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Abstract: In recent years, the possibility of combining graphene and carbon nanotubes has attracted
much attention from researchers attempting to obtain new multifunctional hybrid materials with
promising properties. Optoelectronics shows potential as a field of application for such hybrid
structures. The variety of existing structural configurations of graphene-nanotube hybrids requires
preliminary detailed studies of their optical properties by computer simulation methods. In this paper,
we consider island-type graphene-nanotube hybrid films formed by AB-stacked bilayer graphene
and single-walled carbon nanotubes (SWCNTs). In this case, bilayer graphene is located above the
surface of the nanotube, forming areas with an increased density of carbon atoms, creating so-called
“islands.” To meet the conditions of a real experiment, we chose chiral SWCNTs (12,6) with a diameter
of 1.2 nm, which are most often synthesized in real experiments. All constructed atomistic models of
bilayer graphene-chiral SWCNT films were tested for thermodynamic stability at room temperature
and proved their suitability for research. Using Kubo-Greenwood formalism, we calculated the
complex optical conductivity tensor and absorbance coefficient in the wavelengths of ultraviolet,
visible, and near-infrared radiations. The photocurrent spectra are calculated based on the obtained
absorption spectra and solar radiation spectra on the earth’s surface (AM1.5) and outside the earth’s
atmosphere (AMO). The results of calculations revealed regularities in the influence of structural
parameters (nanotube diameter, graphene width) on the optical and optoelectronic properties of
graphene-chiral SWCNT (12,6) with an island structure.

Keywords: hybrid graphene-carbon nanotube films; density functional-based tight binding method;
band structure; Kubo-Greenwood formalism; complex optical conductivity tensor; absorption coeffi-
cient; photocurrent spectra

1. Introduction

Carbon nanotubes (CNTs) and graphene have been the most intensively studied
carbon nanomaterials over the past decades [1,2]. The unique mechanical, thermal, and
electronic properties of these carbon nanomaterials open opportunities for their applications
in nano- and optoelectronics, sensorics, and electrochemistry [3,4]. The combination of
graphene and nanotubes in a single heterostructure makes it possible to overcome a
number of technological problems associated with the practical use of individual carbon
materials, such as a large number of surface defects in the form of grain boundaries in
monolayer graphene [5]; the tendency of graphene sheets to aggregate during the synthesis
of multilayer graphene [6]; and rather high contact resistance between CNTs and other
conductors in electronic devices [7]. It is expected that graphene-CNT heterostructures will
have greater strength, the ability to resist aggregation of graphene layers, maintain a high
surface-to-volume ratio, and properties of electrical and thermal transfer [8].

Using modern synthesis technologies, such as chemical vapor deposition (CVD), solu-
tion processing, layer-by-layer self-assembly, and vacuum filtration, graphene-CNT hybrid
structures that differ in the mutual arrangement of graphene and nanotubes are already
being formed [9]. CNT-rich hybrid structures and graphene-rich hybrid structures [10]
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have been created. In the case of CNT-rich hybrid structures, small graphene sheets are
attached to their outer walls or inner cores. Such structures can serve as excellent oxygen-
reduction electrocatalysts [11]. Among graphene-rich hybrid structures are hybrids with
horizontally or vertically oriented CNTs. Hybrid structures with horizontally oriented
CNTs are a promising material for flexible electronics and all-carbon transistors [12-14],
while hybrid structures with vertically oriented CNTs are promising for hydrogen storage,
supercapacitor electrodes, and thermal interface materials [15-17]. Hybrid structures with
horizontally oriented CNTs are the most common type of graphene-CNT hybrids.

Experimental studies of the last few years are aimed at improving technologies for the
synthesis of graphene-SWCNT hybrid 2D structures with improved strength properties.
Advincula et al. successfully synthesized a 2D network of covalently bonded SWCNTs and
graphene by instantaneous Joule heating of initial nanotubes without the use of solvents
and gases [18]. It was found that a hybrid 2D carbon network serves as an effective
reinforcing additive in epoxy composites. It was shown that the hardness and Young's
modulus of graphene-SWCNT 2D network-based epoxy composites increase by 162% and
64%, respectively, compared to pure epoxy resin. Li et al. have developed a scalable and
economical approach for the synthesis of thin hierarchical networks based on van der Waals
bonded SWCNTs and graphene nanoplatelets [19]. The synthesized graphene-SWCNT
hybrid 2D network was used to create a flexible, wearable strain sensor. This sensor showed
high sensitivity (gauge factor ~197 at 10% strain) and extensibility (able to be stretched up
to 50%), as well as a reproducible response during 1000 loading cycles, including stretching
and bending. Among recent applied developments based on graphene-nanotube hybrids,
photodetectors and sensors should be noted [20-23]. Zhang et al. proposed a simple
and feasible method for creating a highly sensitive broadband photodetector based on
graphene-nanotube heterojunction [20]. The photodetector was fabricated by drop-casting
an SWCNT suspension on a graphene field-effect transistor (FET) with a buried-gate
electrode. The fabricated photodetector demonstrated a high photosensitivity of 10 A/W
and a fast photoresponse rate of 2.9 ms in the visible region, as well as photosensitivity of
51.5 A/W at 940 nm. Alamri et al. proposed an H; sensor based on a graphene/SWCNTs
heterostructure decorated with catalytic Pt nanoparticles [22]. In the proposed design of
the device, the SWCNT film determines the effective sensing area and signal transport to
the graphene channel. It is shown that the developed H; sensor demonstrates a dynamic
response of 24%. Zhao et al. reported a highly sensitive pH sensor made from a composite
based on functionalized SWCNTs and graphene [23]. Direct potentiometric measurements
have shown that the SWCNT/graphene composite exhibits a high potentiometric gradient
of 98.75 mV /pH in the operating pH range of 4-10.

Taking into account the different types of chirality of CNTs and the different ways
graphene and CNTs bond in a hybrid, one can speak of a variety of possible topological
configurations of graphene-CNT hybrid structures. In this regard, computer simulation
studies are of particular value. They make it possible to predict configurations of graphene-
CNT hybrids with more advantageous properties. For a number of years, the electronic
properties of graphene-CNT hybrid structures with horizontally oriented CNTs have been
actively studied [24-28]. Ho et al. considered van der Waals’s bonded hybrid graphene-
CNT films formed by non-chiral zigzag (m,0) and armchair (m,n) nanotubes at m = 3-15,
n = 5-26 [24]. It has been found that the interaction of metal CNTs (3m,0) with graphene
results in a nonzero energy gap in the band structure of the graphene-CNT (3m,0) hybrid.
It has been shown that the additional edge electronic states arise at the intersecting linear
zones in the band structure of the graphene-CNT heterostructure due to the interaction
of CNTs and graphene. The study of electron transport phenomena for van der Waals
graphene-CNT compounds based on semiconductor nanotubes (8,0) and (10,0) was carried
out by Cook et al. [25]. As a result of first-principles calculations, the authors established
a charge redistribution between graphene and semiconductor CNTs, which leads to a
rather low height of the Schottky barrier between CNTs and graphene, namely 0.09 eV
and 0.04 eV for CNTs (8,0) and (10,0) respectively. It is shown that the size of the transport
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gap is significantly affected by the size of the overlap region between graphene and CNTs,
as well as the diameter of the nanotube. Several papers considered hybrid graphene-
CNT structures in which a graphene sheet was attached to a horizontally oriented CNT
(12,0) by covalent bonds and analyzed their electronic properties [26-28]. The hybrid
structures of this type are characterized by Van Hove singularities in the distribution of
the density of states (DOS) and by energy gap on the order of several hundred meV in the
band structure. In addition, due to the sp hybridized bond at the interface of graphene
and nanotubes, hybrid graphene-CNT (12,0) structures have a higher Young’s modulus
compared to individual nanotubes and graphene. In recent years, theoretical studies have
been carried out on the mechanical, electronic, and optical properties of mono- and bilayer
hybrid graphene-CNT films with horizontally oriented nanotubes (10,0)/(12,0) located
between graphene layers and covalently bonded to them [29,30]. It was found that the
electrical resistance of bilayer films is 1.5-2 times less than that of single-layer films. In this
case, with an increase in the bending strain, the electrical resistance of both monolayer and
bilayer hybrid films decreases. It is shown that by varying the nanotube diameter and the
distance between them, one can control the absorption intensity of graphene-CNT hybrid
films in the wavelength range of 20-2000 nm.

At the same time, in the papers noted above, only non-chiral SWCNTs were considered
in the topological models of graphene-SWCNT hybrid structures, while most synthesized
SWCNTs are chiral nanotubes with a diameter of 0.7-1.2 nm. This article discusses atomic
models of hybrid graphene-nanotube structures with chiral SWCNTs of sub-nanometer
diameter and conducts predictive studies of their optoelectronic properties.

2. Computational Details

Calculations of the atomic configuration of graphene-SWCNT (12,6) hybrid films were
carried out within the framework of the self-consistent-charge density functional-based
tight binding method (SCC-DFTB) [31] in the DFIB+ 20.2 software package [32]. The SCC-
DFTB model uses the valence approximation, according to which the largest contribution
to the total energy is made by valence orbitals described in terms of Slater-type orbitals.
The tight-binding approximation is incorporated into the DFT model using perturbation
theory. The distribution of the electron charge density over atoms and, accordingly, the ex-
cess/insufficient charge on atoms is determined from the analysis of populations according
to the Mulliken scheme [33].

The optical properties of graphene-nanotube hybrids were studied within the theory of
linear response of an electron population to an applied external electromagnetic field [34].
According to this approach, the complex dynamic electrical conductivity is defined as
the coefficient o(w) = 01 (w) + ioy(w) between the Fourier components of the perturbing
external field E,, and the electric current density j., of the frequency w (j = o(w) - Ew).

In order to calculate the elements of the complex optical conductivity tensor 0,5 , we
used the Kubo-Greenwood formula [35] that can be written as follows:
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where m, and e are the free-electron mass and electron charge; f is the reduced Planck
constant; S, is the area of the supercell of graphene-SWCNT composite structure; Nz

X

is the number of k-points needed to sample the Brillouin zone (BZ); P/ and 13/’5”” are the

matrix elements corresponding to the «- and 3-components of the momentum operator
— —
vector; E;,; (k> and E,;, <k) are the subband energy for valence band and conductivity

band; and fg(x) = 1/(1+ exp[B(x — p)]) is the Fermi-Dirac function of the chemical
potential # and the inverse of thermal energy f = 1/kpT. The spin degeneracy is taken
into account in Equation (2) by introducing the factor 2. The phenomenological parameter
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n characterizes the scattering of electrons. In order to calculate the momentum matrix
—

N — N —
elements P} <k> , we used the known substitution P (k> — (me/ ﬁ)V;H < k> , where

~ [
H (k) is the Hamiltonian. The detailed description for the calculation of the matrix

elements of the momentum operator is given in the work [30]. The Hamiltonian was
constructed within SCC-DFTB method. A detailed description of the derivation of the
Kubo-Greenwood formula is detailed in [36,37].

The absorption coefficient A was calculated by the following formula [38]:

Aps) =1= Ry = To )

p(s)
where RP(S) is the reflection coefficient; Tp(s) is the transmission coefficient, indexes s
and p denote the s- and p-type of light polarization, respectively. In the case of p-
polarized wave, the reflection and transmission coefficients are calculated according to the
following formulas:
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where Z is the characteristic impedance of free space, and oy is the diagonal x-component
of the optical conductivity tensor. In the case of s-polarized wave, the reflection and

transmission coefficients are calculated as the following:
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where Z is the characteristic impedance of free space, and o, is the diagonal y-component
of the optical conductivity tensor.

Based on the absorption spectrum, the photocurrent spectrum was calculated. The
maximum value of the photocurrent was calculated by the formula

wr
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where ¢ is the electron charge; A(w) is the absorption coefficient; Powerq,,,(w) is the solar
radiation power; and hv is the energy of solar radiation quantum. Equation (5) is applicable
for the case of an internal quantum yield of 100%, when each absorbed photon generates a
carrier which is collected and contributes to the photocurrent.

3. Results and Discussion
3.1. Atomic Structure of Supercells of Graphene-SWCNT (12,6) Hybrid

In this study, we considered three atomic models of hybrid 2D structures based
on graphene and SWCNT. They are formed by AB-stacked bilayer graphene and (12,6)
SWCNTs of ~1.2 nm in diameter. The AB-stacked graphene bilayer was located above the
nanotube in a supercell, forming the so-called “islands” of increased carbon density in the
hybrid structure, corresponding to the experimental data [39]. These models were selected
based on the results of our previous study [40]. It was shown that the considered topological
models are thermodynamically stable at room temperature [40]. The thermodynamic
stability was estimated from the binding energy E;, which was calculated as the difference
between the hybrid film energy and the energies of the isolated graphene bilayer and
SWCNT (12,6). The calculated values of E, were negative for all considered atomic models,
so the constructed supercells are favorable in terms of energy.

The difference between the atomic models consisted in the size of the graphene
fragment along the Y axis (in the direction of the armchair of the graphene sheet) and the
displacement of one graphene layer relative to the other along the Y axis. We considered
atomistic models with a length of graphene fragment along the Y axis of two hexagons or
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0.5 nm (model V1); three hexagons, or 0.71 nm (model V2); and four hexagons, or 0.92 nm
(model V3). The displacement of one graphene layer relative to the other along the Y axis
was 0.48 nm for model V1, 0.27 nm for model V2, and 0.06 nm for model V3. In all atomic
models, the graphene layers were located at a distance of ~0.3 nm from each other along the
Z axis (perpendicular to the nanotube axis). The distance between the bilayer graphene and
the nanotube was also ~0.3 nm. Translation vectors of supercells of atomic models were the
following: Lx = 1.71 nm and Ly = 1.13 nm for model V1; Ly = 1.70 nm and Ly = 1.11 nm for
model V2; and Ly = 1.72 nm and Ly =1.13 nm for model V3. Figure 1 shows the equilibrium
configurations of supercells of models V1, V2, and V3. Expanded fragments of the studied
atomic models obtained by multiple translations of supercells along the X and Y axes are
also shown in the Figure 1.

Figure 1. Supercells (left) and extended fragments (right) of AB-staked bilayer graphene-SWCNT
(12,6) hybrid films: (a) model V1; (b) model V2; (c) model V3.

To build atomic models of graphene-nanotube hybrid films, (12,6) SWCNTs of ~1.2 nm
in diameter were chosen since they are high purity (over 90%) SWCNTs, which are often
obtained in a real experiment [41]. The metallic conductivity type of (12,6) SWCNTs
determines their prospects for use as electrodes in flexible electronic devices [42]. The
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bilayer graphene was used in atomic models of graphene-SWCNT hybrid films because
multilayer graphene is more stable than monolayer graphene in real experiments.

3.2. Electronic Structure of Graphene-SWCNT (12,6) Hybrid Films

To reveal the electronic structure features of graphene-SWCNT (12,6) hybrid films, we
carried out calculations of the band structure in the basis of atomic p-orbitals. The first
Brillouin zone was a rectangle. The band structure was sampled along a path M—-I'-]-K-T'
within the first Brillouin zone. Figures 2—4 show band diagrams of models V1, V2, and V3
of graphene-SWCNT (12,6) hybrid films near the Fermi level Ef, since it is the electronic
states at the Fermi level that make the decisive contribution to the conductive properties of
the material. To understand the patterns of the electronic structure formation for graphene-
nanotube hybrids, these figures show fragments of the band structures of SWCNT (12,6)
and AB-stacked bilayer graphene, which are part of hybrid film.

-3.27
-3.61
-4
>-4.4-

(]
W_4.8

=5.2 1

5.6 1

Figure 2. Band diagrams near the Fermi level of the model V1 of graphene-SWCNT (12,6) hybrid
films: (a) hybrid structure; (b) bilayer graphene; (¢) SWCNT (12,6). The red dotted line shows the
Fermi level.

L e

L || T ———

Figure 3. Band diagrams near the Fermi level of the model V2 of graphene-SWCNT (12,6) hybrid
films: (a) hybrid structure; (b) bilayer graphene; (¢) SWCNT (12,6). The red dotted line shows the
Fermi level.
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E, eV

Figure 4. Band diagrams near the Fermi level of the model V3 of graphene-SWCNT (12,6) hybrid
films: (a) hybrid structure; (b) bilayer graphene; (¢) SWCNT (12,6). The red dotted line shows the
Fermi level.

An analysis of band diagrams shows that bilayer graphene makes a decisive contri-
bution to the formation of the energy subband profile near the valence band maximum
(VBM) and the conduction band minimum (CBM) of graphene-SWCNT (12,6) hybrid. In
the case of atomic models V1 and V2, the band diagrams of graphene-SWCNT (12,6) hybrid
films and bilayer graphene fragments are similar. It can be noted that there is no energy
gap in the band structure of models V1 and V2. The notable changes in the band diagram
near the VBM and CBM are observed both for bilayer graphene and for graphene-SWCNT
(12,6) hybrid film for the model V3. For a fragment of bilayer graphene, an energy gap of
~0.1 eV opens between the highly symmetrical points K and I' of the Brillouin zone. In
the band structure of graphene-SWCNT (12,6) hybrid film, an energy gap of ~0.1 eV also
appears between the highly symmetrical points K and I" of the Brillouin zone. The band
diagrams of nanotube (12,6) in the supercell of models V1, V2, and V3 are similar, but the
energy gap between the VBM and CBM of model V3 is larger than that of the V1 and V2. A
possible reason for the differences in the values of the energy gap is related to the different
orientation of the graphene bilayer with respect to the surface of the nanotube. In the case
of models V1 and V2, a bilayer graphene fragment is oriented at an angle to the nanotube
surface. In model V3, a bilayer graphene fragment is located strictly horizontally above
the nanotube.

3.3. Optical and Optoelectronic Properties of Graphene-SWCNT (12,6) Hybrid Films

An analysis of optical properties was carried out on the basis of the results of calculat-
ing the absorption coefficient A in the wavelength range of the UV-, visible and near-IR
radiation (0.02-2 pm). Two cases of electromagnetic radiation polarization are considered:
along the X axis (p-polarization) and along the Y axis (s-polarization). Figures 5-7 show the
spectral profiles of the absorption coefficient A for the considered models V1, V2, and V3,
respectively. For the p-polarized wave, the optical absorption profile of model V1 has two
distinct peaks with a maximum absorption value of ~12% in the visible wavelength range,
one maximum of ~14.3% in the near-IR range, and three maxima in the near-UV range with
a maximum absorption value ~13.1%. The main contribution in the visible range is made
by bilayer graphene, while in the IR range, the contribution of SWCNTs (12,6) dominates,
which is especially noticeable in the range of 1-2 pm. In the UV range, the contribution of
both SWCNTs (12,6) and bilayer graphene is noticeable; therefore, absorption is enhanced
due to a synergistic effect. At the same time, the optical absorption profile for the V1 model
with an s-polarized wave has a different form than for a p-polarized wave. The main
contribution in the visible range is made by SWCNT (12,6): the optical absorption profile
for graphene-SWCNT (12,6) hybrid film almost completely coincides with the absorption
profile for SWCNTs (12,6). The maximum absorption value is ~17%. In the IR range, bilayer
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graphene makes the main contribution, since SWCNT (12,6) demonstrates almost complete
transparency for this wavelength range. In the UV range, an increase in absorption is
observed in comparison with individual bilayer graphene and SWCNTs (12,6), as for the
p-polarized wave.
p-polarization 0.18 1 s-polarization
0.167 | hybrid film — 016 — hybrid film
bi-graphene — -107 —— bi-graphene
0.144 |tube(126) — ﬂ.‘? 5l 0.14 - — tube (12,6)
- c
" 0-12 = 0.08 ©0.12 2016
-‘,;; 0.11 20.04 S 011 5 g-(l)g
/ | : go0.
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(@) (b)
Figure 5. Profiles of the absorption coefficient A for model V1 of graphene-SWCNT (12,6) hybrid:
(a) p-polarization (along the X axis) of electromagnetic wave; (b) s-polarization (along the Y axis)
of electromagnetic wave. The insets to the figures show an enlarged fragment of the absorption
spectrum for the UV range.
p-polarization 0.24 - | s-polarization
— hybrid film — hybrid film
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< 0.06 A, nm 0.08 - 0
0.04 1 0 0.1020304
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0 0.20.40.60.8 1 1.21.41.61.8 2 0 02040608 1 1.21.41.61.8 2
A, nm A, nm
(a) (b)

Figure 6. Profiles of the absorption coefficient A for model V2 of graphene-SWCNT (12,6) hybrid:
(a) p-polarization (along the X axis) of electromagnetic wave; (b) s-polarization (along the Y axis)
of electromagnetic wave. The insets to the figures show an enlarged fragment of the absorption

spectrum for the UV range.
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Figure 7. Profiles of the absorption coefficient A for model V3 of graphene-SWCNT (12,6) hybrid:
(a) p-polarization (along the X axis) of electromagnetic wave; (b) s-polarization (along the Y axis)
of electromagnetic wave. The insets to the figures show an enlarged fragment of the absorption
spectrum for the UV range.

The absorption coefficient profile for model V2 in the case of a p-polarized wave is
somewhat similar to the absorption coefficient profile for model V1. The IR range is rich in
absorption peaks with a maximum value of about 13.8%. In the range from 1.2 um to 2 pm,
the contribution of (12,6) SWCNTs dominates, and bilayer graphene has an absorption
coefficient of less than 1%. In the visible range, four absorption peaks are observed with
the largest value of ~11.6%; here, bilayer graphene makes the main contribution. In
the UV range, there is a peak characteristic of graphene and CNTs at a wavelength of
~0.256 pm. In the case of an s-polarized wave, the absorption coefficient profile of model
V2 is similar to the absorption profile for the V1 model. Here, in the visible region, the
(12,6) SWCNTs make the main contribution, and in the IR region, the bilayer graphene
makes the main contribution, almost completely repeating the absorption coefficient profile
of the graphene-SWCNT (12,6) hybrid film. In the UV range, there are many absorption
peaks with a maximum value of about 15.7% due to the presence of (12,6) SWCNTs in
the hybrid film. For the p-polarized wave, the absorption coefficient profile for model
V3 differs significantly from the absorption coefficient profile of models V1 and V2. In
practically all studied radiation ranges, the contribution of both bilayer graphene and (12,6)
SWCNTs dominates. In the IR region, a peak with a height of ~9.5% is observed. In the UV
region, as before, absorption is enhanced due to the addition of bilayer graphene and (12,6)
SWCNTs peaks with a resulting absorption of ~13.9%. In the case of an s-polarized wave,
model V3 shows one peak in the IR range, three peaks in the visible range, and three peaks
in the UV range. The maximum absorption in this case is ~18.4%. The main contribution to
the absorption in the visible range and partially in the IR range is made by (12,6) SWCNTs.
The main contribution to the absorption in the IR range is made by bilayer graphene.

Let us turn to the analysis of the optoelectronic properties of the investigated graphene-
SWCNT (12,6) hybrid films. The photocurrent spectra are calculated based on the obtained
absorption spectra and solar radiation spectra on the earth’s surface (AM1.5) and outside
the earth’s atmosphere (AMO0). Solar radiation spectra AMO0 and AM1.5 were taken from
the website of the National Renewable Energy Laboratory [43], where the solar spectra are
given in the wavelength range 280-2000 nm. The photocurrent spectra of models V1, V2,
and V3 are shown in Figures 8-10. The photocurrent values are shown in the figures for a
surface area of 1 cm?. Table 1 shows the calculated integral values of the photocurrent for
the entire solar radiation spectrum, the visible range of the solar spectrum 380-780 nm, and
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the maximum value of the photocurrent at a wavelength of 550 nm, which corresponds to
the maximum power of solar radiation.
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Figure 8. The photocurrent spectra for model V1 of graphene-SWCNT (12,6) hybrid: (a) outside the
earth’s atmosphere (AMO); (b) on the earth’s surface (AM1.5).

. e 167 . -
16_ visible light! e 16 — | \isible light, TE 16 5
1 i = . 144 i
“ L 12 i | : G [=F
« 124 . E v 124 £
£ & 8 E | A
.:, ' ' E .=. 10 - ' - ¢
i : 1 £ 4 . E 4
£ ! g £ : %
? : . | B L 9 8_ ' £ 0
< ' h < | ' — T L T . T i T .
£ : : W D2 00sp g gl 1 0.4 0.5 0.6 0.7
% ' : A, pm F I A, pum
)
_E E _F 4 !

: 21
O'II'I':I'I'I'I'I'I'I O"I'I'II'I'I'I'I'I'j\I
02040608 1 12141618 2 02040608 1 12141618 2

A um A, um
(a) (b)

Figure 9. The photocurrent spectra for model V2 of graphene-SWCNT (12,6) hybrid: (a) outside the
earth’s atmosphere (AMO); (b) on the earth’s surface (AM1.5).
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Figure 10. The photocurrent spectra for topological model V3 of graphene-SWCNT (12,6) hybrid
film: (a) outside the earth’s atmosphere (AMO); (b) on the earth’s surface (AM1.5).

Table 1. Some optoelectronic characteristics of graphene-SWCNT (12,6) hybrid film at p-polarization
(along the X axis) and s-polarization (along the Y axis) of electromagnetic wave.

Solar Spectrum AMO
Maximum
The Integral Value of the Photocurrent for Photocurrent at a IILtegral Valuefof tll:e
the Entire Solar Radiation Wavelength of P (?tf)current or the
Spectrum, mA/cm? 550 nm Visible Spectrum
! PR 380-780 nm, mA/cm?
mA cm~—4 um
12_6_ver_1_s 3.80 3.42 2.29
12_6_ver_1_| 5.24 5.23 2.47
12_6_ver_2_s 4.34 4.08 2.46
12_6_ver_2_p 5.86 4.96 2.22
12_6_ver_3_s 6.07 5.95 2.33
12_6_ver_3_p 6.40 6.16 2.86
Solar Spectrum AM1.5
12_6_ver_1_s 2.98 2.83 1.84
12_6_ver_1_p 4.09 433 2.02
12_6_ver_2_s 3.38 3.37 2.00
12_6_ver_2_p 4.56 4.10 1.80
12_6_ver_3_s 4.67 491 2.34
12_6_ver_3_p 4.75 5.09 1.89

The photocurrent spectrum of model V1 wave without the atmosphere (AMO) has one
maximum in the IR range at a wavelength of 0.9 pm for the p-polarized wave, and at a
wavelength of 0.82 um for the s-polarized wave. Starting from a wavelength of ~0.9 um
and more, sharp drop in photocurrent occurs both for the s-and p-polarized waves due to
low absorption in this wavelength range. In the visible region of the spectrum in the case
of a p-polarized wave, there are two photocurrent peaks at wavelengths of 0.49 um, and
0.67 um. The highest photocurrent value (9.9 mA-cm~2-um™1) is achieved at a wavelength
of 0.67 um with a maximum integral photocurrent value of 2.47 mA /cm?. In the case of
an s-polarized wave, a photocurrent minimum is observed at a wavelength of 0.47 um
and a sharp photocurrent peak of 13.2 mA-cm~2-um~"! at a wavelength of 0.75 um. Due
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to the peak in the visible range, the value of the maximum integrated photocurrent is
2.29 mA/cm?, which is somewhat less for the case of a p-polarized wave. In general, for the
V1 model, the case of a p-polarized wave is preferable since, in the case of an s-polarized
wave, the photocurrent generation is ~38% less. A similar picture is also observed when
the earth’s atmosphere (AM1.5) is taken into account, where the generation of photocurrent
is less intense (by ~37%) for the s-polarized wave than for the p-polarized wave.

In the IR range, the photocurrent spectrum of model V2 for solar spectrum AMO has
high peak of 10.13 mA-cm~2-um~! at 0.83 um in the case of s-polarization, and two high
peaks in the case of p-polarization (8.94 mA-cm~2-um ! at 0.88 um and 7.54 mA-cm 2. pum !
at 1.05 um). In the presence of an atmosphere (AM1.5), solar radiation power minima do not
affect this region. In the visible range, both the photocurrent spectra for AM0 and AM1.5
solar spectra have two high peaks at 0.45 um and at 0.74 um in the case of s-polarized wave
as for model V1. In the case of s-polarized wave, there are no clear maxima of photocurrent
generation, the spectral profile is quite indented. The integral value of the photocurrent for
visible radiation is 2.46 mA /cm? for the case of s-polarization versus 2.22 mA /cm? for the
case of p-polarization.

Model V3 showed the maximum efficiency of photocurrent generation in the entire
considered wavelength range, both for p- and s-polarizations. The integral value of the
photocurrent for the entire solar spectrum in the case of the p-polarized wave is 6.4 mA /cm?,
and in the case of the s-polarized wave it is 6.07 mA/cm?. This indicator is the highest
among the three considered models, both for the case of AMO and AM1.5 solar spectra. Both
for AMO and AM1.5 solar spectra, the pronounced ability to generate the photocurrent of the
model V3 is due to two peaks (11.67 mA-cm~2-um~! at 0.47 pm and 14.6 mA-cm ™ 2-pm ™!
at 0.7 um) for a s-polarized wave. All of the above (for model V3) also applies to the integral
value of the photocurrent for the visible radiation spectrum. Here, a p-polarized wave is
capable of generating up to 2.86 mA /cm? of photocurrent, but in the case of an s-polarized
wave, the generation efficiency decreases to 2.33 mA /cm?.

4. Conclusions

A predictive study of the electronic structure, optical, and optoelectronic properties
of graphene-SWCNT (12,6) hybrid films with an island-type topology was performed.
The regularities of the band structure, the optical absorption coefficient spectrum, and the
photocurrent spectrum in the UV, visible, and near-IR ranges were revealed for three atomic
models of graphene-SWCNT films. It was found that bilayer graphene makes a decisive
contribution to the energy subband profile near the VBM and CBM of a graphene-SWCNT
(12,6) hybrid. The band structure of the graphene-SWCNT (12,6) hybrid for model V3
exhibits an energy gap of ~0.1 eV. The absorption coefficient profile for the V3 model in the
case of a p-polarized wave differs significantly from the absorption coefficient profile for
the models V1 and V2. In almost the entire studied radiation range, the contributions of
both bilayer graphene and (12,6) SWCNTs dominate. Thus, when analyzing the values of
the integral photocurrent both for the visible region and for the entire spectrum of solar
radiation, the most effective implementation of graphene-SWCNT (12,6) hybrid film is
model V3, where in the case of p-polarization the value of the integral photocurrent reaches
6.4 mA-cm_z-um_l. The V1 model has the lowest efficiency in the IR region, where it
demonstrated the almost complete absence of photocurrent generation. Model V2, on the
contrary, is more susceptible to the IR range.
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