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The paper presents the results of a study of the influence of structural features on the electrophysical properties
of hybrid thin-film graphene-nanotube structures. The object of the study is quasi-2D films formed by two-layer
graphene and chiral single-walled carbon nanotubes (SWCNTs) of sub- and nanometer diameters. The chirality
indices and the diameter of the nanotube, the type of stacking of graphene layers, the mutual arrangement of
nanotubes and graphene in the graphene-SWCNT hybrid are considered as structural features. The electrophysical
properties are estimated by the calculated values of electrical conductivity and by the volt-ampere characteristics.
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1. Introduction

Carbon nanomaterials are the subject of many theoretical
and experimental studies due to the wide variety of al-
lotropic forms of carbon, which determines the rich range of
their properties [1]. Graphene and nanotubes are currently
attracting the attention of researchers and developers among
allotropic carbon modifications [2]. Combining graphene
and carbon nanotubes (CNTs) into a hybrid structure
has stimulated the emergence of a new class of carbon
nanomaterials endowed with promising properties [3-6].
The synergistic effect of the integration of two-dimensional
graphene and one-dimensional nanotubes makes it possible
to improve the mechanical, electrochemical, electrical and
optical properties of graphene-nanotube hybrids compared
with isolated carbon components [7-10]. In this regard,
hybrid carbon structures are used in various electronic, op-
toelectronic and energy storage devices such as supercapaci-
tors, logic inverters, optoelectronic memory, photodetectors,
electroluminescent light emitters [11,12].

There are three topological types of graphene-CNT hybrid
structure [10]: 1) CNTs placed horizontally with respect to
the graphene plane; 2) CNTs placed vertically with respect
to the graphene plane; 3) CNTs wrapped with graphene.
The first two topological types are more common than
the third and are the object of research in many scientific
articles [4,5]. Modern technologies for the synthesis of
graphene and CNTs make it possible to obtain nanotubes
of various chirality and diameter, graphene in the form of
a monolayer and layered structure with various types of
layering, as well as to implement different variants of the

graphene-nanotube hybrids, quantum electron transport, transmission fucntion, volt-ampere

mutual arrangement of graphene and CNT in a hybrid and
methods of their connection [4,5,11]. Therefore, we can talk
about a potential geometric and topological variety of struc-
tural configurations of graphene-nanotube hybrids. In this
regard, an important role is assigned to research performed
by atomistic modeling methods, which make it possible
to predict which types of structural configurations of the
graphene-CNT hybrid demonstrate the most advantageous
physico-chemical properties. When designing electronic
nanodevices based on graphene-nanotube hybrids, it is
important to understand the role of the features of their
atomic structure in the transport of electrons through the
device. Various research groups are working on solving this
issue using atomic modeling methods [12-14]. The studied
objects in published papers are graphene-nanotube hybrids
with armchair or zigzag nanotubes and with single-layer
graphene. At the same time, a number of key structural
features of synthesized graphene and nanotubes were not
taken into account by the authors when constructing atom-
istic models of graphene-nanotube structures. In particular,
most of the SWCNT obtained during synthesis are chiral
tubes with a diameter of 0.7—1.3nm. It has also been
experimentally shown that bilayer graphene is characterized
by higher stability compared to monolayer [15]. The object
of research in this paper is quasi-2D films formed by
bilayer graphene and chiral SWCNT of sub- and nanometer
diameters. The purpose of this study is to identify patterns
of the influence of structural features on the electrophysical
properties of hybrid thin-film structures bilayer graphene-
SWCNT. Structural features include the chirality indices and
the diameter of a nanotube, the type of graphene layers
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laid, and the relative position of nanotubes and graphene in
a hybrid.

2. Calculation method

The calculations were performed using the self-consistent

charge density-functional tight-binding (SCC-DFTB)
method [16], implemented in the DFTB+ software
package [17]. The Van der Waals character of the

interaction between bilayer graphene and a nanotube in the
super cell of a graphene-nanotube hybrid was taken into
account in the framework of the Lennard-Jones dispersion
correction scheme [18]. The electrical conductivity of the
studied structures was calculated within the framework of
the Landauer-Buttiker [19] formalism using a formula of
the form

G =2e*/h / T(E)Fr(E — Er)dE, (1)

— 00

where T(E) is the average electron transmission function,
Er is the Fermi level of the electrodes, e%/h is the
conduction quantum, Fr is the thermal broadening function
energy levels, defined as

Fr= sech? (E _ EF), (2)

4kpT 2kgT

where kg is the Boltzmann constant, 7' is the temperature.
The electron transmission function T (E) is defined by an
expression of the form

T(E) = Tr(Ts(E)G¢ (E)I'n(E)GE(E)), (3)

where G2 (E) and GR(E) are the leading and lagging Green
matrices describing the interaction of the simulated system
with the electrodes, and I's(E) and I'p(E) are the broade-
ning matrices of the energy levels of the source electrodes
and the drain. Calculations of the electrical conductivity
characteristics were performed at a temperature of 300 K.

3. Selected configurations

The studies were carried out for two structural
configurations of a graphene-nanotube film formed by
bilayer graphene with an alternating layer order of AB
and chiral SWCNT. Figure 1 shows the super-cells of
the configurations under consideration, obtained as a
result of optimization of the atomic structure, which was
carried out by achieving a global minimum of total energy.
The first configuration (model V1) is formed by bilayer
graphene with a shear value of the upper layer relative
to the lower one ~ 0.1nm and a metal SWCNT (12,6)
diameter ~ 1.2nm (Figure 1,a). The second configuration
(model V2) is formed by bilayer graphene with a
displacement of the upper layer relative to the lower
one ~03nm and a semiconductor SWCNT (8,4)
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Figure 1. Super-cells of quasi-2D films: a — bilayer graphene-
SWCNT (12,6) and b — bilayer graphene-SWCNT (8,4).

diameter ~ 0.8nm (Figure 1,b). The selected
nanotubes (12,6) and (8,4) are among the most frequently
synthesized SWCNT with high purity (more than 90 %) [20].
In addition, nanotubes of different types of conductivity
have been selected to show how the type of conductivity
of SWCNT affects the electrophysical properties of a
hybrid graphene-nanotube film. In both configurations, the
graphene bilayer was located above the SWCNT, however,
in the case of the V2 model, the graphene layers were
located at an angle to the surface of the nanotube. It should
be emphasized that such an inclined arrangement of the
layers is the result of optimizing the geometric parameters
of the super-cell. The equilibrium distance between bilayer
graphene and SWCNT is 0.33nm for the V1 and 0.28 nm
for the V2 model, whereas between graphene layers —
0.36 nm for V1 and 0.32 nm for V2. It can also be seen from
Figure 1 that during the formation of the hybrid carbon
structure, fragments of bilayer graphene and SWCNT were
deformed. The degree of deformation of the nanotube,
estimated by the ratio between the radii in the direction of
the axes X and Z, was 1.2 for the V1 model and 1.1 for
the V2 model. The constructed super cells were tested for
thermodynamic stability, which was estimated by the value
of the binding energy E,. For the super cell model V1
E, is ~ —0.14 eV/atom, for the super cell model V2 E,, is
~ —0.18 eV/atom. Negative values of the binding energy
indicate that the studied structures are stable in energy.
Figure 2 shows expanded fragments of graphene-
nanotube films obtained as a result of super-cell translation
along the axes X and Y. It is clearly seen that in
the V2 model graphene is represented as layers of finite
width (3 hexagon) in the armchair direction (axis Y), but
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Figure 2. Expanded fragments of quasi-2D films: @ — bilayer graphene-SWCNT (12,6) and » — bilayer graphene-SWCNT (8,4),

obtained as a result of super-cell translation along the axes X and Y.

infinitely extended in the zigzag direction (axis X) of a
hexagonal lattice similar to graphene nanoribbons of the
zigzag type. In the V1 model, graphene has infinitely
extended layers in the zigzag and armchair directions.

4. Results and discussion

Figure 3 shows the volt-ampere characteristics (VAC) for
models V1 and V2 of graphene-nanotube films calculated
during current transfer along nanotubes. It can be seen
from the figure that the V1 model is characterized by large
current values compared to the V2 model at the same
voltage values. The greatest difference in current values
between the models is observed in the voltage range up
to 1V. In particular, it reaches 50times at a voltage of
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Figure 3. Volt-ampere characteristics of quasi-2D films bilayer
graphene-SWCNT (12,6) (model V1) and bilayer graphene-
SWCNT (8,4) (model V2) during current transfer along nanotubes
(axis Y).

04V and 70times at a voltage of 0.6V. The electrical
conductivity G is 43.4uS for the V1 model and 3.8uS
for the V2 model. To analyze the results obtained, graphs
of the transmission function 7(E) were constructed for
each of the models, which characterizes the probability of
electrons passing through a potential barrier (Figure 4).
In addition to images of the functions T (E) of graphene-
nanotube films, the graphs also depict the functions of
T(E) bilayer graphene fragments and nanotubes that are
part of the super-cells of the structural configurations under
consideration. Figure 4,a shows that the profile of the
function T(E) of the bilayer graphene-SWCNT film (12,6)
repeats the contours of the profile 7 (E) of bilayer graphene,
however, the graph itself is shifted along the ordinate axis
by 2 units due to the influence of a metal nanotube (12,6),
which has a constant function T (E) equal to two in the
energy range under consideration near the Fermi level
(—4.68¢V). In the case of a bilayer graphene-SWCNT
film (8,4) (Figure 4,b), the profile T(E) near the Fermi
level (—4.86¢eV) completely repeats the profile T(E) of a
semiconductor nanotube (8,4), which is characterized by
the presence of a transport gap, the size of which (0.7 V)
completely coincides with the size of the transport gap
of the graphene-SWCNT film (8,4). The contribution of
bilayer graphene is not significant in this case, since, as
noted above, the super cell of the V2 model includes
fragments of graphene in the form of zigzag nanoribbons
conducting current in the zigzag direction (perpendicular to
the nanotubes) of the hexagonal lattice.

5. Conclusion

Thus, along with the conductive properties of bilayer
graphene and SWCNT, determined by their structural
features (the type of stacking layers in bilayer graphene
and the amount of shear between the layers, the type
of conductivity and the diameter of the SWCNT), the
relative position of bilayer graphene and nanotubes in the
hybrid architecture plays an important role in shaping the
electrophysical properties of graphene-nanotube films. The
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Figure 4. Graphs of the electron transmission function T'(E) of quasi-2D films: a — bilayer graphene-SWCNT (12,6); b — bilayer
graphene-SWCNT (8,4), as well as fragments of bilayer graphene and nanotubes, which are part of their super-cells. The vertical dotted
lines show the Fermi levels of graphene-SWCNT films (black), bilayer graphene (blue), and nanotubes (red).

inclined arrangement of graphene sheets with respect to
the surface of the SWCNT (8,4), achieved with a shift
between graphene layers ~ 0.3 nm in the super cell bilayer
graphene SWCNT (8.,4), as well as the semiconductor type
of conductivity SWCNT (8,4) caused a lower current value
models V2 (50times at 0.4V, 6times at 0.8V, 2.5 times
at 1V) compared to the V1 model. The revealed patterns
of topological control of electrical conductivity open up new
possibilities in the design of nanoelectronic devices based
on hybrid carbon films. In particular, such films can be
used in nanotransistors and in nanoscale logic gates. By
appropriately selecting the structural features of graphene-
nanotube hybrid films, it is possible to control the current
characteristics of devices based on them.
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