
Abstract. One of the current priorities in the physics and
chemistry of graphene is the study of its semiconducting deri-
vatives. This review summarizes the state of the art in this area
of research. The structure and electronic properties of materials
as such graphene ribbons, partially hydrogenated and fluori-
nated graphene, graphane, fluorographene, and diamane are
discussed in detail.

1. Introduction

The various allotropic forms of carbon have always attracted
special attention of the scientific community. Graphite and
diamond, which are known from the earliest times, are widely
used in daily life, and organic molecules, in which carbon
atoms play the primary role, are the basis for all living things
on our planet. The great variety of crystalline and molecular
carbon-based structures, which manifest very different prop-
erties, is mainly related to the specific structure of the
electronic shells of carbon, which allows compounds with
various coordinations to form.

Since 1985, reports on new carbon-based structures
were appearing regularly; the discovery of each of them
invariably provokes an explosion of interest. A start to these
investigations was made by the discovery of fullerenes [1],
which had been predicted theoretically by various groups
of authors [2, 3]. In 1991, Iijima [4] obtained images and
for the first time identified structures of carbon nanotubes
(CNTs), showing that the carbon in them forms a contin-
uous hexagonal network similar to a wrapped graphite
sheet. Almost simultaneously and somewhat later, films
[5±9] and powders [10±11] of CNTs were obtained in
macroscopic quantities. We also note that nanotubes were
observed experimentally [12±17] and described theoretically
in earlier works [18, 19]. It probably can be said without
exaggeration that precisely from these discoveries did a
new avenue in modern scienceÐnanotechnologyÐorigi-
nate.

Although graphite, which is one of the allotropic forms
of carbon (having a structure of molecularly bound layers,
with a hexagonal lattice of each layer consisting of sp2

hybridized carbon atoms) is well known in the world, it was
only in 1970±1980 that several research groups had success
in obtaining a single graphite layer on pure surfaces of
metallic crystals. A graphite monolayer was first success-
fully synthesized on the surface of nickel by scientists in
Blakely's research group [20±23]; later, such a monolayer
was grown on crystals of lanthanum hexaboride [24],
platinum [25], iridium and rhenium (in Tontegode's group
[26±29]), and titanium carbide [30], and, in 2003, on the
surface of silicon carbide [31]. In 1961, Boem et al. [32]
reported the preparation of an isolated graphite layer as an
intermediate phase in synthesizing graphene oxide. However,
only the work of the group of Geim and Novoselov (Russia±
Great Britain) became truly revolutionary, in which a
graphite monolayerÐa graphene sheetÐwas obtained in a
free-standing state (Fig. 1) [33±35]. In 2010, Andrei Geim and
KonstantinNovoselov were awarded aNobel Prize in physics
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for the discovery and investigation of the extraordinary
properties of graphene.1

Graphene can be regarded as the base for the preparation
of any graphite-like materials because it can be `wrapped'
into a molecule of fullerene or into a carbon nanotube, and
the graphite crystal in fact consists of graphene sheets
(Fig. 1a). We note that the situation with the investigations
of graphene is unique in that its theoretical study started
already in the middle of the 20th century [37±39], because
graphene frequently served as a model in the investigations of
graphite-like materials, with the interlayer interaction in
graphite ignored.

The term `graphene' was introduced by the International
Union of Pure and Applied Chemistry (IUPAC) in 1994 [40],
i.e., significantly earlier than 2004 (when graphene was
obtained [33±35]) in view of the necessity of describing
structures consisting of isolated graphite layers; however, the
possibility of the existence of isolated extended two-dimen-
sional carbon layers was out of the question at that time, in
particular, because it was then commonly accepted that such
purely two-dimensional objects should be unstable [41].

Graphene has a number of interesting properties (these are
described in much detail in reviews [42±53]) which allow
considering it a potential material for nanoelectronics.
However, its fundamental featureÐ its half-metallic conduc-
tivityÐ restricts its application directly in semiconducting
electronics devices. One of the main problems of the modern
physics of this material is the creation of a dielectric gap in its
electronic spectrum.For this, a number of various approaches
have been developed, such as functionalization, the introduc-
tion of defects into the graphene structure, and the cutting of
isolated ribbons from graphene.

In this review, we try to systematize the vast body of
available data on graphene-based structures having semicon-
ducting properties, which can be caused by quite various
factors, such as defects in their structure, unusual types of
bonding between the atoms, or surface and quantum size
effects.

2. Methods of graphene preparation

The methods of graphene preparation have been described in
detail in Refs [50±55], and in this review we therefore discuss
only some pioneering and fundamental results. In the work
from which the `graphene rush' began [33, 34], isolated
graphene sheets were obtained by the method of so-called
micromechanical cleavage or the scotch-tape technique: an
adhesive tape was glued on two sides to a crystal of highly
oriented graphite and was then torn off, leaving microscopic
pieces of graphite on it. Then a new piece of tape was glued to
these pieces and the tearing-off procedure was repeated (see
the movie in [56]). After several repetitions, atomic graphite
layersÐgrapheneÐcould be revealed. This process can
easily be understood from the physical standpoint, because
graphite represents a stack of graphene sheets attached to one
another by van der Waals bonds. Upon being torn off, these
bonds become broken, and the material cleaves.

Generally speaking, this simple but efficient scotch-tape
technique can be applied not only to graphite but also to other
layered materials [33]. The use of this technique allows
obtaining monolayers up to 100 mm in size. A similar
approach was also used by other research groups [57±61],
but they obtained only samples with thicknesses from 20 to
100 graphite layers. The problem is that the graphene
structures remaining in the substrate are formed only rarely
and are usually hidden between multilayer graphite crystals,
and even the application of the whole arsenal of modern
methods of investigation by no means always guarantees the
detection of graphene monolayers.

An important factor that ensured the success proved to be
one specific feature of graphene: it becomes visible in an
optical microscope when placed onto a substrate of silicon
dioxide of a certain exact definite thickness, which creates an
interference effect that permits reliably distinguishing
between the substrate and the overlying monolayer struc-
ture. A deviation in the substrate thickness by only 5% (315
m instead of 300 nm) makes the graphene on such a substrate
completely invisible [62]. However, the use of various narrow-
band filters allows obtaining clear images of graphene on
substrates of different thicknesses [63].

a b

Figure 1. (a) Graphene as the basis for graphite-like materials: fullerene, nanotubes, and graphite [62]; and (b) a photo of graphene [36].

1 A translation of theNobel lectures intoRussian can be found in [49, 276].
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One more efficient method for the detection of graphene
samples is Raman scattering. The spectra of monolayer and
multilayer graphene sheets were analyzed in a number of
studies [64±66]. It has been established that the number of
layers in the structure can be uniquely determined from the
shape and intensity of the peaks. InRef. [66±69], based on the
information on the positions and intensity of peaks in the
spectra, an image of graphene was constructed. The method
of Raman scattering also allows identifying the type of the
edges of graphene samples [66, 70], which is especially
important for the determination of the type of graphene
ribbons (see Section 3.1).

Earlier attempts to prepare graphene were based on the
methods of chemical exfoliation. Graphite was subjected to
intercalation by some species to increase the spacing between
neighboring sheets [71]. However, the introduction of large-
size molecules in some cases led to a structure in which
separate graphite sheets were introduced into a three-
dimensional matrix.

The intercalation of graphite can be used as a method of
obtaining graphene [72±74], but this way is of limited interest
because of its uncontrollable character.

Monolayers and bilayers of graphene can be grown
epitaxially using the method of chemical vapor deposition
from hydrocarbons on a metal surface. A two-dimensional
graphite film can be formed on the surface of crystal faces of
somemetals and compounds, e.g., TaC [75], Pt [25],Ni [20±23,
76, 77], Re [27, 28], Ir [226, 228], LaB6 [24], TiC [30], Au [79],
Cu [80±85], Ru [86±88], Co [89, 90], Rh [91, 92], Fe [93], Pd
[89], and Re [27, 78]. We make a special note of Ref. [85], in
which the authors reported on the preparation of a 30-inch
graphene film. The technology of the production of the
material is as follows: graphene is grown on copper foil sheets
by the method of chemical vapor deposition and is then rolled
on a polymer. Copper is removed by etching, after which
graphene is applied onto a required substrate by passing it
between rolls with simultaneous heating (� 90ÿ120 �C). The
structure obtained consists predominantly of monolayer
graphene with two-layer and multilayer islands. The material
has characteristics (90% optical transmittance, sheet resis-
tance up to 30 O per unit area) that exceed those of the known
analogs (such as films of indium tin oxide or carbon
nanotubes), which makes them promising for applications in
modern electronics. In [85], the authors also successfully used
the thus-obtained graphene film as the base for a touch-screen
panel.

Any organic material can in fact be used as the source of
carbon. The researchers of Tour's group [84] reported the
preparation of high-quality graphene on a copper substrate
from food, waste, and even insects. The Raman scattering
spectra taken from such a film show a moderate D peak,
which indicates a high quality of the graphene structure.

Pioneering study [34] on graphene led to an explosive
development of two-dimensional nanostructures of other
chemical compositions. Two-dimensional structures of com-
pounds such as NbSe2, Bi2Sr2CaCu2Ox, MoS2 [34], BN [34,
94±97], Bi2Te3 [98], MoS2 [99, 100], ZnO [101, 102], Cu2O
[103], SiC [104], silicon covered by an oxygen layer containing
magnesium (with the total structure formula Si7:0Mg1:3O7:5)
[105], and quartz glass SiO2 [106] have been obtained by
various methods experimentally, whereas structures on the
basis of boron [107], germanium [108±111], CN, SiN [111],
GaN [112], NbSe2 [108], and SiO2 [113] have been suggested
and studied theoretically.

3. Graphene ribbons

Estimates show that a graphene nanoribbon (GNR), just like
a monolayer CNT, due to the quantum size effect arising
because of its nanosize width, can have an energy gap whose
width is sufficient for the use of GNRs in electronics. Long
before the experimental preparation of GNRs, Wakabayashi
et al. [114, 115] and Nakada et al. [116] studied the electronic
structure and magnetic properties of graphene nanoribbons
in detail. A theoretical analysis of these properties was carried
out, along with an intense study of CNTs; as a result,
naturally, both similarities and differences in the character-
istics of these objects were established.

3.1 Classification
Some similarity between carbon nanotubes and graphene
ribbons is emphasized by analogies in their classification
[116]. We recall that the structure of nanotubes is described
by two integer numbers (n, m) indicating the coordinates of
the hexagon that, as a result of wrapping the graphene plane,
must coincide with the hexagon located at the origin.
Monolayer CNTs are divided into subtypes of the `arm-
chair' type (n, n), `zigzag' type (n, 0), and chiral (n, m), where
n > m. The structures of the nanotubes corresponding to the
armchair and zigzag configurations are shown in Fig. 2a.

Graphene ribbons are also divided into `armchair' and
`zigzag' subtypes, but they are assigned to a particular type
depending on the shape of their edges rather than their
sections, in contrast to CNTs. The most common types of
nanoribbonsÐzigzag (ZGNRs) and armchair (AGNRs)Ð
are shown in Figs 3b and 3c. These have only one index, which
is proportional to the ribbon width. In the case of a zigzag
ribbon, the index is equal to the number of atoms, and in the
case of an armchair ribbon, it is the number of dimers C2 that
are located in the cross section of the ribbon.

The expression for the ribbon width is [114]

W �

�
3

2
Nÿ 1

�
a �Wz ;���

3
p

2
�Nÿ 1� a �Wa ;

8>>><>>>: �1�

where Wz and Wa are the widths of the zigzag and armchair
ribbons, a is the length of the carbon±carbon bond in
graphene (1.42 A

�
), and N is the index of the ribbon.

We note that ribbons with edges passivated by hydrogen
atoms are usually studied. In this case, in spite of an increase
in the ribbon width, the classification remains the same: only
the number of carbon atoms in the ribbon cross section is
determined. Because the atoms that are located at the edges of
the ribbon have uncompensated electrons, which tend to
become bound with the atoms of the surroundings, the
passivation leads to only a slight change in the electronic
properties of the nanoribbons (see Section 3.3).

3.2 Methods of preparation
After the preparation of graphene, interest naturally arose in
the study of graphene ribbons. There are grounds to believe
that precisely the ribbon structures will be the base for the
nanoelectronic circuits in the future, i.e., will play the role of
nanodiodes and nanotransistors in them, as well as of the
elements of spintronics. We note that the semiconducting
properties of GNRsmanifest themselves only until the ribbon
width is less than� 20 nm and that the energy gap of ribbons
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decreases proportionally to their width (see Section 3.3). This
is the main obstacle in the investigations and applications of
GNRs.

As the main method of obtaining GNRs, electron
lithography is most efficient, in which the graphene can be
cut into isolated parts by an electron beam. This method was
used in Avouris's [117] and Kim's [118] research groups;
graphene coated with hydrogen silsesquioxane was exposed
to oxygen plasma to remove graphene parts uncovered with
the coating. As a result, ribbons 10 ± 100 nmwide and 1±2 mm
long were obtained. The advantage of this method is in the
possibility of controlling the ribbon width; its disadvantage is
in the complexity of controlling the shape of ribbon edges,
which substantially determine the electronic properties of the
ribbons. Apart from electron lithography, the method of
scanning tunneling microscopy (STM) at a high voltage can
be used [119]. This method (with a voltage of 2.4 V between
the STM tip and the graphene) has allowed preparing
armchair-type ribbons of a minimum width (3.5 nm) with a
defect-free structure.

Onemore possibility of obtaining graphene ribbons by the
method of nanolithography was described in [120, 121].
Graphene coated with a film with holes arranged in a
hexagonal order was exposed to oxygen plasma; as a result,
a hexagonal network of graphene ribbons with more than
7 nm in width was formed.

It is reasonable to use another promising nanomaterialÐ
nanowiresÐas a base for growing GNRs because the
nanometer transverse size of these objects should determine
the width of the graphene ribbons. In [122], silicon nanowires
were used to protect graphene from the action of oxygen
plasma. This method allowed obtaining GNRs with widths
starting at 6 nm.

For the production of graphene ribbons, the method of
electrostatic transfer can also be used [123]. This method is
based on the fact that on the surface of well-cleaned, highly
oriented graphite, there are always pieces of graphene
consisting of several atomic layers. They can be relatively
easily separated from the graphite surface using the electro-
static field of the tip of a scanning tunneling microscope.
Varying the applied voltage, nanographenes consisting of
different numbers of atomic layers can be taken off. Using
this method, ribbons measuring 50 nm in width and more
than 500 nm in length have been obtained. But the width and
shape of the ribbons obtained, which are important for
specifying their definite electronic properties, are difficult to
control. Therefore, the ribbons should additionally be treated
by an electron beam.

One of the most important problems in modern nano-
technology is the development of a method that would allow

Armchair (6, 6) Zigzag (12, 0) a

b12-AGNR 12-ZGNR

c
0 2 A

�

1 nm

Figure 2. Comparison of the notation for monolayer nanotubes and

ribbons: (a) on the left, an armchair CNT with indices (6, 6); on the

right, a zigzag CNT with indices (12, 0); (b) on the left, an armchair

graphene nanoribbon with the index 12 (12-AGRN); on the right, a

zigzag-type ribbon, index 12 (12-ZGNR). The arrows indicate the periodic

direction of the structures. (c) Images of graphene ribbons obtained

experimentally [146] using high-resolution scanning tunneling micro-

scopy.

200 nm

<10 nm *10 nm
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M+³graphene+2H2!M+CH4
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a b c
CH4

Figure 3. Schematic of (a) the process of etching and (b) the result of etching of graphene with metallic nanoparticles; (c) image of graphene after etching

(atomic force microscopy [126]).
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fabricating ribbons with transverse sizes of the order of a few
nanometers with smooth edges. The method developed in
Dai's group [124] satisfies at least the first of the above-
mentioned requirements: the ribbons were less than 10 nm
wide.The experiment consistedof several stages: first, graphite
was delaminated upon fast (60 s) heating to 1000 �C in a gas
atmosphere consisting of 3% hydrogen in argon. Then the
obtained species was dispersed in a solution of 1,2-diclor-
oethane with poly(m-phenylenevinylene-co-2,5-diotoxy-p-
phenylenevinylene) (PmPV) under the effect of ultrasound
(30 min) to obtain a homogeneous suspension. The larger
particles were removed by centrifugation; among the remain-
ing particles, graphene ribbons with a width from 1 to 10 nm
were revealed using atomic force microscopy.

In Refs [125±1227], a method of etching graphene was
developed using metal nanoclusters (Ni [125, 1226], Fe [127]),
which was used as a chemical analog of scissors for cutting
graphene in strictly defined directions specified by the crystal-
lography of the sheet. The `cutting' of graphene can be
described by the reaction

M� Cgraphene � 2H2 !M� CH4 ;

where M � Fe, Ni, and Cgraphene are the carbon atoms of
graphene (Fig. 3a). At a high temperature (� 1000 �C), metal
clusters � 10 nm in size diffuse through the graphene,
`cutting' it. In this way, ribbons with a width of less than
50 nm and a length of about 1 mmwere obtained (Fig. 3b). An
image of graphene after etching is shown in Fig. 3c. An
especially interesting feature is the selectivity of the directions
of graphene etching; it turned out that the metal particles etch
the graphene at angles of 60� and 120�, corresponding to the
symmetry of the unit cell of graphene. We note that in the
etching ofmultilayer graphene or graphite [126], the spread of
the etching angles increases; the angles equal to 30�, 60�, 90�,
120�, and 150� appear. A theoretical analysis [125] has shown
that because the energies required to remove one carbon atom
from the edges of zigzag and armchair configurations differ
substantially (1.852 and 0.518 eV, respectively), only zigzag
ribbons should be obtained as a result of etching. This
assumption was confirmed experimentally in [126, 128].

The process of etching can also occur in the absence of
metal clusters. In [129], Wang and Dai have studied a method
for etching graphene by oxidation of its edges. As the initial
material, they usedwide ribbons (20±30 nmwide) obtained by
the method of electron lithography. This technique allows
preparing ribbons less than 10 nmwide; in addition, branched
graphene ribbonsÐanalogs of multiterminal carbon nano-
tubesÐcan thus be obtained.

Nemes-Incze et al. [130] used a two-stage technique of
graphene etching. At the first stage, graphenewas placed in an
oxygen±nitrogen atmosphere at 500 �C, which led to the
appearance of oval holes in the graphene structure. Then the
obtained defect structure was exposed to an argon flow at
700 �C.Under the effect of the activemedium, the holes began
expanding such that the armchair edges were etched faster
than the zigzag edges (in full agreement with the theoretical
estimates [125]), acquiring a hexagonal symmetry as a result.
This technique allowed obtaining ribbons with a width of
more than 35 nm.

Yang et al. [131] used a similar principle, but graphenewas
placed in hydrogen plasma at 500 �C. This procedure led to
the appearance of holes of hexagonal shape, as in [130]. Then,
using electron lithography and oxygen plasma at room

temperature, graphene ribbons about 120 nm wide were
obtained. The subsequent treatment in hydrogen plasma
was used to narrow the ribbons even more, such that their
width became less than 20 nm. The method of local
electrooxidation with the help of atomic force microscopy
was used in [132], which allowed obtaining graphene ribbons
� 25 nm wide.

Apart from graphene, nanotubes are a potentially suitable
base for the production ofGNRs. The cutting (`unzipping') of
nanotubes should permit obtaining ribbons of high quality
and long length. The process of etching CNTs with clusters of
nickel and cobalt deposited on their surface [133] occurs at
850 �C in a weak flow of H2 ±Ar; as a result, nanotubes
completely or partly cut along the axis can be obtained. Large
metal clusters (� 40 nm) can cut deep grooves in the tube
structure, opening multilayer CNTs [133]. We note that the
partly cut nanotubes also represent independent interesting
objects, in which, according to theoretical predictions, a
significant magnetoresistance can be observed [134]. In
addition, these structures can be regarded as CNT±GNR±
CNT superlattices (see Section 5.3).

Graphene ribbons can be obtained from nanotubes not
only by using catalysts. From multilayer carbon nanotubes
(MCNTs), stacks of graphene ribbons can be obtained by
heating in a vacuum to 1800 �C [135]. A similar transforma-
tion was achieved in [136] by annealing an MCNT sample at
high pressure (5.5 GPa), and in [137] by intercalating an
MCNT sample by lithium in liquid ammonia with subsequent
exfoliation (at a temperature of 1000 K).

In Tour's group, a method was used in which the nano-
tubes were cut along the axis by oxidation with potassium
permanganate in the presence of concentrated sulfuric acid
[138]. The efficiency of this methodwas found to be very high;
the yield of ribbonswas almost 100%, but their quality turned
out to be low. In another work by the same group [139], the
nanotubes were oxidized at 60 �C in the presence of a mixture
of a compound and an acid (H2SO4 ±KMnO4, C2HF3O2, or
H3PO4). The ribbons obtained demonstrated excellent char-
acteristics (high quality of the atomic structure and good
conductivity). In the same research group, a method was
developed for obtaining GNRs under the action of potassium
vapors [140].

Talyzin et al. [141] have demonstrated that graphene
sheets can be produced by hydrogenating carbon nanotubes.
It has been shown that the action of hydrogen at 400±550 �C
can lead to the unzipping of a CNT and the formation of
graphene ribbons with hydrogen atoms attached to their
edges. In Dai's research group [142], another method was
used; carbon nanotubes placed in a solution of 1,2-dichlor-
oethane with PmPV polymer were exposed to oxygen, which,
reacting with defects in the CNT, produced holes in its
surface. The subsequent action of ultrasound increased the
holes and broke the structure into very narrow graphene
ribbons (� 1 nm wide) with highly smooth edges [143].

The same research group developed a physicochemical
method for obtaining GNRs from MCNTs [144, 145], when
the part opened along the nanotube, which was in a
polymethylmethacrylate film, was cut out using argon
plasma. Depending on the time of etching, a monolayer or
multilayer graphene ribbon is obtained.

An interesting method was suggested in Ref. [146], where
ultranarrow graphene armchair ribbons (7-AGNR) were
produced by coupling 10,100-dibromo-9,90-bianthryl mono-
mers. At the first stage, dehalogenation of the molecules was
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performed, after which they were connected into a linear
polymer chain, which after cyclodehydrogenation were
transformed into an ultranarrow graphene ribbon with ideal
armchair edges (Fig. 2a).

Chuvilin et al. [147] obtained ultranarrow graphene
ribbons, but already with zigzag edges (4-ZGNR) inside
`pods' consisting of carbon nanotubes with fullerenes inside
them, with attached organic groups and sulfur atoms. The
action of an electron beam or high temperature transforms
the fullerenes into graphene ribbons. The edges of the
GNRs obtained were passivated by sulfur; precisely the
presence of sulfur, in the opinion of the authors, plays the
key role in the success of the synthesis of the material,
because it makes the ribbons energetically more favorable
structures than the initial material. The same authors have
obtained graphene ribbons from tetrathiafulvalene (C6H4S4)
placed inside a carbon nanotube. The complexity of the
application of this technique is in the difficulty of the
subsequent extraction of the GNRs from the nanotubes.
Talyzin et al. [148] used a similar method in which coronen
and perylene were used as the source of carbon. As a result
of heating, these molecules were transformed into GNRs
0.7 nm wide.

As was noted by the authors of [149], the thinnest possible
graphene ribbonsÐwith a width of only one benzene ring,
i.e., hexaphenyl (armchair ribbon) [150] and hexacene (zigzag
ribbon) [151]Ðwere obtained and studied 50 years ago. In
Ref. [152], bundles of one-dimensional graphite polymers
whose structure is similar to that of graphene ribbons were
studied experimentally.

3.3 Electronic and conducting properties
To describe the electronic properties of graphene ribbons, it is
most suitable to use the tight-binding approximation for the p
electron system [115, 116]. This model describes the main
features of electronic characteristics of fullerenes, carbon
nanotubes, and other structures based on graphene.

The Hamiltonian of this model is written as [153]

H �
X
hi; ji

ti jc
�
i cj ; �2�

where c�i is the operator of electron creation in a state i, cj is
the operator of electron annihilation in a state j, and ti j is
the overlap integral (equal to � 3:0 eV for graphene). The
summation is performed over nearest neighbors.

We consider the energy band structure of p electrons of
graphene [37]. To diagonalize the Hamiltonian, we use a basis
constructed from a two-component spinor c�k � �c�Ak; c�Bk�
with a Fourier transform (c�i2A; c

�
i2B). Let a1, a2, and a3 be the

vectors of displacements from a state A to the states of three
nearest neighbors B defined such that the product ẑ�a1a2� is
positive (Fig. 4a) (here, ẑ is the vector that is perpendicular to
the graphite-sheet plane). Hamiltonian (2) can then be written
as

H �
X
k

c�k Hkck ; �3�

where

Hk � ÿt
X3
i�1

ÿ
cos �kai� ŝx � sin �kai� ŝy

�

and r̂ � �ŝx; ŝy; ŝz� are the Pauli matrices. The energy
spectrum of such a Hamiltonian is

E�k � �t
����X3
i�1

exp �ikai�
���� :

Because one carbon atom has one p electron on average, only
the Eÿk band is completely filled (i.e., it is the valence band),
and the E�k band is the conduction band.

Figure 4b demonstrates the dispersion of energy states of
the p bands in the first Brillouin zone (BZ); Fig. 4c shows the
density of electron states calculated using this method.

Near the center of the Brillouin zone (the G point), the
energies of holes in the valence band and of electrons in the
conduction band have quadratic dependences on kx and ky.
The M point is a saddle point; the density of electron states
diverges logarithmically at this point. Near the K point, the
energy depends on the wave vector linearly,

E�k �
�3tajkj

2
; a � jaij �i � 1; 2; 3� ; �4�

just as the density of electron states does.
The graphene surface that is `cut' into separate strips

along the armchair or zigzag direction represents a set of
GNRs of different types whose energy band structures can be
obtained using the above-described formalism. In this case,
we assume that the spectrum of GNRs is determined as the
lines of intersection of the surface E�kx; ky� by the planes of
the allowed values of the wave vector Q perpendicular to the
ribbon; Q � 2pn=W (n � 1; . . .) for standing vibrations
across the ribbon width W, i.e., the period of the graphene
superlattice formed of like ribbons. The energy band
structures of armchair and zigzag ribbons of different widths
calculated by this method are given in Fig. 5.

We consider the specific features of the electronic
spectrum of ribbons of both types. In the case of armchair
GNRs, the bottom of the conduction band and the top of the
valence band are in the center of the Brillouin zone (k � 0).
The conductivity of these ribbons can be different depending
on their index; it can be either semiconducting (N � 3m,
N � 3m� 1, Figs 5a, 5c) or semimetallic (N � 3m� 2,
Fig. 5b).

This can easily be understood from the pattern of the
energy-band structure of graphene E�k� (Fig. 4b), which has
only two equivalent points of intersection of the cones of the
valence band and the conduction band in the Brillouin zone
(K and K 0) [154]. If the allowed value of the wave vector Q
determined by the width and, consequently, by the index of

D�E�

E=t

ÿ3
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Figure 4. (a) Single layer of a graphite structure (graphene). Black dots,

atoms of sublattice A; white dots, atoms of sublattice B. (b) Energy band

structure for p electrons, E�kx; ky�, and the first Brillouin zone with the

characteristic points (G, K, M). (c) Density of electron states D�E� of
graphene [153].
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the GNR, coincides with the K or K 0 point, then an
intersection of the valence band and conduction band also
exists in the band structure of the graphene ribbon, and the
GNR therefore manifests semimetallic properties; in the
other case (where Q does not coincide with the K or K 0

points), it has semiconducting properties.
The zigzag ribbons have an energy band structure

different from that of the armchair ribbons (Figs 5d±5f). It
follows that the bottom of the conduction band and the top of
the valence band of the two branches of eigenvalues E�k� are
always twofold degenerate at k � p. As the width of the
ribbons increases, their curvature and the region of degen-
eracy increase in the range 2p=34 jkj4 p. The electronic
states of these branches at the Fermi level are characterized by
localized states near the zigzag edge of the ribbon [115, 116].
We also note that the first report on the specific features of the
electronic structure of a zigzag ribbon appeared in Ref. [155],
where, using quantum mechanical calculations, Kobayashi
analyzed the density of electron states of the edge of graphite
that was simulated by a stack of zigzag graphene ribbons.

A significant effect of the ribbon edge on the electronic
structure of graphene was demonstrated in recent experi-
mental work [156]. The authors of [156] used scanning
transmission electron microscopy and an analysis of the fine
structure of spectra of absorption of electrons by separate

atoms to study the electronic properties of the graphene edge
and, among other things, demonstrated the existence of a
transition region � 1:5 nm wide that is subject to the
influence of edge effects.

We next consider the behavior of the energy gap at the G
point in the case of armchair ribbons. The Hamiltonian of an
armchair ribbon can be written as

H � ÿt
XN
j�1

 X2
m�1
�a�j; maj�1; m � c:c:� � a�j; 1aj; 2 � c:c:

!
: �5�

The states with subscripts ( j, 1) and ( j, 2) correspond to the
states jA�B� and jB�A�, where j is an even (odd) number, and
c.c. is the complex conjugate. The eigenvalues are equal to

e� � ÿ2t cos
�

np
N� 1

�
� t ; n � 1; 2; . . . ;N ;

and the corresponding eigenfunctions are

Cjm � ��1� m�1B sin

�
njp

N� 1

�
;

where Cjm is the wave function of the state ( j, m) and B is a
normalization factor. The system is `metallic' if N � 3m� 2,
because e� and eÿ are respectively equal to zero at n � m� 1
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Figure 5.Atomic structure, the energy band structureE�k�, and the density of statesD�E � of armchair ribbons [(a) 4-AGNR; (b) 5-AGNR; (c) 30-AGNR]
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and n � 2m� 2. Therefore, the width EN
g of the bandgap of

an armchair ribbon with an index N can be written as

EN
g �

2

�
2t cos

�
m

3m� 1
p
�
ÿ t

�
; N � 3m ;

2

�
2t cos

�
m� 1

3m� 2
p
�
ÿ t

�
; N � 3m� 1 ;

0 ; N � 3m� 2 :

8>>>>><>>>>>:
�6�

Expressing the number N as a function of the ribbon
width [Eqn (1)] and expanding in a Taylor series under the
condition that 1=Wa 5 1, we obtain the following EN

g �Wa�
dependence:

EN
g � t

p

Wa �
���
3
p

=2
; N � 3m ;

p
Wa

; N � 3m� 1 ;

0 ; N � 3m� 2 :

8>>>><>>>>: �7�

Here, the quantity Wa is given in units of the lattice
parameter a. Hence, the bandgap width of armchair ribbons
is inversely proportional to the ribbon width (Fig. 6).

Early calculations of the electronic properties of graphene
ribbons performed in the tight-binding approximation
qualitatively predicted the behavior of the bandgaps of
graphene-based nanotubes and nanoribbons. Using this
method, the authors of the pioneering work [157, 158] also
predicted the dependence of the bandgap of carbon nano-
tubes on the mode of their folding, which was later confirmed
experimentally. The same mathematical tool was used in
Refs [115, 116] for the development of the theory of graphene
ribbons, which is described in this section. However, the tight-
binding approximation does not take the geometrical features
of real structures into account, which sometimes noticeably
change the electronic properties of the systems (for example,
it was revealed experimentally that carbon nanotubes of a
small diameter, whose semimetallic band structure was
predicted using this method, exhibit semiconducting proper-
ties because of the deformation of their atomic geometry due
to large curvature [159]).

According to the predictions of the tight-binding method
[116], zigzag ribbons should reveal metallic properties; each
third armchair ribbon should also be metallic, with a zero gap

in the electronic spectrum. In the work by the research groups
of Cohen [160] and Scuseria [161], it was shown that this
statement does not correspond to reality. The results of first-
principle calculations performed using the density-functional
theory (DFT-LDA [160], DFT-PBE and DFT-HSE [161],
DFT-GW [162]) have shown that ribbons with the indices
3m� 2 are also semiconductors, although with a significantly
narrower bandgap (less than 0.5 eV [160, 161]) than in the case
of ribbons with other indices.

In the case of zigzag ribbons, the analytic results have been
corrected by more exactly taking the boundary conditions
into account. In Refs [160, 163], the analysis of zigzag
graphene ribbons has shown that such ribbons should also
exhibit semiconducting properties but with a narrower
bandgap (less than 0.4 eV [160]). This conclusion was
obtained taking the spin component of the zigzag GNR
electrons into account. It has been found that the ground
state of a zigzag GNR is antiferromagnetic [160, 164, 165]
when the spin-up and spin-down states belong to the atoms of
different sublattices of the graphene.

This effect leads to the loss of the mirror symmetry of the
ribbon relative to its symmetry plane and to the appearance of
a bandgap [160]. Therefore, this structure can be considered a
spin analog of the lattice of h-BN, in which the bandgap is
formed because of the difference between the ionic potentials
of boron and nitrogen located in different sublattices of the
compound [166]. In a later study [167], it was suggested that a
zigzag ribbon can be transformed from a semiconducting into
a semimetallic state by the application of a transverse electric
field whose magnitude depends on the ribbon width; in
particular, Ecr � 0:045 V A

� ÿ1 for 32-ZGNR and 0.1 VA
� ÿ1

for 16-ZGNR. Later, this magnitude was corrected in [168] in
DFT-B3LYP calculations, where it was shown that the
critical value of the field should be approximately two times
greater, because the DFT-LDA approximation systemati-
cally underestimates the bandgap of graphene ribbons.

The results presented, just as the results in Refs [169, 170],
where nonzero bandgaps were predicted in ribbons of finite
length, permit stating that zigzag and armchair graphene
ribbons should reveal only semiconducting properties, at least
in the absence of extremely high external electric fields.

Ribbons with mixed-type edges, according to the predic-
tions in [161], should exhibit a more complex behavior,
depending on the width and shape of the edges (Fig. 7). It
follows that mixed ribbons can already reveal metallic
properties at a width of more than 1 nm.

It is of interest to compare the above predictions with
available experimental results; the widths of the bandgaps for
ribbons of different widths and different types of edges were
estimated, e.g., in [117±120, 124, 171]. In [120], ribbons
� 4 nm wide with a bandgap equal to 0.4 V were obtained;
in [119], for ribbons with widths � 2:5 and � 10 nm, the
respective Eg values 0.5 and 0.18 eV were obtained. The
authors of [171] have shown, using tunneling microscopy,
that GNRs with a larger fraction of zigzag edges have a
smaller energy gap than those of the same width with
predominantly armchair edges; the dependence of their
bandgaps on the ribbon width agrees with previously
performed calculations [160].

Ribbons with edges of mixed types were studied in [172].
The values of the bandgap widths (from 0.05 to 0.02 eV
obtained for ribbons with widths from 8 to 20 nm) proved to
be smaller than in other studies, which, on the whole, agrees
with the predictions made by the research group of Scuseria

0.5

1.0

Eg�t�

0 50
Wa

100

Figure 6. The energy gap width (in overlap-integral units) of an armchair

ribbon as a function of the ribbon width (in bond-length a units) [153].
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[161] concerning ribbons with mixed edges. The conductiv-
ity of narrow (� 1 nm) ribbons with highly smooth edges
was measured in [143]; the values of the width of their
bandgaps proved to be smaller than in previous studies
[119, 124, 171].

The results of all known experimental works are summar-
ized in a common graph in Fig. 8. Because of the low
resolution of the microscopes that were used, the shapes of
the edges have not been determined clearly (except for [171]),
and therefore the points in this figure can belong to armchair,
zigzag, or mixed-type ribbons.

We note that the narrowest of all possible ribbons,
hexaphenyl (armchair ribbon) and hexacene (zigzag ribbon)

(see Section 3.2), exhibit the largest bandgaps for the family of
graphene ribbons, as could be expected: � 3:2 eV [173] and
� 1:5 eV [174], respectively (see Fig. 8).

3.4 Dependence of the electronic structure of graphene
ribbons on elastic stresses
One of the methods for modifying the bandgap width of
armchair GNRs is to deform the structures in the direction of
the vector of translation of the ribbon, which leads to the
divergence or convergence of the valence and conduction
bands of the GNR (Fig. 9). It has been shown in a number of
studies [175±179] that the bandgap width of graphene ribbons
can oscillate with a significant amplitude (Fig. 9b). This effect
can be explained based on the analysis of the energy-band
structure of the ribbons. Indeed, under the action of
mechanical stress along the ribbon, its unit cell and the
Brillouin zone are deformed (upon compression, the length
Lr of the unit cell of the GNR decreases; upon extension, it
increases; and the length of the wave vector along the ribbon,
Qr � p=Lr, increases or decreases accordingly).

Hence, in the Brillouin zone of an undisturbed graphene,
the states that are allowed for graphene at the wave vectors
nQr become shifted relative to the K point, and the branches
of the spectrum of a `stressed' GNR move over the
graphene cone (see formula (4) for E�k�) and vary along
with the magnitude of the bandgap (Fig. 9c). When the K
point is located in the middle between the states that are
allowed for the GNR (point 1 in Fig. 9c), the bandgap
width of the ribbon is maximum; when the K point
intersects the allowed states, the bandgap vanishes (point 2
in Fig. 9c). The distance between the allowed states is
inversely proportional to the ribbon width. The maximum
width of the bandgap and the degree of deformation that is
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Figure 7. Dependence of the energy-gap width of graphene ribbons with mixed-type edges on the ribbon width. Calculated by the DFT-HSE method

[161].
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necessary to achieve this maximum decrease with increasing
the GNR width [180].

Recently, in investigating changes in the electrical
resistivity of a free-standing GNR, depending on its deforma-
tion, Huang et al. [181] used themethod of pushing aGNRby
a wedge. Although the experiment did not show a significant
increase in the width of its bandgap, apparently because of the
large GNR width (1.5 to 4 mm), such experiments with
narrower ribbons can probably confirm the theoretical
predictions.

3.5 Chemical modification of ribbons
As was shown in Section 3.3, the main difference between
graphene ribbons and other sp2-type carbon structures
(graphene, nanotubes, fullerenes) is the existence of edges,
whose shape and type determine the properties of the ribbons.
It follows that the electronic and magnetic properties of the
ribbons differ sharply depending on which shapeÐarmchair
or zigzagÐ is characteristic of their edges.

It is usually assumed in the investigations that ribbon
edges are passivated by hydrogen atoms, and therefore the
entire structure preserves the sp2 hybridization of the
carbon atoms. In some studies, however, this fact was
doubted: in [182], after considering various ways of passiva-
tion of the GNR edges by hydrogen atoms, it was shown that
under normal conditions, the energetically most favorable

process is the passivation of a zigzag GNR with alternating
monohydrogenated and dihydrogenated sites. The structure
with a monohydrogenated passivation is stable only at an
extremely low concentration of hydrogen in the environment.
In the case of armchair ribbons, under normal conditions, the
ribbons that are stable are those with monohydrogenated and
dihydrogenated configurations, where each edge atom of
carbon is respectively connected with one and two hydrogen
atoms. The results obtained are related to Clar's rule, which
states that the most stable isomer of a given hydrocarbon
molecule is an isomer containing a maximum number of
benzene ringsÐwhich is characteristic of ribbons with the
abovementioned types of passivation.

The problem of the variation of the electronic properties
of ribbons upon the adsorption of various radicals on their
edges was considered in a series of studies [184±187]. Most
calculations were performed for ribbons with monohydroge-
nated edges. But the presence of other radicals at the ribbon
edges can significantly affect the electronic properties of a
structure. This especially refers to zigzag ribbons, because a
high concentration of spin density can arise at the edges of
precisely these ribbons [167]. Investigations of the stability
and electronic properties of graphene ribbons have been
performed with various functional groups, e.g., OH, CO2, O
[184], NH2, OH, COOH, NO2, O [185], OH, NH3, O [186],
OH, SH [187].

Critically important for the electronic properties of
ribbons upon their functionalization are the ribbon width,
the concentration of functional groups at the ribbon edges,
and the occurrence of functionalization on one or both edges
of the ribbon. For example, a graphene ribbon one of whose
edges was monohydrogenated and the other dihydrogenated
should reveal ferromagnetic properties according to the
predictions in Ref. [188].

We also note that the problem of the stability of the
graphene ribbons themselves remains unsolved. It was
theoretically shown in [182, 189±192] that the energetically
most favorable structure of the zigzag edge of graphene is an
atomic structure of the reczag (reconstructed zigzag) type
with alternating pentagonal and heptagonal rings (Fig. 10a),
with the difference between the energies of the reconstructed
edges of the zigzag and reczag types being 0.35 eV A

� ÿ1
[189].

The authors of Ref. [193] have reported on the experimental
confirmation of the existence of such edges (Fig. 10b).

Because the conductivity of GNRs depends on their size,
this material is very interesting for its application in
nanoelectronics. On the basis of graphene ribbons, field
transistors have been designed with the cutoff frequency up
to 155 GHz [196]. In addition, it was suggested to use GNRs
as memory elements in digital devices [197] and chemical
sensors [198].

Already in near future, the relative easiness of fabrication
of ribbons of various dimensions will allow using such
ribbons as conducting elements in nanodiodes, nanotransis-
tors, and nanocircuits (Fig. 11). In Ref. [199], a trigger circuit
based on only graphene ribbons was suggested, in which
each element is formed by a combination of ribbons that are
cut at different angles or have different widths and/or edges
of different types. The analogs of bipolar transistors in such
a circuit (VT1, VT2) consist of metallic channels based on
zigzag ribbons, which represent a drain and a source, and of
short regions of armchair GNRs that are inserted between
the drain and the source and serve as a base. In such circuits,
the mode of connection between the ribbons is of high
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importance; for example, ribbons connected at an angle of
120� (as in the regions S1 and T1) pass the current almost
without reflection, whereas GNRs connected at 60� (regions
R1, R2, R3, and R4) play the role of resistors, because they
weaken the current by a factor of approximately five per
junction.

The current can also be reduced by a sharp change in the
ribbon width due to a significant scattering and a decrease
in the mobility of charge carriers at the GNR edges [199].
Indeed, the mean free path between two acts of scattering
of charge carriers at the edge of a nanoribbon is propor-

tional to W=P, where P is the probability of backward
scattering [200].

4. Graphane and fluorographene

An obvious method for the conversion of half-metallic
graphene into a semiconductor is the modification of its
structure by incorporating defects using methods such as
chemisorption of atoms [201, 202], doping [203], producing of
vacancies by removing atoms [204±206], or introducing
topological Stone±Wales defects [206±208] (in the last cases,
a local gap up to 0.3 eV wide appears, which can be very
important for creating local semiconducting regions [209]). In
this section, we consider the first possibility. Chemisorption
of foreign atoms on the surface of graphene leads to a change
in the hybridization of carbon atoms from sp2 to sp3, which
affects the electronic properties of the material. Indeed, when
a carbon atom acquires a fourth neighbor, a s bond is formed,
but then the p system, which is responsible for the conductiv-
ity of graphene, is destroyed.

In terms of condensed-matter physics, this effect can be
described as a transformation of chemical bonds between
atoms of semimetallic graphene into the bonds between
atoms of dielectric diamond. When all the bonds between
the graphene atoms change their hybridization to sp3, the
band structure of graphene is transformed into a diamond-
like one. In practice, several ways of adsorption of foreign
atoms on graphene have been used, in particular, hydro-
genation and fluorination. Ideal structures consisting com-
pletely of sp3 carbon atoms are called graphane [210] and
fluorographene [211].

4.1 Methods of preparation and stability of structures
The possibility of hydrogenating graphene was first indicated
in Ref. [212], where various versions of the distribution of
adsorbed hydrogen of the graphene surface were analyzed. It
was shown that the energetically most favorable is an
armchair structure [210], where all carbon atoms of one
sublattice are bound with hydrogen atoms on one surface of
the graphene, and the carbon atoms of the other sublattice are
bound with the hydrogen atoms on the other side of the

a

b

Figure 10. (a) Atomic structure of zigzag and reczag (reconstructed zigzag)

edges of graphene [189]; (b) photos of the reczag graphene edges [193].
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graphene. However, we note that there are a number of
conformers of graphane (see the table) with an energy close
to that of the armchair structure, which can also be obtained
experimentally.

In [218±221], a graphane-like structure was synthesized
by adsorption of separate hydrogen atoms on the surface of
graphene. The main problem is in the stability of the
structure obtained. It was shown in [222] that the process
of the formation of graphane islands on graphene becomes
energetically favorable only after the island size exceeds
� 1 nm (or 24 hydrogen atoms assembled into a compact
island obeying the aromaticity rule). There are grounds to
believe that as a result of synthesis, a structure is formed
with graphene roads between graphane regions, rather than
a CH structure completely filled with hydrogen, because the
samples obtained have an enhanced conductivity [218]
compared to the expected dielectric properties of graphane
(see Section 4.2). This is confirmed by molecular dynamics
simulations of the process of graphane formation from
hydrogen atoms [223].

The formation of roads in graphene can be explained by
the fact that hydrogen atoms can be adsorbed on one side of
graphene in both the A sublattice and the B sublattice.
Between the islands of graphane formed in the first and
second cases, a graphene region is preserved that is
energetically unfavorable for the attachment of hydrogen
atoms, because a homogeneous graphane/fluorographene

configurations of the armchair type cannot then be formed
(Fig. 12).

The development of a technique for controlling the
amount of hydrogen that will be connected to the graphene
surface will allow controlling the width of the bandgap of
partially hydrogenated graphene (PHG) and hence widely
using it in semiconducting nanoelectronics. One of the ways
to solve this problem is to synthesize PHG on graphene on a
metallic substrate. Indeed, upon the formation of a bond
between hydrogen and carbon on the outer side of graphene,
the unsaturated sp3 bonds allow bonds between carbon and
metal atoms of the substrate to form. Because the lattice
parameters of graphene and the substrate are different, a
moir�e pattern is formed in such a structure, which determines
the subsequent adsorption of hydrogen [224]; this was indeed
revealed experimentally in [201] (Fig. 13). Consequently, this
method is promising for the production of PHG with
semiconducting properties. The problem in the case of such
a structure is the presence of a metallic substrate chemically
bound to graphene. Apart from the problem of the synthesis
of PHG, the problem of separating it from the substrate also
arises here.

In the case of fluorographene, the situation concerning the
stability is fundamentally different. The binding energy of
atoms in a fluorine molecule is significantly less than in a
hydrogen molecule, which leads to a higher stability of the
fluorographene structure. It was shown in [225] that while the
process of hydrogenation at the first stages is energetically
unfavorable, the adsorption of fluorine on graphene occurs
without a barrier for the nucleation of a new phase.

For the synthesis of fluorographene, the following
techniques were used, which, in fact, represent the realization
of the two paradigms of nanotechnology: top±down and
bottom±up:

(1) the method of splitting a graphite fluoride crystal by
the action of ultrasound on graphite fluoride in a solution of
isopropyl alcohol [226], sulfolane [227], and dimethylforma-
mide [228], as well as by mechanical splitting using a scotch
tape [211, 229] (the top±down paradigm: the macroscopic
material is separated to a desired nanostructureÐ fluori-
nated graphene sheets);

(2) the method of adsorption of fluorene atoms on graphene
[211, 229±231] (the bottom±up paradigm: the necessary nanos-
tructure is synthesized from nanostructures of a smaller sizeÐ
from graphene layers of angstrom thickness).

a b

Figure 12. Formation of graphene roads in graphane [223]: (a) layout that

helps in explaining the cause of the appearance of graphene roads in the

structure in the process of growth of graphane islands on graphene. If the

growth begins in different sublattices of graphene, the islands cannot join

into a homogeneous armchair configuration, since at the site of their

junction a region (denoted by a circle with a cross) arises that is

energetically unfavorable for the hydrogen attachment. Gray and white

dots denote hydrogen atoms respectively located above and below the

graphene sheet. (b) Isometric projection of the graphene structure

obtained by a molecular dynamics simulation of its growth. The material

is seen to be inhomogeneous; purely graphene regions are observed

between hydrogenated islands.

Table. Conformers of graphane and fluorographene. The energy DE in all the studies was calculated relative to the energy of the most stable armchair

configuration. In the images of the conformers, the dark and light dots correspond to hydrogen atoms respectively adsorbed on the upper and lower

surfaces of graphene.

Conéguration Space symmetry group
(order number of space group)

DEgraphane

(eV/atom)
DEfluorographene

(eV/atom)
Structure

Armchair P3m1 (164) 0 0

Boat Pmmm (59) 0.10 [212]
0.06 [210],

0.05 [213ë215]
0.03 [216]

0.07 [214, 217],
0.08 [215, 216]

Washboard [214] Pmna (53) 0.06 [212],
0.05 [213]

0.03 [214ë216]

0.04 [214ë216]

Stirrup [216]
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4.2 Electronic properties
Because graphane and armchair-type fluorographene can be
conventionally represented as a very thin sheet of diamond,
these structures shouldmanifest dielectric properties and have
a diamond-like energy-band structure (Fig. 14). The widths of
the bandgaps of these structures calculated using various
theoretical methods were found to range from 3.4 to 6.0 eV
for graphane [210, 213, 215, 232±235] and from 3.0 to 7.5 eV
for fluorographene; the largest values were obtained by the
most precise method of Green's functions. The results of
measurements show a significantly narrower width of the
bandgap of both the graphane (which follows indirectly from
its semiconducting character) [218] and of the fluorographene
(for which the values of 2.9 [230], 3.0 [211], and 3.8 eV [231]
were obtained). Most probably, this is related to the presence
of graphene roads or islands in graphane and fluorographene
and to the existence of configurations different from armchair
ones.

In some studies, the dependence of the electronic proper-
ties of hydrogenated graphene on the concentration and
location of adsorbed hydrogen atoms has been studied.
Having considered the possible variants of the location of
hydrogen on graphene, the authors of those studies arrived at
the following conclusions:

(1) the bandgap width of PHG decreases monotonically
according to a polynomial law (a third-degree polynomial)
with decreasing the hydrogen concentration and reaches zero
at 66.67% [236];

(2) the bandgap width of PHG decreases nonmonotoni-
cally, and PHGpasses into ametallic state with decreasing the
hydrogen concentration to 80% [237].

We see that there is currently no complete agreement
concerning this question. It can be supposed that the main
contribution to the observed dependences of the bandgap
width of PHGs on the concentration of hydrogen at large
concentrations of chemisorbed hydrogen comes from unfilled
graphene roads, whose electronic properties depend nonmo-
notonically on the structure parameters. In the case of small
hydrogen concentrations, the available hydrogen islands can
be regarded as defectsÐdisturbances of the graphene
structure. More detailed information on these objects is
given in Section 5. 2.

Nevertheless, in spite of the incomplete clarity on the
question of the electronic properties of fluorographene, a
transistor based on it has already been developed, and it was
shown that fluorination significantly increases the resistivity
of the material [229].

After the hydrogenation of graphene, there quite naturally
arose the problem of the existence of graphane ribbons. In
theoretical work [238±240], zigzag and armchair graphane
ribbons with edges passivated by hydrogen atoms were
considered. Just as graphane itself, ribbons of both types are
wide-bandgap semiconductors. The bandgap of ribbons is
greater than that of graphane because of the quantum size
effect; however, this effect weakens with increasing the ribbon
width; the energy gap decreases, tending to the one for
graphane [238±240]. Currently, there are no experimental
data on the synthesis of graphane ribbons, although Talyzin
et al. [141] stated that when fabricating graphene ribbons by
cutting carbonnanotubesusinghydrogen, the latter canattach
not only to the edges of the arising GNRs but also to their
surface,which can lead to theappearanceof graphane ribbons.
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4.3 Diamanes
Graphane (and fluorographene) can be regarded as only one
of the first representatives of a series of diamond-like films
CHx with a (111) surface covered by hydrogen (or fluorine).
Currently, extended experimentally obtained diamond films
usually have a thickness of a few microns [241], at which
quantum effects do not affect the electronic structure of the
material. But in the case of nanometer thicknesses, the
quantum effect should play a decisive role. The hypothetical
structures of such CH�C2H� films that are formed of two
(three) graphene layers with the complete bonding of the C
atoms between themselves and with their surfaces being

covered by chemisorbed H atoms are called diamanes [242].
Graphane and the diamanes represent a continuous series of
diamond-like structures with a gradually increasing thick-
ness. Their energy-band structures are similar and have
features in common with the electronic spectrum of diamond
(Figs 15a±15d).

An interesting feature is the direct-gap character of the
energy bands of these nanostructures; due to this feature,
they can be used as active media for lasers [232]. Calculations
[243] show that by applying an electric field up to
� 1:3 V A

� ÿ1
perpendicular to the plane of a diamane, its

bandgap can be decreased to zero. However, this result is
doubtful because the authors of [243] have not considered the
stability of the atomic structure itself in such a strong field (up
to 105 kV cmÿ1!).

It is supposed that diamanes can form when bigraphene is
placed in the hydrogen discharge plasma; then, under the
corresponding conditions (pressure and temperature of
hydrogen), the hydrogen atoms become chemisorbed on
both surfaces of bigraphene [242, 244]. Thus, a carbon atom
of the `upper' graphene that is not located over a C atom of
the `lower' graphene and, consequently, is more `free', after
the attachment of a hydrogen atom leaves the plane because
of the sp3 hybridization. The three surrounding C atoms
move down somewhat (Fig. 15e). Such a rearrangement also
occurs with the atoms of the `lower' graphene, and therefore
the C atoms of neighboring layers located over one another
also undergo sp3 hybridization. This leads to the formation of
a nucleus of diamane (Fig. 15e).

We note experimental studies [245±248] whose authors
reported the observation of C2F films; in [246], these films
were interpreted as `diamane' films with the surface passi-
vated by fluorine atoms.

Because of the small thickness and good mechanical
properties, the dielectric diamane films should find wide
application in both electronics and optics.

5. Graphene-based electronic superlattices
and waveguides

In Refs [249±252], the possibility was shown for the first time
of creating `nanoroads' on a graphene sheetÐ graphene
nanostripes bounded from both sides by a kind of diamond-
like line with a high potential barrier arising upon the
transformation of sp2-hybridized C atoms of graphene into
sp3 C atoms due to the adsorption of pairs of H atoms; their
electronic properties have been calculated. In Ref. [253], a
structure of the graphene nanoroads has been suggested, and
in the work of Yakobson's research group, the electronic
properties of such nanoroads bounded from both sides by
nanostripes of graphane [254] or fluorographene [225] have
been calculated.

These objects can be represented as electron wave-
guidesÐanalogs of graphene ribbons with very close electro-
nic properties. We also note the existence of a large barrier for
diffusion of `bounded' H atoms near the graphene±graphane
interface (estimated as 1 eV in [255] and 2±3 eV in [222, 256,
257]). Therefore, it can be expected that such structures will
have sufficient thermal stability to be applicable in practice.

It was noted in Ref. [258], that the presence of physically
adsorbed polar molecules H2O, HF, and NH3 on a graphene
surface facilitates the migration of chemically attached
hydrogen atoms, lowering the barrier for migration by a
factor of approximately two. According to [258], this effect
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can permitmore efficiently forming a homogeneous graphane
structure from randomly adsorbed hydrogen islands on
graphene.

In the literature, variants of the formation of superlattices
on graphene due to the effect of interaction with the substrate
or due to an external potential are also considered. Ratnikov
[259] has considered a superlattice on graphene located on a
substrate of alternating nanolayers of silicon dioxide and
hexagonal boron nitride. However, this variant is difficult to
implement; on the other hand, the opening of a gap of
graphene due to the action of a BN layer is very weak
(� 0:005 eV) [260, 261], which gives a very small effect. In
addition, there were a number of other hypothetical super-
lattices with a one-dimensional periodic potential (induced by
an electric field [262±264] or by corrugations on graphene
[265±267]), which in fact face the same difficulties in practical
realization.

5.1 Chains of hydrogen atoms on graphene
The graphane regions with sp3-hybridized C atoms create a
significant energy barrier for the penetration of free electrons
in neighboring graphene regions. It is important to note that
the barrier is virtually independent of the width of the
graphane region, which can therefore be decreased to a single
chain of adsorbed hydrogen atoms. This structure with
adsorbed hydrogen atoms on one side of graphene
(Fig. 16a), which was suggested in [249], is supported by the
experimental facts of chemisorption of pairs [268] and linear
chains of hydrogen atoms [269] on the graphite surface.

Graphene roads bounded by chains of adsorbed hydrogen
atoms demonstrate electronic properties close to those of
graphene ribbons. For example, the bandgap width of such
structures oscillates with changing the distance between the
chains [250] (Fig. 16b), which was confirmed experimentally
by the observation of a decrease in the surface conductivity in
the region between adsorbed chains of hydrogen atoms [269].
Of great interest is the possibility of using them to create
superlattices in which a `quasi-metallic' stripe with a smaller
bandgap is separated from both sides by stripes with larger
bandgaps (Fig. 16c). Thus, it is possible to create an electron
waveguide on grapheneÐa kind of a quantum nanometer
wire with `one atom' thickness (Fig. 16d).

If the chain becomes broken, the width of the bandgap of
the structure decreases to zero nonmonotonically. Therefore,
it can be expected that in the case of periodic adsorption of
hydrogen molecules on graphene, it is possible to vary the
semiconducting properties of the material [251]. The bandgap
of the structure, just as in the case of graphene ribbons, can
change within wide limits, up to 80%, under the action of a
tensile or compressive mechanical stress directed across the
chains [252] (Fig. 16b).

5.2 Graphene roads on graphane and fluorographene
As was said above, there are solid grounds to believe that
incomplete hydrogenation (fluorination) of graphene occurs
upon synthesis; and roads of graphene can be created between
the graphane or fluorographene regions. We note the
experiment reported in [270], in which graphene was sub-
jected to the action of an electron beam (which led to a
significant decrease in the graphene resistivity), as well as the
experiment in [271], where a graphene nanoroad on graphene
oxide was obtained by `rubbing off' oxygen using the heated
tip of an electron-probe microscope. The properties of
graphene roads in graphane and fluorographene were

respectively studied theoretically in Refs [254] and [255].
These objects can be represented as graphene ribbons
bounded on both sides by high potential barriers formed by
graphane (fluorographene). It can therefore be expected that
the electronic properties of graphene roads are similar to
those of graphene ribbons (see Section 3.3). Calculations
show that the properties of armchair and zigzag roads are
similar to those of the corresponding ribbons. In the case of
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an armchair road, its bandgap oscillates upon changing its
width (the number n). But in contrast to GNRs, in which
E 3m�1
g > E 3m

g > E 3m�2
g [see Eqn (7)], the bandgap of the roads

obeys the inequalities E 3m
g >E 3m�1

g >E 3m�2
g in view of the

specific features of the distortion of their boundaries. The
magnitudes of the bandgaps of the corresponding graphene
ribbons in graphane and fluorographene are approximately
equal to one another.

In the case of a zigzag road, just as in the case of a GNR,
the structure with an antiferromagnetic ordering of spins is
more favorable. It manifests semiconducting properties with
a bandgap monotonically decreasing with increasing the
width of the road [225, 254].

In the work of Tour's research group [202], a successful
synthesis of graphene±graphane structures was reported, but
the micron width of the roads obtained prevented obtaining
properties predicted in the theory.

5.3 Graphene-ribbon-based superlattices
The fact that there is a dependence of the bandgap of GNRs
(as well as of the bandgaps of graphene roads in graphane/
fluorographene structures) on the size of the structures
suggests the possibility of constructing heterostructures and
heterojunctions on their basis.

For example, the authors of [272] studied properties of
superlattices obtained by combining zigzag stripes of various
widths and demonstrated changes in spin polarizations of the
stripes upon their combination. It turned out that in the wide
part of the superlattice, the spin polarization disappears and
the narrow part has antiferromagnetic properties (Fig. 17a).
In another study by the same research group [273], super-

lattices consisting of armchair stripes were examined. It was
revealed that in segments containing wider stripes, a localiza-
tion of electron density occurs and, thus, quantum dots are
formed (Fig. 17b).

The above-described method of production of graphene
ribbons by cutting carbon nanotubes also allows obtaining
superlattices with a hybrid structure (... ± CNT ±GNR±CNT
± ...) in which nanotubes having a half-metallic conductivity
alternate with semiconducting graphene ribbons. The electro-
nic and transport properties of such structures have been
investigated in a number of studies [134, 274, 275], in which
the following interesting properties have been found: in [274],
it was noted that the application of a transverse electric field
changes the conduction type from semiconducting to semi-
metallic. In [134], it was shown that such objects can have a
significant magnetoresistance. If the edges of a graphene
ribbon in a hybrid structure of the ... ± CNT ± GNR ± CNT
± ... type is monohygrogenated on one side and dihydroge-
nated on the other side, then, as was shown in [275], such a
ribbon can be used as a spin filter.

6. Conclusions

In this review, we discussed the state of the art in the field of
investigations of the physics of graphene-based materials that
have a semiconducting conductivity type. We considered
semiconducting graphene-based nanostructures, which, in
our opinion, are the most promising for further study and
application. These are objects such as graphene ribbons of
nanometer width, as well as materials obtained by the
modification of graphene using complete or partial hydro-
genation/fluorination of its surface (graphane, fluorogra-
phene, and diamane). The methods of production of such
structures and their electronic and conducting properties were
considered in detail, and the prospects for their further
application were discussed.

Investigations of graphene are undoubtedly only at the
initial stage of development; however, we hope that progress
in this field will lead to a situation where integrated circuits
based on graphene and its derivatives will play the main role
in electronic devices in the nearest future.
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