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Abstract

We review the principles of formation, physical properties, and current or envisaged applications for a
wide range of carbon allotropic forms. We discuss experimental and theoretical advances relating to
staple zero-, one-, and two-dimensional carbon structures, such as fullerenes, carbon nanotubes, and
graphene. In addition we emphasize research on emerging carbon allotropes (carbon nanoscrolls,
funnels, etc) that result from combining or deforming allotropic forms with well-defined
dimensionality. Such materials fall in-between clearly delineated dimensional categories and
consequently exhibit unique characteristics that are promising for electronic, optical, and mechanical
applications. We also consider other approaches to tuning properties of carbon-based materials, such
as chemical functionalization, intentional introduction of structural disorder, and placement of guest
atoms or molecules inside hollow structures. Finally, we discuss the properties of and experimental
methods for studying zero-dimensional systems (paramagnetic nitrogen impurity atoms) in diamond
matrix. The review emphasizes the interplay between the various material properties of carbon-based
nanostructures and the designs for nanoscale devices that rely on synergistic combinations of these
properties. For example, an electromechanical vibrator, a strain sensor, a nanodynamometer, and a
nanoelectromechanical memory cell that we describe exploit both electronic and nanomechanical
properties of low-dimensional carbon structures, a reed switch and a magnetic field sensor use
magnetic and nanomechanical properties, a maser based on nitrogen-doped diamond uses thermal
and optoelectronic properties, etc. All presented device concepts have been validated by calculations,
and some have been implemented experimentally.

1. Introduction

Production of low-dimensional systems, research on their physical, chemical, and biological properties, and
technological innovations that they foster are of great significance to engineering [1-3]. This article provides an
overview of theoretical and experimental studies on the physical properties of low-dimensional carbon
materials, and of devices based on them. We briefly review results and associated hypotheses and discuss the
outlook for future research on low-dimensional carbon systems, particularly emphasizing the potential for
synergistically combining their various properties in the design of nanoscale devices.

We start by defining the terminology used in the text and illustrations [4—6]: allotropy, nanotechnology, low-
dimensional systems, and nanomaterials.

Allotropy is the existence of two or more distinct structural forms with different properties for a given
chemical element in the same state of matter. The term allotropy only applies to homoatomic substances (e.g.,
carbon), regardless of their state. In contrast, the term ‘polymorphism’ has a similar meaning but only refers to
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solids, whether homoatomic or heteroatomic. The terms ‘allotropy’ and ‘polymorphism’ are thus synonymous
for homoatomic solids (e.g., white and red phosphorus, gray and white tin, graphite and diamond).

Nanotechnology refers to the production, characterization methods, and applications of structures with
characteristic sizes ranging from about 0.1 nm to 100 nm. Varying the size, shape, and relative positioning of
nanostructures, even while maintaining their chemical composition, allows control over their properties, such
as the melting point, solubility or transparency. Nanoscale structures can be produced from bulk materials using
top-down approaches, such as ablation (the removal of a surface layer of a solid exposed to laser radiation [7-9]
and/or plasma flux [10]) and selective removal of atoms from multicomponent compounds byion [11] or
electron beams [12]. Alternatively, nanoscale structures can be assembled from single atoms using bottom-up
approaches, such as selective transfer of atoms from a probe tip of a scanning probe microscope onto a surface
(approaching self-assembled structures with optimal design [13]) or chemical synthesis of atomically precise
structures [14, 15].

Low-dimensional systems are consolidated systems of many particles with dimensions in at least one spatial
direction that are comparable to the characteristic lengths for states and/or processes in the system (see, e.g.,
[16]). Examples of such characteristic lengths are the mean free path of a particle between scattering,
recombination, or decay events and the average de Broglie wavelength of a particle.

Quantum confinement of (quasi)particles in one, two or three directions modifies the dependence of their
energy on the (quasi)momentum [17] and spin (or intrinsic dipole magnetic moment of the particle) in the
quantization direction. If this energy quantization occurs in all three directions, the system is called zero-
dimensional. If the energy quantization occurs in two directions and free motion occurs in one direction, the
system is called one-dimensional. If the energy quantization occurs in one direction and free motion occurs in
two directions, the system is called two-dimensional. Examples of zero-dimensional systems are fullerenes [18],
atomic clusters, quantum dots [19], and atomic point defects in a crystalline matrix. Examples of one-
dimensional systems are carbyne (a chain of carbon atoms) [4, 20], carbon nanotubes [21], quantum threads,
and ion tracks in diamond [22]. Examples of two-dimensional systems are graphene [23], as well as surfaces,
interfaces, and stacking faults of atomic planes in a crystal. Low-dimensional systems can also be fractal (have
fractional dimensionality) [24].

Based on the time-dependence of the effect that produces quantum confinement, low-dimensional systems
can be classified as either stationary or non-stationary. Stationary low-dimensional systems include
semiconductor super-lattices that consist of crystalline layers with different chemical composition,
crystallographic orientation or structure and have a spatial periodicity in one direction that is smaller than the
mean free path of electrons and/or holes [25]. Non-stationary low-dimensional systems include solitons,
domains of the electric field in Gunn diodes [26], current pinches in doped crystalline semiconductors [27], and
sprays of light in photorefractive crystals [28].

Materials that are comprised of low-dimensional systems are referred to as nanostructured materials, or
simply nanomaterials. Such materials are built from atomic clusters, granules, nanoscale pores (conventionally
with sizes from about 1 nm to 100 nm) in a solid matrix, fibers, tubes, layers, etc. The properties of
nanostructured materials are distinct from those of uniform materials with the same chemical
composition [2, 29].

Agglomeration of carbon atoms can lead to the formation of diverse allotropic forms that are stable under
certain conditions [4, 30—32]. The variety of these structures is schematically shown in figure 1. Carbon also
forms a remarkable variety of heteroatomic compounds: notably, it is the defining component of all organic
materials. Such chemical ubiquity is a consequence of carbon’s ability to readily change the type of hybridization
of its valence orbitals in the process of forming both C—-C bonds and bonds with atoms of other chemical
elements (primarily hydrogen, oxygen, iron, silicon, nitrogen, and boron).

Changes in the valence of atoms depending on their environment often lead to dramatic changes in the
physical properties of materials. For example, three-dimensional bulk materials can be mechanically reinforced
with fractal systems [33, 34]. Electrical properties of materials can also be altered. For instance, the passivation of
graphene on both sides with hydrogen leads to the formation of graphane, the two-dimensional counterpart of
diamond with sp>-hybridized carbon atoms. Unlike graphene that is highly electrically conductive, graphane is a
dielectric at room temperature. Reversing the conversion of graphane to graphene by annealing recovers the
electrical conductivity [35].

In this paper we explore the vast landscape of carbon-based materials across dimensionalities. We review
experimental and theoretical research on staple low-dimensional carbon structures, such as fullerenes, carbon
nanotubes, and graphene. However, many promising carbon allotropes fall in-between clearly delineated
dimensional categories. For example, carbon nanoscrolls are two-dimensional (2D) graphene sheets rolled into
one-dimensional (1D) spirals. They share some properties with 1D and others with 2D materials, as well as
exhibit unique characteristics that are not typical of either dimensionality. Combining or deforming allotropic
forms with well-defined dimensionality often results in such structures. They present a new frontier in
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Figure 1. Allotropes of carbon associated with changes in the hybridization of valence orbitals. Here acc is the distance between
nearest atoms, dg is the distance between atomic planes (graphene) in graphite, o and 7 are the hybrid orbitals of carbon atoms.
(Graphane and methane are compounds composed of carbon and hydrogen.)

customization of carbon-based materials, and we emphasize interrelations between them and more traditional
carbon allotropes. We also consider other approaches to tuning properties of carbon-based materials, such as
chemical functionalization, intentional introduction of structural disorder, and placement of guest atoms or
molecules inside hollow structures.

To give a broad perspective of the field, we review the principles of formation, physical properties, as well as
current or envisaged applications for a wide range of carbon allotropic forms. Our primary focus is on electrical,
magnetic, and nanomechanical properties that are particularly sensitive to the dimensionality of the carbon
based material. We emphasize the interplay between these material properties and discuss how their various
combinations enable the design of novel nanoscale devices. All presented device concepts have been validated by
calculations, and some have been implemented experimentally.

2. Zero-dimensional systems

Since their discovery (in 1985) [18], fullerenes and their derivatives have commanded ever-increasing attention
from scientists and engineers [36, 37]. A variety of fullerenes and related low-dimensional systems exist;
approaches to their classification are described in [38]. Multiple applications for these materials emerged in
recent years, including as photosensitizers in photodynamic therapy [39, 40], as catalysts in fuel cells [41, 42],
and as electron acceptors in organic blend photovoltaics [43—45]. In donor-acceptor systems, fullerenes and
their derivatives often ensure more efficient electron-hole separation than other acceptors due to their high
density of unoccupied states close in energy to the lowest unoccupied orbitals of organic donors [46, 47].
Fullerenes also have catalytic properties. Small concentrations of a mixture of fullerenes C5o—Cyq (up to
0.255 wt%) in the graphite feed material lower the activation energy of the phase transition from graphite to
diamond by a factor of 1.6 (for synthesis carried out in the temperature range of 1600-1800 K at a pressure of
5 GPa with Ni-Mn as metal catalysts) [48].

Industrial-scale production of low-cost carbon nanostructures for applications requires a theoretical
understanding of the mechanisms of their formation and growth [49, 50]. Currently, the most widely accepted
model of fullerene formation is the ‘fullerene road’ [51] (see figure 2(a)). In this model, carbon clusters of 30 to
40 atoms can become fullerenes, then grow into larger fullerenes by a series of C, insertions. An evident
weakness of this model is that it does not explain the formation of small fullerenes. However, experiments
confirm the existence of the smallest possible fullerene, C,, [52], therefore the mechanism of its formation needs
to be investigated. Understanding this mechanism is particularly important because C, could mediate the
formation of larger fullerenes and serve as a nucleation center for carbon nanotubes.

A possible pathway for C,, formation and its subsequent growth into larger fullerenes and carbon nanotubes
is shown in figure 2(b) [53].

Two isomers consisting of ten carbon atoms, C{§ rings and C}, stars, can be formed in carbon plasma.
Density functional theory (DFT) calculations with the hybrid exchange-correlation energy functional UB3LYP
and the 6-31G(d,p) basis set show that the C{j, isomer is metastable. Its ground state energy is 10.33 eV above
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Figure 2. Scheme of the fullerene formation in the carbon plasma (a) and a possible pathway for the creation of the C, and Csg
molecules (b) adapted from [53]. A typical cross-section of disc-shaped graphite electrodes is about 30 mm?; Uy is the DC voltage, I,
is the direct current, T'is the plasma temperature, P is the partial pressure of helium, and IP is the ionization potential of He atoms.
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Figure 3. Reaction coordinate for the C{ — C}j — C[§ transformation, where AE is the total electronic energy of the molecule
relative to the C{§ ground state; g, is the Bohr radius; adapted from [53]. The configurations of the C,o isomers are shown near the
corresponding section of the graph. Dotted lines in the C}} transition state configuration indicate breaking and forming bonds. The
dotted section in the graph corresponds to intermediate configurations with breaking and forming bonds.

that of the C{§ isomer, and the barrier for the isomeric transition Cj; — C1§ is 2.87 eV (figure 3). Despite the
very high energy barrier, this isomeric transition retains the five-fold symmetry axis. (For comparison, the
barrier for nitrogen inversion in the ammonia molecule that retains its symmetry is 0.2 eV [54].)

The formation of the Cy fullerene in carbon plasma can then occur by several mechanisms. Calculations
show that the most probable is the fusion of two C{} star isomers. The fusion ofa C{§ ringand a C{}, star can
also occur at temperatures T < 3100 K. The fusion of two C{§ rings is much less probable, but can occur at
T < 800 K. It follows that the formation of Cy is most efficient when large numbers of CSj star isomers are

present in the carbon plasma. Therefore, the presence of hydrogen in the carbon plasma or ultraviolet
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Figure 4. Raman scattering data for totally symmetric vibrations A;(2), 3A, (1) of the fullerene Cqo and corresponding motion of
carbon atoms indicated by arrows. The fine structure on the right shoulder of the A,(2) peak occurs due to the Fermi resonance (the
interaction between vibrational modes due to their anharmonicity) between the ppm vibration A,(2) and the second overtone 34, (1)
of the bm vibration A,(1). (Photon with wavenumber 1 cm™ !invacuum has energy 0.124 meV.)

irradiation that facilitate the Cj; — C{§ transition are expected to inhibit Cy, formation. Further, the formation
of the Cs fullerene can occur by confluence of Ci§ (or Cify) with the C,, carbododecahedron.

Modeling configurational transitions in atomic clusters is challenging [55], particularly because both
spontaneous and induced point symmetry breaking are common in low-dimensional systems [56, 57]. For
example, the analogue of the dynamic Jahn—Teller effect was computationally discovered in the dication
carbododecahedron C%; [58]. The ground state of C3;” has D;-symmetry that is manifested in the infrared
vibrational spectrum. This is a case of I-symmetry breaking (lowering to D5) due to the repulsion of
uncompensated positive charges on the carbon atoms (Coulomb distortion). Such effects can be crucial for
chemical transformations among fullerenes, particularly in highly charged states. For instance, the lowest-
energy isomer of highly charged Cq is not the spherical buckyball, but an elongated barrelene that can undergo
fission with the emission of C3§ [59].

Calculations using DFT and second-order Mgller—Plesset perturbation theory predict the fullerenes to be
lowest energy conformations for carbon systems with more than 20 atoms [60—62]. The upper size limit for
thermodynamically stable fullerenes or multishell fullerenes (carbon onions) has been predicted to be ~1000
atoms [63, 64]. The thermodynamics and kinetics of large fullerene formation from a variety of starting
materials including carbon vapor [65—68], carbon nanotubes [69], graphene flakes [70], nanodiamond [71], and
amorphous carbon clusters [72] are actively studied using molecular dynamics.

Symmetry and symmetry breaking are responsible for many properties of fullerenes and of materials
composed of them. For instance, computational studies of Cg [73] in conjunction with Raman scattering
experiments on fullerites [74] suggest the possibility of the Fermi resonance (the interaction between vibrational
modes due to their anharmonicity) for two totally symmetric vibrational modes [75] (figure 4). Fullerites
(crystalline form of fullerene) that contain atoms of metals in their crystallographic voids are called fullerides.
Cso fullerides with K, Rb, Cs, Ga, In, Sn or Bi atoms posses superconducting properties (temperature of
transition to superconducting state up to 33 K) [76, 77].

Most current applications of fullerenes involve bulk materials, but prospects of using single fullerenes in
single-molecule electronic devices are particularly intriguing [78—80]. In single-molecule electronics,
fundamentally non-classical effects that occur at the molecular level, such as Coulomb blockade [78], Franck—
Condon blockade [79], or constructive and destructive interference of the electronic wavefunction [81] are used
to control electrical current. Molecular electronic devices range from current rectifiers [82—85] to transistors
[86, 87] (see also figure 5).

In single-fullerene transistors, a molecule such as Cg( [88, 89] or C149 [90], is placed in a nanoscale gap
between metal electrodes created, e.g., by electromigration [91]. The fullerene is electronically coupled to the
electrodes, allowing for quantized single-electron tunneling current in the system that can be controlled by a gate
electrode. A possible design of a C,y-based molecular triode is shown in figure 5. As seen in that figure, changing
the positioning of the fullerene molecule in the gap can control the current-voltage characteristic of the device.
The well-defined size and high chemical stability of fullerenes can lead to improved device performance relative
to, e.g., single-electron transistors based on semiconducting nanocrystals [92].

Fullerene-based single-molecule devices show promise for applications in quantum information processing
[93, 94]. Superconducting correlations, a prime example of electronic phase coherence phenomena that are
employed in quantum computing, have been observed for fullerenes both in ungated junctions [95] and in
transistors [89]. Qubit realizations based on endohedral fullerenes containing heteroatoms with long spin
lifetimes inside the fullerene cage [96, 97] have been proposed [98, 99]. Endohedral fullerenes containing atoms
of ferromagnetic metals (e.g., Fe, Co, Gd) are of particular interest, due to their large magnetic moments. For
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instance, quantum chemical calculations reveal that the smallest magnetic endofullerene Fe@C,, has a septet
ground state and a magnetic moment of about 8 Bohr magneton [100].

3. One-dimensional systems

The formation of carbon filaments in the process of thermal decomposition of methane has been reported as
earlyas 1889, and in 1952 transmission electron microscopy supplied evidence that such filaments could have
tubular structure [101-103]. However, these carbon allotropes, now called nanotubes, only attracted
widespread attention in the early 1990s, after S Iijima published a report on their synthesis in Nature [21]. At the
time, the recent discovery of fullerenes prompted researchers to seek out other structures that can be formed by
folding graphitic carbon sheets. Carbon nanotubes (CNTs) are one-dimensional systems that are closely related
to fullerenes. Ever since, CNTs have been extensively studied and applied due to their remarkable mechanical,
physical, and chemical properties [104-106].

The highest mean fracture strength of any materials (>100 GPa) has been reported for CNTs [107]. Because
of such extraordinary strength, CNTs can have length-to-diameter aspect ratios greater than 108, well above
those of any other material [108]. Therefore, CNT properties are typically strongly anisotropic. For instance,
materials based on them can have excellent heat conductivity at room temperature (about an order of magnitude
greater than copper) along the tubes [109], but be heat insulators in the lateral direction. The optoelectronic
properties of CNTs are also anisotropic and are determined by the nanotube topology: depending on it the CNT
may be metallic or semiconducting [110]. Superconducting CNTs have also been reported [111, 112].

CNTs that spontaneously form in the vapor-phase deposition of carbon [21, 113] are predominantly multi-
walled (MWCNTs): that is, they consist of several coaxial carbon cylinders of varying diameter. However, single-
walled carbon nanotubes (SWCNTs) can be obtained using arc discharge evaporation of a carbon electrode with
ametal catalyst [114—116] or by laser ablation [117]. (A similar method is also used for growing crystalline silicon
nanowires [118, 119].) SWCNTs are of particular interest in nanotechnology due to their well-defined and
controllable properties.

SWCNTs are denoted by two indices (1, m) that determine their chiral vector: C(n, m) = na; + ma,, where
nand m are natural numbers including zero, a, and a, are the basis vectors of the hexagonal graphene lattice.
There are two ways to define the direction of the a, vector. The use of a 60° angle between basis vectors is
commonly accepted. When the graphene plane is rolled into a nanotube, the beginning and the end of the chiral
vector are ‘glued’ together (figure 6). CNTs that have indices (1, 0) are called zigzag, CNTs that have indices (1, n)
are called armchair, and CNTs that have indices (n, m) with n = m and m = 0 are called chiral. To ensure that
the same structure is not labeled in two different ways, index m is taken in the range —n/2 < m < n.Nanotubes
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Figure 6. Scheme of rolling a single-walled carbon nanotube defined by chiral vector C(n, m) = na, + ma, from a graphene strip; a,
and a, are the basis vectors of the hexagonal graphene lattice. Chiral vectors of mirror symmetric metallic nanotubes (5, 2) and (7, —2)
are shown. SWCNT diameter is d = |C|/m, where |C| = ay/n? + m> + nm;a = |aj| = |aj] = accy/3 = 0.246 nm; the distance
between the nearest carbon atoms in the graphene layer is acc = 0.142 nm. Diameter of zigzag SWCNT (9, 0) is ~0.71 nm.

(n,m)and (n + m, —m) are mirror images of each other. The chiral vector of a nanotube largely determines its
electrical properties: in the simple zone folding approximation all armchair CNTs and CNTs that have indices
such thatn — misamultiple of 3 are metallic, whereas other CNTs are semiconducting [110, 120-122].
However, the nanotube’s curvature, as well as mechanical deformation or the presence of impurities, can
significantly affect their conductivity [110, 123, 124]. Under uniaxial strain, pristine armchair CNTs remain
metallic [125], but a small band gap that varies linearly with stress opens for zigzag CNTs [126]. In the presence
of torsional strain, all CNTs become semiconducting; armchair CNTs are particularly sensitive to such

strain [125].

As is generally the case in solid state physics, the band structure of CNT's can be calculated either starting
from the free-electron or from the tight-binding approximation [127]. For instance, in the free electron
approximation a model of the electronic structure of SWCNTs that takes into account the finiteness of the
carbon skeleton thickness has been developed [128]. However, studies of the effects of strain on electronic
structure and of interactions between the electronic subsystem and vibrational modes predominantly employ
tight-binding models [129, 130].

Within a tight-binding model for the electronic spectrum of armchair SWCNTS it was shown [131] that at
liquid helium temperature the rate of energy transfer from the lattice conduction electrons to the CNT frame is
determined by the interaction of 7 electrons with the twiston mode of the phonon spectrum. Calculations
demonstrated the possibility of creating a bolometer based on these metallic CNTs, with a thermal time constant
of about a microsecond.

As one-dimensional systems, CNTs are subject to Peierls distortions that can cause significant changes to
their electronic properties, including a metal-insulator transition that occurs if an energy gap opens at the Fermi
level [129, 132—-135]. Although the 7-electron contribution to the elastic energy of a CNT is relatively small
compared to that of the o electrons, the extended 7 system is largely responsible for Peierls distortions [132]. It
has been predicted that dimerization of the C-C bonds occurs in single-walled carbon nanotubes, leading to
quantitative estimates of the Peierls distortions [133].

Experimentally, bond length dimerization due to Peierls distortions in CNTs can be studied by measuring its
effect on the CNTSs’ vibrational spectrum using Raman scattering [136, 137]. The most intense Raman lines in
the CNT spectrum correspond to totally symmetric vibrations in the Brillouin zone center. Among these
vibrations the radial breathing mode is of particular interest, because its frequency uniquely depends on the
CNT diameter. It has been theoretically shown [138] that in armchair CNTs the radial and tangential motions
for quinoid type dimerization are mixed, while the radial breathing mode and transverse mode for Kekule type
dimerization are splitted.

It has been suggested [139] that structural instability of one-dimensional systems can be used as the physical
basis for the operation of molecular electronic devices. For example, the mechanical deformation of CNTs can
significantly change their electronic properties. In [140], the atomic and band structure of the single-walled
carbon zigzag type nanotube (6, 0) as a function of its axial relative elongation ¢ (figure 7) has been calculated
using the method of molecular orbitals in the tight binding approximation. It was shown that the ground state of
the nanotube has a Kekule structure, however at a relative elongation €, ~ 9% a structural phase transition
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Figure 7. (a) The phase transition from Kekule to quinoid structure under tension (relative elongation €) of the zigzag (6, 0) single-
walled carbon nanotube and the scheme of a strain sensor (b) based on a prestrained nanotube; adapted from [140]. Eg is the band gap
of the nanotube.

occurs that leads to the quinoid structure. Correspondingly, the nanotube switches from being a narrow
bandgap to being a moderate bandgap semiconductor. This phenomenon can be used in a mechanical
deformation sensor (figure 7). Band gap tuning by means of external strain is also possible for quasi-one-
dimensional armchair graphene nanoribbons [141].

Beyond band structure calculations, the analysis of electrodynamic processes, both in single CNTs and in
regular or irregular CNT ensembles, is an area of active research [142]. The properties of surface electronic waves
(plasmons) in CNTs have been modeled using a hydrodynamic description of the charge carrier motion
[143, 144]. However, such models prohibit relaxation processes that must be accounted for in the optical regime
where resonant transitions are important. A better description of surface waves in CNTs is therefore provided by
kinematic theory that accounts for attenuation [145]. Using this approach it has been shown, for instance, that a
dispersionless propagation regime for surface waves in single CNTs is possible in the infrared regime, where the
CNT effectively acts as an electronic waveguide.

Thermal radiation in systems with surface plasmons is influenced by near-field effects and is considerably
different from blackbody radiation [146, 147]. Standing surface waves excited due to the strong reflection from
CNT tips qualitatively distinguish CNTs from planar plasmonic structures, resulting in a distinct thermal
radiation spectrum. CNTs can emit coherent thermal radiation in the terahertz range [148], acting as thermal
nanoantennae [149].

The properties of CNTs can be modified in technologically useful ways by placing atoms or molecules within
the nanotube [150]. Particularly, CNTs with opened ends can be filled using the capillary effect. Surface tension
of the filling materials should be <0.2 N/m [151]. This condition is satisfied for K, Rb, and Cs melts. Early
research on filled CNT's was inspired by the idea of creating metal nanowires encapsulated within the CNT [152].
Within this paradigm, the CNT acts as a template for self-assembly of such nanowires [153, 154] and its structure
becomes a sheath that protects the metal nanowire from damage by chemicals in its environment [155].

It should be kept in mind that there is interplay between the electronic properties of the CNT and the metal
that fills it. For instance, ifa SWCNT is filled with potassium atoms (figure 8(a)), the nanotube acts as an
acceptor, capturing electrons from the dopant. In the band structure of SWCNTs encapsulating potassium, the
nearly free electron state (that is located 3—4 eV above the Fermi level in pristine SWCNTs) is considerably
affected by hybridization with the state of the encapsulated potassium [156, 157]. A theoretical analysis [158] of a
SWCNT that captures one electron from the potassium atoms per 10 carbon atoms assumed the positive charge
to be distributed within the volume of the nanotube and the negative—on its surface (figure 8(a)). The
dependence of the Fermi quasimomentum of conduction electrons inside the nanotube on their concentration
and on the tube radius was calculated in the single-electron approximation for an arbitrary number of sub-bands
of the transverse motion. The stepwise dependence of the DC conduction G of the nanotube metallic subsystem
on its radius was then calculated (figure 8(b)), and subsequently found partial experimental support [159]. This
stepwise conductance of the doped nanotubes can be used in the design of nanoscale logic elements for
computers [2].

Filling the cavity within an SWCNT offers great flexibility for tailoring its electronic properties, because
SWCNTSs can accommodate a wide variety of substances [160, 161]. Beyond metal wires, a particularly popular
class of filled nanotubes are carbon peapods: systems with one or more encapsulated fullerenes inside the CNT
[162, 163]. Some fullerenes, particularly Cep, form within CNTs spontaneously during synthesis and are hard to
remove using standard purification methods [160, 162, 163]. Carbon peapods based on a wide variety of
nanotubes encapsulating many other (endo)fullerene types, have also been produced [100, 164-169]. These
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Figure 8. Left: cross-section of potassium filled zigzag (12, 0) single-walled carbon nanotube; K° and K* denote potassium neutral
atom and positive ion with diameters of 0.3 nm; C™ denotes negatively charged carbon atom in the cross-section plane. (SWCNTs
are acceptors of electrons: they capture one electron per ten carbon atoms.) Right: calculated electric DC conduction G (in units of
é®/mh ~ 77 uS,where fi = h/2mis the Planck constant) as a function of nanotube radius for electron density 14 nm > inside
nanotube in the limit of zero absolute temperature (T — 0); adapted from [158].
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Figure 9. Left: a carbododecahedron with an iron atom inside Fe@C,, that has a spin magnetic moment [M¢f| = 8115 (up is the Bohr
magneton). Right: scheme of a magnetic reed switch based on two armchair (8, 8) nanotubes filled with endofullerenes Fe@C,: 1 is
the controlled circuit, 2 is the electrode with the attached peapod nanotube, 3 is the wire with current I (placed below the nanotubes)
used for inducing magnetic field with induction B; adapted from [164].

materials have properties that are distinct from those of both nanotubes and fullerenes, and are often considered
anew class of self-assembled graphitic structures [170, 171]. They can also serve as chemical precursors for
double-walled CNTs [172], another emerging class of materials that offers functionality beyond that of
SWCNTs [173].

Diverse applications of carbon peapods in molecular optoelectronics and nanomechanics have been
proposed, including single-electron transistors and charge-storage memory devices [174, 175], spin-qubit arrays
for quantum computing [176, 177], nanoscale lasers [178], nanorelays and sensors [100, 164, 179].

An example of a carbon peapod-based device is a magnetic nanorelay: a reed switch based on two carbon
nanotubes filled with magnetic endofullerenes (figure 9) [100, 164]. Applying a magnetic field leads to the
bending of nanotubes, thereby closing the relay. The performance of nanorelays based on (8, 8) and (21, 21)
single-walled nanotubes fully filled with Fe@C,, has been calculated. Turning on the nanorelay based on two
(21, 21) nanotubes (diameter 2.85 nm) of 1 um length with distance 2x; ~ 31 nm requires a magnetic field with
induction B = 30 mT that can be produced by a direct current of I = 150 mA passing for a time interval
exceeding 80 ns through the wire 3 (figure 9), positioned at a distance of 1 m below the nanotubes.

Other configurations for nanotube-based devices controlled by magnetic fields are also possible. For instance,
aforce sensor can be based on the interaction between the ends of coaxial nanotubes, relating the direct current
tunneling conductivity between the CNT ends to the measured force [179]. The operational characteristics of
such a magnetic field sensor were estimated based on the magnetic force acting on coaxial (11, 11) nanotubes
filled with magnetic endofullerenes (Ho;N)@Cg, that have a magnetic moment of 215 [180]. The device
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could potentially measure local magnetic fields with an excellent spatial resolution and a response time of
approximately 0.3 ps.

Apart from filling the cavity of CNTs with guest materials, another popular strategy for tuning their
properties is chemical functionalization of their sidewalls [181-184] or of their ends [185-187]. As produced,
CNTs are typically bound into intertwined bundles with very low solubility in either water or organic solvents.
Functionalization with solubilizing groups provides a major technological advantage in processing CNT-based
materials. Selective and reversible functionalization also allows separating metallic and semiconducting CNT's
[181]. Furthermore, functionalization can be used to promote self-assembly [186] or enable directed assembly of
CNTs [187], to achieve biocompatibility [188], or to alter the optical and electronic properties of CNT's
[189, 190].

CNT functionalization can either involve the formation of covalent bonds or exploit non-covalent
interactions. The electronic parameters of CNTs can be reversibly tuned by very low concentrations of adsorbed
gases, converting apparently semiconducting CNTs into apparent metals [191]. This finding suggests that CNTs
can be used as sensitive chemical gas sensors. Chemical adsorption of H and F atoms on the open ends of an
SWCNT can be used to control the movement of nanoelectromechanical devices [192, 193]. This modification
gives the nanotube an electric dipole moment that can be set in motion by applying a nonuniform electric field.

In nanoelectronics, quantum wires such as CNTs are often embedded into a host matrix that affects their
properties [194, 195]. In particular, the direct current (DC) electrical resistivity of a semiconductor quantum
wire depends on interactions of electrons delocalized along the wire with longitudinal acoustic (LA) phonons in
an insulating solid-state host matrix [196]. Currently, a nanocomputer with a bit logic based on arrays of
nanowire lattices where each lattice site is a programmable transistor is being developed [197].

The environment can also affect electron transport in quasi-one-dimensional conductors in other ways. For
instance, it has been shown that for a conductive carbyne chain or a carbon nanotube located in a dielectric
environment with distributed inductance, an inductive soliton (or inducton) solution exists for the wavefunction
of a single conductive electron [198]. The extent to which the current pulse of an inducton is compressed in the
direction of motion increases with an increase in the inductance of the environment. An inductive environment
could be realized, e.g., by placing a carbon nanotube on the surface of a thin insulating layer on top of a
ferromagnetic material [199]. (The concept of an electrostatic inducton as an electron moving in a two-
dimensional semiconductor quantum well parallel to the metal plane situated nearby has also been
proposed [200].)

The DC electrical conductivity of ‘epoxy resin + multi-walled nanotubes’ composites is higher than for
‘epoxy resin + single-walled nanotubes’ composites with the same weight content of CNTs in a wide
temperature range, 1.8-300 K [201, 202]. This difference is associated with a smaller number of contact barriers
to electron transitions between individual multi-walled nanotubes. It was shown that the DC electrical
conductivity of carbon nanotube arrays at cryogenic temperatures increases under electromagnetic irradiation
(in the frequency range 0.5-7.3 THz) due to bolometric heating and changes in the rate of hopping migration of
electrons under irradiation [202]. The kinetic inductance of individual nanotubes contributes to the low-
frequency impedance of fibers composed of SWCNT's (at cryogenic temperatures and a constant electric
bias) [203].

4. Two-dimensional systems

Graphene, a one atomic monolayer thick two-dimensional carbon crystal (figure 10), has garnered much
attention in recent years [23, 204, 205]. It can be viewed as a relatively stable flat macromolecule with unique
mechanical, electrical, optical, and chemical properties [206-210]. Although theoretically studied for decades
[211-214], graphene had been assumed not to exist in free-standing form due to instability with respect to the
formation of curved structures such as soot, fullerenes and nanotubes [215]. Because the properties of multi-
layered graphene rapidly approach those of bulk graphite as the number of atomic monolayers, #, increases to
about ten [216], there had been little hope of studying truly two-dimensional carbon structures experimentally.
However, graphene monolayers have been obtained by mechanical exfoliation from bulk graphite and could be
distinguished from double and few-layer (n = 3—10) structures, as well as from thin graphite slices by their
optical properties [23, 215]. It has since been found that graphene exfoliation could be made more efficient if
performed in certain solvents [217], mapping one possible route to industrial-scale production.

Alternative scalable approaches that enable producing large-area single- and few-monolayer graphene
samples are thermal growth [218] and chemical vapour deposition [219-222]. Large-area CVD-grown graphene
samples can be transferred onto appropriate substrates for device fabrication using polymer layers deposited on
top of the graphene for mechanical support [223-225]. However, polymer residues left behind due to
incomplete removal of the support layer are the dominant source of extrinsic doping reported in devices made
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Figure 10. Structure of a single layer of graphene in real space (a) and in reciprocal space (b). The rhombic elementary unit cell with
area S, = /3 a%/2 is denoted by dotted lines in xy plane (a), where @ = acc+/3 = 0.246 nm is the length of vectors a; and a,. The
hexagon in k,k, plane (b) is the boundary of the first Brillouin zone with area §; = (2m)2/S, = (8//3)(n/a)%. Here a, and a, are the
translational vectors, k; and kj are vectors reciprocal to a; and a,. The length of reciprocal vectors k; and k; is 47 /v/3 a.
Nonequivalent graphene lattice sites are denoted by A and B. The distance between I and M points is 27 /+/3 a.

from CVD-grown graphene [226]. Such contamination can be avoided by using an inorganic buffer layer, such
as CVD-grown hexagonal boron nitride, between the graphene film and the supporting polymer layer [227].
Furthermore, bottom-up organic synthesis of narrow straight-edged stripes of graphene, known as
nanoribbons, has recently become possible with atomic precision [14, 15, 228].

The availability of graphene stimulated extensive interdisciplinary research spanning physics, chemistry, and
biology, and the development of a variety of technological applications. A combination of extraordinary
electronic and mechanical characteristics makes graphene particularly suitable for applications in
nanoelectromechanical devices.

Graphene is the strongest material ever tested, with an intrinsic tensile strength of 130 GPaand a Young’s
modulus of 1 TPa[229]. The spring constant of suspended graphene sheets measured using atomic force
microscopes is of the order of 1 N/m [230]. Sheets can be bent to very large angles (exceeding 54°) with little
strain and preserve excellent conductive properties in this conformation [231].

The band theory of graphite was first developed by PR Wallace [211]. The conduction and valence bands of
graphene are formed by the non-hybridized p, orbitals of sp* carbon atoms and in simplest tight-binding
approximation have the dispersion relation [232, 233]

k k
E(ks; ky) = j:"r’o‘/I + 4cos2%a + 4cos%acos ﬁzkxa ,

where v, = 2.8 eV is the nearest-neighbor hopping energy and a = 0.246 nm is the lattice constant; the plus
sign corresponds to the conduction and the minus sign to the valence band (see figure 11). Because each carbon
atom contributes a single 7 electron, the valence band is fully occupied by electrons and the conduction band is
vacant. The sp® hybridized states (o-states) form occupied and empty bands with a wide band gap (~6.3 eV at T
point) [234, 235]. From the dispersion relation it then follows that an infinite graphene sheet is a zero-bandgap
semiconductor, with the valence and conduction bands touching at the corners of the first Brillouin zone (Dirac
points Kand K’ in figure 10). Two of the six Dirac points are independent, the rest are equivalent by symmetry
[214, 236]. The tight-binding approximation predicts zero band gap for graphene nanoribbons with a zigzag
edge, whereas the band gap for nanoribbons with an armchair edge is either zero or finite depending on their
width [237].

Electrons in the graphene lattice have a zero effective mass and are described by a 2D analogue of the Dirac
equation [232, 238]. The material displays high charge carrier mobilities, above 15,000 cm?/(V s) [215]. The
temperature dependence of the mobility is weak between 10 and 100 K, implying that scattering by defects is
dominant at these temperatures [239, 240]. The intrinsic limit on the charge carrier mobility at room
temperature imposed by scattering on graphene’s acoustic phonons is about 200,000 cm?/(V s) at a carrier
density of 10" cm ™2 [240, 241]. This corresponds to a conductivity of 10® S, the highest of any material. There is
recent experimental evidence of superconductivity in graphene [242, 243].

Optoelectronic properties of graphene, including the charge carrier mobility, are sensitive to the presence of
asubstrate, of contaminants or defects, and to the topology of the graphene sample. The atomic thickness of
graphene limits its interaction with electromagnetic fields. Consequently, there is considerable interest in hybrid
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Figure 11. Band structure of 7 electrons in the first Brillouin zone of virgin graphene calculated in the tight-binding approximation
(see formula in the text); 7 and 7* denote bonding and antibonding states, respectively; Er is the Fermi level.

composites of graphene and optically active nanomaterials, such as semiconductor quantum dots, nanowires,
and metallic nanoparticles that increase the light—matter interaction and extend the functionality of graphene-
based optoelectronic devices [244, 245]. It has been theoretically and experimentally demonstrated that
microwave absorptance of graphene can be enhanced considerably by depositing graphene sheets on a dielectric
substrate and tuned by the choice of the dielectric permittivity and the thickness of the substrate [246].
Propagation of an electron beam over a graphene/dielectric sandwich structure induces an electromagnetic
wave with a frequency tuned by varying the graphene doping, the number of graphene sheets, or the distance
between sheets [247]. This effect could be used to develop coherent terahertz radiation sources with a tunable
frequency. Near-field coupling between charge carriers in graphene and surface plasmon excitations in metal
nanoparticles can be used to control the surface plasmon resonance of metallic nanostructures [248—250].
Metallic nanoparticles can also serve as antennas for concentrating light into nanoscopic volumes to enhance
photoabsorption in the graphene layer [251]. Transfer of charge carriers, including hot charge carriers, between
graphene and metal nanoparticles, and vice versa, has also been observed [244].

Electronic devices are constructed from fragments of the infinite graphene sheet whose properties may be
largely determined by the crystallographic orientation of their edges [252]. Systems that are commonly studied
in this context are graphene nanoribbons (GNRs), defined as strips of graphene less than 50 nm wide for which
edge effects are significant [237]. Such structures can be produced by a variety of techniques, including
exfoliation of strips from nanoscale blocks of graphite [253, 254], by ‘unzipping’ of CNTs [255, 256], or by
atomically precise bottom-up synthesis [257, 258].

GNRs with both armchair and zigzag-shaped edges have been theoretically and experimentally shown to
have band gaps [259, 260]. For GNRs with armchair shaped edges band gaps arise from both quantum
confinement and edge effects, and for GNRs with zigzag shaped edges they are a consequence of a staggered
sublattice potential on the hexagonal lattice due to edge magnetization [259, 260]. For instance, molecular
orbital calculations of the electronic energy band structure for zigzag type graphene nanoribbons consisting of n
zigzag atomic chains (nzGNR) show that a narrow nanoribbon (4zGNR) is a semiconductor in both the
antiferromagnetic and the ferromagnetic states (figure 12) [261]. However, a wide nanoribbon (102zGNR) in the
antiferromagnetic state is a semiconductor (band gap ~0.1 eV), while in the ferromagnetic state it is a half-metal:
an electrical conductor for one spin orientation (figure 13).

For some applications, the form factor of GNRs provides an attractive alternative to related materials, such as
CNTs. For instance, field emission of electrons from GNRs can be used to create an alternating current electric
generator [262]. In contrast to known schemes where field emission occurs from the butt end of a nanowire (a
bunch of CNTs) [263], GNRs allow for a more simple and production-friendly construction in the form of a
double-clamped graphene nanoribbon cathode placed above the flat anode surface [262].

Conformational changes and defects can affect both mechanical and electronic properties of graphene. For
instance, although the elastic modulus of the material is preserved even at high concentrations of sp>-type
defects, the presence of vacancy defects leads to a significant deterioration of its mechanical properties [264].
Because of high defect concentrations, in nanoribbons produced from lithographically patterned exfoliated
graphene the mean free path of charge carriers between scattering events is on the order of ten nanometers
[260, 265], whereas ballistic electron transport on a length scale greater than ten micrometers has been observed
in nanoribbons epitaxially grown on silicon carbide [266, 267].

12



Mater. Res. Express 6 (2019) 042002 N A Poklonski et al

Antiferromagnetic (AFM) state Ferromagnetic (FM) state

A m A m
o o

Spin Spin

Zigzag afm Zigzag fo /3

Armchair

Figure 12. Antiferromagnetic and ferromagnetic states of zigzag nanoribbons are determined by the spin orientation of 7 electrons in
edge chains formed by A- (light) and B-site (dark) carbon atoms; d,g, and dy,,, are the translational periods for zigzag nanoribbon in
antiferromagnetic and ferromagnetic states, respectively. At the edges of nanoribbons o bonds of carbon atoms are passivated by
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Figure 13. Half-metal band structure (dependence of single 7-electron energy E on wavenumber k along nanoribbon) and density of
states (DOS) for 102GNR in the ferromagnetic state calculated using UHF PM3. Here Eg is the Fermi level, HOMO (LUMO) is the
highest occupied (lowest unoccupied) molecular orbital, and dg,, = 0.247 nm is the translational period. Band gap for insulating spin
orientationis 2.1 eV.

Topological defects, such as disclinations (heptagons or pentagons) and dislocations (heptagon—pentagon
dipoles) are also essential to engineering wrinkled graphene structures with tailored mechanical and physical
properties [268—271]. Such novel carbon structures are of great interest for electronic and nanoelectromechanical
devices, and theoretical methods for describing their properties need to be developed. Both continuum approaches
that allow predicting the three-dimensional configuration of such structures and stress fields in them and atomistic
approaches are currently explored [270].

Conceptually, deformed graphene structures bridge the gap between purely two-dimensional graphene
monolayers and closed carbon surfaces such as fullerenes and CNTs, as well as purely three-dimensional
structures, such as turbostratic graphite and pores in diamond. Although the stability of some theoretically
proposed carbon allotropes has been disputed [272], many such structures have been observed experimentally
for decades. Among them are nanocones that can be viewed as graphene sheets rolled into conical surfaces with
closed apeces and open bases. Nanocones can form naturally in the carbon plasma and have long been studied
both experimentally [273] and theoretically [274—-276]. To form a cone with strain-free, seamless wrapping a
sector with an angle /3, where n is an integer between 1 and 5, must be cut from a graphene sheet. Therefore,
the cone angle can only assume discrete values & = 2 arcsin(1 — n/6), and n pentagonal disclinations are
needed to form a curved cone tip [277]. Deviations from these cone angles can occur due to the presence of linear
defects and have been observed, e.g., in cones that naturally occur on the surface of graphite aggregates
embedded in calcites [278]. The subclass of nanocones with five pentagonal disclinations, corresponding to the
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Figure 14. (a) Fragment of the graphene lattice (with points of the type O;, O, and O;), a,, a, are the basis vectors (see also
figure 10(a)). (b) Rotations around points O;, O, or O3, are possible in the graphene group symmetry (within the accuracy of a shift by
the vectors a, and a,). (c) Monolayer carbon funnel determined by the rotation with the center at the O, point by the angle .
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Figure 15. (a) Top view of funnel-like carbon-based molecule SnC3,NgH,¢ (i.e. SnPc). (b) Scheme of an electromechanical vibrator
based on a single SnPc molecule placed over multi-layer graphene substrate (as electrode) under a microscope probe (side view). The
vibrator is operated by applying an electric field between the probe and the substrate; eis the elementary charge, d is the intrinsic
electric dipole moment of the molecule.

smallest possible cone angle of 19.2°, are called nanohorns [279]. Nanocones and nanohorns have been
proposed for diverse applications ranging from drug delivery [280] to use as catalytic supports [281] and
protective caps for scanning tunneling microscope tips [282].
Related carbon allotropes that have not yet been observed experimentally are funnels with an open apex
[283]. Whereas factorization of the hexagonal lattice by a shift to the chiral vector C(n, m) = na; + ma, gives
the (n, m) nanotube [284], factorization by a rotation from the symmetry group of the lattice gives a conical
surface—a funnel. These structures should not be confused with hypothetical hybrid 1D/2D carbon
superarchitectures built from seamlessly joined graphene sheets with apertures and carbon nanotubes that may
also be referred to as ‘carbon nanofunnels’ and have been proposed as components of nanoscale sieves [285]. To
classify monolayer funnels it is sufficient to consider the conjugacy classes of the group of rotations and their
action on the lattice [75]. Only 8 funnel types defined by rotations around apexes O;, O,, and O; are possible
(figure 14). Graphene funnels could serve as concentrators of solar radiation in nonimaging optics [286] or find
applications in nanolithography [287]. Carbon funnels could also be functionalized with donors (e.g., hydrogen
atoms) at one edge and with acceptors (e.g., boron atoms) at the other edge. Such functionalization would give a
funnel an intrinsic dipole moment, enabling its use as an electrically controlled actuator (see, e.g., [288]). This
approach can be used for constructing graphene-based electronic and nanoelectromechanical devices, such as

cantilevers [289] that are promising for applications in chemical and biological sensors [290].

Single-molecule devices based on funnel-shaped organic molecules with a dipole moment, such as SnPc
(where Pc denotes the macrocyclic ring Cs,H; 6Nj, figure 15(a)), have already been envisaged. These devices
include a single-photon source [6] and an electromechanical generator [291]. In SnPc, electric charge from the
central metal atom transfers to the macrocyclic ring [292], creating a nonzero electric dipole moment
perpendicular to the macrocycle plane [293]. A change in the dipole moment when the macromolecule is turned
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Figure 16. (a) Model of carbon nanoscroll (CNS) considered as an Archimedean spiral determined by inner radius R;, and outer
radius R, with interlayer distance b = d; = 0.335 nm rolled from graphene sheet of width w and length L. (b) Calculated potential
energy per width of carbon single-layer nanoscrolls E/w as a function of the inner radius Ry, for nanoscrolls rolled from graphene

nanoribbons with the length L = 10 nmand 15 nm. Minima in curves at R, &~ 1 nm correspond to the stable states of the
nanoscrolls.
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inside out [294, 295] may lead to the emission of a photon. The energy barrier for turning an adsorbed SnPc
molecule inside out is about 2.5 eV [296, 297]. A terahertz electromechanical vibrator based on a single SnPc
molecule is analogous to vibrators based on a carbon nanotube bunch [263] or a double clamped graphene
nanoribbon [262] that use the electron field emission effect. In this device, the SnPc molecule (a source of field-
emitted electrons) could be placed on a multi-layer graphene substrate under a microscope probe (figure 15(b)).

Another class of structures closely related to graphene are carbon nanoscrolls (CNSs): defect-free 2D
graphene sheets rolled into 1D spirals (figure 16(a)). Such structures can be manufactured by rolling up
monolayer graphene on an inorganic substrate in solution [298]. High-quality CNSs have also recently be
obtained using polymer-assisted liquid exfoliation [299]. Some properties of these materials, such as high charge
carrier mobility, are similar to those of graphene and CNTs, whereas others are determined by their unique
topology that allows 77— interactions between parts of the graphene sheet that form different layers of the CNS
[300, 301]. The electronic structure of CNSs is determined by chirality, with higher densities of states at the
Fermilevel for metallic CNSs as compared to metallic SWCNTSs and smaller energy gaps for semiconducting
CNSs as compared to semiconducting SWCNT's [300, 301]. Because of their intercalated structure, CNSs have
been proposed for applications in hydrogen storage [302, 303], supercapacitors [304—306], and batteries
[304, 307]. Because the diameter of CNSs can be controlled by charge injection or intercalation, they can also be
used in nanomechanical devices.

Understanding the stability and the dynamics of rolling and unrolling graphene sheets is essential to the
development of CNS technology. The standard computational technique for such studies is atomistic molecular
dynamics [304, 308, 309]; coarse-grained approaches have also been employed [310]. For modeling the
operational characteristics of CNS-based nanoelectromechanical devices, atomistic modeling is of limited
utility, and macroscopic semianalytical and numerical modeling of the structural and energetic characteristics of
CNSs must be used [311]. This approach allows determining the geometrical dimensions of graphene
nanoribbons that can form stable and energetically favorable CNSs, calculating the barriers for rolling graphene
nanoribbons into CNSs and for unrolling CNSs into nanoribbons, as well as the CNS lifetime, as a function of
the nanoribbon dimensions. At room temperature, nanoscrolls with a layer overlap length of about 1nm are
found to be stable [311]; see also figure 16(b). It was calculated [312] that a square lattice of graphene/boron
nitride nanoscrolls positioned perpendicularly to the carbon nanotubes forms a new metamaterial with negative
refractive index (for light from near infrared to yellow).

The extremely high mobility of charge carriers in graphene-based materials predestined the popularity of
these materials in electronics, particularly for high-frequency devices [313-315]. Graphene field-effect
transistors can have operating frequencies in the teraherz range [316], and complete electronic circuits based on
graphene devices monolithically integrated into a silicon carbide wafer with operating frequencies ~10 GHz
have been manufactured [315]. Because graphene-based materials are flexible, biocompatible, and their
electronic properties are sensitive to deformation and the adsorption of foreign molecules, these materials are
popular in chemical and biological sensing applications [317—319]. A unique combination of electronic and
mechanical properties makes graphene particularly attractive for nanoelectromechanical applications, e.g.,
nanodynamometers [320, 321]. In such devices, the mobile upper layer is in mechanical and electrical contact
with two stationary lower graphene layers placed on two gold electrodes. An external force acting on the top
layers of bilayer graphene can cause a relative shift § x of this layer, leading to a change in the electrical
conductivity (registered by ammeter) between the layers. The interaction force between layers returns the top
layer of graphene to its initial position after removal of the external force (see, review on Van der Waals, Casimir,
and Lifshitz forces in [322]).
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Figure 17. (a) Telescopic electrical contact between graphene layers (passivated at the edges by hydrogen atoms) with a dielectric argon
spacer showing the negative differential resistance for tunneling current through the contact; adapted from [323]. (b) Fragment of
graphene layer; dg is the thickness of the graphene layer equal to the distance between atomic planes in graphite. (c) Band scheme

E(k,, k,) for 7 electrons in the vicinity of K points of Brillouin zone of graphene layers with positive (p) and negative (1) electric
potential +U/2; states occupied by electrons are hatched.
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Figure 18. Left: scheme of the nonvolatile memory cell based on bending of conducting multi-layer graphene membrane circularly
clamped in insulating barrier and positioned over conducting rod covered by graphene or graphite in ON state (left) and OFF state
(right); the probe tip is used for switching between the OFF and ON states or reading the memory cell state. Memory cell can operate
by applying a voltage of about 1 V for a membrane with diameter >250 nm, thickness of 3.4 nm (10 graphene layers), distance
between the membrane and the rod <2 nm and rod diameter of 50 nm. The cell can be erased by applying the electric potential of the
same polarity; adapted from [332]. Right: envisaged scheme of auto-oscillating system based on conducting 2D membrane and SnPc
funnel-shaped molecule positioned over conducting substrate. The vibrator is operated by applying stationary electric field.

A new type of graphene-based nanoelectronic device is a telescopic electrical contact between two flat
graphene layers with a dielectric (e.g., argon) spacer that functions as a tunneling diode (figure 17) [323]. A
negative differential resistance (similar to a semiconductor tunnel diode [324]) is found for such a device. This
behavior may originate from the interference of electronic wavefunctions in the bilayer region [325, 326] and/or
achange of filling of c-band subbands of one graphene layer by electrons and v-band subbands of the other
graphene layer by holes when an electrical bias is applied. The capacitance of the contact between the graphene
layers with the argon spacer has been calculated (taking into account the quantum contribution [327, 328]).

Graphene-based nanoelectromechanical systems can be used as memory cells, with a variety of device
architectures implemented or considered (see, e.g., figure 18). Switching between the conducting ON and non-
conducting OFF states of the memory cell commonly occurs as a result of a controlled relative displacement of
graphene layers [329, 330]. However, the possibility of relative sliding of the layers [331] limits the lifetime of the
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Figure 19. Left: nitrogen in C form (referred to as a ‘P1 center’ in ESR spectroscopy) substituting carbon atom in diamond crystal
matrix. Right: in-phase CW ESR spectra of P1 centers in a high-temperature high pressure treated synthetic diamond single crystal,
measured at room temperature in the dark for two levels of microwave power supplied to the H;, resonator: (1) 70 uW and (2)

70 mW. The magnetic induction vector B is perpendicular to the (1 0 0) plane; the shifts of the low-field (—) and high-field (+)
satellites relative to the central component are indicated; the amplification for shown signals are the same; adapted from [353].

ON and OFF states before spontaneous switching occurs. Nanoelectromechanical memory cells where
switching between the conducting ON and non-conducting OFF states occurs by bending a graphene
membrane under an applied electrostatic force could ensure much longer lifetimes of the ON and OFF states,
making such cells suitable for long-term information archiving (figure 18) [332]. The principles underlying the
operation of the memory cell (figure 18) and the molecular vibrator based on SnPc funnel-shaped molecule
(figure 15) can be used for construction of an auto-oscillating system of a new type. (Elements of engineering of
such solutions are discussed in [333, 334].)

5. Zero-dimensional (point) defects in diamond matrix

A unique combination of physico-chemical properties makes diamonds attractive both for fundamental
research and for technological applications [335]. The extraordinary thermal conductivity of diamonds in
conjunction with their wide band gap and low electron affinity makes them promising for applications in high-
power and high-temperature optoelectronic devices [336, 337]. Neutron irradiation leads to formation of sp
bonded regions [338, 339] and nanosized pores [340] in sp> diamond matrix. The migration energies for various
types of defects in diamond are considerably higher than for defects in silicon [341]. Therefore, diamond is an
excellent matrix for the formation of stable devices based on defects and disordered regions. Diamonds could
find applications in quantum computing: qubit prototypes have been built from nitrogen atom + carbon
vacancy complexes in the diamond crystal lattice [342—344]. Synthetic diamonds that are heavily doped with
boron can be used to study superconductivity at and above liquid helium temperature [345, 346] and can be used
as electrodes for detection of neurochemicals in the human brain at room temperature [347].

Nitrogen is the most common impurity in diamond and gives crystals a distinctive yellowish tint [348]. In
optical spectroscopy electrically neutral nitrogen atom substitution in the diamond lattice is referred to as
nitrogen in C form (figure 19). Its concentration can be deduced from infrared absorption spectra, where it is
responsible for a sharp peak at 1344 cm ™" and a broader feature at 1130 cm ™" [349]. This impurity is typical of
synthetic diamond single crystals produced under high-pressure and high-temperature [350], as well as of
polycrystalline CVD diamond grown in a hydrocarbon/nitrogen atmosphere that facilitates doping [351, 352].

Continuous wave electron spin resonance (CW ESR) spectroscopy is a powerful non-destructive technique
that provides a microwave ‘look’ through a magnetic ‘window’ on the point defects and dislocations with
uncompensated electron spin in crystalline matrices [354, 355]. Due to an uncompensated electron spin,
nitrogen in Cform is easily detectable by CW ESR spectroscopy, where it is referred to asa ‘P1 center’. The P1
center is a deep electron donor (ionization energy =#1.7 eV) [356]. Four valence electrons of the nitrogen atom
form N-Cbonds, and the fifth extra valence electron (uncompensated electron spin) is localized on any one of
the four N-C bonds (closer to the carbon atom) [357]. The signature of this impurity in CW ESR spectra is
shown in figure 19; satellites ‘+’ of the central line are caused by the interaction of an uncompensated electronic
spin with the nuclear magnetic moment of the "N atom [353]; scan rate 1 mT/min; microwave frequency
9.321 GHz; magnetic field modulation frequency 100 kHz; modulation amplitude 0.02 mT (for details of ESR
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Figure 20. Left: P1 center simulated by NC,, cluster passivated by 76 hydrogen atoms; N atom indicated as a dark ball in the center of
the cluster. Right: heat of formation H for NC,4Hjs cluster versus N-C bond length Ry between N atom and the nearest C atom in
[11 1] direction; adapted from [363]. The point symmetry groups T; and Cs, of P1 center are shown. (Thermal energy at room
temperature is approximately equal 26 meV. Electric dipole moment |d| = 1 D corresponds to 0.393ea, where eis the elementary
charge, a, is the Bohr radius.)

technique for carbon materials see also [358]). Increasing microwave electromagnetic radiation power leads to
an inversion of the signal from nitrogen atoms in synthetic diamond monocrystals [359, 360] and polycrystalline
diamond films [361] at room temperature. This inversion of the in-phase CW ESR signal is associated with the
bistability of the nitrogen atom (figure 19) coordination in diamond matrix. This phenomenon may be used to
monitor the structural perfection of diamonds, as the improvement of structural perfection leads to a decrease of
the microwave power at which the CW ESR signal is inverted. Noninverted satellites at +1.67 mT from the
central component (figure 19) are caused by A centers (pairs of exchange-coupled nitrogen atoms in the
neighbor sites of diamond lattice). Aggregation of nitrogen atoms in crystalline diamond can be controlled using
thermal annealing at 1800 °C in a hydrogen atmosphere [362].

The stationary states of nitrogen in C form (P1 center) have been calculated [363] using the method of
molecular orbitals (figure 20). A design of a maser that could operate at room temperature based on the
interaction of P1 center with microwaves and phonons has been proposed [361]. A room-temperature maser
based on the action of microwaves in conjunction with green laser illumination was implemented [364] on N-V
centers (nitrogen + vacancy of carbon atom) in diamond.

Diamonds with point defects of the crystal structure are promising for nanophotonic device applications
[365]. For instance, injection lasers can be developed using radiative transitions of electrons and/or holes on
single defects that have zero-phonon lines in the photoluminescence spectrum [366]. In a diamond p—i—n-diode,
the emission of single photons has been observed from single electrically neutral N-V centers in the i-region for
adirect bias at room temperature [367].

6. Outlook

Carbon-based low-dimensional systems and point defects in diamond have great potential for applications in
next-generation electronics, photonics, acoustics, and spintronics. However, realizing this potential requires
perfecting methods for the production, diagnostics, and theoretical analysis of such materials.

The electromagnetic, optical, acoustic, and thermal properties of three-dimensional crystals with length
scales greater than 100 nm are described by band theory [368, 369]. The physical properties of solitary atoms,
molecules, and atomic clusters with dimensions smaller than a few nanometers can be calculated using ab initio
quantum chemical methods. However, neither approach works adequately at length scales between about 1 and
100 nm. The utility of band theory for such low-dimensional systems is limited due to violation of translational
symmetry [370]. On the other hand, the computational cost of ab initio calculations quickly becomes
prohibitively high as size increases. Atomic and molecular theory also does not analyze how translational
symmetry determines the structure and properties of matter, viewing them as emergent directly from the
electronic structure of constituent atoms [371].

The rational design of low-dimensional carbon-based structures for applications in devices with length
scales of 0.1 ym to 1 nm requires a quantum theory of states and processes in such systems. This theory should
describe states and processes in the building blocks of the system (individual atoms, molecules, or clusters), as
well as account for the consequences of agglomeration of these blocks into low-dimensional structures.
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Today, the most promising research directions in the field of carbon-based nanostructured material science
and engineering include (see [372] and also [373-377]):

(1) Development of a quantum theory of ionization equilibrium and of hopping charge transfer in low-
dimensional systems for hydrogen and solar energetics. This advance will facilitate the creation of new
graphene-like materials for photovoltaic cells and of stable (‘non-poisoned’) electrodes for water photolysis.

(2) Further integration of magnetism into semiconductor micro- and nanoelectronics. Development of novel
approaches to engineering of magnetic carbon low-dimensional systems on silicon wafers will allow
extending their applications in spintronics.

(3) Development of methods for the formation of low-dimensional systems (such as fibers, scrolls, and
ribbons) for nanoscale device elements based on the interaction of compression plasma fluxes and intense
laser radiation with the surface of synthetic diamond crystals.

(4) Establishment of the relation between the mechanical strength of diamond and silicon carbide crystals and
the Fermi level position in the electron energy band diagram of the crystals. It is determined by the intrinsic
defects of crystal structure and the presence of impurity atoms with varying electrical and magnetic activity.
The solution to this problem is critical for simulating the degradation of these materials in power electronics
and optics.

Future research on carbon-based nanostructures must emphasize exploring the interrelation between their
electronic, magnetic, optical, thermal, chemical, and mechanical properties. It is important to keep in mind that
modification of one material property (e.g., optimization of mechanical strength) often affects other properties
(e.g., electrical conductivity). Novel nanoscale devices, including many of those described in this paper, are
frequently enabled by a synergy of these diverse material properties. The vast landscape of carbon allotropes and
carbon-based nanomaterials allows finding combinations of material properties that are needed for a very wide
range of applications. This approach opens the door both to nanoscale analogues of existing devices and to
fundamentally new technology.
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