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The electronic and transport properties of new hybrid 2D–1D–2D structures of carbon atoms, which are
graphene sheets continuously connected through a fragment of a single-layer carbon nanotube, frequently
observed experimentally, are theoretically studied. The evolution of the electronic properties of such systems
with “zigzag” carbon nanotubes of various diameters with chirality indices (14, 0), (15, 0), (16, 0), and (18, 0)
is studied using the tight coupling method within electron density functional theory. The calculation of the
transmission coefficient demonstrates a strong nonlinearity in the behavior of the transport properties of
these structures near the Fermi energy as a function of the diameter of carbon nanotubes, which explains dis-
crepancies in the previously obtained experimental data.
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INTRODUCTION
The fabrication of graphene [1] stimulated great

interest in the study of the properties of two-dimen-
sional structures with a thickness of one atom. As
known, carbon nanotubes (CNTs) and their compos-
ites are still in the focus of attention because of their
unique electronic properties, which are due to the
one-dimensional nature of the material [2]. In partic-
ular, nanotubes are the smallest possible systems that
can be used for efficient electron transport and there-
fore are of critical importance for the functioning of
nanodevices.

Since it is difficult to use graphene as an element of
semiconductor electronics because of its semimetallic
band structure, possible ways to create a band gap in
graphene-like structures while maintaining a high
mobility of charge carriers in them were proposed.
Among the most successful are the following: func-
tionalization of graphenes (their hydrogenation [3],
f luorination [4], oxidation [5]) and fabrication of
graphene nanoribbons using electron lithography [6].
Separately, it should be noted that graphene can be
present in the composition of hybrid carbon nano-
structures, which are a combination of compounds
from structures of different curvatures and dimen-
sions, where carbon atoms are in  hybridization.
Semiconducting CNTs, which are cylindrical carbon
networks with certain chirality indices, which allows

using them as filters for the passage of electrons with a
certain energy, can serve as such components. Thus,
the synthesis and creation of lateral devices based on
graphene–CNT structures can become one of the
promising directions for the development of post-sili-
con quasi-two-dimensional electronics because of the
possibility of manufacturing a structure consisting
entirely of carbon.

Note that recent successful experiments on the fab-
rication of graphene nanochannels by laser ablation
[7, 8] reveal a new approach to the formation of
graphene-based hybrid structures, which are of inter-
est for planar nanoelectronics. Measurements of the
electrical properties of the fabricated nanochannels
demonstrate a nonlinear behavior of current–voltage
characteristics (CVCs) when the resistance exceeds
20 kΩ, which indicates the presence of tunneling
effects [9]. In addition, in an experimental study [10]
of a narrow graphene island formed between two parts
of graphene, the ballistic transfer and quantized con-
ductivity of Dirac fermions were discovered. Conse-
quently, nanochannels can be fabricated from a
graphene ribbon by lithography. The mentioned
experimental studies indicate the possibility of practi-
cal implementation of new hybrid structures, the elec-
tronic properties of which can be tuned by changing
the geometric dimensions of the parts of such a sys-
tem. Previously, studies of the mechanical properties
[11], thermal conductivity [12], and electromagnetic
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Fig. 1. (Color online) (a) Atomic structure of the consid-
ered cell of the original graphene sheet, (b) region of folded
graphene between two graphene islands, and (c) con-
nected edges of folded graphene, resulting in the formation
of the (18, 0) carbon nanotube between two parts of
graphene after optimization of the geometry.
properties of similar nano-objects [13] were carried
out.

It is well known that single-walled carbon nano-
tubes have high tensile strength and tensile modulus
that are an order of magnitude higher than the respec-
tive characteristics of conventional carbon fibers [14,
15]. It was also demonstrated that the covalent bond-
ing of one-dimensional (1D) structures (CNTs) with
two-dimensional (2D) structures (graphene) can lead
to the transfer of unique properties of CNTs to three-
dimensional (3D) hybrid structures [16].

In this work, the electronic and transport proper-
ties of new lateral graphene–CNT–graphene systems,
which were proposed on the basis of the available
experimental data, are studied using the tight binding
method. The features of the electron transmission
spectra of such hybrid structures are studied and the
dependence of the transport properties on the diame-
ter of the CNTs covalently bonded to the edges of
graphene sheets is described in detail.

CALCULATION METHODS
The atomic structure and the electronic and trans-

port properties of the proposed graphene–CNT–
graphene hybrid structures were studied using the self-
consistent charge density functional tight binding
(SCC-DFTB) approach [17, 18]. This method is
widely used to describe the structural, electronic, and
transport properties of carbon-based compounds con-
taining a large number of atoms in the unit cell (more
than 103). Geometrically restricted systems were pro-
cessed using the supercell scheme allowing at least a
20-Å vacuum gap between them in the  direction,
making intermolecular interactions negligible. The
geometry of the selected structures was optimized
until the change in the total energy became less than
10–4 eV and the forces acting on each atom became less
than 10—3 eV/Å. The lattice parameters of the consid-
ered two-dimensional rectangular cell were 62.77 Å in
the armchair direction and 61.52 Å in the zigzag direc-
tion.

These structures contained 702, 726, 742, and
782 carbon atoms and included sections of (14, 0),
(15, 0), (16, 0), and (18, 0) CNTs, respectively, located
between identical-size graphene electrodes. The
DFTB+ program was used to model and evaluate the
transport properties of systems in which ballistic trans-
port occurs. This approach, based on the formalism of
nonequilibrium Green’s functions, allows the calcula-
tion of the electronic and transport properties of low-
dimensional systems such as graphene nanoribbons in
contact with two electrodes with different electro-
chemical potentials. In this case, graphene electrodes
were used; therefore, their chemical potentials were
the same as that of the interelectrode material. Each
electrode used in transport calculations contained
92 carbon atoms. The electron transmission coeffi-

z

cients  through the considered structures were
calculated using the retarded Green’s function as fol-
lows [19]:

Here, GR is the retarded Green’s function calculated
only for the scattering region using the Hamiltonian of
this region; GA = [GR]+ is the advanced Green’s func-
tion, where the superscript + stands for Hermitian
conjugation; and ΓR and ΓL are the transfer matrices of
the right and left electrodes, respectively, which are
expressed as the imaginary part of the self-energies.

RESULTS AND DISCUSSION
One of the methods for obtaining various carbon

nanostructures is based on laser ablation [8], which
results in the evaporation of some carbon atoms in the
selected region. Figure 1 demonstrates the atomic
structures at the main stages of the proposed forma-
tion process. The cut graphene ribbon shown in the
middle of the figure will tend to bend because of the
low bending modulus of graphene [20], which con-
tributes to sheet folding. The presence of dangling
bonds at the edges of the graphene fragment can lead
to the formation of a bond with another part of the
fragment and the formation of a single-layer “zigzag”
CNT between two graphene islands. This process of
formation of the CNT from the folding of graphene
pieces is well studied experimentally [21–23]. The
resulting structure is a hybrid graphene–CNT–
graphene structure. The ribbon length can be con-
trolled by controlling laser pulses [9]; therefore, the
diameter of the CNT can also be controlled. As will be
shown below, a slight change in the diameter of a
nanotube leads to a sharp change in the electronic
properties of both the nanotube and the system itself.

In the study of transport properties, a graphene
nanoribbon with armchair edges denoted as 23AGNR

( )T
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Fig. 2. (Color online) (a) Model of a graphene nanoribbon with the L and R electrodes, and Device regions selected for transport
calculations, (b) graphene–(18, 0) carbon nanotube–graphene hybrid structure with the L and R electrodes, and Device regions,
(c) density of electronic states, (d) density of states (DOS) for the graphene–carbon nanotube–graphene structure, (e) transmis-
sion coefficients, and (f) transmission coefficients. The energy is measured from the Fermi level.
(Armchair Graphene NanoRibbon), the atomic
structure of which is demonstrated in Fig. 2a, was con-
sidered as a comparison device. The regions consid-
ered as the L and R electrodes correspond to the con-
tact points, and the 2-nm-long section of the CNT
channel is comparable with the corresponding sec-
tions in the devices from [10]. The same scheme was
applied to calculate transmission coefficients for the
graphene–CNT–graphene hybrid structure demon-
strated in Fig. 2d, where the device was composed of
two 23AGNR regions connected to each other by the
2-nm-long (18, 0) CNT. The calculated density of
states for the 23AGNR demonstrates pronounced Van
Hove singularities [24] and a narrow band gap of
0.4 eV (Fig. 2b), which is in good agreement with the
published data [25]. The energy dependence of the
transmission coefficient shown in Fig. 2c is a step
function. Figures 2b and 2c demonstrate mirror sym-
metry with respect to the Fermi energy caused by the
symmetry of the nanodevice with respect to its con-
tacts. The density of states for the graphene–(18, 0)
JETP LETTERS  Vol. 115  No. 2  2022
CNT–graphene structure is also symmetric, but with
a slight distortion caused by the presence of dangling
bonds at the edges of the nanotube (Fig. 2e). Such a
device has a band gap of about 0.5 eV, which is larger
than a value of 0.3 eV in the case of a single 23AGNR
region (Fig. 2b). The transmission coefficient near the
Fermi energy shows maximum values at energies of
‒0.4 and 0.4 eV (Fig. 2f).

The dependence of transmission coefficients on
the diameter of CNTs was studied to evaluate the
effect of geometric parameters of CNTs in graphene–
CNT–graphene hybrid systems. Carbon nanotubes
with the indices (16, 0), (15, 0), and (14, 0) were also
considered. The atomic structure of the proposed
devices with CNTs of different diameters and the basic
calculation scheme are similar to those demonstrated
in Fig. 2d, and the dependences of the transmission
coefficients are demonstrated in Fig. 3.

It can be seen that a decrease in the nanotube
diameter from (18, 0) to (16, 0) leads to a shift in the
maxima of the transmission coefficients. In the case of
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Fig. 3. (Color online) Transmission coefficient versus the
energy for graphene–carbon nanotube–graphene struc-
tures with the (a) (16, 0), (b) (15, 0), and (c) (14, 0) carbon
nanotubes. The red dotted lines (for clarity) indicate the
maximum values of the transmission coefficient for the
(16, 0) carbon nanotube near the Fermi energy.
the (16, 0) CNT, the maxima are observed at energies
of –0.05 and 0.1 eV (while the maxima for the (18, 0)
CNT were observed at energies of –0.4 and 0.4 eV). A
further decrease in the diameter of the CNT (Fig. 3) in
the charge carrier scattering region leads to the forma-
tion of additional maxima of the transmission coeffi-
cient. For example, a new maximum for the (15, 0)
CNT (compared to the (16.0) CNT) is observed at
energies of –0.25 and 0.25 eV. An analogous maxi-
mum also appeared for the smallest of the considered
scattering regions of the (14, 0) CNT. The new maxi-
mum of the transmission coefficient for the (15, 0)
CNT and (14, 0) CNT is observed at energies from
0.3 to 0.45 eV.

Thus, the resonant behavior of the current–voltage
characteristics in the considered graphene–CNT–
graphene systems is observed in a wider range of
applied electrical voltages than in the nanoribbon on
the basis of which they were designed [26]. It should
be expected that the transport properties in these nan-
odevices will also respond to the excitation of carriers
by light at resonant frequencies (from the valence band
to the conduction band), as occurs in perforated big-
raphene structures [27]. In addition, the features of
the atomic geometry of nanostructures can lead to the
appearance of nonlinear effects, by analogy with two-
band structures [28], nanostructures on perforated
two-layer graphene nanoribbons, and transition metal
dichalcogenides [26, 29].

CONCLUSIONS
In this work, new lateral graphene–CNT–

graphene nanostructures based on the available exper-
imental observations have been proposed [16]. Using
the SCC-DFTB approximation, we have studied the
influence of the formation of CNTs in the central
region of graphene on the electronic and transport
characteristics of this type of systems. The data
obtained demonstrate the formation of maxima of the
transmission coefficient depending on the diameter of
the CNT, which corresponds to the formation of new
conducting channels in the proposed graphene–
CNT–graphene hybrid structures. The simulation
results explain the inhomogeneity of the conductive
properties of graphene nanostructures obtained by
electron lithography and laser ablation and show the
promise of using the studied resonant nonlinearity in
nanodevices based on the considered lateral
graphene–CNT–graphene structures.
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