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Abstract: In this paper, we present the results of a computational study of the electrical and
photovoltaic properties of a perspective composite material; that is, layered composite films of
covalently bonded graphene and single-walled carbon nanotubes (SWCNTs). The purpose of the
study is to identify the topological patterns in controlling the electrical and photovoltaic properties
of mono- and bilayer graphene/CNT composite films with a covalent bonding of a nanotube and
graphene sheet, using in silico methods. This in silico study was carried out for the super-cells
of mono- and bilayer graphene/CNT composite films with the CNTs (10,0) and (12,0) at distances
between the nanotubes of 10 and 12 hexagons. This found that the type of conductivity of the
nanotubes does not fundamentally affect the patterns of current flow in the graphene/CNT composite
films. This control of the diameter of the nanotubes and the distance between them allows us to
control the profile of the absorption spectrum of the electromagnetic waves in the range of 20–2000 nm.
The control of the distance between the SWCNTs allows one to control the absorption intensity
without a significant peak shift. This revealed that there is no obvious dependence of the integrated
photocurrent on the distance between the nanotubes, and the photocurrent varies between 3%–4%.

Keywords: graphene/CNT composite films; topological patterns; current–voltage characteristics;
density of electronic states; integrated photocurrent; absorption spectrum; photovoltaics; SCC-DFTB
calculations; molecular dynamics; Kubo–Greenwood formula

1. Introduction

Currently, a new composite material based on two-dimensional graphene and one-dimensional
carbon nanotubes (CNTs) is of great interest to this study [1–6]. There are several structural varieties of
this composite material, each differing in their methods of joining a CNT and graphene, as well as their
mutual orientation [7]. One of the promising topological configurations of the graphene/CNT composite
material is a two-dimensional film with a horizontal orientation of nanotubes connected to graphene
through covalent bonds or through van der Waals forces [8–12]. New carbon composite structures have
already demonstrated superiority over individual nanotubes and graphene in electrical, optical and
electrochemical properties, providing new opportunities for developing promising applications based
on these materials. The development of synthesis technology makes it possible to obtain graphene/CNT
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composite films with both ordered and disordered arrangements of multi-walled CNTs (MWCNTs)
or single-walled CNTs (SWCNTs) connected to graphene via covalent bonds [8–16] or through van
der Waals forces [17–19]. Moreover, CNTs can either be located on graphene [20–23], or be coated
with graphene on top [24–26]. The diversity in the architecture of graphene/CNT composite films
determines their wide range of applications.

Graphene/CNT composite films with oxidized graphene and CNTs bonded by van der Waals
forces have improved electrochemical properties and can be used as a high-performance negative
electrode in asymmetric supercapacitors [27]. It was found that the intercalation of a small amount of
CNTs between oxidized graphene sheets leads to an excellent specific capacity of an obtained composite
structure of 272 F·g−1 at a scanning speed of 5 mV·s-1. Coating such a composite structure with cobalt
hydroxide Co(OH)2 allows us to further increase the specific capacity of the asymmetric supercapacitor
based on the oxidized graphene/CNT composite film up to 310 F·g−1 [28]. Maarouf et al. showed that
graphene/CNT composite films with graphene, deposited on a monolayer of self-organizing conducting
SWCNTs, have a transparency of about 97% in the visible wavelength range [25]. Kholmanov et
al. obtained composite films of a graphene monolayer deposited on a layer of ordered MWCNTs.
These films showed strong anisotropy in optical transparency depending on the direction of polarization
of the electromagnetic wave [12]. It was shown that with a light polarization parallel to the direction
of the nanotube’s orientation, the transparency of graphene/MWCNT composite films is 75%–80%
in the wavelength range of 400 to 1400 nm. With a light polarization perpendicular to the direction
of the nanotube’s orientation, the transparency of the composite films is 87%–93% in the same
wavelength range.

One of the new structural modifications of graphene/CNT composite films is a film with a covalent
bonding of graphene and CNTs. Terrones et al. developed a self-assembly method for producing
paper-like composite films consisting of alternating layers of oxidized graphene and various types of
MWCNTs (pure and functionalized with boron and nitrogen). These oxidized graphene/MWCNTs
composite films demonstrated excellent electronic properties [8]. The specific electrical resistivity of
these composite films is 3·10−4 Ohm·cm, which is significantly less than the electrical resistivity of
the MWCNT films (0.13 Ω·cm). Moreover, these composite films can be used as highly efficient field
emission sources due to them having a threshold electric field with a strength of 0.55 V/µm, a field gain
above 15.19·103, and operating currents up to 220 µA. Tour et al. developed an efficient technology
for the production of highly conductive and transparent graphene/CNT composite films, called rebar
graphene, by annealing copper substrates coated with functionalized CNTs. In this composite structure,
the CNTs act as reinforcing bars to improve the mechanical strength and electrical conductivity of the
graphene sheets [13]. The rebar graphene sheets have a transmittance of 95.8% at a wavelength of
550 nm and a surface resistance of 600 Ω·sq−1, which indicates a better performance than the folded
bilayer graphene or CNT films with the same transparency. Similar graphene/CNT composite films
were created by Kim et al. using the CVD method on a copper substrate coated with CNTs [10].
They have a surface resistance of 300 Ohm/sq with a transparency of 96.4%. Due to the alignment
of the nanotubes on graphene, these composite structures possess improved current characteristics,
which makes them a promising material for the design of field-effect transistors with a controlled gate.

At the same time, the photovoltaic properties of graphene/CNT composite films with a covalent
bonding of CNTs and graphene are still poorly understood. The question of the influence of topology
on the electrical properties of graphene/CNT materials remains open. The purpose of this work is
to identify the topological patterns in controlling the electrical and photovoltaic properties of mono-
and bilayer graphene/CNT composite films with a covalent bonding of a nanotube and graphene sheet
using in silico methods. This work is a logical continuation of our earlier works [29,30], in which
monolayer graphene/CNT composite structures were mostly considered. For bilayer graphene/CNT
composite films, only a study of the electromechanical properties was previously carried out [30].
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2. Atomistic Models of Layered Graphene/CNT Composite Films

To construct the super-cells of the mono- and bilayer graphene/CNT composite films under study,
we used an original approach called the “magnifying glass method” [29]. As part of this approach,
an atomistic model, in the form of a large fragment of graphene/CNT composite with a number
of atoms of several tens of thousands, was constructed at the initial stage. Using the molecular
dynamics method and empirical adaptive intermolecular reactive bond-order (AIREBO) potential [31],
the atomic network of the object was optimized by minimizing its total energy. At the next stage,
a smaller fragment was cut out from the middle part of the optimized composite structure, which was
reoptimized in a periodic box using the self-consistent charge density functional tight-binding quantum
method (SCC-DFTB) [32]. The sizes of the periodic box were also optimized to find a configuration
that meets the minimum total energy. At the final stage, a super-cell was cut out from the previously
optimized fragment, which was again optimized in the periodic box using the SCC-DFTB method.
In this case, the optimization parameters were both the atom coordinates and box sizes.

In this work, in silico studies were carried out for the super-cells of mono- and bilayer
graphene/CNT composite structures with the nanotubes (10,0) and (12,0) at distances between
the tubes of 10 and 12 hexagons. It was previously shown [30] that the super-cells of the atomistic
models of graphene/CNT composite structures formed by a semiconductor (10,0) and metal (12,0)
SWCNTs at a distance between the adjacent SWCNTs of 10 and 12 hexagons are the most energetically
favorable in both the cases of the mono- and bilayer composites. The heat of formation of these
structures lies in the range of −1.12–−0.15 kcal/molatom. The constructed super-cells of the mono-
and bilayer graphene/CNT structures are shown in Figure 1a by the example of composites with
CNTs (12,0) and a distance of 12 hexagons between them. Figure 1b,c shows a general view of the
mono- and bilayer graphene/CNT composite films constructed by translating the super-cells shown in
Figure 1a. Table 1 shows the geometric characteristics of all the considered atomistic models of the
super-cells of the mono- and bilayer graphene/CNT composite films based on the SWCNTs (10,0) and
(12,0): the translation vectors Lx and Ly in the directions of the X (perpendicular to the axis of the
nanotube) and Y (along the axis of the nanotube) axes, respectively, the distance between the adjacent
nanotubes, rt-t, and the parameter a/b, characterizing the degree of deformation of the nanotubes,
where a is the semi-major axis of the ellipse and b is the semi-minor axis of the ellipse, are shown in
Figure 1a. As shown in Table 1, the degree of deformation of the nanotubes during the formation of the
graphene/CNT composite is the same for all the types of atomistic models and is equal to ~ 1.64−1.66.
The length of the graphene/CNT covalent bond is 1.61–1.62 Å in all cases. All calculations were carried
out using the Kvazar [33] and DFTB+ software packages [34].

Figure 1. Cont.
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Figure 1. Atomistic structure of mono- and bilayer graphene/carbon nanotubes (CNT) composite films:
(a) super-cells; (b) the general view of the monolayer; (c) general view of the bilayer.

Table 1. Geometrical characteristics of super-cells of mono- and bilayer graphene/CNT films.

Parameters
Monolayer Film Bilayer Film
(10,0) (12,0) (10,0) (12,0)

10 hexagons
Lx, Å 24.570 24.300 24.000 24.630
Ly, Å 4.230 4.270 4.280 4.290
rt-t, Å 18.314 16.920 17.784 17.131

a/b 1.641 1.662 1.660 1.654
12 hexagons

Lx, Å 29.430 29.400 28.920 29.200
Ly, Å 4.300 4.300 4.290 4.290
rt-t, Å 23.187 21.702 22.706 21.726

a/b 1.640 1.662 1.660 1.655

3. Electrical Properties of Layered Graphene/CNT Composite Films

To determine the type of conductivity of the graphene/CNT composite films under study,
the distribution of the density of electronic states (DOS) was calculated using the SCC-DFTB method.
The calculations were carried out in the sp-basis of atomic orbitals. The obtained DOS plots in the
interval near the Fermi level are presented in Figure 2. Table 2 also presents the calculated values
of the Fermi level, EF, and the energy gap, Egap, for all the considered topological variants of the
graphene/CNT composite films.

Figure 2. Density of electronic states (DOS) distribution of graphene/CNT composite films with
nanotubes (10,0) and (12,0) at distances between adjacent CNTs of 10 and 12 hexagons: (a) monolayer;
(b) bilayer.
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Table 2. Electron and energy characteristics of mono- and bilayer graphene/CNT composite films.

Parameters
Monolayer Film Bilayer Film
(10,0) (12,0) (10,0) (12,0)

10 hexagons
EF, eV −4.66 −4.68 −4.67 −4.69

Egap, eV 0.58 0.47 0.54 0.49
12 hexagons

EF, eV −4.68 −4.68 −4.69 −4.68
Egap, eV 0.59 0.54 0.57 0.53

From the data of Table 2 and Figure 2, one can see that the Fermi level for all the considered
topological variants is approximately the same and amounts to−4.66–−4.69 eV. The energy gap between
the valence and conduction bands is present in the band structure of all the studied atomistic models
of graphene/CNT composite films and is in the range 0.47–0.59 eV. Therefore, regardless of the type of
conductivity of the nanotube, all the considered graphene/CNT composite films are semiconductors.
The energy gap for the composite films with CNTs (10,0) narrows and amounts to 0.57–0.59 eV relative
to the energy gap of the individual CNTs (10,0), equal to 0.9 eV. In contrast, the energy gap of the
composite films with CNTs (12,0) broadens to an interval of 0.47–0.54 eV, as compared with the
individual CNTs (12,0), which are characterized by a metallic type of conductivity and have an energy
gap of only 0.07 eV.

In order to identify the patterns of current flow in graphene/CNT composite films, the current–
voltage characteristics were calculated for all the considered atomistic models. The current through the
graphene/CNT composite film was calculated using the Landauer–Buttiker formula [35]

I =
e
}

∞∫
−∞

T(E)dE[ f1(E) − f2(E)], (1)

where T(E) is the transmission function, which determines the total quantum-mechanical transparency
of the conducting structure over all the independent conduction channels for an electron with energy
E; f1 and f2 are the Fermi–Dirac functions that characterize the energy levels of source and drain. When
calculating the current–voltage characteristics, only one direction of current transfer was considered;
that is, along the nanotubes, since there is no current in the perpendicular direction. The calculated
families of the current–voltage characteristics of the mono- and bilayer graphene/CNT composite films
are presented in Figure 3.

Figure 3. Families of current–voltage characteristics of graphene/CNT composite films: (a) monolayer
films; (b) bilayer films.
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Figure 3 shows that in the case of the bilayer structures, the maximum current values at a voltage
of 2.2 V are demonstrated by the graphene/CNT composite films with CNTs (12,0) and a distance of
12 hexagons between them, as well as the films with nanotubes (10,0) and a distance of 10 hexagons
between them. In the case of the monolayer structures, the graphene/CNT composite films with
CNTs (12,0) at a distance between them of 12 and 10 hexagons and composite films with CNTs
(10,0) at a distance of 12 hexagons between them showed almost identical maximum current values.
The maximum current for the bilayer composite films (104.8 µA) is almost twice as large as for the
monolayer graphene/CNT composite films (62.5 µA), since the nanotube packing density in the case of
a bilayer is also twice as large. Thus, we can conclude that the type of conductivity of the nanotubes
does not fundamentally affect the patterns of current flow in graphene/CNT composite films. The key
topological parameter, apparently, is the distance between the adjacent nanotubes.

4. Photovoltaic Properties of Layered Graphene/CNT Composite Films

We studied the photovoltaic properties based on the analysis of the profile of the spectra of
the maximum photocurrent in the wavelength range λ from 280 to 2000 nm (with a step of 10 nm).
The integral values of the maximum photocurrent were also calculated. The maximum photocurrent
value for a given frequencyω is calculated by the equation

Imax(ω) =
ePin
}ω α(ω), (2)

where Pin is the power of the incident solar radiation, α(ω) is the absorption coefficient. Equation (2)
allows us to calculate the maximum photocurrent because it does not take into account the electron-hole
partial recombination. It is applicable to the case of an internal quantum yield of 100%, when each
absorbed photon generates an electron. However, the spectrum of the maximum photocurrent allows
us to assess the potential possibilities of using this composite for photovoltaics. The absorption
coefficient is determined by the well-known equation

α(ω) = 1−
∣∣∣R(ω)∣∣∣2 − ∣∣∣T(ω)∣∣∣2, (3)

where R(ω) is the reflection coefficient, and T(ω) is the transmittance coefficient. The R(ω) and T(ω)
coefficients are calculated using the optical conductivity tensor σαβ(ω) [36]. The optical conductivity
tensor σαβ(ω) was calculated using the Kubo–Greenwood formula [37].

The calculated absorption spectra in the range of 20–2000 nm for the monolayer (1L) and bilayer
(2L) graphene/CNT composite films with CNTs (10,0) are shown in Figure 4a, and with CNTs (12,0) in
Figure 4b. Also, for an effective analysis of the relief of the spectra, the absorption spectra of a graphene
monolayer (black curve) and the individual CNTs (10,0) and (12,0) (purple curves) were calculated.
These spectra are shown in Figure 4c,d. An analysis of the relief of the spectra shows that a peak at
a wavelength of 265 nm is characteristic of all the topological variants of graphene/CNT composite
film. This peak is also observed in the spectrum of a graphene monolayer. Another intense peak
at a wavelength of 60 nm is explained by the peak in the spectra of the individual CNTs (10,0) and
(12,0), as seen in Figure 4c,d. The presence of the numerous peaks in the visible region for the mono-
and bilayer graphene/CNT composite films is explained by the peaks in the spectra of the individual
nanotubes of this wavelength range. An interesting phenomenon is the appearance of a clear peak at
a wavelength of 1500 nm in the spectra of the mono- and bilayer graphene/CNT composite films with
a distance between the adjacent nanotubes of 12 hexagons. Moreover, the presence of these peaks is
typical for graphene/CNT composite films with CNTs (10,0) and CNTs (12,0). These peaks are shown
in Figure 4a,b by the red and orange curves. Their appearance at this wavelength cannot be explained
by the spectra of the individual CNTs. Therefore, it can be argued that they are caused by the presence
of sp3-hybridized electron clouds, which provide a covalent bond between the CNTs and graphene
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layers. The phenomenon of sp3-hybridization also explains the appearance of the additional peaks in
the near-infrared range (IR), as well as in the visible region.

Figure 4. Absorption spectra of monolayer (1L) and bilayer (2L) graphene/CNT composite films:
(a) composite films with CNTs (10,0); (b) composite films with CNTs (12,0); (c) individual CNT (10,0)
and graphene, composite films with CNTs (10,0); (d) individual CNT (12,0) and graphene, composite
films with CNTs (12,0).

Based on the data of the absorption spectra and solar radiation spectra, the photocurrent spectra
were calculated. The spectrum of solar radiation outside the Earth’s atmosphere, AM0, and the
spectrum at the Earth’s surface, AM1.5, were taken from the National Renewable Energy Laboratory
(NREL) website [38], where solar spectra are presented in the wavelength range of 280–2000 nm.
The photocurrent spectra of the monolayer (1L) and bilayer (2L) graphene/CNT composite films at
AM1.5 are shown in Figure 5. The photocurrent spectra at AM0 are presented in the insets in Figure 5.
The photocurrent values are given for a surface area of 1 cm2. From the data in Figure 5, it can be seen
that, with a change in the diameter of the nanotubes, the spectral peaks shift slightly and, with a change
in the distance between the nanotubes, the peak intensity changes. Among all the considered models
of graphene/CNT composite films, the highest photocurrent value is observed at a wavelength of
650 nm for a bilayer film with CNTs (10,0) at a distance of 10 hexagons, i.e., in the case of the densest
packing of the nanotubes. This photocurrent value is ~ 10.5 mA at the Earth’s surface and ~ 12 mA
outside the Earth’s atmosphere. As is the case for the absorption spectra, the photocurrent spectrum
also exhibits characteristic peaks in the IR range at a wavelength of 1500 nm.
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Figure 5. Photocurrent spectra of monolayer (1L) and bilayer (2L) graphene/CNT composite films at
AM1.5: (a) with CNTs (10,0); (b) with CNTs (12,0). The insets show the photocurrent spectra at AM0.

One of the most important physical characteristics of solar cells and other photovoltaic devices
is the magnitude of the integrated photocurrent. It is calculated as the integral of the photocurrent
spectrum. Table 3 shows the integrated photocurrent values calculated for the wavelength range of
280–2000 nm for all the considered atomistic models of graphene/CNT composite films with different
distances between the nanotubes. It can be seen that as the distance between the nanotubes increases,
the photocurrent increases slightly. However, it is impossible to judge the effect of distance from
two cases. Therefore, we conducted additional studies for the monolayer films, where the distance
between the nanotubes could vary in increments of one hexagon. For the bilayer films, the distance
between the nanotubes should be a multiple of two, as shown above. According to the results of
an additional study, it was found that there is no obvious dependence of the integrated photocurrent
on the distance between the nanotubes, and the photocurrent varies between 3%–4%. As shown in
Table 3, the highest photocurrent values are inherent in graphene/CNT composite films with a distance
of 12 hexagons between the nanotubes. This is due to the presence of high-intensity peaks in the IR
range, as noted above.

Table 3. Integrated photocurrent values of mono- and bilayer graphene/CNT composite films.

Parameters
Monolayer Film Bilayer Film
(10,0) (12,0) (10,0) (12,0)

10 hexagons
Photocurrent at AM1.5, mA·cm-2 3.32 4.91 4.71 5.04
Photocurrent at AM0, mA·cm-2 4.56 4.38 6.21 6.70

12 hexagons
Photocurrent at AM1.5, mA·cm-2 3.40 3.53 4.91 5.05
Photocurrent at AM0, mA·cm-2 4.71 4.93 6.67 7.00

5. Conclusions

Some of the physical parameters of mono- and bilayer composite graphene/CNT composite films
were determined to identify the prospects for their use in electronics and photovoltaics. Composite
films with the CNTs (10,0) and (12,0), regularly located relative to each other at different distances,
were studied. In all cases, the nanotubes were covalently bonded to the graphene layers. All types
of the composite films exhibit semiconductor properties with an energy gap of 0.47–0.54 eV, which
is an important condition for creating solar cell elements based on these composite films. Based on
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the calculated families of the current–voltage characteristics, we can conclude that, at a voltage of
2 V, the electric current reaches ~ 50 µA for the monolayer films and ~ 90 µA for the bilayer films.
Therefore, the distance between the adjacent nanotubes affects the magnitude of the current. This fact
indicates the possibility of having topological control of the electrophysical properties of the considered
composite films.

Based on the results of the studies of the photovoltaic and optical properties of graphene/CNT
composite films, it can be concluded that control of the diameter of the nanotubes and the distance
between them allows us to control the profile of the absorption spectrum of the electromagnetic waves
in the range of 20–2000 nm. In particular, a change in the diameter of the CNT leads to a shift in
the peaks of maximum intensity. The control of the distance between SWCNTs allows one to control
the absorption intensity without a significant peak shift. The calculated characteristics show that
graphene/CNT composite films are a very effective material for generating a photocurrent. The values
of the integrated photocurrent (outside the Earth’s atmosphere) are ~ 22% higher than those of some
of the best materials for generating a photocurrent, namely transition metal dichalcogenides MoS2

(3.9 mA/cm2), MoSe2 (4.6mA/cm2) and WS2 (2.3mA/cm2) [39]. These conclusions relate to all the
considered graphene/CNT composite films, almost independently of the diameter of the nanotubes and
the distance between them, which is extremely important from the point of view of their application in
photovoltaics and optoelectronics.
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