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Abstract Since graphene has been discovered, two-
dimensional nanomaterials have attracted attention due to
their promising tunable electronic properties. The possibi-
lity of tailoring electrical conductivity at the atomic level
allows creating new prospective 2D structures for energy
harvesting and sensing-related applications. In this respect,
one of the most successful way to manipulate the physical
properties of the aforementioned materials is related to the
surface modification techniques employing plasma. More-
over, plasma-gaseous chemical treatment can provide a
controlled change in the bandgap, increase sensitivity and
significantly improve the structural stability of material to
the environment as well. This review deals with recent
advances in the modification of 2D carbon nanostructures
for novel ‘edge’ electronics using plasma technology and
processes.

Keywords graphene, edge electronics, 2D nanomaterials,
plasma, electrical conductivity

1 Introduction

Nanomaterials for electrochemical applications include the
one-dimensional (1D) structures like nanoribbons, nano-
tubes and nanowires, the two-dimensional (2D) including
single atom thick nanomaterials, nanowalls, nanoflakes
and the three-dimensional (3D) such as quantum dots,
nanoparticles, nanoballs and nanocones [1]. At various
dimensions, the same chemical composition and structure
can exhibit different properties while considering reduced
scales. Graphene is an excellent material that can
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demonstrate this scaling effect. For example, below 10
nanometers, bandgap and transport properties are being
changed, which is directly reflected in electrical conduc-
tivity. In 2005, Novoselov and co-workers presented
graphene as a dense honeycomb crystal structure that can
be considered as unrolled single-wall carbon nanotubes
(SWCNTs). The authors have shown that the conductivity
of one layer graphene sheet cannot be lower than a
minimum value corresponding to the quantum unit of
conductance, even when charge carriers concentrations
approach to zero. Moreover, graphene possesses a strong
integer quantum Hall effect at half-integer filling factors
[2].

After discovering 3-dimensional fullerene and 1-dimen-
sional carbon nanotubes (CNT), the carbon-based nanos-
tructures became the most frequently studied nanomaterials.
Most of the synthesised new low-dimensional structures,
such as nanoribbons obtained from 2D crystals [3-5],
revealed characteristic sp>-hybridised chemical bonds. This
type of hybridisation can also be found in other non-carbon
contained 2D materials. By affecting sp>-hybridised bonds
with different tools, such as plasma, the electrical
conductivity, capacitance and catalytic properties of these
materials can be altered in a controlled way.

Due to their promising electronic properties, the majority
of all 2D materials can be classified into several groups: 2D
semiconductors, 2D ferromagnetic, 2D superconductors,
2D semimetals, 2D topological insulators, 2D metals. The
mother of all those perspective materials is graphene, which
in turn, opened the path for synthesising low-dimensional
structures such as transition metal dichalcogenides
(TMDs), transition metal oxides (TMOs), transition metal
hydroxides (TMHs), elemental 2D phosphorene, germa-
nene, tinene and silicene. In recent years, single layered
TMDs are becoming increasingly important due to their
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diverse electrical properties and natural abundance. For
TMDs a generalised chemical formula MX, is used,
wherein, ‘M’ typically represents a transition metal of the
groups 4-10 (Mo, Nb, W, Ni, V, or Re) [8], where X is a
chalcogen (Se, Te, or S) [9—11]. TMDs possess very
diverse electronic structures, ranging from superconduc-
tors (TaSe,, NbSe;) to insulators (HfS,), making them
versatile for electrochemical energy storage applications
[12]. Later, semiconducting molybdenum disulfide (MoS,)
got the attraction of researchers for energy storage
applications [13] by functionalisation and defect engineer-
ing of this 2D TMDC material. Semimetals like TiSe,, and
metals like NbSe,, are known because they exhibit
superconductivity behaviour at low temperature [14—16].
Correspondingly, the newly developed 2D nanosheets of
transition metal dichalcogenides and metal oxides with
interesting electronic structure are being comprehensively
investigated [17]. Similarly, TMOs have promising optical
properties due to their characteristic bandgap. For
example, MnO, has a bandgap of 2.1 eV and exhibits a
strong photoelectrochemical response to visible light [18].
Silicenes and phosphorenes are elemental semiconducting
materials that possess an inherent direct bandgap and
exhibit similar electrical properties as graphene [15,16].
The bandgap of graphene and its analogues from this group
(silicene, germanene, and tinene) increases along the row
C — Si — Ge — Sn. Currently, known members of the
2D material family are listed in Table 1 [19]. For real
practical applications, the structural stability of these
materials plays a crucial role. Monolayers of graphene,
2D chalcogenides, semiconducting dichalcogenides
(MoTe,, WTe,), and 2D oxides (MnO,) are stable under
ambient environments. However, the metallic dichalco-
genides (NbSe,, NbS,) and layered semiconducting
chalcogenides (GaSe, GaTe) are stable only in inert
atmospheres [17].

Prospective electronic transport properties [20],
mechanical stability [21], photoelectrochemical response
[22], and temperature dependence of the bandgap [23]
make these materials suitable for applications in electronic
devices, sensors, catalysts, energy harvesting, and data
storage devices [12].

2 Electronic properties of graphene

The 2D materials possess unique properties due to their

structural characteristics and quantum size effects asso-
ciated with their layer thickness [24]. Nano-sized thin
layers can allow a close contact between the interfacial
layers. Notable variations in the physical and chemical
properties are also observed in such layered materials due
to the electron confinement effect. However, the absence of
interlayer interaction is significant when we explore their
band structure. Those one-atom-thick layers enable direct
access and simple processing of the mobile charge carriers
and their high carrier mobility even at low temperatures
[25]. Since the manuscript is mostly related to the electrical
properties of 2D materials and possible routes of their
modifications, a brief description of graphene band
structure is presented in this section.

The unit cell of graphene includes two carbon atoms
which are gathered in a well-known hexagonal honeycomb
structure (Fig. 1(a)) [26]. The electronic structure consists
of valence and conduction bands formed by m- and w*
states, respectively. The band diagram is characterised by
six highly symmetric K and K' points, known as Dirac
points Ep;.., Where the energy distance between two zones
is close to zero (Fig. 1(b)). In the low energy region, which
is important for electron transport, dispersion reveals a
linear behaviour (Fig.1(c)). As a consequence, the
characteristic band structure can be considered as two
cones in touch at Ep;.,. (Fig. 1(d)). Since both valence and
conduction bands in graphene are in touch, new energy
states form near the Fermi levels (see Fig. 1(d)), which are
sensitive to external influences, such as electric fields,
plasma interactions, mechanical deformations, doping and
adsorption. This property is very desirable in sensing
applications, making graphene-based materials suitable for
electrochemical energy storage [27-29]. Outstanding
electrical properties of graphene are caused by the linear
dispersion relation of charge carriers, which mimic
massless relativistic particles [2]. The transport properties
of graphene are also attributed to the absence of long-range
interaction backscattering processes. As a result, the
electron/hole elastic mean free path is about hundreds of
nanometers. In graphene, additional scattering mechan-
isms take place, which is initiated by acoustic and optic
phonons. In the acoustic case, the scattering is rather weak,
while for the optic waves it becomes relevant only at very
high frequencies (~1600 cm™ or ~4.8x 10" Hz). The last
case is outside the scope of our study, as we do not deal
with the high electric field. The elastic and inelastic
collisions are the subject of interest in long graphene

Table 1 An overview of 2D materials according to their electrical conductivity properties

2D material Members Examples Ref.

Conductors 2D metals, carbon-based materials BiTe, BSCCO, FeTe, NbS,,VSe,, graphene [6]

Semiconductors 2D metal chalcogenides, 2D halides, 2D phosphides,  Tellurene, black phosphorus, CuS, SnS, MoS,, WS,, SnSe,, BPS, [71
2D arsenide, 2D oxides, elemental FePS3, FePSes, As2S3, As,Se;, MnO,, Pbl,, Cdl,

Insulators h-BN, 2D hydroxides, 2D micas MoO3, Sb,0S,, Ca(OH),, Mg(OH), [7]
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Fig. 1 Electronic structure of one layer graphene. (a) Honeycomb lattice structure of graphene consisting of two atoms (A and B); (b)
The representation of the graphene band structure; (c) Phonon spectra of graphene. (d) The schematic representation of low energy band
structure exhibiting zero energy gap at the Dirac point. ‘Blue’ and ‘green’ Fermi levels reveal p- and n-dopants states (reprinted with

permission from the reference [26])

channels or in 2D nanostructures like nanoribbons, where
the transport is changed from ballistic to diffusive [26]. In
the case of 2D carbon nanostructures the scattering
processes are mainly produced by impurities, defects
or/and short-range phonon-phonon interactions, thus
drastically reducing the mean-free path. In fact, the elastic
collisions mechanisms caused by charged impurities,
adsorbents and edge roughness are usually referred to as
Coulomb scattering. On the other hand, the inelastic
collisions that arise due to the acoustic and optical phonons
can also contain the surface phonons of an insulating
substrate [30]. Moreover, the scattering mechanisms and
transport properties also depend on the edge structures and
morphologies.

3 2D carbon nanostructure morphologies
and transport properties

Two-dimensional structures can also be classified based on
their interlayer bonding forces: layered van der Waals
solids, layered ionic solids, and surface assisted non-
layered solids. Layered van der Waals solids exhibit
strong covalent or ionic bonds within the plane and weak
van der Waals or hydrogen bonding out of the plane. They

include atomically flat graphene, boron nitride (4-BN),
phosphorene, transition metal dichalcogenides (TMDs),
layered metal oxides. Layered ionic solids are 2D
materials, which are assembled form of a charged
polyhedral layer sandwiched between hydroxide or halide
layers coupled by electrostatic forces. Compounds such as
Laov90Eu0.o5Nb3010, KLHNb207, Eu(OH)2_5(DS)0,5 belong
to this group. Surface-assisted nonlayered solids are
materials comprised of an atomically thin-layered material,
typically synthesised on a substrate via chemical vapour
deposition (CVD) and epitaxial growth. Silicene and
germanene are typical representatives of this category.
Interestingly, the deposition and growth of the 2D
materials depend significantly on the medium and the
substrate surface. During the epitaxial growth of structures
on a substrate (usually a metal), the nanostructures like
nanowalls, nanoislands and nanodisks are formed. These
morphologies exhibit characteristic edges, which unveil
different electronic structures compared with the centre
arcas of the islands [31]. Some characteristic two-
dimensional shapes observed in literature are collected in
Fig. 2. One of the most frequently obtained particles
arrangements that grow on a substrate are nano-islands.
The typical case of the gold island film prepared by vapour
deposition [32] on top of the transparent substrates is
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Fig. 2 Electron microscope images of different types of two-dimensional nanostructures. (a) Nano-island structure [37]; (b) Nanowalls
[38]; (c) Branched nanostructures [39]; (d) Nanoribbons [40]; (e) Nanoplates [41]; (f) Nanodisks [42]; (g) Nanosheets [43]; (h)
Nanoflowers [44]. (Reprinted with permission from the references listed above)

presented in Fig. 2(a). Nanodisks are the circular structures
with specific enclosed edges. BiOCl single-crystal nano-
disk (Fig. 2(e)) is for example used in photocatalytic
activities due to its surface properties [33]. Branched
nanostructures like for example ZnO branched nanowires
are typically characterised by a higher surface area
(Fig. 2(c)), which could be used in the photochemical
cell for hydrogen evolution in water splitting [34].
Nanosheets and nanoplates are the flat 2D structures
limited in surface area, which can be self-standing or
bound to the surface. Examples are presented in Fig. 2(f)
[35] and Fig. 3(g) [36].

2D nanosheets are materials with atomic or molecular
thickness and large planar lengths so that the edges are not
significant. The quantum confinement effects within the
2D layer govern the changes in electronic behaviour. The
large surface-to-volume ratio and confined thickness to
atomic scales offer incredibly high carrier mobility, the
feasibility of chemical doping, mechanical flexibility,
chemical stability, and optical transparency. This offers
new potentials for the development of novel sensors and
superior energy conversion and storage devices. Inspired
by graphene, TMDs and TMOs have also been exfoliated
and studied. Even though the excellent electrical con-
ductivity of graphene makes it a transparent conductor, its
zero bandgap limits its technological applications in
electronic devices. However, TMDs (e.g., MoS;) and
TMOs (e.g., SnO) have a finite bandgap and therefore
exhibit semiconducting behaviour. However, the exfolia-
tion and the growth processes can make defects and
impurities in 2D layers, which can alter their electronic
properties. For example, in the SnO, exfoliated SnO
monolayers the bandgap is wide as compared to layered
structure because of the lack of electron lone pair
interactions between the layers [45]. The defects form
during the growth and can be tailored using adatoms like
boron, carbon, nitrogen, oxygen, and fluorine, which can

vary the number of valence electrons and therefore their
transport properties.

Nanoribbons (NR) are flat 2D materials with a
characteristic width of a few atoms, which are made up
of a single or a few atoms thick lamellar crystals. Because
of their narrow width edges are significant, and nanor-
ibbons possess unusual optical and optoelectronic proper-
ties. We can vary these properties using different methods
such as doping, selective functionalisation, applying
external electrical/magnetic field or mechanical strain
[46]. One of the widely used methods to obtain graphene
nanoribbons is unzipping of CNT [47].

The characteristic width of NR is around 10 nanometers.
Depending on the edge structure, non-chiral graphene
nanoribbon (GNR) can be divided into two groups:
armchair and zigzag. The principal difference in both
shapes is defined by 30 degrees shift in their cutting
direction. According to the classical nomenclature, the
armchair shaped edges are characterised by the number of
dimer lines (N,) across the ribbons (Fig. 3(a)). On the
other hand, the elemental pieces of the zigzag-like
structure are zigzag chains (Vz) (Fig. 3(b)) [48]. These
two terminations make a clear difference between 2D
graphene and NRs, simultaneously, giving rise to quantum
confinement effect.

There have been only a few experimental studies on
large 2D sheets and nanowalls, some of which are given in
references [38,49,50]. It is difficult to investigate these
materials because of their complicated synthesis and
manipulation of the growth process. The main question
is how to adapt their properties for implementation in the
next generation nanoelectronics and also for advanced
quantum computational devices. In the case of graphene,
one approach to modifying its gapless nature is to
transform them into narrow ribbons and thus obtain a
finite energy gap. Graphene nanoribbons (GNRs) also
show a local resonance within the energy gap. Because of
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Fig. 3 Typical geometries of nanoribbons edges. (a) Armchair
type arrangement: N, is the number of dimers; (b) Zigzag type
alignment: N7 is the number of elements in the chains and W is the
characteristic width [48]

that, the transport is carried out by the hopping of charge
carriers through a quantum dot series [51]. A lot of
theoretical studies were done on the transport mechanisms
in GNRs. In nanoribbons, with width under a few
nanometers, quantum confinement and edge effect are
important and lead to exciting semiconducting features
[52]. Earlier studies found that the armchair edged GNRs
were typically semiconductors with gap size being
inversely proportional to the ribbon width [53]. Quite the
opposite happens with the zigzag edged GNRs (ZGNRs) in
which metallic behaviour is linked to the localised edge
states near the Fermi level. Later, the existence of a small
bandgap in symmetric ZGNRs under bias voltage was also
found by Li et al. [54]. Similar studies have been
performed on phosphorene and bismuth nanoribbons
[55,56]. The structure and chemical termination of the
edges influence the charge carrier transport and thereby

e

€y

also device operation. The bonding characteristics between
atoms change sharply at the edges, which can be used for
functionalisation. Various nano-fabrication strategies
including top-down and bottom-up strategies were adopted
to realise nanoribbon structures in the sub-50 nm and even
the sub-10 nm scale. From experimental observations of
electrical properties like charge transport, edge disordered
localisation and opening energy gaps can be explained as
follows: (a) Transport behaviour due to intrinsic scattering,
photon scattering, and impurity scattering. In general, the
room temperature charge transport in nanoribbons is
limited by intrinsic phonon scattering from the supporting
substrate, impurity scattering, and edge roughness scatter-
ing [57,58]. It was reported that the carrier mobility starts
to decrease when the ribbon width shrinks, because of the
effect of the line edge roughness scattering [59,58].
Significantly smaller mobilities in chemically derived
GNRs (200 cm?-V™'-s™' with a ribbon width of 2 nm)
[60] were observed due to rough edges. In the top-gated
graphene-nanoribbon transistors made of 15-nm width
GNRs etched with 50-nm ZrO, nanowires, the hole
mobility was found to be of 1310 cm?-V™'-s™!, which is
one of the highest values realised in GNR devices [61].
Until now, the influence of edge structure on the electronic
properties of GNRs could only be verified with the study of
the local density of states [62], which showed the existence
of energy gaps for predominantly armchair-edged nanos-
tructures. The width of the energy gaps decreases with
increase in the ratio of zigzag versus armchair edges
Nz/Ny [63]. Figure 4 displays three possible ways of edge
scattering: (1) Diffusive edge DE: the electrons are
bouncing back and forth between the two edges, with a
coefficient of the probability of being diffusely scattered
P; (2) Structural edge-roughness SER: in this case, the
ribbon edge structure is not uniform. Thus, the appropriate
model, which describes the mobility degradation, has to
be accompanied by width variations of the ribbons;

SER

Fig. 4 Schematic representation of edge scattering mechanisms in graphene NRs. (a) DE-diffusive edge scattering; (b) Atomistic edge-
roughness scattering; (c) Structural edge-roughness scattering. The coefficients are defined as follows: P is a probability collision
coefficient, oggg is a standard width deviation, Aggg is SER correlation length, Asgr is AER correlation length, 7 is the characteristic

width [64]
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(3) Atomistic edge-roughness AER: the model is based on
a modification of the nanoribbon edge by adding or
subtracting one row of carbon atoms on each side [64]. (b)
Edge roughness induced localisation effect. The transfer of
electron wave function can be primarily hindered due to
the quasi-one-dimensional Anderson localisations which
are induced by edge disordering. That is, the suppression
of conductivity near the charge neutrality point would
occur with moderate edge roughness [65]. The calculation
of the local density of states shows that the edge disorder
can produce a strong enhancement of the electron density
at the edge to form surface like localised states which do
not participate in the charge transport [66]. The extracted
localisation length depends on the disorder type. It
decreases with the increase of disorder amplitude and
with the reduction of ribbon width. Also, the localisation
length reaches its minimum when the energy level
approaches the Dirac point, resulting in enlarged transport
gaps. A transport gap would develop where all the
conducting channels were suppressed with the increasing
disorder probability and ribbon length. The Anderson
localisation induced transport bandgap was found not only
in the edge-disordered armchair nanoribbons but also in
the zigzag arranged NRs. The suppression of orientation
effect was also predicted with the intensive disorder
in which two rows of edge atoms were involved [67].
(c) Coulomb blockade effect. Another critical factor to be
considered is the Coulomb blockade effect, which is due to
the trapping of electrons on an island due to its charging
effect under certain voltage conditions. It confirms the
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existence of a potential which is non-uniform, and it is
associated with the quantum confinement of the carriers
along the ribbon. This effect also prevents the Klein
tunnelling processes [68] and creates a region of reduced
conductivity inside. This effect was first observed in
graphene quantum dot structure fabricated by e-beam
lithography, in which a graphene island functioned as a
quantum dot, while the bulk graphene served as electrodes
and the graphene necks with a reduced width in between
served as the tunnelling barriers [69,70]. Similar to this
quantum dot structure formed by width tailoring, nanor-
ibbons with large edge roughness may also undergo such
dot-neck segregation. Therefore, they can be modelled as
multiple graphene quantum dots in a series. Moreover,
multiple Coulomb blockade effect was expected at low
temperature. Sols and co-workers calculated the transport
behaviour of edge disordered GNRs due to the Coulomb
blockade effect [51]. Their result indicated that the
Coulomb charging energy could open up an energy gap
at low temperature.

The general idea of the Coulomb charge blocking
effect in graphene nanoribbons is similar to the working
principle of one electron transistor with two junctions. In
the case of 2D NRs, the origin of reduction in conductance
can be attributed to the localised charged defects (dots or
necks) or the bandgap transformations [71]. Taking into
account that the band structure is an inner property of the
material, the energy gap rises due to electron-electron
interaction and additionally supported by randomly
localised charge carriers. In (Fig 5(a)) the typical trend of

I/nA

-100

0 Vp/mV

16

Fig. 5 Electric properties of graphene nanoribbons. (a) The low-temperature conductance of NR nanoribbons versus of applied gate
voltage; (b) Conductance behaviour inside of the selected region; (c) Electrical current versus of applied bias voltage along two marked
lines; (d) Dot-neck structure in disordered graphene nanoribbons. The disordered edge leading to the formation of dots and necks, where
Coulomb-blockade takes place when the charge moves from one dot another [71]
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the low-temperature conductance versus applied back
voltage of graphene NRs is displayed. There are three
different zones which can be considered. Those two
regions coloured by orange represent a transition mode,
where the electrons have higher energy than a certain
barrier value that allows tunnelling through it. The middle
grey region with suppressed current flow clearly demon-
strates the Coulomb blockade effect. In this regime, the
applied back gate voltage is too low. Thus, the energy of
the electrons does not exceed the barrier value making
impossible tunnelling processes. As a result, the con-
ductance reaches its minimum. This effect can be
visualised by plotting the differential conductance dl/
dVsp. The observed blue rhombuses are known as
‘Coulomb diamonds’ (Fig. 5(b)). Figure 5(c) presents the
cross-section of the current flow as a function of applied
bias voltage Vsp [71]. The Coulomb-blockade effect in
nanoribbons is directly attributed to the roughness at the
ribbon edges of the dot-neck structure as presented in Fig.
5(d). This roughness occurs naturally and leads to the
charge localisation at the edges. Therefore, the formation
of necks causes an abrupt reduction of the conducting
channels and a significant increase in the impedance along
the sheet. Due to this the conductance drastically drops to
zero while approaching the charge-neutrality point even in
the absence of a true bandgap. It ends up in the isolation of
nanoscale size regions-dots. Inside this dot regions, the
electrons are temporarily confined and Coulomb-blockade
results from the electron transport in dot-to-dot through
graphene necks.

The edge dominated carbon nanostructures can, there-
fore, possess a zero or non-zero bandgap, exhibiting
metallic or semiconducting behaviour. Altering of a
bandgap width allows creating new low dimensional
materials with diverse electronic properties.

4 Tailoring of conductivity of two-dimen-
sional materials

The demand for better electrical properties and simplifica-
tion of nano-based devices requires the development of
advanced 2D materials [72]. Tailoring these type of
structures started by combining the building blocks and
turning them into complex architectures [73]. To achieve
the desired electrical, structural, optical and chemical
properties, different approaches were used, like micro-
mechanical exfoliation [21]. Most of these adjustments
were successful in graphene and other 2D materials like
MoS, [21,25]. The conductivity and transport properties
are associated with the material bandgap, which should be
introduced without compromising other properties. Var-
ious strategies of a bandgap opening in 2D materials like
graphene are discussed below.

4.1 Quantum confinement in graphene nanoribbons

Graphene is a very suitable material for future nanoelec-
tronics, which could replace even silicon and conductive
interconnects. However, it is only useful after the bandgap
is induced in its electronic structure. This bandgap can, for
example, be effectively achieved by nanoribbon formation
and quantum confinement of electrons. Unlike in a large
area graphene, the electrons in quasi-one-dimensional
nanoribbons (formed from 2D graphene sheets) are
confined in a single dimension and make a finite bandgap
semiconductor similar to carbon nanotubes. The theore-
tical model of nanoribbons was initially developed by
Nakada et al. in their study of the edge effect. They
proposed a possibility that the 7t electrons can exhibit a
special electronic state near to the Fermi level, which
would affect the electrical properties. They also demon-
strated mathematically that carrier mobility and charge
scattering are only expected at the edges [74]. In another
work, Wakabayashi studied the electronic transport proper-
ties through nanographite ribbon junctions connecting two
zigzag ribbons with same or different width by the
Landauer-Buttiker approach using a tight-binding model.
They found the conductivity is associated with a quasi-
bound state in the scattering regions of the junctions,
yielding the formation of standing waves [75]. They
extended there work in the electronic states of graphite
ribbons with edges of two typical shapes; armchair (Fig. 6)
and zigzag, by performing tight binding band calculations.
They found that the graphite ribbons exhibit the striking
contrast in the electronic states depending on the edge
shape [76]. Later, it was found that the graphene
nanoribbons (GNRs) with a width greater than 10 nm
have a finite bandgap as well as notable carrier mobility
and thus high switching ratios [77]. Berger et al
demonstrated the nanoribbon geometry and electronic
confinement along with coherence and Dirac nature of the
carriers [78]. Ponomarenko et al. [69] also described the
nanoribbons in quantum dot geometry. However, the
semiconducting properties of GNRs below 10 nm would
reduce the limitations of the SWCNTs due to their chirality
dependence. Moreover, metallic GNRs have high current
carrying capacity, and better conductive interconnects than
CNTs.

4.2 Chemical substitution doping

Chemical substitution doping is a popular method in
semiconductor engineering. Many theoretical and several
experimental studies for opening up a bandgap were
performed in graphene by substitution of a carbon atom by
nitrogen [79-86], boron [80,87-89] and combination of
them [90,91]. It was found that semimetallic graphene
behaviour has been changed to semiconducting one under
substitution of carbon by Al or B atoms in a lattice [92].
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Nitrogen doping in graphene converts the material into a
p-type semiconductor. Nitrogen doping has also been
established in ZGNRs by CVD process, where it was
noticed that at the ribbon edge the dopant atoms prefer to
be as far from each other as possible [79]. However, the
carrier mobility was significantly lower than expected
because of some defects created by the doping.

Doping of a boron atom as a substitution for a graphitic
carbon atom is also possible. The presence of a boron atom
in the lattice could improve the oxidation resistance of the
graphitic carbon, because of the change in the density
distribution of the high energy charge carriers [87]. The
enhancement of the oxidation resistance is due to the
reduction in electron density, which reduces the number of
activation sites [87]. In Fig. 6(a), the typical honeycomb
alignment of the graphene layer is presented, where one
atom of carbon in a matrix is replaced by boron one. Taking
into consideration that boron atoms are less electronega-
tive, this doping results in a downward shift of the Fermi
level of graphene Fig. 6(b). The boron graphene structure
reveals p-type semiconducting features with charge
particle mobility found to be about 800 cm*-V '-s'. As
well as the dopant type (nitrogen or boron), the
concentration of dopants and the number of layers of
graphene are also major factors which affect the bandgap

@

YTYY Y}

opening. These changes in bandgap energy (E,) concern-
ing the concentrations of different dopant atoms are
observed from Fig. 6(c).

4.3 Substrate-induced bandgap opening

The scanning tunnel microscope (STM) and scanning
tunnel spectroscopy report on bandgap opening in
graphene was published in [95]. Epitaxial graphene and
h-BN also have an experimentally reported bandgap.
Experiments using Ni substrate induced a bandgap of
0.5 eV into graphene/A-BN hybrid. DFT simulations
approach predicted that graphene on bulk 4#-BN and
epitaxial grown graphene on copper could induce small
changes of bandgap [96]. Moreover, the graphene
deposited on SiO, developed a bandgap of 0.52 eV [97].
More recently, bandgap opening in epitaxial graphene by
SiC was reported [98]. The viability of the growth process
of'the 2D material and the interaction between the substrate
is also interesting. However, the graphene on SiC substrate
exhibited n-type doping, and the Fermi level shifted above
the bandgap. In order to make it a semiconductor, the
Fermi level has to move inside the bandgap either by hole
doping or by applying a gate voltage [98].

Figure 7 presents the data obtained from angle-resolved

—&— N doped
— &~ - B doped
==& -- N-B codoped

1
15 20 25 30 35

Doping concentration/%

Fig. 6 The effect of the lattice atoms replacement in graphene. (a) Substitution of boron B (blue ball) in graphene; (b) Band structure of a
single B-substituted graphene sheet (reproduced with permission from [93]); (c) Variation of the energy gap E, under N and B atoms
substitution, and N-B pair doping concentrations (reproduced with permission from [94])
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Fig. 7 ARPES intensity maps showing substrate-induced bandgap opening in graphene on SiC. (a) Photoelectron intensity as a function
of energy and momentum, for a line through one of the K points; (b) EDC curves showing the dispersion of energy at the K point; (c) MDC
showing the no-dispersive peaks at the gap region (Reprinted with permission from the reference [98])

photoemission spectroscopy (ARPES) taken for a line
through one of the Dirac points Ep of a single layer
graphene on SiC substrate [98]. The photoelectron
intensity as a function of energy and the momentum,
shown in (Fig. 7(a)), exhibits a dispersion at Ep, that is a
characteristic feature of electron-doped graphene. As a
result, the valence band and the conduction band are
separated by specific energy at the K point. The energy
distribution curves (EDCs) demonstrate two peaks at the K
point with a minimum energy separation (Fig. 7(b)). In the
same energy window, in momentum distribution curves
(MDCs) peaks are appearing as non-dispersive (Fig. 7(c)).
This supports the existence of a finite bandgap with a
conical dispersion. It indicates that the SiC substrate
induces the bandgap in epitaxial graphene. Thus, the
interaction between the substrate and the graphene layer
breaks the sublattice symmetry, leading to a bandgap
opening.

4.4 Hybrids

As discussed above, a lot of theoretical studies were carried
out for the doping of graphene-like 2D materials with
boron and nitrogen to form hybrid structures like BCN
(graphene-like boron-carbon-nitrogen monolayers) [99,
100]. Some experimental works reported successful
synthesis of BCN materials. BCN atomic hybrids layers
with B, C and N contaminants, obtained with the assistance
of CVD can exhibit semiconducting behaviour [101].
Quantum molecular dynamics and density functional
theory were employed to investigate the structural and
electronic properties of carbon and boron nitride sandwich-
type hybrid nanoribbons [102]. Structurally stable hybrid
systems that behave as semimetals were formed by
stacking two zigzag graphene nanoribbons, two zigzag

boron nitride nanoribbons [103]. The ZGNRs, which are
sandwiched between A-BNs, remain in the interfaces of
boron nitride sheets and exhibit promising electronic and
magnetic properties. The GNRs embedded in boron nitride
sheets are potential low-dimensional materials for electro-
nic-spintronic nanodevices [104,105]. The possible appli-
cations are further discussed in the next section. The
synthesis of large area 2—3 atomic layered graphene films
and 4#-BN domains on Cu substrates by chemical vapour
deposition also provide a small bandgap opening. Further
theoretical investigations predict the increase in a bandgap
width with #-BN domain size reduction [90]. Hybrid films
with tunable and optical properties are therefore prospec-
tive candidates for field emission devices [106]. Although
the above-discussed methods sound promising, the control
over the shape and the domain size is still an unsolved
issue. This is essential for the tuning of the bandgap and
electronic properties. Thus, a novel method should be
introduced for the synthesis and modification of the low-
dimensional materials.

5 Plasma tailoring for edge electronics and
device fabrication

Plasma-assisted techniques are a perspective method
which enables property-tuning with the reaction para-
meters. In particular, they can assist in synthesising
nanostructures and tailoring their physical properties.
Moreover, large-scale growth of edge dominated carbon
nanostructures (like carbon nanowalls) at low temperature
and pressure is possible using plasma-assisted techniques.
Beside this, a simple plasma modification of materials,
frequently used in microelectronics, offers new possibi-
lities for tailoring 2D material properties, which can lead to
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the rise of edge electronics. The possibilities of tailoring
material vacancies, adatoms like gold, and the exchange of
single atoms and the modifications of grain boundaries will
induce a reasonable change in electrical conductivity and
transport behaviours [107,108]. Some of these remarkable
modifications with plasma generated in different gases,
which are used to enhance the electrical properties of
2D nanomaterials are discussed here and summarised in
Table 2.

Plasma-assisted nitrogen functionalisation enhances the
electrical properties by lowering the work function of
electrons in nanomaterial. Apart from this, modifications
can also be done to the structures like nanowalls or
nanoribbons, in order to implement those into nanodevices
like field effect transistors [77]. In 2008, Stampfer et al.
fabricated a fully tunable graphene single electron
transistor based on an etched-width-modulated graphene
nanostructure [123]. In this case, N, plasma was used to
reduce the work function of material from 4.91 to 4.37 eV
[124]. Similarly, a controlled edge nitrogen functionalisa-
tion can also be done with NH; plasma. A result of such
nitrogen incorporation process increases the nanomaterial
specific capacitance (280 F/g), which can enable the
preparation of electrodes for novel ultra-supercapacitors
[125].

Furthermore, the processing with O, plasma causes the
bandgap opening and thereby increased material responses
towards electrochemical activities, which can be used in
optoelectronic devices, actuators and patterning of flexible
transparent electrodes [126—128]. Simultaneous reduction
and defect restoration of graphene oxide nanoribbon
(GONR) via plasma-assisted chemistry was demonstrated
by Chiang et al. [129]. When H, and CH, gases are used,
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the atomic hydrogen or/and carbon-containing ions and
radicals are generated by molecule dissociation and
ionisation in plasma. Such plasmas are convenient for
removal of oxygen atoms or oxygen functional groups like
in the case of GONR films. The synergistic effect of
simultaneous reduction and defect restoration on GONR
was achieved with the plasma gas mixture H,/CHy4
treatment [130,131]. The results of this study indicate
that the optical energy gap of the treated reduced-GONR
(r-GONR) can be engineered by controlling the plasma
exposure time. Furthermore, the conductivity of the GONR
can be enhanced as well. This unique plasma reduction is
characterised by short processing times, high purity of
obtained nanomaterial and low temperature compared with
conventional thermal and chemical reductions. Therefore
such non-equilibrium chemical processing approach can
be used more widely beyond the mere reduction of GONR
and graphene oxide (GO).

Similarly to graphene, numerous investigations were
performed in 2D heterostructured MoS,, one of the most
promising candidates for field effect transistors (FET),
where the influence of point defects, dislocations, grain
boundaries are considered [132—134]. Liu et al. [135]
investigated the defects and the electronic band structure in
MoS, and showed that the sulphur vacancies lead to the
pinning of Fermi level near the conduction band. The
defect formed by the sulphur vacancies induced an n-type
behaviour in MoS,. Later, Qiu et al. [136] confirmed this
effect by introducing localised electron donor states inside
the bandgap. Hong et al. reported a low-temperature
doping method [137] for reparation of the sulphur
vacancies in MoS, layers. Islam et al. described tuning
of electrical properties via defect engineering using oxygen

Table 2 Plasma-assisted tailoring of 2D materials for electrical properties and their applications

Carrier gas Change in material Applications
NH; Yielding graphene quantum nanosheets [109] Gas sensors
No/H, Incorporation of nitrogen preferably at the edges [110] FETs
N,/O3 Defect generation Supercapacitors
0, Control of thermal boundary conductance [111] Lithium batteries
Narrowing the bandgap from 6.0 eV to 4.3 eV (in A-BN) [112]
Sulphur vacancy engineering in MoS, [113]

Ar/O, Wettability and surface energy [114]
Ar/H, Conversion of sp? to sp> hybridisation (opening a bandgap of 3.5 eV) [115], defects and disorder generation
C;HoB p-Type conductivity with an on-off ratio of 10% [116], tunable bandgap ranging from 0 to ~0.54 eV Rectifying diodes

. . Back-gated FETs
CF -Th d fc .g., NH3) [117
SF4 p-Type doping for gas sensing (e.g., NH;) [117] Multi-bit memory

6 .
transistors
Ar/SF
CIr-IF ¢ Photodiodes
3 Hydrogen production

Cl, p-Type doping increases carrier mobility [118] Sensors
H, p-Type doping in MoS, [119], reverse fluorination in WS, [117] Photovoltaic devices
CH4 The transition of insulating to semiconducting [120]
PH;/He Minimised etching and low damage [121]

N, Substitution of sulphur with nitrogen in MoS, [122]
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plasma [138]. Further experiments [127,139,140] revealed
that plasma could play an important role in surface
functionalisation, exchange of atoms and bandgap open-
ing, as described before. The current state-of-the-art in
plasma surface tailoring is presented in Table 2. The table
summarises potential plasmas generated from proposed
gas or gas mixtures for modification of 2D materials and
their applications in functionalised nanoelectronics
devices.

Doping with boron is done with boron-containing
plasma typically generated in gases or vapours. An
example of such process is doping of the zigzag edged
graphene nanoribbons [141]. The obtained nanoribbons
exhibit a half-metallicity beyond the particular electric
field, which can lead to potential applications in spintronics
and semiconductor devices [88]. The armchair nanorib-
bons, which are substitutionally doped, can be metalised
by 7 boron atom clusters (B7). However, this doping
achieved merely in small quantities is significant only for
very thin 2D structures. Theoretical studies on the doping
and transport properties for large area graphene predict that
their transport properties are not significantly affected even
at 4% doping levels. The quantum interference would be
minimised, and thus the carrier mobilities would become
more asymmetric only at higher doping values [83]. The
experimental investigations of boron and nitrogen doped
graphene, which were synthesised in arc discharge of
diborane/hydrogen gas mixture [80] confirmed that they
exhibit p-type and n-type semiconducting properties. This
behaviour could be systematically tuned by varying the
concentrations of boron and nitrogen in the gas mixture.
However, the doping of boron creates defects and disorders
in graphene layers. This was observed with STM and
Raman analyses by Endo et al. [142]. In this context,
plasma-assisted techniques are more suitable for the
synthesis and defect engineering in graphene sheets as
well as in narrow structures like nanoribbons.

When the edge of 2D nanostructures is considered, one
can expect different behaviours depending on external
influence as well. Taking graphene as a model example, the
current flow throughout the two-dimensional plane, as in a
regular conductor. This behaviour could be changed with
plasma assistance or by applying a magnetic field. Under a
magnetic field perpendicular to the graphene plane, the
current flows only along the edges in a direction depending
on the orientation of the magnetic field [143]. This
common phenomenon is often referred to as quantum
Hall effect [144]. However, Young et al. came up with an
unexpected phenomenon beyond Hall effect [145]. The
researchers applied a second powerful magnetic field in the
same direction of the graphene flake. The experiment
ended up in the electron motion around the edge in any
direction (either in clockwise or anticlockwise). In
particular, the electrons with one kind of spin move in a
clockwise direction and at the same time the electrons with
the opposite spins move counter clockwise. That literarily
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means a conductive edge or a circuit. This also indicates a
possibility that 2D nanostructures like graphene can be
topological insulators. Unlike in conventional topological
insulators, the above-mentioned circuit in graphene can be
controlled by varying the magnetic field. Another benefit
of this is the inhibition of backscattering, which would
interrupt the motion of the electrons. As a result, the
imperfections in the material do not affect electron motion,
since the electrons can travel along the edges irrespec-
tively. However, the spin-dependent behaviour at the
newly developed edge states can be modified with plasma,
e.g., doping of gold atoms to the edges. Plasma itself as a
tool can selectively dope the material with atoms like gold
or nitrogen. In the case of gold, it is expected the
conductivity of the material will increase. However, in this
case, the inserted atoms would decrease the conductance.
The gold atoms added into the graphene edges, namely
allow the electrons to backscatter into the oppositely
travelling states, and thereby the mixing of the electron
spins [145,146]. Moreover, there is also a possibility to
control the conductivity along the edges with the
concentrations of the gold atoms. The idea for further
research is to create the circuit based on edge dominating
2D material, which are, in turn, doped with a noble metal.
This can be done by using suitable plasma (Ar or N) in
order to incorporate gold atoms into the edges of graphene
nanoribbons (see Fig. (8)). And more, under the influence
of high magnetic fields with different orientations, a spin
depended current flow is expected to be obtained along the
edges in the closed electrical circuit designed with Au
modified nanoribbons.

However, the device fabrication is another challenge,
because the scalable deposition of high-quality Ohmic
contacts is a problem that needs to be further improved.
Successful strategies in situ involve the deposition of pure
metal contacts, such as Au and Pd, under ultra-high
vacuum or patterning/surface treatment of the area under
the contact. It facilitates to create stronger interaction
between 2D surface and the metal. Etching of 2D materials
is also an issue, but mild plasma-assisted methods would
help to solve this problem. Controlled etching of 2D
materials is critical to achieving sophisticated device
structures such as LEDs, tunnel transistors and for side
contacts. The relatively mature technologies, such as
plasma, can therefore easily be tuned to etch stacks of 2D
layers with profiles for device architecture. The emerging
field of Atomic Layer Etching (ALE) of both conventional
and 2D materials could contribute to further advances in
atomic scale devices. However, all these device fabrication
processes are beyond the review of this paper.

6 Conclusions

The mini-review summarises existing efforts on tailoring
electrical properties of 2D structured nanomaterials with
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Spin-down '

Fig. 8 Schematic representation of graphene NRs edge tailoring with the assistance of plasma for 2D functionalisation electronics.
Electrons on the two zigzag edges exhibit opposite directions of rotation (spin)-‘spin-down’ on the bottom edge or ‘spin-up’ on the top

edge that generates a current flow

plasma chemistry, which are aimed at possible applications
of these materials for electrical and optoelectronic devices.
Many different plasma techniques have been used for
enhancing their conductivity and other electrical proper-
ties. In this context, the significance of the surface, as well
as the edges of the 2D structures, were studied. Namely, the
edges are becoming of utmost significance for designing
nanoelectronics. One can tailor these 2D materials and
structures like nanoribbons, nanowalls and nanosheets by
selective doping of adatoms (metallic or non-metallic) like
gold and nitrogen, defect engineering or by applying
external magnetic or electric field. Plasma-based methods
enable controlled, and selective functionalisation of the
selected materials and various plasma species like N, O,
B, etc. Further enhancement of material properties can be
achieved by controlling the morphology like the width of
nanostructures including nanoribbons and nanowalls.
Moreover, plasma can support the growth or synthesis as
well as modifications of new 2D hybrid structures. With
these processes, we can create new emerging functiona-
lised 2D materials for nanoelectronics, which are featured
by quantum conductivity. This will lead to miniaturisation
of electrical circuits, which will contribute to engineer
high-performance next-generation 2D electronic func-
tional devices with significantly reduced energy consump-
tion. The biggest breakthrough in this, we believe will
occur due on edge-dominated 2D nanostructures.
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