmon resonance ef-
fects localized at the tip apex to provide accurate information about the sample
with nanometer spatial resolution.

5.4.2 Pre-knowledge

Most conventional materials we deal with in everyday life are 3D. We are now starting to understand
how the properties of bulk materials change if one moves to the nanoscale. Layered bulk materials
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Figure 5.4.1: Crystalline structures of (a) graphene, (b) hexagonal boron nitride, (c) antimony,
(d) molybdenum disulfide, (e) tungsten disulfide, and (f) gallium selenide.

exhibit strong in-plane covalent or ionic bonding along two dimensions and weak out-of-plane van
der Waals (or hydrogen) bonding. The weak nature of van der Waals bonding (40-70 meV) and surface
tension (60-90 mJ/m?) allow for exfoliating layered bulk materials into 2D atomic materials [1, 2].
2D materials are divided in three classes: (a) layered van der Waals solids, (b) layered ionic solids, and
(c) surface-assisted nonlayered structures (i. e., silicene) [3]. The most studied 2D material is graphene
due to its amazing properties. Beyond graphene, there is a wide spectrum of 2D materials, which
include 2D layers and layered structures, whose total thicknesses vary from an atomic layer to a few
nanometers [4]. The members in the 2D layered materials family are the following: (a) the graphene
family (graphene, h-BN, and fluorographene or graphene fluoride [2D carbon sheet of sp> hybridized
carbons with each carbon atom bound to one fluorine, (CF),]) [5], BCN compounds (compounds of
boron, carbon, and nitrogen atoms), and graphene oxide (compound of carbon, oxygen, and hydrogen
atoms), (b) 2D chalcogenides (MoS,, MoTe,, WS,, WTe,, ZrSe,, NBS,, GaSe, GaTe, InSe, etc.), and (c)
2D oxides (MnO,, V,05, MoO3, WO3, TiO,, TaO3, RuO,, perovskite type LaNb,0;, etc.). Crystalline
structures of some 2D materials are shown in Figure 5.4.1.

Ahost of 2D layered materials are the transition metal dichalcogenides (TMDCs), transition metal
oxides, and nitrides [6]. TMDCs have been known in their bulk form for decades. They are a large class
of 2D layered materials with the formula MX,, where X is a chalcogen (S, Se, Te) and M is a transition
metal element from group IV (Ti, Zr, Hf, etc.), V (V, Nb, Ta), or VI (Mo, W, etc.) [7]. The wide range of
compositions of 2D layered materials spans the periodic table [6]. Depending on the combination
of the atoms of the transition metal and the chalcogen, a variety of TMDCs with properties ranging
from semiconducting, metallic, semimetallic, or ferromagnetic to superconducting properties can
be obtained [7]. For example, monolayer h-BN and fluorographene are insulators, MoX, and WX,
(i. e., M0S,, MoSe,, WS,, WSe,) are semiconductors with direct band-gaps, and NbX, and TaX, (i. e.,
NbSe,, TaSe,) are metals [8]. The band-gaps of monolayer InSe, MoSe,, WSe,, MoS,, phosphorene,
WS,, and h-BN at room temperature are equal to ~1.25 eV, ~1.5eV, ~1.7 eV, ~1.8 eV, ~2.0 eV, ~2.1eV,
and ~5.9 eV, respectively.

There are many 2D atomic materials that go beyond TMDCs, including monochalcogenides (GaSe,
GeSe, SiS, etc.) and monoelemental 2D semiconductors (silicene, phosphorene, germanene, etc.) [9].
Siliceneis a 2D allotrope of silicon with a hexagonal honeycomb structure (similar to that of graphene)
consisting of silicon atomic layers [10]. Contrary to graphene, itis not flat and has a periodically buck-
led structure. Due to the latter, silicene has a tunable band-gap when applying an external electric
field. Phosphorene is a single atomic layer of bulk phosphorus. Germanene is a single atomic layer of
germanium, the electronic properties of which are unusual, like those of graphene and silicene. It has
no band-gap, but one can be opened by attaching, e. g., a hydrogen atom to each germanium atom.

This chapter will focus on a few 2D materials most studied by optical spectroscopy techniques.
It is helpful for the reader to be familiar with the fundamental characteristics of semiconductors
(Volume 1, Chapter 1.4), electronic spectroscopy (Volume 1, Chapter 2.2), optical (PL) and vibrational
spectroscopy (especially Raman, TERS) (Volume 1, Chapters 2.3 and 3.1), and the basics of materials
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for nanotechnology (Volume 2, Chapter 6). Regarding materials and characterization methods at the
nanoscale, detailed information on quantum dots and nanocrystals is given in Volume 2, Chapter 6.1,
whereas scanning-probe microscopy techniques are discussed in Volume 2, Chapter 4.5.

5.4.3 Importance of the application

The most well-researched and prominent representative of the 2D materials is grap-
hene. This is how an atomically thin sheet or single layer of carbon atoms was named
by German chemist Hanns-Peter Boehm in 1962. The term “graphene” was combined
from the word “graphite” and the suffix “-ene,” which was taken from the end of the
word “ethylene.” Theoretical research into graphene started in the 1940s and con-
tinued for the next decades, boosted from the 1980s by the discoveries of fullerenes
(graphene curled up into balls) and carbon nanotubes (graphene folded into a cylin-
der) [11]. Until 2004, it was theoretically believed that single-layer graphene (SLG)
could not exist due to thermodynamic instability when separated under ambient
conditions. However, once graphene was isolated by Andre Geim and Konstantin
Novoselov working at the University of Manchester, UK, it became clear that it was
actually possible. The reason graphene can be obtained is due to very strong carbon-
to-carbon bonds in it, which prevent thermal fluctuations from destabilizing it. The
researchers applied Scotch tape to peel off layers of highly oriented pyrolytic graphite
(HOPG) and obtain multilayer, few-layer, and monolayer graphene flakes. After pro-
ducing them they successfully identified a single layer of carbon atoms or monolayer
graphene flakes from multilayer ones. They published their research in the journal
Science in 2004 and received the Nobel Prize in physics for the discovery of graphene
in 2010 [3, 12]. When first discovered, graphene was an oddity, but now it has shown
many record-winning properties, such as the thinnest, strongest, and lightest ma-
terial, excellent electrical and thermal conductivity, and optical transparency. The
extraordinary properties of graphene make it an ideal test bed to probe fundamen-
tal problems in physics, as well as lending itself to a wide range of applications in
electronics, photonics, energy, sensors, bioapplications, etc. [13, 14].

As outlined in the Pre-knowledge section above, the discovery of graphene gave
rise to a new class of atomic materials, known as “2D materials.” 2D materials in-
clude layers of carbon (graphene), boron (borophene), h-BN (“white graphene”), ger-
manium (germanene), silicon (silicene), phosphorus (phosphorene), tin (stanene),
molybdenum disulfide (molybdenite), etc. Most of them could be obtained from lay-
ered bulk (3D) materials. Though the latter have been studied for more than 150
years, one only recently began to realize their potential for applications in advanced
technologies and consumer products such as flexible thin-film field-effect transistors
(FETs), photodetectors, sensors, batteries, supercapacitors, etc. A large number of
2D layered materials, such as TMDCs, are semiconductors with direct and indirect
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band-gaps that are tunable by the choice of material or external factors. The charac-
teristics of 2D materials are very different from those of their 3D counterparts [15] and
rapidly result in new advancements and applications. Compared to bulk materials,
such as silicon, 2D materials exhibit novel properties: (a) their surfaces are naturally
passivated without any dangling bonds, which are important for the stacking of dif-
ferent 2D structures, (b) strong light-matter interaction takes place, and, moreover,
(c) they can cover a wide electromagnetic spectrum due to their varied electronic
properties. Their physical properties are strongly dependent on the number of layers
[16]. For example, by decreasing the number of the MoS, layers, i. e., from few (two
to four) layers to a monolayer, there is a transition from semiconducting to metallic
properties or from an indirect band-gap of the bulk layered material to a direct band-
gap of the monolayer [17]. Thus, identifying the number of layers and determining
their properties is a key issue in studying 2D materials. Besides, other factors, such as
strain, doping, defects, impurities, etc., can also drastically change the properties of
2D materials. As will be discussed later, the synthesis method strongly affects these
properties, and spectroscopic techniques such as Raman and PL spectroscopy can
play a key role. Based on Raman and PL spectra, the materials and number of layers
can be fast and easily identified. The effects of strain, doping, and defects can also be
evaluated. However, due to the diffraction limit of light, the resolution of Raman and
PL is on the order of 1 pum. Therefore, nanospectroscopy approaches are promising in
terms of nanocharacterization.

New materials can change the world, like the Iron Age came to replace the Bronze
Age, then came concrete, stainless steel, silicon and plastics, and now 2D materials
are entering the modern era. 2D materials will bring us to the flatland [18].

5.4.4 State-of-the-art

5.4.4.1 Graphene and 2D atomic materials, their hybrid
structures and physical properties

The current chapter focuses on graphene and 2D atomic materials, hybrid structures,
and their properties, synthesis, identification, characterization, and application. This
chapter is structured as follows. In the first part, we will look at what graphene and
2D atomic materials are and how they were discovered. Then we will consider the
types and structures of 2D atomic materials, and the main physical, electrical, and
optical properties associated with them. Further we will explore various conventional
and nonconventional synthesis methods for obtaining mono- and few-layer (MFL)
graphene and 2D atomic materials. The main characterization techniques and identi-
fication methods of 2D atomic materials with the focus on Raman spectroscopy, PL,
and TERS will then be discussed in the next section. This will be followed by a review
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of the 2D hybrid atomic heterostructures. Challenges such as contamination, relia-
bility, reproducibility, and scalability for fabrication of large-area 2D materials and
heterostructure devices will be discussed. We shall conclude the chapter by nanoengi-
neering issues of 2D hybrid structures before turning to some important applications
in 2D hybrid devices. At the end of the chapter flexible electronics and its prospects
will be dealt with.

The most widely known 2D material is graphene. Graphene is the mother element
of several carbon allotropes, including graphite, carbon nanotubes, and fullerenes.
Graphite, or pencil lead, has been known as a mineral for ~500 years. Graphite has a
layered 3D structure, consisting of graphene layers (very weakly held together by van
der Waals forces) stacked parallel to each other in a 3D, crystalline, and long-range
order. The carbon atoms of each layer of graphite are arranged in a hexagonal lattice
with an interval of 0.142nm, and the distance between atomic planes is 0.345 nm [19].
Graphene is about five orders of magnitude thinner than printing paper and about
three million times thinner than 1 mm thick graphite lead in pencil. A graphene sheet
is also extremely light at 0.77 mg/m?, which was calculated from the 0.052nm? area
of a hexagonal graphene cell. For comparison purposes, paper is ~100.000 times hea-
vier than a single sheet of graphene. A monolayer of graphene has a high theoretical
specific surface area of 2620 m? g ! [20].

Graphene has a remarkable energy band structure thanks to its hexagonal crys-
tal structure (Fig. 5.4.2a) [5, 12]. Each carbon atom in a SLG sheet has three in-plane
covalent bonds (o bonds) and one orbital bond perpendicular to the plane (77 bond).
This structure makes it mechanically strong and flexible. Graphene is therefore used
in bullet-proof body armor, fabric, and suits. The 7 bonds hybridize and form the
and 77* bands (Fig. 5.4.2) that contribute to the remarkable conductivity of graphene.
The first Brillouin zone of graphene forms a hexagon with high symmetry points at the
center of the first Brillouin zone and two inequivalent points K and K’ in the corners
(Fig. 5.4.2b) [21, 22]. The 7 band corresponds to the valence band and the 77* band is the
conduction band [22]. In contrast to almost all solids except for the Dirac-type ones,
as the valence and conduction bands in graphene touch in the discrete K, K’ points,
the bonding—antibonding gap closes at the corners of the Brillouin zone, so there is no
band-gap (Fig. 5.4.2b). Thus, monolayer graphene is a semimetal or a zero-band-gap
semiconductor [5]. The density-of-states is zero at the Fermi level, which is crossed
by electronic bands near the six corners of the Brillouin zone (Fig. 5.4.2b) [5, 21]. The
charge carriers (electrons and holes) in graphene are called Dirac fermions, and the
six corners of the Brillouin zone are called Dirac points (Fig. 5.4.2b) [5]. The electronic
dispersion for graphene at the six corners of the 2D hexagonal Brillouin zone is linear
[23]. Due to this linear or conical dispersion near the Dirac points, the charge carriers of
graphene have zero effective mass and behave as relativistic particles described by the
Dirac equation [24]. Many other outstanding electronic properties of graphene are also
the result of linear dispersion or the bonding and antibonding of 7 orbitals [25, 26].
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Figure 5.4.2: (a) Hexagonal honeycomb lattice of graphene with two atoms (A and B) per unit cell
[27]. (b) Electronic band structure of graphene in the first Brillouin zone and a zoom into one energy
band close to the Dirac point. Reprinted (adapted) with permission from Ref. [28]. Copyright 2010
American Chemical Society.

What makes graphene outstanding is that it has the highest known electrical and ther-
mal conductivity. SLG exceeds diamond in electronic mobility (2.5 x 10° cm?V1.s71)
[27, 29] and thermal conductivity (~5000 Wm ™K, 25 times higher than that of sili-
con) at room temperature [30]. Graphene also has the highest current density at room
temperature (a million times higher than that of copper), it has the highest electronic
mobility (200,000 cm? Vs, 100 times more than in silicon), and it conducts elec-
tricity in the limit of no electrons (200 times faster than in silicon). However, the lim-
iting factors of the electronic mobility of graphene are the quality of the graphene
sheet and the substrate material used. For example, the electronic mobility is limited
t0 40,000 cm?-V s in case of monolayer graphene on Si0,/Si substrate. As electrons
in graphene have a longer mean free path (in the order of 65 um) than in any other
material, its charge carriers are able to travel micrometer distances without scatter-
ing and operate at ambient temperatures with virtually no resistance. This is similar
to superconductivity, but at room temperature. When the mean free path is longer
than the dimensions of the material, one can get ballistic transport. The latter is the
electron transport in a medium having negligible electrical resistivity caused by scat-
tering. So, graphene exhibits ballistic conduction, the highest electrical conductivity,
and the lowest resistivity (107°Q-cm, lower than silver).

One of the amazing properties of graphene is its inherent mechanical strength,
which is due to its continuous pattern and the strong bonds between the carbon
atoms, as each carbon atom in graphene is bound to three other carbon atoms instead
of four as in diamond [5]. Due to the mechanical strength of carbon bonds, graphene
is the strongest material discovered so far with a Young’s modulus of ~1.1 TPa [31] and
a high intrinsic strength of 130 GPa (compared to 0.4 GPa for A36 structural steel) [32],
which approaches the predicted maximum theoretical value [5]. These strong bonds
between the carbon atoms of graphene are also mechanically very flexible. Therefore,
it is very elastic and able to regain its initial size after strain [33]. As graphene is bend-
able and stretchable, it can be relatively easily twisted, pulled, and curved to a certain



5.4 Nanospectroscopy of graphene and 2D atomic materials and hybrid structures =— 407

extent without breaking. One can stretch a graphene sheet to an additional 25 % of
its original length without breaking it. Besides, the graphene monolayer is imperme-
able, with such closely knit carbon atoms that they can work like a fine atomic net,
not allowing other material atoms (i. e., helium, hydrogen, etc.) to get through. It can
thus act as a very effective surface passivation layer or protective coating for different
materials; e. g., monolayer graphene can protect an underlying metal from corrosion,
reactions, etc.

Also, it should be noted that graphene is almost completely optically transparent
(it transmits ~97.7 % of white light, compared to ~80-90 % for a window glass). The
absorption of ~2.3 % of incident visible light is sufficient for one to see a monolayer of
graphene by the naked eye on a piece of white paper. This makes it a great candidate
for replacing traditional electrodes by transparent and flexible graphene-based elec-
trodes. The developed organic light-emitting diode (OLED) displays [34], which are
thinner, bendable, and more energy-efficient than conventional displays, can be ap-
plied in e-book readers, smart cards, e-posters, etc. They reflect light like paper, which
allows reading more comfortably and provides a wider viewing angle than most light-
emitting displays. Inexpensive graphene touch screens or displays can enable cheap,
flexible, and rollable portable electronic devices, which will likely appear in the near
future [35]. The same properties make it promising for flexible touch screens and elec-
tronic skin or artificial retina applications [36].

Furthermore, graphene could enable ultrafast uploads and replace batteries with
quickly and long-lasting light-weight rechargeable batteries or supercapacitors due to
its large surface area [37]. Medical applications in contact lenses may enable IR vi-
sion, smart plasters may reduce the risk of bacterial infection, and neural interfaces
may create a direct connection of machines with the human mind [38]. Filtering and
absorbing properties can be employed in the desalination of water, treatment of ra-
dioactive waste, and cleaning of oil spills by absorbing oil [39].

The most-studied noncarbon 2D material is molybdenum disulfide (MoS,), which
is also obtained from the bulk structure that appears as a mineral molybdenite. In-
dividual MoS, layers have a direct band-gap with an enhanced energy of ~1.89eV.
A single monolayer of MoS, can absorb 10 % of the incident light with the energies
above the band-gap [40]. Moreover, the MoS, monolayer has a thermal conductivity
of about 35 Wm™'K™!, which is about 100 times lower than that of graphene. These
distinguished properties give MoS, scientific and industrial importance for example
for the creation of electronic devices such as transistors, sensors, solar cells, etc. [41].
MoS, monolayers are flexible enough, and thin-film FETs retain their electronic prop-
erties when bent [42]. They have a stiffness comparable to that of steel and a higher
tensile strength than flexible plastics, making them particularly suitable for flexible
electronics.

The compound tungsten diselenide (WSe,) has a hexagonal crystal structure sim-
ilar to that of MoS,. Each tungsten atom is covalently bound to six selenium ligands in



408 —— G.Shmavonyan etal.

a trigonal-prismatic coordination sphere, and each selenium is bound to three tung-
sten atoms in a pyramidal geometry [43]. Bulk WSe, is a semiconductor with an in-
direct band-gap of ~1.3 eV, while monolayer WSe, has a direct band-gap. The layers
are stacked on top of each other by van der Waals interactions and can be exfoliated
into thin 2D layers. Recent studies have shown that the WSe, monolayer nanostruc-
ture has a smaller gap (1.7 eV) and exhibits excellent mobility (250 cm?V~'s™!), and a
high on/off current ratio (10%) at room temperature [44], making it very interesting for
electronic and optoelectronic devices [17]. For instance, exfoliated monolayer WSe,
can be used to create a high-performance p-type FET [45].

Hexagonal boron nitride (h-BN), also known as “white graphene,” has a struc-
ture based on sp? covalent bonds similar to graphene. The h-BN monolayers have a
layered structure and lattice structure similar to graphene, with a lattice divergence of
only about 1.8 %. 2D h-BN has no absorption in the visible range, but in the ultraviolet
(UV) region with good PL. h-BN and graphene differ in electrical conductivity. h-BN
is a semiconductor with a direct band-gap of ~5.9 eV and a very high breakdown volt-
age (>0.4 V/nm). h-BN is widely used as an insulator for the production of ultrahigh-
permeability 2D heterostructures consisting of various types of 2D semiconductors
(e.g., WSe,, MoS,, etc.). h-BN is also a promising material for building high-resolution
optical microscopes. Polaritons formed on the surface of a crystal constructed from
99 % pure boron isotope make it possible to lower the diffraction limit many times
and achieve even units of nanometer resolutions [46].

Gallium selenide (GaSe) is a layered semiconductor in which each individual layer
consists of covalently bound stacks of Se ions at the top and bottom and two levels of
Ga ions in the middle in the Se-Ga-Ga-Se sequence, which are held together by van der
Waals forces. This makes it possible to exfoliate the structure mechanically or by liquid
means. The fabricated 2D GaSe flakes have a tunable indirect band-gap of ~2.1eV. For
the monolayer, the experimental mobility value is ~0.6 cm?V s}, consistent with the
transport properties of FETs. 2D GaSe monolayers exhibit nonlinear layer-dependent
optical properties. GaSe layers could be used for the development of electronic and
optoelectronic devices to realize functional FET and photodetector applications [47].

5.4.4.2 Synthesis of 2D atomic materials

Currently there are numerous techniques for obtaining graphene and 2D atomic ma-
terials of various dimensions, shapes, and quality. There are two main ways for their
mass production: large-scale exfoliation (obtaining graphene from graphite) and
large-scale growth (CVD, etc.), which can be classified into two main categories [48],
i.e., top-down (e. g., micromechanical [12, 49, 50], liquid phase [51, 52], chemical [53],
electrochemical [54], microwave-assisted [55], exfoliation methods) and bottom-up
(e.g., CVD on metal surfaces [56, 57], epitaxial growth on electrically insulating sur-
faces, such as SiC [58]) processes [59]. First, we will focus on the main conventional
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Figure 5.4.3: (a) AFM topography of a GaSe nanoflake on a graphite surface and (b) high-resolution
transmission electron microscopy (HR-TEM) image of MFL graphene sheets obtained by the sub-
strates rubbing method. Reprinted (adapted) with permission from [48].

exfoliation and growth methods for obtaining 2D materials and then discuss some
nonconventional ones.

Micromechanical exfoliation (Scotch tape method) was used to obtain the first 2D
atomic material, graphene, from layered bulk material, graphite, by separation with
a Scotch tape. The essence of the method is slicing or multiple exfoliating of layers
from the layered bulk material by repeatedly rubbing a piece of graphite against an-
other surface on the Scotch tape until atomically thin flakes are obtained (Fig. 5.4.3b).
After that the exfoliated flakes are transferred to a silicon wafer covered with a dielec-
tric SiO, layer with a thickness of 300 nm, which allows visualizing graphene flakes
through optical interference [12]. Micromechanical exfoliation has been applied to ob-
tain 2D materials such as GaSe (Fig. 5.4.3a), graphene (Fig. 5.4.4a), h-BN, and TMDCs.
Though micromechanical exfoliation allows producing high-quality monolayers, it is
a nonscalable and time-consuming process with extremely low output and does not
allow controlling the flake thickness (atomic layer number) and size (few tens of mi-
crons); therefore, its application is limited.

To overcome these problems, the CVD method is used to epitaxially grow large-
area and uniform-thickness MFL graphene (Fig. 5.4.4b), MoS,, GaSe, h-BN, TMDCs,
etc., on various substrates, such as SiO, or sapphire. As the 2D atomic materials are
formed by growing (depositing) layers from gas (vapor), this method is called CVD. The
CVD process is based on the decomposition of hydrocarbons on catalytic or metallic
surfaces, such as copper, at temperatures above 800 °C [60]. Though CVD synthesis
is more scalable than mechanical and chemical exfoliation techniques, there are a
few drawbacks. Firstly, they have a higher concentration of structural defects, such
as grain boundaries, and it is impossible to avoid the grains. Secondly, it is difficult
to control the exact number of atomic layers across a substrate. Thirdly, after the CVD
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Figure 5.4.4: As-prepared graphene films. (a) AFM image of mechanically exfoliated graphene layers.
Reprinted (adapted) with permission from Ref. [78]. (b) Scanning electron microscopy (SEM) image
of graphene synthesized by CVD on MgO substrate. Reprinted (adapted) with permission from Ref.
[771]. (c) Optical visualization of graphene growth by the CVD method on copper. Reprinted (adapted)
with permission from Ref. [79]. (d) SEM image of MFL graphene sheet consisting of nanostripes of
quantum dots on silicon substrates obtained by the substrates rubbing method at 1000 rubbing
cycles. Reprinted (adapted) with permission from Ref. [48].

epitaxial growth it is necessary to transfer the 2D atomic layer from the catalytic sur-
face to the proper substrate, which is always accompanied by defects. Therefore, until
now the reproducible CVD growth of high-quality 2D atomic materials for mass pro-
duction is still challenging. Another CVD method for producing monolayers is met-
alorganic CVD (MOCVD), which consists of inserting carbon-based organic gas, such
as methane, into a closed container with a metallic film at the bottom and then control-
ling the temperature and pressure until a monolayer is formed on it. MOCVD growth
is realized by chemical reaction and not physical deposition (as in molecular beam
epitaxy (MBE)). The possibility to grow graphene by MBE has also been demonstrated
[61, 62]. However, the question whether MBE will routinely be used for growing 2D
monolayers remains open.

Currently, the simplest, cheapest, and fastest methods for obtaining graphene and
other 2D materials are based on the use of graphite-based and raw 2D materials [48]
such as mechanical thinning [63], shear exfoliation in liquids [64], hydrothermal exfo-
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liation [65], wet ball milling [66], roll-to-roll [67], and arc-discharge [68] methods. This
list of the methods can be continued as currently various methods have been proposed
to produce 2D materials. Anyway, most of these methods are not industrially scal-
able ones and cannot be applied for mass production of high-quality and large-size
2D atomic materials. Their up-scaling is still not straightforward due to the difficulty
of the setup, the relatively low yield to meet the potential market demand, and usage
of different toxic chemicals, solutions, and sophisticated devices [48].

The quality of the synthesized 2D material layers plays a crucial role for the fabri-
cation of 2D devices as the presence of the defects, impurities, grain boundaries, multi-
ple domains, structural disorders, and wrinkles [48] formed in them during growth or
post-growth (exfoliation) or the transfer of 2D layers from one substrate (the one it was
grown on) to another has an adverse effect on their electronic and optical properties.
Depending on the transfer approach, the methods of obtaining 2D materials can be
classified as “wet” (i. e., polymethyl methacrylate-assisted transfer (PMMA)) [69] and
“dry” (i. e., polydimethylsiloxane (PDMS) stamps) [70]. The problems with wet and dry
transfer methods are that (a) polymer or metal residues are resulting on the surfaces of
2D layers and (b) the transfer can increase damage or folding of the 2D atomic layers.
For mass production of high quality, preparing large-size and low-cost 2D materials
directly on any substrate via cheap, simple, fast, transfer-free, ecologically clean, and
universal technologies is important [71]. Industrially scalable nonconventional meth-
ods for obtaining high-quality, large-size, and low-cost 2D atomic materials, hybrid
structures, and devices directly on any substrate are developed [48, 71, 72].

The author G. Shmavonyan with coworkers proposed the substrates rubbing
method [48, 71-74] for obtaining 2D materials (graphene (Fig. 5.4.3b), MoS,, GaSe,
h-BN, etc.), their hybrid structures, dispersion, and powder, which consists of putting
pristine bulk (graphite, h-BN, MoS,, GaSe, etc.) layered material (i. e., crystalline pow-
der) between two solid-state atomically flat substrates or stepped (terraced) surfaces
and rubbing the substrates against each other mechanically in any direction, so that
the crystalline powder uniformly spreads between them and covers the surfaces of the
two substrates with it. It leads to the exfoliation of 2D layers upon multiple rubbings
[48, 71-76]. The resulting morphology can be seen in Figure 5.4.4c and d.

The 2D atomic material nanostripes investigated by the author G. Shmavonyan,
sheets of nanostripes, and hybrid structures have a unique structure (nanostripes con-
sisting of quantum dots and 2D atomic layers consisting of nanostripes), shape, and
size (their length can reach hundreds of meters), advantages which allow to obtain 2D
materials of high quality (low-defect and nonoxidized) with clean interfaces (due to
a rapid and transfer-free process), achievable from many types of layered material on
many solid-state substrates.

After synthesis, the visualization and characterization by spectroscopic methods
of 2D atomic materials is important for different applications. Thus, in the following
we discuss the application of optical methods for 2D material analysis to evaluate the
quality of 2D materials.
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5.4.4.3 ldentification and characterization techniques of 2D
atomic materials

In this section we will consider the prospects and challenges connected with the
identification and characterization of 2D atomic materials. There are different char-
acterization techniques for the identification of 2D materials, such as optical, AFM,
high-resolution transmission electron microscopy (HR-TEM), scanning tunneling mi-
croscopy (STM), Raman spectroscopy, TERS, PL spectroscopy, angle-resolved pho-
toemission (ARPES), and UV-Vis spectroscopy. For more information on these tech-
niques, see also Volume 1, Chapters 2.2, 2.3, and 3.1-3.3 and Volume 2, Chapters 4.5,
6.1, and 6.5. The existing analytical approaches via advanced microscopy tools only
exploit the information about the optical contrast of the 2D materials [80, 81]. Mean-
while, the chemical identification of 2D materials and their more detailed character-
ization require spectroscopy aided by complementary methods such as AFM, which
are typically more time consuming. So, there is a growing interest in automating these
processes. An artificial intelligence-based approach [82] speeds up the preparation,
identification, and characterization of 2D materials, accelerates the discovery of new
ones, and predicts properties of materials.

Optical microscopy is an efficient tool for visualizing or identifying MFL flakes
from multilayer ones, i. e., graphene from graphite. After obtaining MFL flakes by mi-
cromechanical exfoliation, their identification is difficult, but it is an important step
for their characterization and application. Under an optical microscope many thick
and tiny flakes with different shapes and colors can be observed. Some optical im-
ages of as-prepared graphite and graphene flakes obtained on Si/SiO, substrate af-
ter micromechanical exfoliation are shown in Figure 5.4.5. After the micromechan-
ical exfoliation it is very difficult to find graphene flakes among millions of thicker
graphitic ones (Fig. 5.4.5a). For distinguishing monolayers from few-layer or multilayer
graphene (bulk graphite) it is necessary to carefully scan the sample surface by an op-
tical microscope, which is a time-consuming process. In case of a SiO, layer thickness
of 300 nm for interference imaging, the ultrathin flakes have sufficient contrast to dif-
ferentiate graphene flakes among thicker ones, and thus become visible with an opti-
cal microscope. MFL graphene flakes are almost transparent and crystalline shapes,
which have darker regions with respect to the substrate (Fig. 5.4.5b). The color of much
thicker flakes (more than five layers) does not follow this trend and can change from
blue to gray. The SiO,/Si substrate is the most common one used to visualize MFL. The
color of the SiO, dielectric layer on the Si wafer depends on an interference effect from
reflection of the two SiO, layer surfaces. MFL flakes on the dielectric layer modify the
interference and create a color contrast between the flake and the substrate. For opti-
mal contrast, the thickness of the dielectric layer needs to be within 5 nm of the ideal
value [83]. Visualizing monolayers on other substrates without the need for interfer-
ence can be done as well. It is possible to directly visualize monolayers (i. e., MoS,,
WS,) with direct band-gaps by fluorescence microscopy. However, their fluorescence
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Figure 5.4.5: Optical images with different scales (10x (a) and 100x (b)) of as-prepared MFL
graphene and graphite (a) and monolayer graphene (b) on SiO,/Si substrate obtained after mi-
cromechanical exfoliation [84].

reduces as their band-gaps become indirect by increasing the number of the atomic
layers.

Raman spectroscopy

After identification of graphene or other 2D material flakes by an optical microscope,
they can be precisely distinguished by Raman spectroscopy (cf. Volume 1, Chapter
2.3). The latter is a nondestructive, fast, and powerful characterization technique for
characterizing structural properties of 2D materials, such as the number of atomic
layers (distinguishing MFL (less than 5 layers)), defect densities, or strain. Raman
spectroscopy is an effective method to investigate graphite and its analog. When laser
light interacts with a lattice, it induces in-plane or out-of-plane vibrations with sin-
gle (A, B), double (E), and triple (T) degeneration in the whole lattice, which results
in resonance Raman spectra. These vibrations can be longitudinal or transversal
with low (acoustic) or high (optical) energy. Let us consider the Raman spectra of
graphite and graphene. There are two pronounced peaks in the Raman spectra of
high-quality graphene and graphite (Fig. 5.4.6a) [85]. The first peak at a wavenumber
of ~1580 cm™! (G peak) corresponds to the in-plane bond-stretching optical vibration
of sp-hybridized carbon atoms [86]. This vibration in graphene has the Ey, symmetry
and the G peak is due to the E,, phonon at the Brillouin zone center of graphene
[87]. The E,, mode is a doubly degenerate Raman active optical vibration, where the
carbon atoms move in the graphene plane [88]. The second peak at a wavenumber
of ~2700 cm™! (2D or D’ peak) is due to second-order Raman scattering by in-plane
transverse optical phonons near the boundary of the Brillouin zone of graphene [85].
The third peak (D peak) at a wavenumber of ~1360 cm ™ is due to the breathing modes
of sp? atoms and requires a defect for its activation (Fig. 5.4.6b) [89], which makes this
method particularly suitable for the confirmation of the material quality. In addition
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Figure 5.4.6: (a) Raman spectra of monolayer graphene (black) and graphite (red) obtained by mi-
cromechanical exfoliation on SiO,/Si substrate at an excitation wavelength of 514.5 nm [84]. (b) Ra-
man spectra of micromechanically exfoliated (black), substrates-rubbed (red), rod-rubbed (blue),
and CVD-grown (gray) monolayer graphene on SiO,/Si substrates at an excitation wavelength of
514.5 nm. Reprinted (adapted) with permission from Ref. [48].

to the observed intense Raman D, G, and D’ peaks, other, less intense D’ (1620 cm™Y),
D+D" (2450 cm™), and D+D’ (2950 cm™!) peaks are observed [90, 91].

Besides, Raman spectroscopy allows observing new peculiarities of 2D materials.
For example, in experiments by Shmavonyan and coworkers, a new peak (with its
intensity depending on the number of rubbings) at a wavenumber of 1450 cm™ is ob-
served (Fig. 5.4.6) [48].

The Raman signal of monolayer graphene is easily detectable (Fig. 5.4.6). The ob-
vious difference between the Raman bands of monolayer graphene and graphite is in
the second-order D peak, the 2D band. The 2D band of monolayer graphene has a sin-
gle sharp and symmetric peak, while the same band for graphite consists of four peaks
[92]. The line shape of the Raman 2D band of MFL and multilayer graphene is strongly
dependent on the number of atomic layers (1 to 4), stacking order, and twist angle
between graphene layers. By choosing an appropriate excitation energy, the number
and stacking order of atomic layers can be determined. Few-layered graphene has two
types of stacking order: Bernal (ABA) and rhombohedral (ABC). Bilayer graphene has
a much broader and up-shifted (bathochromic shift) 2D band relative to monolayer
graphene [92]. The G band intensity increases almost linearly with an increase in the
number of layers [93], while the 2D peak profoundly changes its shape, making it great
for the identification of the number of layers up to five. The intensity of the D peak de-
pends on the structural defects. If graphene or graphite is of good quality, no Raman D
band is observed, which corresponds to the absence of the graphene structural defects
(Fig. 5.4.6a). Thus, the most striking differences of the Raman features in monolayer
graphene compared to graphite are as follows: (a) the 2D peak is single and sharp;
(b) the FWHM of the 2D peak is ~30 cm™}; (c) the ratio of the intensities of the 2D and
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G peaks is > 2; (d) the G peak position of graphene has a slightly lower wavenumber
than for graphite (Fig. 5.4.6a) [3].

A comparison of the Raman spectra of graphene obtained by micromechanical ex-
foliation, rod rubbing, substrates rubbing, and CVD methods is shown in Figure 5.4.6b.

Besides, Raman spectroscopy also gives important information about doping,
edge type, strain and stress, disorder, oxidation, hydrogenation, chemical function-
alization, electrical mobility, thermal conductivity, electron—phonon and electron—
electron interactions, magnetic field, and interlayer coupling [94]. For instance, the
G peak is lowest when the Fermi level of graphene is at the Dirac point, and when
the electron or hole concentration increases, the G peak has a blue shift. The G band
width reaches a maximum when there is no doping in graphene and decreases for the
increase of n- or p-doping in graphene [95].

Despite the fact that the Raman signal from graphene is strong and comparable to
that of bulk graphite, investigating properties of graphene, graphene nanoribbons, or
single carbon nanotubes at the nanoscale is not always easy due to the optical diffrac-
tion limit of laser beams. TERS is a rising star to investigate properties of materials at
the nanoscale. For example, Gadelha and colleagues used TERS to identify local strain
and doping in in-plane homojunctions in graphene devices, built as van der Waals het-
erostructures where half of the graphene sits on talc and the rest sits on Si0, [96]. The
high spatial resolution of TERS enables the observation of the charge depletion region
at the interface between different substrates [97]. Recent experiments show possible
TERS resolutions of 1 nm or even below to (sub)molecule resolution [98].

Besides graphene, there are still a large number of semiconducting TMDCs, such
as MoS,, GaSe, InSe, MoSe,, WS,, WSe,, etc. For MoS,, the most-studied TMDC ma-
terial, two main peaks, E%g ~ 382cm™ and A,; ~ 406 cm™’, are used to identify the
number of layers. E;g and A;, correspond to in-plane and out-of-plane vibrations, re-
spectively. With increasing flake thickness, the Eig peak exhibits a red shift, but the
A;, peak shows a blue shift [27]. The blue shift in the A;, peak can be explained by
the van der Waals interaction between layers that suppresses the atom vibration, re-
sulting in stiffening of the vibration. On the contrary, the E;g peak’s red shift suggests
that the stacking-induced structure changes or long-range Coulombic interlayer inter-
actions in multilayer MoS, affect the change of atomic vibration [99] stronger than the
increase in van der Waals force [100]. Similar phenomena for E;g and A,; modes also
have been observed for other 2D materials such as MoSe,, WSe,, WS,. Even though
E;g and A,, are good indicators for flake thickness, this method is limited to approx-
imately four layers, and the shift is small and can also be affected by strain, doping,
and substrate material. Another way is using the interlayer shearing and breathing
modes, which are shown in Figure 5.4.7. These modes are sensitive to layer thickness,
and most of the few-layer 2D materials are predicted to have these modes [101], so in-
terlayer shearing and breathing modes can be used to identify the number of layers
[16]. The disadvantage of this method is that the interlayer shearing and breathing
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Figure 5.4.7: (a) Stokes and anti-Stokes Raman spectra of odd N layer (ONL)-MoS, in the low-
frequency range. (b) Stokes and anti-Stokes Raman spectra of even N layer (ENL)-MoS,. The spec-
trum of bulk MoS, is also included in (a) and (b). Dashed and dotted lines in (a) and (b) are guides to
the eye. (c) Position of typical shear (C) and layer breathing (LB) modes as a function of N. (d) FWHM
of Cand LBM as a function of N. Solid lines in (c) and (d) are guides to the eye. Reprinted (adapted)
with permission from Ref. [102].

modes appear at low Raman shifts, so it requires an additional triple stage spectrome-
ter or a single-stage spectrometer with recently developed Bragg notch filters to record
these modes [101]. For MoS,, the number of layers can be determined by this method
up to 14 layers.

The disorder in graphene can be quantified by the I /I; peak intensity ratio in
graphene spectra. Several groups have reported the effect of strain in 2D materials
such as graphene, MoS,, or GaSe. In the case of GaSe, the forbidden Raman mode
located at 250 cm™! is observed on the strained region created by a step on the HOPG
substrate. This peak is not observed on plane and bulk GaSe [103]. Uniaxial strain is
reported to cause red shift and splitting of the E;g mode into two subbands E;é} and Ez‘;
in MoS,, WS,, WSe,, and MoTe, [104, 105]. The A;; Raman mode of MoS, is sensitive to
doping. The A, peak becomes weaker and broader with an increase of n- or p-doping
concentration. In contrast, the Eég peak is insensitive to doping, so the A;; phonon
vibration is typically used to investigate doping in MoS, [106]. In the case of WS,, the
out-of-plane A;, mode of p-doped or n-doped WS, shows the red shift and blue shift,
respectively, in comparison with undoped WS, [107, 108].

Photoluminescence
PL spectroscopy is one of the most widespread techniques in 2D material science along

with Raman spectroscopy and the other advanced methods listed in this chapter. PL
spectroscopy is based on a fluorescence effect, when an observed material illuminates
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under irradiation. In general, PL spectroscopy allows to investigate electronic proper-
ties, a material’s structure, and a presence of impurities with submicron spatial reso-
lution.

For instance, [109] investigated the lifetime of PL and fluorescence on CVD-grown
MoS;. In the case of PL, the measurement was performed with a 532nm continuous
laser on a 75 x 75 pm? range with 375 x 375 points that results in a high-quality image,
shown in Figure 5.4.8. In Figure 5.4.8a the authors demonstrate a PL map of the region
of interest where MoS, flakes are grown. Dark regions here are the results of nonpho-
toactive areas, which are cracks or grain boundaries. Figure 5.4.8b shows a PL map
of MoS, flakes that do not reveal grain boundaries or stress-related cracks. Hence, PL
mapping is a useful method for investigating the material’s defects.

1100 counts > 1400 counts

0 counts

Figure 5.4.8: (a) Total PL map and (b) PL map of clearly seen MoS, flakes on the substrate. Reprinted
(adapted) with permission from Ref. [109].

Another clear experiment aimed at revealing defects was made by Xu et al. [110]. They
studied the PL behavior of high-quality MoS, single layers. In this work, a MoS, mono-
layer was measured by PL spectroscopy under different temperature and air/vacuum
conditions. Figure 5.4.9a demonstrates a common PL map of a flake on a sapphire sub-
strate. Obviously, the PL map contains several regions with lower PL intensity along
the crystal edges. The authors suggest that these fluctuations in PL intensity may be
related to the varying material quantity at the edges or contaminants from air (such
as dust). But, in general, the PL image shows the material with a homogeneous struc-
ture, which is also proven by Raman imaging on this flake in the inset. The authors
also discussed a relationship between PL intensity and ambient conditions, such as
the presence of air. Decreasing PL intensity is connected with interaction of oxygen
or nitrogen from air and sulfur vacancies in MoS, and leads to recombination of pho-
togenerated charge carriers. Particularly, the lowering of PL intensity with increasing
temperature signals a higher number of nonradiative recombinations. In addition, the
peak positions of the PL express a hypsochromic shift while temperature decreases,
depicted in Figure 5.4.9c. This blue shift is related to the widening of the band-gap,
caused by lattice shrinkage and lower thermal relaxation ability.
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Figure 5.4.9: (a) PL map of high-quality MoS,. (b) PL spectra of the flake being exposed by air/vac-
uum. (c) PL spectra of MoS, flake under various temperature. Reprinted (adapted) with permission
from Ref. [110].

TERS

One powerful method for the investigation of 2D materials properties is TERS. In TERS,
the Raman spectrum is amplified when a gold- or silver-coated tip approaches the il-
luminated sample surface. Using the AFM cantilever as an amplifier, the physical and
chemical properties of the 2D materials could be measured in the nanorange with an
integrated Raman spectrometer while obtaining topographic data by a coupled AFM
system.

In 2013, Su et al. [111] performed a TERS investigation of SLG flake edges obtained
by the Scotch tape method from HOPG. The far- and near-field spectra shown in Fi-
gure 5.4.10a were recorded in the middle of the SLG to avoid artifacts caused by inten-
sity changes near the edge. The disappearance of peak D in Figure 5.4.10a indicates the
absence of defects in the measured spots. Figure 5.4.10b shows an AFM lateral force
image acquired simultaneously with a TERS image. Mechanically exfoliated graphene
flakes have been found to have sharp and linear as well as jagged and indeterminate
edges. A 2D TERS image of the same area is shown in Figure 5.4.10c.

The authors discovered that the graphene D peak intensity (Fig. 5.4.10d) could be
used to accurately determine the SLG edge location, and the phase-breaking length
(path length of conduction electrons while maintaining phase coherence) can be
precisely measured by using TERS. The phase-breaking length was measured to be
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Figure 5.4.10: (a) Tip-enhanced and confocal Raman spectra of a monolayer graphene flake. (b)

AFM lateral force image of monolayer graphene recorded during TERS mapping. (c) TERS image
formed using the 2D peak height. (d) TERS image formed using the D peak height. Image size:
1.5um x 1.5 um, 60 x 60 pixels. Reprinted (adapted) with permission from Ref. [111]. () AFM image
of the region of interest. Topographic line profile along the green dotted line is shown in the inset.
(F) TERS intensity map of the A;; mode for the same area as that in (e). (g) Near-field and far-field Ra-
man spectra of the MoS, layer taken at the same position. (h) Lorentzian fitted TERS spectra of the
Ay mode. Reprinted (adapted) with permission from Ref. [112]. (i) Combined TERS maps of MoSe,
polycrystalline monolayer. (j) Averaged TERS spectra showing resonant response (orange), nonres-
onant response (purple), and signal from the grain boundaries regions (black, showing significantly

decreased intensity of Raman signal of MoSe, over the grain boundaries). Reprinted (adapted) with
permission from Ref. [113].

4.2 nm, which is much smaller in comparison with far-field Raman results with a value
of 30-50 nm.

Kato et al. [112] investigated atomically thin MoS, layers on a glass substrate by
TERS coupled with AFM. It was revealed that the inhomogeneous features of the thin
MoS, layers originate from mechanical and chemical preparation methods.

Figure 5.4.10 demonstrates AFM (e) and corresponding TERS (f) images as well as
Raman (g) and Lorentz-fitted spectra constructed using the intensity of the A;, mode
(h). In this work, TERS intensity denotes the near-field Raman intensity, which is ob-
tained after subtracting the far-field intensity. Spectral changes of the near-field Ra-
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man signal locate the presence of nanometer defects and residual substances with a
high spatial resolution of ~20 nm, which would not be visible without TERS using only
far-field Raman spectroscopy, since its nanometric volume is much smaller than the
diffraction-limited focus spot.

Another interesting work is related to TERS measurements of poly- and monocrys-
talline MoSe, monolayer films synthesized by CVD and transferred to gold substrates
[113]. Here the authors claim that based on TERS results the concentration of the
charge carriers in the grain boundaries of MoSe, flakes is increased in comparison
with the interior of the as-grown monolayer crystals. Also, a decreased capacitance
and TERS signal are observed at these boundaries after transferring to the gold sub-
strates.

High-resolution resonance TERS measurements of MoSe, are performed as shown
in Figure 5.4.10i and j. The appearance of the peak at 995 cm ™ is attributed to the pres-
ence of a-Mo0O;. The authors conclude that nanoscale inclusions of MoO; in the MoSe,
matrix are responsible for the abovementioned observations. The high spatial resolu-
tion of TERS allowed to see differences in nanoscale domains in layered MoSe, and to
reveal significant inhomogeneity where uniform spectral distribution is observed by
confocal Raman microscopy.

5.4.4.4 2D hybrid atomic heterostructures and devices

This section focuses on 2D hybrid atomic heterostructures and devices consisting of
various 2D atomic layers, their synthesis, and their nanoengineered properties.

After the isolation of 2D atomic materials it became possible to form 2D hybrid
heterostructures based on these for application in 2D devices. As semiconductor het-
erostructures have a great influence on our daily life, the Nobel Prize in physics was
awarded to Zhores Alferov and Herbert Kroemer in 2000 for the discovery of semicon-
ductor heterostructures [2, 115]. Traditional heterostructures usually consist of semi-
conductors only, while 2D hybrid heterostructures include different 2D atomic lay-
ers, such as metallic graphene, insulating h-BN, and semiconducting TMDCs. As an
atomic layer can be considered to consist of the surface only, the single atomic lay-
ers in the hybrid heterostructure behave as independent entities. The simplest 2D het-
erostructure consists of double atomic layers [116] such as stacked graphene and h-BN
(graphene/h-BN), MoS,/graphene, and WSe,/h-BN, while a trilayer heterostructure
consists of triple atomic layers such as stacked semiconductor TMDC, dielectric h-BN,
metallic graphene (MoS,/h-BN/graphene), WSe,/MoSe,/graphene, etc.

Due to a large number of 2D materials, different atomic heterostructures with elec-
tronic properties ranging from insulators, semiconductors, and metals to supercon-
ductors can be prepared, enabling a greater number of combinations than traditional
heterostructures. As nanolayers are self-passivated [117], i. e., their surfaces are free of
chemically active dangling bonds, the formation of hybrid 2D heterostructures with
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high-quality heterointerfaces is possible. Atomic layers in the heterostructures inter-
act via weak van der Waals forces, which allow for stacking dissimilar layers with very
different lattice constants. For example, even though the large lattice mismatch be-
tween graphene and WSe, is 23 %, the formed WSe,/graphene nanoheterostructure
shows an atomically sharp interface and nearly perfect crystallographic orientation.
The complexity of the 2D heterostructures can be tailored, and different heterostruc-
ture devices with desired band alignment can be fabricated [114].

2D layers can reassemble into multilayers or monolayer stacks and form vertically
or horizontally stacked heterostructures. Vertically layer-by-layer stacked monolayers
are called vertical 2D heterostructures, and monolayers stitched together in a plane
are called lateral 2D heterostructures. These 2D heterostructures are also called van
der Waals heterostructures as the van der Waals interaction serves as a “weak glue”
in the stack.

The vertical 2D heterostructures have different atomic layers that are vertically
stacked with various architectures and functionalities such as stacks of graphene (G)
on h-BN (G/h-BN) [118], h-BN on graphene (h-BN/G), graphene on TMDC (G/TMDC),
TMDC on TMDC (TMDC/TMDC), etc. The lateral 2D heterostructure is an atomically
thin structure which consists of different 2D atomic layers arranged in one plane and
allows the formation of clean interfaces. For example, monolayers of graphene and
h-BN can be assembled and form lateral G/h-BN heterostructures with clean interfaces
due to the same crystal structure. The major appeal of the lateral heterostructures for
electronic applications certainly lies in their atomically thin nature that offers a wider
world of new nanomaterials with various functionalities and opens up new opportu-
nities for 2D atomic devices [119]. They have been demonstrated for use in flexible,
transparent, low-power electronics and optoelectronics, such as lateral atomic p-n
diodes [120], lateral Schottky diodes [121], lateral p—n junction photodetectors [122],
and lateral heterostructure FETs [123], as well as providing a high potential for future
high-density atomically thin integrated circuits [124]. 2D hybrid atomic heterostruc-
tures with different architectures, such as stacks of various 2D atomic layers with dif-
ferent order and composition, can be formed by both mechanical stacking and direct
epitaxial growth methods which are considered below.

The mechanical stacking method allows forming stacks of 2D atomic layers and
their hybrid heterostructures. For that purpose, the mechanically or chemically exfoli-
ated atomic layers are mechanically transferred and after manipulation layer-by-layer
stacked on the appropriate substrate. During manipulation of the atomic layers the
transferred second atomic layer is precisely stacked (aligned) on the first one by a mi-
cromanipulator under an optical microscope. As a result, two different atomic layers
are attached closely by van der Waals forces. After further continuation of the transfer-
stacking process a stack, and finally a multilayer 2D hybrid heterostructure, is formed.

The direct epitaxial growth of 2D hybrid heterostructures is an alternative to the
mechanical stacking method. The CVD method (see Section “Synthesis of 2D atomic
materials” above) allows direct epitaxial growth of various vertically (out-of-plane)
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and laterally (in-plane) stacked 2D hybrid heterostructures [125]. CVD-grown 2D stacks
can be formed in two ways: (a) sequential multistep epitaxial growth of atomic layers
on the substrate and (b) growth of atomic layers separately on the substrate, followed
by layer-by-layer transfer and stacking. Vapor-phase growth of 2D heterostructures has
much in common with 2D atomic materials growth and is an effective way to obtain
2D materials. Compared to the growth of graphene and h-BN, the vapor-phase growth
of TMDCs is less controlled and has poor repeatability. Van der Waals epitaxy refers to
the epitaxial growth of layered materials on clean surfaces without dangling bonds,
even if there is a large lattice mismatch between the two atomic layers [83]. Now we
are in the initial stages of forming and characterizing van der Waals heterostructures.
CVD, direct growth, and van der Waals epitaxy methods have already been used for
growing different atomic heterostructures [126].

During the fabrication of 2D hybrid heterostructures by mechanical stacking and
CVD methods, the layer-by-layer mechanical transfer and stacking causes cracks
and contamination to the 2D layers and their interfaces. Nowadays the existing wet
[69] and dry [70] transfer methods for forming 2D layers (e. g., graphene, MoS,) and
heterostructures (e.g., graphene/MoS, stacks) can lead to uncontrollable atomic
layer and heterointerface contamination as adsorbates. Hydrocarbons get absorbed
or trapped between the atomic layers. Thus, they may not result in high-quality 2D
layers with clean interfaces and 2D hybrid heterostructures with improved character-
istics. Therefore, the development of alternative and nonconventional methods for
obtaining 2D hybrid heterostructures is important.

The rod [75, 76] and substrate [48, 71, 72] rubbing methods, which are discussed in
the Section “Synthesis of 2D atomic materials,” may offer an alternative to the transfer-
stacking and CVD growth methods. Mechanical methods allow for obtaining lateral
and vertical 2D hybrid heterostructures with clean and sharp interfaces on many sub-
strates, with no need for transfer after the formation [49, 127].

Herbert Kroemer, the Nobel Prize winner in Physics in 2000, stated that “the in-
terface is a device” [128]. More than a decade later, Andre Geim and Irina Grigorieva
experimentally confirmed that statement, which has opened up new opportunities at
the interface of bulk materials. As a result, 2D heterostructures with the desired energy
band alignment can be designed by combining various metallic, semiconducting, or
insulating 2D atomic layers in the lateral or vertical geometries. This allows forming
different atomic heterojunctions with novel functionalities at the nanoscale. The in-
terface of the heterojunction between two atomic layers can be tuned by selecting the
2D materials, applying electric fields, elastic strain, etc. Moreover, the physical proper-
ties of atomic heterostructures can be tailored at the nanoscale by the heterogeneous
nanoengineering of the interlayer stacking distance, order and orientation, material
and number of constituent atomic layers, band structure of the junction interfaces,
etc. For example, changing from AA (AA-stacking implies that corresponding atoms
in different layers have the same lateral coordinates) to random stacking, the band
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structure changes from direct to indirect [129]. As a result, heterostructures with clean
atomically sharp interfaces will have unprecedented tunability.

The reproducible formation of high-quality heterointerfaces between 2D layers
and the control over their location, number, orientation, and stacking order of atomic
layers still remains challenging. Even a single atom out of place can strongly affect the
properties of the atomic layers. Thus, the quality of the heterolayers and heterointer-
faces can be controlled by tailoring the disorder structure at the atomic scale, such as
substitutional defects, grain boundaries, anisotropy, or stacking misalignment.

2D materials have tunable band-gaps, which are strongly dependent on the num-
ber of the atomic layers in the stack, and can be altered to produce a range of gap
energies. The change in the band structure with the change of the number of atomic
layers is due to quantum confinement and the resulting change in the hybridization
[130]. Novel tunable heterostructure devices can be fabricated by nanoengineering
their band-gap. This way, new exciting opportunities and advantages (extremely high
surface area, flexibility, etc.) open up for designing and fabricating next-generation
devices with improved characteristics. Recently, Xue et al. demonstrated large-scale
production of a vertical MoS,/WS, heterojunction in multiple layers by two-step
sulfurization of patterned WO5; and Mo sheets using a thermal pressure reduction
process. Based on the grown heterojunctions, arrays of photodetectors were fabri-
cated and a photoresponse was realized on both rigid and flexible substrates [131]. In
another work by Xu et al., the authors show the development of a hybrid 2D graphene-
MoS, phototransistor with high responsiveness due to the combination of the advan-
tages of strong MoS, light absorption and high mobility of graphene carriers. The
main mechanism is explained by the photoexcited hole transfer from MoS, to the
graphene layer when exposed to light. The photoexcited holes generated from the
MoS, flakes are transported into the graphene under the action of the increasing
electric field; meanwhile, the electrons are trapped in the MoS, flakes, creating an
additional p-type photoexcitation effect for the graphene located below them [132].
Xiong and coauthors demonstrated a multifunctional nonvolatile logic-in-memory
application based on novel 2D heterostructures: black phosphorus/rhenium disul-
fide (BP/ReS,) [133]. The van der Waals heterostructure and device characterization
are presented in Figure 5.4.11. The synaptic weight change is one of the character-
istics of artificial synaptic devices, which are memristor-based devices mimicking
biological synapses, and they are used in neuromorphic computing systems that
process information in a parallel, energy-efficient way and store information in an
analog, nonvolatile form. A record-high synaptic weight change, i. e., a change in the
strength in the connection between two nodes, over 10* % has been shown in the
devices. Neural network simulations for handwritten digits recognition based on the
heterostructure devices were successfully implemented with a recognition accuracy
of around 90 %.

The spectroscopic analysis of heterostructure features such as strain and defect
concentration is analogous to that of monomaterial layers. However, the number of
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Figure 5.4.11: Van der Waals heterostructure and device characterization. (a) Schematic illustration
of a BP/ReS, heterostructure device and schematic lattice cross-section of the junction interface.
The drain electrode is deposited on the BP layer and the source on the ReS, layer. (b) Cross-section
HR-TEM image of the BP/ReS, interface. A PO, layer of about 4 nm thick can be observed. The scale
bar is 10 nm. (c) Device morphology in an optical microscope. Scale bar: 10 pm. (d) Raman spectra of
BP, overlapping BP/ReS,, and ReS, regions, respectively. Current of the BP/ReS, junction with dif-
ferent V, and V, bias at (e) 300 K and (f) 4.3 K. Reprinted (adapted) with permission from Ref. [133].

layers may prove harder to be identified: the spectroscopic methods may need to be
recalibrated due to electronic structure changes in heterostructures that define the
Raman and PL sensitivity to the number of layers.

5.4.4.5 Applications of 2D atomic materials and devices

Thanks to their unique properties, 2D atomic materials have the potential to rev-
olutionize many technologies, in areas such as materials and composites, energy,
health, space travel, etc., in the same way that graphene promises to do. The var-
ious applications of 2D materials mentioned throughout the chapter so far mostly
appear as proofs-of-principle in research papers and include (a) wearables (flex-
ible electronics, smart textiles, etc.), (b) mobile and data communications (com-
puter circuits, data storage, ultrafast transistors, optical modulators, etc.), (c) dis-
plays (touch screens, conductive inks, transparent electrodes, coatings, light sources,
etc.), (d) energy (solar cells, advanced batteries, supercapacitors, fuel cells, hydro-
gen cells, etc.), (e) transport (corrosion-protective coatings, ultrastrong composites,
etc.), (f) environment (desalination membranes, monitors, biofuel, etc.), and (g) food
and health (water filters, biosensors, drug delivery nanocarriers, food safety mon-
itors, DNA sequencers, etc.). Still, graphene is the one that currently does have
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commercial applications, where however in many cases graphene flakes are merely
admixed into other materials, e.g., (a) wearables (graphene-enhanced mechanical
watches [Richard Mille, France], bracelets with curved graphene film touch sen-
sor [Wuxi Graphene Films, China], graphene-enhanced shoes [inov-8, UK], cycling
shoes [Catlike, Spain], graphene-enhanced sportswear with graphene-assisted heat
management [Directa Plus, UK, Colmar, Italy], graphene-based smart textiles [Ver-
sarien plc, UK, GrapheneUP, Czech Republic, Grafren AB, Sweden], graphene-based
fabrics, wearable sensors [GrapheneUP, Czech Republic], graphene-enhanced cloth-
ing [Graphene-X, Hong Kong], graphene-coated bulletproof jackets [Vollebak, UK]),
(b) mobile and data communications (graphene-based smartphones with flexible
touch screen [Galapad Settler, Chongqing Graphene Technology Company, China],
bendable graphene smartphones [Moxi Group, China], smartphones with graphene
film as a heat sink for cooling [Huawei], graphene integrated circuits [IBM], graphene-
based flash memory [University of California, USA]), (c) displays (graphene screens
with touch screen panel [Huayuan Display, China; Wuxi Graphene Films, China;
Chongqing Graphene Technology, China], updatable foldable electronic newspapers
based on graphene-based electronic paper [e-paper] with graphene-based flexible
displays [Guangzhou OED Technologies, China], the largest newspaper-size flex-
ible e-paper [LG Display, Korea], e-paper-based touch screens [Sony], graphene
e-paper displays [Plastic Logic, Germany]), which have potential for application in
next-generation e-readers/books, cell phones, music player displays, smart card dis-
plays, wearables (clothing, watches, military), consumer electronics, etc., (d) en-
ergy storage (graphene solar cells [IDTechEx, UK], graphene-enhanced lithium [Nan-
otech Energy, USA] and aluminum-ion batteries [Graphene Manufacturing Group,
Australia], graphene anodes and cathodes for lithium-ion batteries [Nanotech En-
ergy, USA], graphene supercapacitors [First Graphene Limited, Australia], graphene
power banks [Real Graphene, USA]), (e) transport (graphene-coated airplanes and
airplane wings [Haydale Composite Solutions, UK], graphene-coated cars [Briggs
Automotive, UK], graphene car wheel arches [Torque, Singapore] and wheels [Vit-
toria, Italy], anticorrosion and antierosion graphene-enhanced coated cargo ships
[Talga Technologies Ltd., Australia], 3D-printed graphene-infused arch structures
over railways [AECOM, USA], graphene-enhanced coated satellites with regulated
temperature [from too hot to cold] [SmartIR Ltd., UK], graphene-based rockets [Or-
bex, UK]), (f) environment (graphene membranes [Perforene, Maryland], graphene-
ceramic coatings for cars [Adam’s Polishes, USA], graphene-based anticorrosive and
moisture penetration blocking paint and coatings [Applied Graphene Materials, UK],
graphene-enhanced rubber, ink, and coatings [Vorbeck Materials Corporation, USAJ),
(g) food and health (graphene biosensors [Cardea, USA], functionalized graphene ink
for biomedical sensors [Haydale, UK], graphene face masks [Medicevo Corporation,
USAJ), (h) electronic components and devices (graphene-enhanced earphones [ZOLO,
India], headphones [Ora Graphene Audio, Canada], and earbuds [MediaDevil, UK],
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solid-state drives with graphene heat spreaders [TeamGroup, Taiwan], graphene-
enhanced curved light bulbs and lamps [Graphene Lighting, UK], graphene FETs
[BGT Materials, UK], graphene FET arrays [Graphenea, Spain], all-graphene optical
communication links [modulator and detector] [Graphene Flagship], graphene-based
photodetectors [Emberion, Finland], graphene sensors [Biolin Sientific, China]), and
(i) different products (cement [Versarien, UK], tennis racquets and skis [HEAD, Aus-
tria], bicycles [Dassi, France], helmets [Momodesign, Italy], tires [Vittoria, Italy],
graphene-enhanced fishing rods [G-Rods, USA], graphene bows [Win & Win Com-
pany, Koreal, etc.).

At the beginning let us consider graphene layers as a coating and membrane.
Graphene is composed of sp? hybridized carbon atoms with high electron density in
the aromatic rings. The internuclear pore size considering the van der Waals radius
of carbon is 0.064 nm [134]. The latter is smaller than the van der Waals radius of
small atoms and molecules like helium (0.14 nm) and hydrogen (0.157 nm). As a re-
sult, pristine graphene can be considered as the thinnest coating or ultimate imper-
meable membrane for gases and liquids, which due to its high mechanical strength
can withstand even when a 1 to 5 atm pressure difference is imposed across its atomic
thickness at room temperature [5]. An impermeable membrane can become perme-
able after modifying it, i. e., opening artificial nanopores in it by top-down (e. g., hole
drilling by high temperature oxidation, electron beam, UV irradiation, plasma bom-
bardment) or bottom-up (e. g., self-assembly) methods [135]. The main function of a
permeable membrane is to effectively separate molecules and ions from a mixture.
The membranes can have two main structures: monolayer and stacked multilayer.
Graphene membranes can be used for dialysis, filtration, and separation of gases and
solvents [133], such as separating organic solvents from water, removing water from
gas, removing carbon dioxide in the atmosphere, etc.

By combining flexibility and stretchability with its impermeability to all gases
and liquids a graphene layer can be considered as a barrier layer or coating. Some
of the existing hazardous anticorrosion materials (hexavalent chromium, cobalt, cad-
mium, etc.) of metal coatings have recently been fully restricted because of their car-
cinogenic risk and biocidal properties or classified as toxic [27]. When replacing them
with chemically passive graphene layers, the latter can serve as a protective coating
due to its good chemical resistance, impermeability to gases, adsorption capacity, an-
tibacterial properties, mechanical strength, lubricity, and thermal stability [27]. MFL
graphene acts as a protective coating against (a) water and oxygen, reactive gases, lig-
uids, salts, acids, and microbes or (b) adsorption of toxicants, chemical contaminants,
and hazardous gases (i. e., CO, NH;) from the environment. For example, graphene
coatings can stop the transfer of water and oxygen, thus keeping food, perishable
goods, or pharmaceutical packaging fresh for longer. The methods for preparation
of graphene protective coatings include CVD, high-temperature pyrolysis of organic
molecules, rapid thermal annealing, electrophoretic deposition, powder spray (elec-
trostatic powder coating, plasma spray coating), solution spray, dip coating, spin coat-
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ing, drop casting, vacuum filtration, and brushing [27]. However, there is no unique
coating technique that is effective for all applications [27]. For example, CVD-grown
graphene is not suitable for corrosion resistance applications for long periods due to
a high numbers of grain boundaries, folds, wrinkles, and point defects on the coated
surface [27].

The most widespread graphene applications employ composites. Composite ma-
terials are formed by combining two or more materials with different properties to
make a resulting material with unique characteristics. To obtain graphene-based
nanocomposites (mixture of graphene with other materials, including metal nanopar-
ticles, polymers, plastics, small molecules, etc.) graphene should be incorporated and
then homogeneously distributed into them [83]. The resulting composite typically
shows higher mechanical strength. Additionally, graphene—polymer composites are
flexible and good electrical conductors, while ceramic-graphene composites, i.e.,
SiC-, SizN,-, Al,05-, BN-graphene, etc., enhance electrical properties, thermal con-
ductivity, and refractory, mechanical, antifriction, anticorrosive, and biocompatible
properties. Graphene-based composites can be applied in satellites, in the sun’s envi-
ronment as probes, in Li-ion batteries, sensors, supercapacitors, fuel cells, and solar
cells, for photocatalysis and corrosion protection, in medical implants, in aerospace
materials, etc. However, only some of the mentioned applications have started to see
commercial realization, such as electrode materials for Li-ion batteries (anodes and
cathodes) [136].

Some further graphene-based electronic devices, such as batteries, supercapaci-
tors, solar cells, touch screen displays, bendable smartphones, sensors, light-emitting
diodes (LEDs), and transistors are just beginning to appear. Let us consider a few of
them.

The 2D nature of graphene becomes relevant for the enhancement of charge stor-
age by using graphene batteries and supercapacitors, and for energy generation by
using graphene-based solar cells, which will be discussed below. Batteries have long
been the Achilles heel in energy storage as they are heavy, have long charging times
(minutes), and lose charge capacity over time. As graphene is the thinnest material
with the highest surface area-to-volume ratio, it potentially can store tremendous
amounts of energy, reduce battery charging times (to seconds), prolong lifetime,
and lower weight and waste. The first graphene-based batteries were demonstrated in
2014 [37, 137]. Next-generation batteries will move away from electrochemical cells (for
example, lithium-ion) towards supercapacitors. A supercapacitor or electric double-
layer capacitor stores energy in an electric field instead of in a controlled chemical
reaction like batteries. Graphene supercapacitors are flexible, light, durable, consis-
tent across a wider temperature range, and environmentally friendly (without using
lithium). They provide high power, while using much less energy than conventional
devices. As graphene supercapacitors are light, they can be charged in seconds and
store more energy in a smaller space, and they can reduce the weight of smart phones,
cars, airplanes, etc. Nowadays graphene supercapacitors are much more expensive
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than graphene batteries, and by decreasing their cost the batteries could be replaced
by supercapacitors, revolutionizing this field.

The integration of 2D materials into optoelectronic devices, such as solar cells, is
promising for energy generation, as they are hundreds of thousands of times thinner
and lighter than silicon ones and absorb a significant amount of photons per atomic
layer. For example, monolayer graphene has a broadband light absorption of 2.3 %
below the energy of 3 eV that linearly scales with the number of atomic layers [60].
The main challenge for the durability of the standard solar cells is the exposure to
different weather conditions due to which they become less efficient with time (though
their lifetime is ~40 years) and as a result they have to be replaced. The combined
properties of graphene and other materials could improve the efficiency of solar cells
and favor the fabrication of flexible and rollable solar cells. The latter can be wrapped
to fit any product, such as building roofs, automobile bodies, furniture, clothing, etc.
Due to its transparency, mono- and bilayer graphene can be used as both an optically
active medium and transparent conductive electrode or coating material in graphene-
based solar cells. Graphene also can improve the performance of perovskite solar cells,
the stability of which is still low due to their degradation in air and humidity upon
continued exposure to sunlight and heat [138].

Many electronic devices rely on costly platinum- or indium tin oxide (ITO)-based
conventional electrodes, while most portable devices with touch screen displays rely
on ITO coatings. Although both ITO electrodes and coatings are popular, they have
various drawbacks: they are brittle, not fully transparent (85 % of visible light, com-
pared to 97.7 % for graphene), chemically unstable, and costly, they have a high refrac-
tive index, and indium has a limited availability. For example, nowadays plasma TVs
and portable devices, such as smartphones and tablets, have thick, inflexible (ITO
is layered on glass to protect them), and expensive (the most expensive component
of the portable devices) ITO displays or screens. Furthermore, since graphene is me-
chanically strong, transparent, ultrathin, highly conductive, and flexible, it can be an
alternative to conventional ITO electrodes and coatings.

Another futuristic application is smart windows. For example, at the flick of a
switch (a) smart glass windows of buildings could block part or all sunlight, only heat,
or both, helping control the temperature of buildings, (b) smart glass windows of cars
could temporarily turn into a transparent display (for example, a car windscreen can
light up to show you an urgent message), (c) transparent transistors on top of a contact
lens could continuously monitor eye function (i. e., ocular pressure), etc.

2D materials are very sensitive to the environment and are ideal materials for sen-
sors due to a large surface area-to-volume ratio and unique optical properties. Ultra-
sensitive 2D material sensors could detect dangerous compounds helping to protect
the environment, reduce food wastage, prevent illnesses, protect crops, react to chem-
ical warfare agents and explosives, etc.

Due to their outstanding properties, graphene and 2D materials are promising
for biomedical applications, such as targeted drug and gene delivery, improved can-
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cer treatment, biosensing, bioimaging, tissue or cell engineering, DNA sequencing,
and “smart” implants. Currently the challenges are biodistribution, biocompatibil-
ity, and toxicity of 2D materials, which are either poorly studied or need to be tack-
led by functionalization. As functionalization improves the selectivity of graphene,
graphene sensors can be used for biosensing, e. g., to detect biomolecules including
glucose, cholesterol, hemoglobin, and DNA. They may be employed in food analysis,
water testing, drug development, forensic analysis, medical diagnosis, environmental
field monitoring, industrial process control, manufacturing of pharmaceuticals, etc.
[139]. Bodily worn biosensors can collect data about the physical and chemical prop-
erties of the body and monitor day-to-day activity. Heat, humidity, salt, or pressure
biosensors can be used in bed sheets to monitor a patient. Wearables act as extra ac-
cessories to the clothing and can be worn on the wrists, faces, ears, and feet. Wearables
include smart glasses, smart watches, wristbands, lenses, smart fabrics, etc. For exam-
ple, a graphene-based smart and wearable thermometer can continuously monitor the
body temperature and be read out by a smartphone. Combined from the words “biol-
ogy” and “electronic,” bionic devices refer to devices that improve an organ or tissue,
replacing organs or other body parts by mechanical ones. Bionic implants differ from
simple prostheses by mimicking the original function very closely, or even surpass-
ing it [140]. Bionic devices can be incorporated in living tissues or connected directly
to neurons. Recent research demonstrates that CVD graphene material causes less in-
flammation, determined by the number of microglial tags, compared to biocompatible
polymers. Therefore, graphene could be used in electrodes for retinal prostheses or
even in any electronic devices for the registration and stimulation of the central ner-
vous system. Graphene-based retina implants could allow blind people to see in the
near future [141]. Graphene surfaces are more biocompatible compared to some tradi-
tional materials due to their flexibility and chemical durability, while toxicity mech-
anisms need further investigation since they strongly depend on the sheet size and
functionalization. Thus, graphene-based medical devices may improve healthcare.
Silicon transistors have consistently become smaller and more powerful over the
last few decades, following Moore’s law. Subsequent reductions in the transistor scale
will soon approach limits due to statistical and quantum effects and difficulty with
heat dissipation [17]. Due to its outstanding properties graphene can be applied as an
alternative to silicon. Graphene may allow microprocessors to produce very little heat
and run at speeds several times faster than existing microprocessors [142]. Flexible
ultrathin and ultrafast computers are still waiting to emerge. While graphene shows
promise for transistors, due to the absence of a band-gap, graphene has a major draw-
back: it cannot switch the flow of electricity “off” like silicon. This means the current in
graphene will flow constantly and it cannot serve as a transistor on its own. This main
problem must be resolved before graphene can be employed as a transistor. There ex-
ist multiple approaches for opening and engineering the band-gap in graphene such
as nanostructuring (formation of graphene nanoribbons, quantum dots, etc.), chemi-
cal doping and functionalization, applying a high electric field, changing the number
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of the atomic layers, and introducing buffer atomic layers between two atomic layers.
However, these modifications in graphene structures (a) cause a change in the elec-
tronic structure and result in the degradation of the electron transport properties of
graphene and (b) add complexity and diminish the high mobility of graphene. For ex-
ample, after functionalization of graphene, the sp? structure can be converted to sp>
by converting metallic graphene to an insulator. Anyway, after these modifications the
graphene transistor can be switched “on” and “off,” but the speed of the electrons is
slowed down somewhat. Semiconducting 2D materials are particularly useful here.
The first graphene [143] and MoS, [144] FETs, as well as graphene integrated circuits
[145] with graphene FETs were demonstrated. Due to downscaling of the length of the
device or conducting channel in graphene or MoS, FETs short-channel effects become
significant [146], which is an important challenge for the electronic industry. With the
extremely small size of such structures, nanospectroscopic measurements allow to
study the channel length scaling, clarify whether the reduced thickness is beneficial
or detrimental to the contacts, and finally offer new insights and solve nowadays exist-
ing major problems, such as self-heating, hot carrier effects, interfacial effects between
2D layers, and usage of various architectures and geometries of the channel, which af-
fect the electrical performance of the FETs. Combinations of graphene (as a channel
material) and TMDCs (as photosensitive material) allow the fabrication of phototran-
sistors. Recently only one atom thick and 10 atoms wide graphene transistors have
already been created. The smaller the transistor size, the better they perform within
circuits [147]. Still, graphene technology is a long way from the reliability and repro-
ducibility of the established silicon-based technology, and will require significant de-
velopment.

5.4.5 Some challenges and solutions

New advancements in the synthesis and characterization of 2D atomic materials and
heterostructures, as well as their application in next-generation advanced technolo-
gies, are intensely pursued. Future flexible electronics technology will evolve from
rigid devices to bendable, rollable, and foldable ones [31]. These devices are expected
to be advantageous compared to rigid ones due to their better durability, lighter
weight, lower material requirements, and improved comfort [31]. Multiple nanofab-
rication possibilities allow producing a great variety of new generation 2D hybrid
multilayer heterostructures and flexible devices [48]. Nevertheless, until now we have
seen only few commercial devices based on 2D materials, mostly with graphene. The
reason for this is that there are still a lot of technological challenges toward 2D ma-
terial devices and applications. Each specific application has its own requirements
from synthesis to final products, for instance, electronics, photonics, optoelectron-
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ics, twistronics, or solar cells require 2D material thin films with high crystal quality:
thickness, defect concentration, grain size, etc.

Synthesis of 2D materials is the first critical step to build devices based on 2D ma-
terials. Despite many achievements in this area, there are still a lot of questions about
scalability, quality, controlling the defects, and fundamental understanding of syn-
thetic processes. Thickness control is critical for high-performance electronics. Nowa-
days, CVD, liquid exfoliation, and wet chemical synthesis are the most popular meth-
ods to synthesize 2D materials on a larger scale. Wafer-scale polycrystalline mono-
layer and multilayer graphene films have been successfully synthesized. Still, some
major challenges in 2D material device fabrication remain: growing 2D materials (in
large volumes or over large areas with a consistent quality), making Ohmic contacts (to
minimize parasitic effects) and passivation layers, controlling the etching (to achieve
sophisticated device structures), and improving the quality of the atomic layers and
heterointerfaces of the heterostructure devices. Besides, now most research is focused
on inorganic 2D materials (with graphene as a pure allotrope of carbon being consid-
ered as inorganic, too), while later on organic ones also should be considered. In order
to achieve such results, it is also necessary to evolve existing spectroscopic methods
and develop new ones for a more detailed investigation and characterization of 2D ma-
terials on the basis of which new devices will be built. These methods are capable of
delivering information not only about the defects, electron—phonon coupling, number
of layers, and contamination, but also about lattice orientation and edge types. Most
significantly, nanoscale methods such as TERS and nano-IR can provide this informa-
tion at the scale of the device channel and grain edges. Opportunities are plenty, but
there will be many challenges ahead, in particular since some of the details of these
methods are still poorly understood. Investigating the fundamentals of spectroscopic
methods in application to 2D materials and improving spatial, temporal, and spec-
tral resolution and sensitivity will be necessary as well as engineering new nanosys-
tems for gaining basic knowledge of light—-matter interaction and energy flow at the
nanoscale. These small sample volumes also require extreme sensitivity. Finally, these
approaches are experimentally complex, and the methods need to be developed fur-
ther to make them user-friendly. 2D materials in particular are ideal targets for fun-
damental TERS studies since TERS overcomes two main drawbacks for conventional
Raman spectroscopy, which are a low signal response and a limited spatial resolution.
This in turn allows us to obtain much more detailed results for the investigation and
characterization of 2D material properties.

5.4.6 Summary and impact

The twentieth century was the age of plastics, while the twenty-first century may be-
come the age of graphene [11]. Maybe one day we will talk about “graphenes” as we
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now speak of “plastics.” In the twentieth century, our life completely changed by
replacing older materials, such as metal and wood, with plastics. New possibilities
might lie ahead if graphene and other 2D materials lead us to ultralight, ultrathin,
strong, optically transparent, electrically conducting, and semiconducting materials.
To date, they show great promise due to the variety of properties and high-quality in-
terface formation. Graphene and 2D materials may likely soon be present all around
us in composites, sensors, batteries, electronics, and optoelectronics, if the technol-
ogy can be optimized to a sufficient degree. Optical spectroscopies, and in particular
nanospectroscopy, play an integral role in 2D material development and characteri-
zation, as well as in the novel device analysis. For example, Raman spectroscopy al-
lows us to quickly, easily, and precisely characterize the obtained samples in terms
of layer thickness, doping, impurities, defects, etc. In addition, TERS results demon-
strate nanoscale detection of structural defects in 2D materials and offer detailed infor-
mation on inhomogeneities as well as the local chemical composition of the material
through the presence, possible shifts or splittings, and linewidths of the observed Ra-
man peaks. PL spectroscopy allows confirming or excluding the presence of impurities
or adsorbents in 2D materials and studying their electronic structure. As a result, the
characterization data give us more details on the success or limitations of different
synthesis methods, which we can use to improve the synthesis methods and device
performance. Lots of commercial products based on graphene have already been de-
veloped and are available to purchase, while other devices based on the discussed
2D materials have great potential to be introduced in the near future, so we might see
them on the market soon.
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