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Abstract: We investigate electronic and electro-physical properties of mono- and bilayer armchair
single-walled carbon nanotube (SWCNT) films located on substrates of different types, including
substrates in the form of crystalline silicon dioxide (SiO2) films with P42/mnm and P3121 space
symmetry groups. The SWCNT films interact with substrate only by van der Waals forces. The
densities of electronic states (DOS) and the electron transmission functions are calculated for SWCNT
films with various substrates. The electrical conductivity of SWCNT films is calculated based on
the electron transmission function. It is found that the substrate plays an important role in the
formation of DOS of the SWCNT films, and the surface topology determines the degree and nature
of the mutual influence of the nanotube and the substrate. It is shown that the substrate affects the
electronic properties of monolayer films, changing the electrical resistance value from 2% to 17%.
However, the substrate has practically no effect on the electrical conductivity and resistance of the
bilayer film in both directions of current transfer. In this case, the values of the resistances of the
bilayer film in both directions of current transfer approach the value of ~6.4 kΩ, which is the lowest
for individual SWCNT.

Keywords: electrical conductivity; carbon nanotubes; thin films; silicon oxide; electronic band
structure; electron transmission function

1. Introduction

One of the most relevant topics in modern science and engineering is the search for
thin flexible conductive films for different applications in electronics. At present, carbon
nanotubes (CNTs) are the most promising materials for creating such films [1–10]. As is
known, CNT-based thin films with a thickness in the range of 1–100 nm have high electrical
conductivity, transmittance, flexibility and stretchability [2]. In addition to these properties,
CNT-based films are easier and cheaper in production, and therefore more competitive
in comparison with other materials used to fabricate flexible and transparent electronics
devices [11,12]. In particular, CNT films are superior in flexibility and extensibility to thin
films based on indium tin oxide (ITO) and metal nanowires films. In addition, the metal
nanowires films are inferior to CNT-based films in thermal stability, and ITO films are not
suitable for mass production due to the high cost of the rare element indium [13]. CNT-
based films are synthesized mainly with randomly oriented CNTs [6–10], but the technology
for obtaining thin films with well-ordered parallel CNTs has been developed in recent
years [14,15]. Highly conductive metallic CNT films with 40–70% optical transmittance in
the visible range with a film thickness of 0.1–1 µm are already used [2]. Using long CNTs
(∼10 µm), Mirri et al. produced uniform films with a sheet resistance of ∼100 Ω/sq at
∼90% transmittance in the visible wavelength range by scalable dip-coating [6]. Today,
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the process of manufacturing such films is sufficiently mastered. In addition, low-cost
inkjet printing methods for the production of SWCNTs and SWCNT-based composites are
already widely used at the moment [7–9,16]. The first examples of highly stretchable all-
printed CNT-based electrochemical sensors and high-performance thin-film transistors were
obtained [17–19]. Cai et al. designed and fabricated a transparent and super-stretchable
CNT-based capacitive strain sensor that could detect strains up to 300% with high sensitivity
and excellent durability even after thousands of cycles [20]. Dinh et al. demonstrated
the CNT-based sensitive wearable thermal flow sensor for the noninvasive monitoring
of human respiration [21]. The Fe2O3/CNTs composites have been recognized as anode
materials for a new generation of lithium-ion batteries [22].

It is predicted that CNT-based electronics are a potential candidate to replace silicon
complementary metal-oxide-semiconductor (CMOS) technology used for fabricating the
elements of electronic circuits [19,23–26]. According to Franklin, the ideal material for
high-performance CNT-based electronics is a parallel array film of SWCNTs [27]. Integrated
circuits in the gigahertz range based on films of SWCNTs are already being developed [28–30].
In particular, Zhong et al. developed the SWCNT-based top-gate field-effect transistor
(FETs) with a high current density of 0.55 mAµm−1 and transconductance of 0.46 mSµm−1

at a supply voltage of 0.8 V, and five-stage ring oscillators based on optimized FETs with
an oscillation frequency of up to 5.54 GHz [28]. Xie et al. proposed 3D integrated circuits
technology that promotes the operation speed of CNT-based FETs. Using this technology,
researchers have created 3D five-stage ring-oscillator circuits with an oscillation frequency
of up to 680 MHz and a stage delay of 0.15 ns [29].

Nevertheless, the further improving electrical conductivity of CNT films still remains
a challenging unsolved problem. It is required to carry out detailed scientific research using
computer simulation methods to reveal the mechanisms for controlling the transport of
electrons in CNT films at the quantum level. In this paper, in silico methods are used to
study the electronic properties of mono- and bilayer films of armchair SWCNTs located on
a SiO2 substrate. This type of substrate was chosen because silicon dioxide SiO2 is widely
used in the manufacture of electronic devices and, in particular, carbon nanodevices [31–34].
We considered SWCNTs of the type (m, m) for m = 4, 5, 6 and 7 with a diameter from
5 Å to 10 Å, that is, nanotubes of sub- and nanometer diameters. The choice of armchair
nanotubes is due, first, to the metallic type of conductivity and, second, to the absence of
chirality. Achiral nanotube allows matching the translation vector of the nanotube with the
translation vector of the substrate, which is not realized for chiral nanotubes. The metallic
type of conductivity of the SWCNTs is chosen to clarify the effect of the substrate on the
electrical conductivity.

2. Computational Details

To study the electronic properties, in particular, the band structure, the SCC-DFTB
(self-consistent charge density functional tight-binding) method was used [35,36]. This
method has been proven in studies of the electronic properties of new composite materials,
including carbon composite materials [37–39]. The total energy of the system within this
approach is determined by the expression:

Etot = ∑iµv ci
µci

vH0
µv +

1
2 ∑αβ

γαβ∆qα∆qβ + Erep + Edis, (1)

where ci
µ and ci

v are the weight coefficients in the extension in atomic orbitals, ∆qα and ∆qβ

are charge fluctuations on atoms α and β, accordingly, γαβ is a function that exponentially
decreases with increasing distance between atoms α and β, Erep is a term describing repul-
sive interaction at small distances, Edis is the van der Waals interaction energy between
nanotubes and a substrate. The van der Waals interaction was modeled using the uni-
versal force field (UFF), which describes the interaction between various atoms [40]. The
calculations were carried out in the sp-basis. We also used the Monkhorst-Pak 12 × 12 × 1
scheme for the partition of the first Brillouin zone. The search for an equilibrium atomic
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configuration of the film—substrate supercell was carried out by minimizing the total
energy of system (1) by varying all coordinates of all atoms of the supercell. The SCC-DFTB
calculations were performed using the DFTB+ software package version 20.2 [41,42].

To study the electrical conductivity, we applied the Landauer–Buttiker formalism [43],
which determines the amount of current flowing through a given structure as a function of
the transparency T(E,k). This function determines the “permeability” of a given structure for
electrons (this function is often called the electron transmission function or the transmission
function of the conducting channel). Note that the function T for 2D structures is a function
of two variables (E,k) and depends on both the electron energy E and the wave number k
that determines the electron quasimomentum p = h̄k. To calculate the transmission function,
the non-stationary Schrödinger equation was solved using the Keldysh nonequilibrium
Green function technique. The Lippmann–Schwinger equation was also used. It allows
one to calculate the wave function for a perturbed system in terms of the wave function of
the unperturbed system and the Green’s operator corresponding to this system. Thus, the
electrical conductivity of the material was calculated by the formula:

G =
I
V

=
e2

h

∫ ∞

−∞
T(E)FT(E− µ)dE, (2)

where FT and T(E) were defined by the expressions:

FT =
1

4kBT
sech2

(
E

2kBT

)
, (3)

T(E) =
1
N

N

∑
k=1

Tr
[
Γs(E)GA

C (E)GD(E)GR
C (E)

]
, (4)

where T(E) is the k-averaged electron transmission function (or conductive channel trans-
fer function); FT is the thermal broadening function, GA

C (E), GR
C (E) are the advanced and

retarded Green matrices describing contact with electrodes; Γs(E), ΓD(E) are the broad-
ening matrices for the source and drain [43]. All calculations were performed using the
complete basis (s,p) with charge self-consistency. Since supercells contain more than one
hundred and even more than two hundred atoms, a unique technique for accelerating
such calculations was used to calculate the transmission function [44]. This technique is
implemented in the Mizar software package version 1.0 [45]. Using this technique we
obtained not only the integral function T(E), which is averaging over all wave numbers,
but also a 2D map of the transmission function T(E,k).

3. Results and Discussion

We studied two types of SWCNT films: monolayer and bilayer. As indicated above,
nanotubes of the achiral type (m, m) for m = 4, 5, 6 and 7 were selected for the study.
Monolayer films were a layer of SWCNTs with a distance of ~3.4 Å between nanotubes,
which corresponds to the distance between nanotubes in bundles formed during the
synthesis of nanotubes. The same distance was observed in bilayer nanotubes, where
nanotubes of adjacent layers are mutually perpendicular. Fragments of thin mono- and
bilayer films are shown in Figure 1a. The SWCNTs are shown in gray. It should be
noted here that the translational step of the periodic cell of SWCNTs must completely
coincide with the translational step of the substrate to construct the supercell of the 2D
model “SWCNT film + substrate”. It is also necessary to ensure that the distance between
adjacent SWCNTs coincides with the translation step of the substrate in the direction
perpendicular to the nanotube axis. For monolayer films formed by SWCNTs (4,4) and
(7,7), this condition for constructing a supercell of 2D model is provided by using a
topological model of silicon dioxide—the structure with a space group P42/mnm, which is
characterized by an energy gap Egap equal to 5.50 eV. The surface topology was selected in
accordance with the known experimental data on widely used substrates for SWCNTs—
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the topology of (100). The thickness of the substrate layer (3 unit cells along the Z axis)
was 7.2 Å. The silicon dioxide film retains its dielectric properties at this subnanometer
thickness. On the one hand, such a thin silicon dioxide substrate is dielectric-like 3D
samples, and on the other hand, it allows the use of high-precision quantum methods in in
silico studies. We calculated the energy parameters of the substrate film: the energy gap
Egap = 2.30 eV, the Fermi energy EF =−6.29 eV. Another topological model of silicon dioxide
was applicable for monolayer films made of SWCNTs (5,5) and (6,6): a structure with the
space group P3121 with the (110) surface. The thickness of the substrate film was 7.4 Å.
Energy characteristics of this substrate also correspond to dielectric properties: Egap = 3.87 eV,
EF = −6.29 eV. Figure 1a shows a fragment of the 2D model “monolayer SWCNT film +
substrate” using the example of a film made of SWCNTs (5,5). A model of a fragment of
a bilayer film made of SWCNTs (5,5) on a substrate is also presented here. As in the case
of a monolayer film, the bilayer film is located on a substrate of the space group P3121
with the (110) surface of the same thickness. The energetically favorable supercell of the
2D model “SWCNT film + substrate” with an intertube distance of 3.4 Å for both layers
was constructed only for an SWCNT (5,5) out of all SWCNTs under consideration. In other
cases, the step of translation of the substrate and nanotubes did not make it possible to
obtain a stable two-layer film on the substrate.
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Figure 1. Atomistic models of mono- and bilayer films: (a) fragments of mono- and bilayer films
based on SWCNTs (5,5); (b) super-cells of monolayer films; (c) super-cell of bilayer film.

Supercells of mono- and bilayer films are shown in Figure 1b,c, respectively. Metric
and energy parameters are given for all film models in Table 1. This table presents the
translation vectors Lx, Ly, as well as the number of substrate atoms Nat (SiO2) and the total
number of the supercell atoms Nat, the charge transferred to a nanotube Qtube, and the
Fermi energy. The charge was calculated according to Mulliken. The nanotube-to-substrate
distance was ~2.9–3.1 Å for all models. All models were tested at a temperature of 300 K.
Table 1 does not provide data on the energy gap, since the carbon films exhibit a metallic
type of conductivity in all cases. It can be seen from the table data, the nanotubes “take”
the charge from the substrate in all cases. The magnitude of this charge is small, but it
introduces certain corrections in the regularities of the electronic properties of films based
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on SWCNTs. Especially it is worth paying attention to the bilayer film. As can be seen
from the table data, the maximum charge transfer from the substrate was to the bilayer
film, which is expected. In this case, the maximum charge transfer (−0.0213e) was to the
first layer of nanotubes in direct contact with the substrate. The second layer of nanotubes
received a much smaller charge and the excess charge was only −0.0016e.

Table 1. Metric and energy parameters of mono- / bilayer films.

Parameters Lx, A Ly, A Qtube, |e| EF, eV Nat Nat(SiO2)

Monolayer Film

(4,4) 8.82 4.92 −0.0021 −4.28 68 36
(5,5) 10.18 4.92 −0.0034 −3.86 76 36
(6,6) 11.54 4.92 −0.0023 −4.09 84 36
(7,7) 12.9 4.92 −0.0079 −4.37 110 54

Bilayer Film

(5,5) 10.18 10.18 −0.0229 −3.98 232 72

The densities of electronic states (DOS) are shown in Figure 2 for monolayer films. The
DOS plots of the “film + substrate” system and partial DOS for carbon, silicon and oxygen
are shown in all cases. Figure 2a shows films with SWCNTs (4,4) and (7,7) located on
identical P42/mnm substrates with the (100) surface. The DOS plots of oxygen and silicon
show a large energy gap, the DOS of oxygen is characterized by a high intensity peak at the
top of the valence band. The contribution of carbon becomes noticeable in the conduction
band (in the range from −3 to −2.5 eV) and, most importantly, it is carbon that provides
non-zero DOS at the Fermi level. Similarly, the DOS plots in Figure 2b are presented for
another type of substrate P3121 with the surface (110), on which the films of SWCNTs
(5,5) and (6,6) are located. The oxygen intensity peak at the top of the valence band is
noticeably lower in this case and its intensity is four times lower than that of the other
type of substrate. It is interesting to note that not only the substrate makes a significant
contribution to the DOS profile, but the electronic structure of the nanotube also affects the
electronic structure of the substrate. This can be clearly seen in Figure 2b, comparing the
DOS of oxygen and silicon. The substrate for films with SWCNTs (5,5) and (6,6) is the same,
but in the first case, the DOS plots of oxygen and silicon peak at an energy level of −1.7 eV,
and in the second case, this peak is absent. The conduction band near the Fermi level of
the system “film of SWCNTs (6,6) + substrate” is completely formed by carbon, that is,
by nanotubes (the blue and green curves in Figure 2b completely merge above the Fermi
level). It can be concluded that the substrate plays an important role in the formation of
DOS, and the surface topology determines the degree and nature of the mutual influence
of the nanotube and the substrate.

The DOS profile of the “bilayer film + substrate” system is shown in Figure 3a.
As expected, the profile in this case almost completely coincides with Figure 2b for a
monolayer film, only the intensity of the peaks and DOS values near the Fermi level
increased. Analyzing the data in Table 1 and Figures 2 and 3, it can be seen that the
substrate also affects the position of the Fermi level. We found that SWCNT films without
a substrate are characterized by a Fermi level of −4.5 ± 0.4 eV. However, the influence of
the substrate noticeably shifts the Fermi level. In this case, the P42/mnm type substrate
shifts slightly upward to ~4.3 eV, while the other P3121 substrate already has a much more
noticeable effect, shifting the Fermi level to ~4.0 eV, both for mono- and bilayer films.
However, the presence of a substrate noticeably shifts the Fermi level. Moreover, if a
P42/mnm type substrate shifts the Fermi level up to ~4.3 eV, while another P3121 substrate
already has a much more noticeable effect, shifting the Fermi level to ~4.0 eV, both for
mono- and bilayer films. This is a very important fact, since, on the one hand, the substrate
does not reduce the conductivity of the film, and, on the other hand, it decreases the work
function of electrons, shifting the Fermi level in the direction of zero electron-volts. This
fact is very important for the application of SWCNTs in emission electronics.
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The data in Table 1 demonstrate that there is a charge transfer from the substrate to
SWCNTs in all cases. This is especially noticeable in the example of a bilayer film when the
double layer of the SWCNT film took almost seven times more charge from the substrate
layer. Figure 3b shows the distributions of the electron charge density over the nanotube
atoms of both layers and over the atoms of the substrate layer. For the convenience of
visualizing charges, this figure shows a fragment of the “bilayer film + substrate” system,
which includes two supercells in the Y direction. An analysis of the charge map shows that
silicon atoms give a charge to the oxygen atoms of the substrate (almost one electron each),
which in turn give a small charge to the atoms of the nanotubes in contact with the surface.
All atoms of nanotubes near the substrate carry a negative charge and, according to the
results of calculations, the electron charge flows through the lower layer of the nanotubes
to the upper one. This may be due to the π-electrons of nanotubes, which behave quite
actively in nanotubes of subnanometer diameter. As is known, thin SWCNTs exhibit the
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phenomenon of rehybridization of electron σ- and π-clouds, which leads to an increase
in the chemical activity of atoms in such nanotubes. As a consequence, the ionization of
the nanotubes leads to noticeable changes in the electronic structure. As shown above, the
Fermi level of the “SWCNT film + substrate” system shifts to the right along the energy
axis towards zero eV, which leads to a decrease in the electron work function.

The next important stage of our study was to reveal the regularities of the influence
of the substrate on the electrical conductivity of the films. The first step in this direction
was the calculation of the electron transmission function T(E,k), which depends on the
energy and wave number of the first Brillouin zone. This characteristic determines the
value of electrical conductivity (see Section 2). Figure 4 shows 2D maps of T(E,k) with a
color scale representing the magnitude of the transmission function for different values of
energy at different values of the wave number k. The values of the transmission function
are given in quantum of conductance e2/h, the values of k are given in units of 1/Å. The
wavenumber is taken in the direction perpendicular to the direction of current transfer.
The electrical conductivity of monolayer films was investigated only along the nanotube
axis, that is, along the X-axis. Thus, the wave number on the transmission function maps
is represented by the y-component. As is known from the Landauer–Buttiker theory
of quantum transport, the x-component of the wave number is taken into account by
electrodes that are semi-infinite in the −X and + X directions. Figure 4 also shows the
integral transmission functions. 2D maps for the transmission function help to understand
the nature of the change in the integral function T(E). For example, in the case of a film of
nanotubes (5,5), it can be seen that a wide dip with two minima up to 1 and up to 1.3 eV
and with one peak is observed near the Fermi level in the energy range −3.9–−3.83 eV.
Such a profile can be explained only by analyzing the color profile of the transmission
function map. The minima are formed by deep ravines (blue color) for the intervals
k ∈ (0; 0.1) and (0.2; 0.3). The sharp peak at the energy of −3.87 eV is due to the presence
of a ridge (yellow color) with a height of 1.8–2 on the transmission function map for the
interval k (0; 0.13). In all other cases, the transmission function maps have a similar form
characterized by the presence of two ravines directly at the Fermi level, which leads to a
sharp decrease in T(E) near this level. The depth and width of the dip of function T(E) for
these films depend on the width of the ravine on the map T(E, k). The T(E) profile of a film
of SWCNTs (6,6) has the deepest minimum (up to 0.1) directly at the Fermi level. Indeed,
the map data show that the Fermi level passes strictly in the middle of two ravines, which
results in a decrease in the integral transmission function. For films of SWCNTs (4,4) and
(7,7), this is not observed. The Fermi level passes along the edge of the ravine; therefore,
T(E) at this level has a value of 0.9 and 1.1, respectively.

Integral transmission functions and 2D maps of transmission functions were also
calculated for the bilayer film. In contrast to monolayer films, bilayer film has electrical
conductivity in both X and Y directions; therefore, the transmission functions were calcu-
lated for two directions. The calculation results are shown in Figure 5. The presence of two
layers of nanotubes leads to increased values of the transmission function for a number of
intervals of wave number k. In the case of current transfer in the X direction (the electrical
conductivity is provided to the lower layer of the nanotubes), the T(E, k) map shows that
a ridge of integral function values 2.8–3 (bright yellow color) passes through the entire
surface. This ridge is crossed by the Fermi level, which crosses mainly the green field of
the map. This led to the fact that the integral function is characterized by a value of 2.1
for E = EF and to the right of this value. An increased conductivity value can be predicted
for this type of film. The conductivity in the Y direction is provided by the top layer of
the nanotubes. Here, a completely different character of the surface T(E, k) is observed.
This difference is explained by different charges on different layers of the film. The lower
layer of the film has a higher charge (see Figure 3b), therefore, as expected, the electron
transmission function will have higher values in the entire range.
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The final stage in the study of the conductivity of films on a substrate was the cal-
culation of the electrical conductivity and resistance, as well as the resistivity. Table 2
presents these electrophysical parameters. This table also shows similar characteristics
for mono/bilayer films without substrate. As is known, the minimum resistance for an
individual SWCNT is 6.4 kΩ (for nanotubes with two conduction channels at the Fermi
level). However, when SWCNTs are combined into tightly packed mono-/bilayer films,
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the film resistance differs markedly from 6.4 kΩ. This is explained by the overlapping of
π-electron clouds of neighboring nanotubes. As can be seen from the data in Table 2, all
single-walled nanotube films are characterized by a resistance that is much greater than
~7–8 kOhm as compared to 6.4 kOhm. The minimum resistance value for a monolayer film
is 6.867 kΩ. This is due to natural reasons for the redistribution of the electronic charge
between the film and the substrate. However, the picture changes markedly for a film
of two layers of nanotubes. In the absence of a substrate, the resistance of each of the
film layers was close to a value of ideal SWCNT and amounted to ~6.43 kΩ, while in the
presence of a substrate it practically did not change. The resistance of the upper layer of
the bilayer film tubes was 6.438 kΩ, which practically does not differ from the resistance
values for the film without a substrate.

Table 2. Electrophysical parameters of films on a substrate.

Parameters (4,4) (5,5) (6,6) (7,7) (5,5)-X
Bilayer

(5,5)-Y
Bilayer

Films on a Substrate

G, µS 123.824 132.686 144.638 123.528 148.005 155.312
R, kOhm 8.076 7.537 6.913 8.095 6.800 6.438

Films without Backing

G, µS 121.045 145.619 134.027 144.914 155.312 155.312
R, kOhm 8.261 6.867 7.461 6.900 6.438 6.431

4. Conclusions

An in silico study of the influence of the electronic structure of a silicon dioxide
substrate on the electrical conductivity of mono- and bilayer films made of armchair
SWCNTs was carried out. The thin film of silicon dioxide with a thickness of 7.2 Å was
taken as a substrate. This choice is due to the limitation of the atomic composition of
the supercell for quantum-mechanical calculations of the electronic structure, as well
as quantum calculations of electron transport using the apparatus of Green’s functions.
However, the selected thin film retains the inherent dielectric properties of 3D-SiO2. Among
the considered armchair SWCNTs with a diameter of 0.5–1 nm, including SWCNTs (4,4),
(5,5), (6,6), and (7,7), supercells of monolayer films on a substrate were constructed for
all nanotubes, but for a bilayer film, it was possible to construct only one supercell for an
SWCNT film (5,5).

It was found that the dielectric substrate affects the conductivity of a monolayer film
of carbon nanotubes, increasing the resistance by 10–17% in some cases, or, conversely,
decreasing it by 2–7%. As for the only model of a bilayer film, then we can say that the
substrate has practically no effect on the electrical conductivity and resistance of the film in
both directions differs slightly from the data for a film without a substrate. In this case, the
resistance values approach the value of ~6.4 kOhm, which is the minimum resistance for
an individual SWCNT.

It was noted that the crystalline phase of the substrate does not play a decisive role,
but the decisive role is still played by the number of nanotube layers in the film.
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