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Electron and hole mobility in carbon hybrid structures
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Within the framework of density functional theory, we conducted a study of the influence of topological features

on the mobility of electrons and holes in hybrid graphene-nanotube structures, where the vertically oriented

graphene nanoribbon is covalently attached to the lateral surface of the single-walled carbon nanotubes. Topological

features are understood as the diameter of the nanotube and the width of the nanoribbon. It has been established

that increasing the diameter of the nanotube from 6.26 to 12.52 Å leads to an increase in electron mobility in hybrid

structures by more than 50 times. With an increase in the width of the nanoribbon from 9.81 to 22.17 Å and a

fixed diameter of the nanotube (12.52 Å), the electron mobility also increases, but only by ∼ 1.5 times.
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1. Introduction

Carbon nanotubes (CNT), graphene and graphene

nanoribbons (GNR) have been widely used in various

fields of electronics over the last decades due to their

unique properties, such as mechanical strength and chemical

stability, which ensure long-term device operation and high

electrical conductivity and emission current density [1–6].
One of the promising applications of CNTs and graphene

is autoemission electronics. In [7], it is shown that a

graphene-based bulk field emitter provides stable electron

emission for 60 h at a current of 3.3mA (current density

of 209.78mA/cm2). Another paper [8] presents an X-ray

tube with a CNT-based field emission cathode, which has an

extremely high current density of 152A/cm2 (corresponding
to a current of 106.4mA) and a long lifetime with stable

operation over 100 000 shots. At the same time, CNT-based

cold cathodes are low-voltage and characterized by a small

electron beam diameter [9]. The use of CNTs and graphene

in creating transistor devices is just as promising. Thus, [10]
proposed a field-effect transistor based on a hybrid material

”
graphene+MoS2“ and showed that the mobility of charge

carriers in it is ∼ 10 times (∼ 100 cm2/(V−1
· s−1)) higher

compared to the mobility of carriers in a molybdenum

sulfide monolayer MoS2. CNT-based field-effect transistors

with MIS structure are used in the formation of ultra-

low-power static memory bit cells to be later used in

radiation-hazardous low-orbit environments where power

supply resources are limited [11].

The successful application of CNTs and graphene in

various electronics applications has laid the groundwork

for the development of CNT-graphene hybrid materials

characterized by improved properties compared to their

structural components [12–21]. In particular, in [12] it is

shown that the CNT-graphene hybrid films show a field en-

hancement factor of 5750 and an emission current of 80mA

(current density of 160mA/cm2), which exceeds that of

individual single-walled CNTs (SWCNTs) and graphene

films. Seamless CNT-graphene hybrid structures obtained

in [13] are characterized by a current density of 236mA/cm2

and a field enhancement factor ∼ 41315 at an inclusion

field value of 0.45V/µm. It has been experimentally found

that the microcavities of nanostructured carbon consisting of

SWCNT and graphene fragments provide a steady current

of ∼ 2mA (current density ∼ 112mA/cm2) at the applied

field < 2V/µm [14].

One of the promising applications of CNT-graphene hy-

brid nanomaterial is flexible and stretchable electrodes. The

hybrid structure combining CNTs of metallic conductivity

type and graphene retains high electrical conductivity under

significant deformation [15–17]. The CNT-graphene hybrid

films [18] have lower surface resistivity (420� · �
−1) than

those based on graphene alone (2.15 k� · �
−1). The im-

proved electrical conductive properties of hybrid graphene-

nanotube nanomaterials are attributed to the low graphene-

CNT contact resistance due to π−π-interactions between

graphene and the nanotube. Field-effect transistors based on

all-carbon structures have a number of unique advantages

over field-effect transistors based on other nanomaterials.

For example, a paper [19] discusses the development of

transistors based on monolayer graphene and CNTs on

flexible substrates. The authors found that the contact

resistance of CNT-graphene is 100 times lower than that

of CNT-gold, while a 20-fold increase in carrier mobility

was observed in these structures compared to the CNT-

gold material (to 81 cm2/(V−1
· s−1)), and the change in

resistance of CNT-graphene films when stretched by 50%

was 36%.
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To determine the underlying mechanism of changes

in the electrical conductive and emission characteristics

of CNT-graphene hybrid films compared to individual

nanotube and graphene, studies should be carried out using

ab initio methods, which allow us to take into account the

quantum nature of the emerging physical phenomena and

effects. An important aim is to identify the topological

features of graphene and CNTs in the hybrid material,

which have the greatest influence on the magnitude of

mobility. Such studies have been carried out for a

hybrid nanostructure based on CNT (8,0) and a graphene

fragment covalently attached to the side surface of the

nanotube [20,21]. In [21], numerical estimates of the

electron mobility (2250 cm2/(V−1
· s−1)) are obtained for

this structure. However, the authors do not explain how

these results were obtained, which does not allow for their

physical interpretation. No other work has been found

where the mobility of charge carriers in hybrid graphene-

nanotube structures has been numerically evaluated.

The purpose of this work is to identify the regularities

of charge carrier mobility in hybrid SWCNT/GN structures

depending on the topological parameters of SWCNTs and

GNTs included in these structures. The 1D-hybrid structure

formed by a single-wall tube and a graphene nanoribbon

attached covalently to the side surface of the tube was

chosen as the object of study. The diameter of the tubes

ranges from 6.264 to 12.529 Å, the width of GH ranges

from 9.81 to 22.17 Å.

2. Research methods

The hybrid nanostructures were simulated using density

functional theory (DFT) within the generalized gradient

approximation (GGA) as formulated by Perdew-Burke-

Ernzerhof in the SIESTA (version 4.1.5) [22] software

package. Pseudopotentials with a basis set of DZP (double ζ
plus polarization) [23] type were used to estimate the

interaction energy of graphene sheets and carbon tubes.

In finding the equilibrium atomic configuration of the su-

percells, integration in inverse space over the first Brillouin

zone was performed by the Monkhorst−Pack method with

grid partitioning into 16 points along the translation axis.

A more accurate partitioning of 200 points was used in the

calculation of the band structure. The cutoff for the kinetic

energy was 600 P (Rydberg) Ry, and the convergence in

force magnitude did not exceed 0.001 eV/Å.

To calculate the charge carrier mobility, we used the for-

mula obtained for 1D-structures [24] within the framework

of the Bardeen and Shockley [25] deformation potential

theory developed to estimate the charge carrier mobility of

crystals:

µ1D
β =

e~
2Cβ

1D

(2πkBT )1/2 m∗3/2E2
B

, (1)

where ~ — reduced Planck constant, kB — Boltzmann

constant, T — temperature, Cβ
1D — elasticity constant,

Eβ — deformation potential, m∗ — effective mass of charge

carriers (holes or electrons).

The elasticity constant Cβ
1D characterizes the interaction of

electrons with phonons and is determined during stretching

and compression of the supercell of the nanostructure

according to the formula

Cβ
1D =

1

l0

∂2E

∂
(

∂l/l0
)2
, (2)

where E — total energy, l0 — translation vector

of 1D-structure. Value ∂l/l0 specifies the stretching

(in 1.0025 and 1.005 times) and compression (in 0.995

and 0.9975 times) of the supercell of the structure along

the translation vector.

The deformation potential Eβ is given as follows:

Eβ =
1Vi

1l/l0
, (3)

where 1Vi — the energy change of the i-th subband when

the 1l/l0 supercell is stretched and compressed along the β

direction.

The effective mass of charge carriers m∗ is defined as

m∗ =
~
2

(d2E)/(dk2)
. (4)

In order to calculate the (d2E)/(dk2), the lower subband

of the conduction band (conduction band floor) and the

upper subband of the valence band (valence band top)
are extracted from the calculated band structure. Parabolic

interpolation is applied to each of the two selected subbands,

which is a necessary condition for the calculation of

isotropic charge carrier transport [24,25]. The second

derivative (d2E)/(dk2) is calculated near the point Ŵ in

the band structure, with the effective electron mass m∗
e

calculated over the lower subband of the conduction band

and the effective hole mass m∗
h — over the upper subband

of the valence band.

The mobility of charge carriers in hybrid SWCNT/GNR

structures was calculated according to the following algo-

rithm:

− obtaining the equilibrium atomistic configuration of the

hybrid SWCNT/GNR structure;

− calculation of the effective mass of charge carriers m∗

of the hybrid SWCNT/GNR structure;

− stretching and compression of the supercell of the

SWCNT/GNR hybrid structure. For each supercell of the

investigated structure, 4 different cases of deformation along

the direction of the translation vector were considered: com-

pression by 0.995 and 0.9975 times, stretching by 1.0025

and 1.005 times;

− calculation of the total energy of each of the considered

supercells of the SWCNT/GNR hybrid structure. Calcula-

tion of the elasticity constant Cβ
1D ;

− construction of the band structure for each of the con-

sidered supercells of the SWCNT/GNR hybrid structure and
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Figure 1. Equilibrium supercell configurations of hybrid CNT/GNR structures with nanotubes of different chirality and nanoribbons

of fixed width (22.17 Å), as well as an extended fragment of a graphene-nanotube 1D-structure consisting of several (16,0) CNT/GN

supercells. (A color version of the figure is provided in the online version of the paper).

determination of the valence band top and the bottom of the

conduction band. Calculation of deformation potential Eβ ;

− calculation of charge carrier mobility µ1D
β of the

SWCNT/GNR hybrid structure using the known values of

m∗, Cβ
1D , Eβ .

3. Results

3.1. Building of 1Dsupercells of graphene-CNT

structures

CNTs with chirality indices (8.0), (10.0), (11.0), (13.0),
(14.0), and (16.0) of semiconductor conduction type

were used to construct supercells of hybrid SWCNT/GNR

structures. The
”
zigzag“ tubes were chosen because of

the small number of atoms in the composition of their

supercells compared to chiral tubes. For example, the

supercell (8,4) of SWCNTs contains 112 atoms, while

the supercell of the largest nanotube (16,0) among those

investigated in this work contains only 64 atoms. During

supercell construction, the
”
chair“ type GNRs were attached

to the SWCNT wall by covalent bonds, forming an octagonal

compound. Figure 1 shows the equilibrium atomic con-

figurations of the constructed supercells of SWCNT/GNR

hybrid structures with fixed-width (22.17 Å) nanoribbons

and an extended fragment of the structure consisting of

several (16.0) SWCNT/GNR supercells. It can be clearly

seen that during the formation of energy-stable covalent

bonding between GNR and SWCNTs, the nanotube was

strongly elongated in the X axis direction, acquiring a

near elliptical geometric shape instead of the cylindrical

shape of the nondeformed nanotube. We did not passivate

the edges of the nanoribbon with hydrogen atoms in the

non-periodic direction (axis X), because the carbon atoms

in this direction form an edge in the shape of
”
chair“

and, according to the data of [26], are characterized by

sp-hybridization due to strong dimerization, so they do not

contain unsaturated bonds.

The translation vector of the SWCNT/GNR hybrid struc-

tures is directed along the Y axis (green axis in the

figure). The length of this vector was 4.294, 4.293,

4.293, 4.292, 4.291, 4.290 Å for the hybrid structures with

SWNTs (8,0), (10,0), (11,0), (13,0), (14,0), and (16,0),
respectively. As can be observed, the translation vector

of the hybrid SWCNT/GNR structure decreases with the

increase of the tube diameter, which, as will be shown later,

is related to the increase of the elasticity constant. Thus, the

number of atoms for the graphene-nanotube structures with

SWCNTs (8.0), (10.0), (11.0), (13.0), (14.0), and (16.0)
were 68, 76, 80, 88, 92, 100, respectively.
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Figure 2. Mulliken distribution of electron charge density over the supercell atoms of SWCNT/GNR hybrid structures with nanotubes of

different chirality.

Table 1. Values of the effective mass of electrons m∗
e and holes m∗

h in units of electron mass m0, elasticity constant Cβ

1D , deformation

potential of electrons Eβ
e and holes Eβ

h , mobility of electrons µ∗
e and holes µ∗

h in the hybrid structures of SWCNT GNR and their structural

components.

m∗
e , 0.01m0 m∗

h , 0.01m0 Cβ

1D · 1011, eV/cm Eβ
e , eV Eβ

h , eV µ∗
e , m

2/(V · s) µ∗
h , m

2/(V · s)

(8,0) SWCNT/GNR 3.87 6.57 0.92 11.98 6.57 0.67 6.56

(10,0) SWCNT/GNR 2.29 1.21 0.97 4.61 8.38 10.53 8.28

(11,0) SWCNT/GNR 2.50 1.21 1.04 6.70 9.45 4.64 6.89

(13,0) SWCNT/GNR 2.69 1.22 1.24 2.89 9.03 22.33 9.00

(14,0) SWCNT/GNR 2.07 1.05 1.28 4.05 10.20 20.67 7.09

(16,0) SWCNT/GNR 2.61 1.64 1.32 2.60 8.04 36.98 9.77

SWCNT

(8,0) SWCNT 4.38 6.91 0.42 7.25 3.89 0.69 1.21

(10,0) SWCNT 2.69 2.66 0.55 5.49 5.50 3.25 3.31

(11,0) SWCNT 6.83 4.56 0.60 6.20 6.27 0.70 1.25

(13,0) SWCNT 2.29 2.69 0.70 5.52 5.57 5.28 4.07

(14,0) SWCNT 5.04 3.58 0.77 6.18 6.12 1.42 2.42

(16,0) SWCNT 1.90 2.28 0.89 5.59 5.64 8.68 6.47

GNR 2.67 1.32 0.44 5.61 7.08 2.52 4.56

3.2. The effect of SWCNT diameter on the

mobility of charge carriers in hybrid

structures of SWCNTs/GNRs

Figure 2 shows the Mulliken distributions of the electron

charge density on the supercell atoms of the SWCNT/GNR

hybrid structures. As can be seen from the figure, the largest

charge is localized in the octagonal junction region, with

a region of excess positive charge forming on the GNR

(shown in red in the figure), and on SWCNT — a region

of negative charge (shown in blue in the figure). Also of

note are the 2 edge layers of carbon atoms along the
”
chair“

Semiconductors, 2024, Vol. 58, No. 12
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Figure 3. Fragments of band structures near the Fermi EF level (shifted in the plots to 0 eV) for supercells of SWCNTs (8.0)/GNR and

SWCNTs (16.0)/GNR, as well as their constituent SWCNTs and GNR. The bottom of the conduction band is shown in blue, and the top

of the valence band is shown in red. Point Y corresponds to the boundary of the first Brillouin zone.

direction of the hexagonal lattice GNR. The atoms at the top

of the GNR tip (yellow-green in the figure) acquire a total

charge of 0.05 e. The atoms in the neighboring layer (bright
green in the figure) acquire a total charge of −0.06 e. All

other atoms of the supercells remain electrically neutral.

Let us determine the logic behind the formation of the

band structure of SWCNT/GNR hybrids on the example

of SWCNT(8.0)/GNR and SWCNT(16.0)/GNR supercells.

Fragments of the band structures near the Fermi level

(shifted in the plots to 0 eV) for the above supercells

of SWCNT/GNR, as well as for the SWCNT and GNR

included in them, are shown in Figure 3. As can be seen

from the figure, the energy profile of the valence band

and conduction band of the hybrid SWCNT/GNR structures

is formed from fragments of the energy profiles of their

constituent SWCNT and GNR. In particular, it can be noted

that the parabolic subband, which is the bottom of the

conduction band in the band structure of GNR (highlighted
in blue in the figure), is present at the same place in the

band structure of SWCNT/GNR. The appearance of this

subzone leads to a noticeable reduction in the forbidden

zone width Eg of hybrid SWCNT/GNR structures compared

to the values of individual SWCNT. For example, the Eg

value for the (16,0)/GNRs hybrid structure is 0.28 eV, while

for the (16,0) and GNRs — 0.53 and 0.28 eV, respectively.

The Eg value for the (8,0)/GNR hybrid structure is 0.17 eV,

whereas for the individual SWCNT (8,0) and GNR —
0.58 and 0.28 eV, respectively. A similar trend was

observed for SWCNT/GNR supercells with other nanotubes:

the discrepancy in Eg values between SWCNT/GNR and

individual GNR is 0.04 eV on average. Thus, we can say that

the Eg value of the hybrid SWCNT/GNR structures tends to

the Eg value of the GNR included into them. We can also

note the similarity in the values of the derivative (slope angle
near the point Ŵ) of the energy of the subband, which is the

top of the valence band, of SWCNTs/GNRs and nanotubes

included into them. The noted logic will be further

manifested in the calculated values of the effective mass

of charge carriers in the hybrid structures of SWCNT/GNR

and their components.

The effective mass of charge carriers (electrons m∗
e and

holes m∗
h ) in hybrid SWCNT/GNR structures and their

constituent SWCNTs and GNRs was calculated using the

values of the conduction band bottom energy and the

valence band top. The calculation results are shown in

Table 1, from which it follows that the effective mass of

charge carriers in the hybrid structures is not strictly cor-

related with the tube diameter and averages 2.67 [0.01m0]
for electrons and 2.15 [0.01m0] for holes. At the same

time, for SWCNTs that are part of supercell SWCNT/GNR

Semiconductors, 2024, Vol. 58, No. 12
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Figure 4. a — of the SWCNT (13,0) supercell and the SWCNT

(13,0)/GNR hybrid structure with parameter designation a/b,
where a — size of the supercell along the X axis, b — along

the Z axis; b — supercell of the SWCNT (13,0), which is

in the hybrid SWCNT (13,0)/HN structure, and the common

SWCNT (13,0).

structures, the effective mass of electrons is 3.86 [0.01m0],

and that of holes is m∗
h — 3.78 [0.01m0]. It should also

be noted that both the effective mass of electrons m∗
e , and

the effective mass of holes m∗
h of SWCNTs change in a

stepwise manner as nanotube diameter increases, with (n, 0

for SWCNTs), where n = 3q + 1 (q = 2−5) m∗
e > m∗

h , and

(n, 0 for SWCNTs), where n = 3q + 2 (q = 2m∗
e < m∗

h).
The observed logic behind the changes in the effective

masses of charge carriers in SWCNTs of the
”
zigzag“ type

agrees well with the results of numerical studies obtained

earlier by other authors also as part of the deformation

potential theory of Bardeen and Shockley [27,28]. At the

same time, in terms of m∗
e and m∗

h values of SWCNT

(n, 0) there are differences between all three papers —
ours, [27] and [28]. Let us illustrate them using the

example of SWCNT (13,0): m∗
e = 6.91 [0.01m0], m∗

h = 6.89

[0.01m0] in [27], m∗
e = 25 [0.01m0], m∗

h = 25 [0.01m0]
in [28], m∗

e = 2.29 [0.01m0], m∗
h = 2.69 [0.01m0] in our

study. The differences in the values can be explained

as follows. First, despite the identical chirality indices of

the
”
zigzag“ type SWCNT in all three papers, the atomic

structures of the nanotubes have major differences. In [27],
nanotubes containing point defects of the Stone−Wales

type and of the 5-8-5 type with different concentrations

were considered, while [28] studied defect-free nanotubes,

but its authors did not provide any data either on the

translation vectors of the calculated supracells or on what

each cell was and how many atoms were included in

its composition. Furthermore, in [27,28] it was assumed

that the nanotubes had a perfect cylindrical shape. In

our study, the calculations were performed for geometric

models of nanotubes
”
cut out“ from the supercells of

hybrid SWCNT/GNR structures. As mentioned earlier in

section 3.1, the nanotubes were highly deformed during the

formation of covalent bonding with the GNRs. In particular,

if we introduce the parameter a/b, which is the ratio

of the maximum dimensions for the supercells of the

tubes along the X and Z axes, as shown in Figure 4, a

for the example of SWCNT (13,0), then for all SWCNT

fragments included in the supercells of the SWCNT/GNR

hybrid structures, it is 1.25, whereas it is a/b = 1 for

nanotubes of ideal cylindrical shape. The lengths of C−C-

bonds between atoms within hexagons are also different

for SWCNTs cut from supercells of hybrid structures and

for SWCNTs not originally part of the composite object.

Figure 4, b shows these differences using the example of a

SWCNT hexagon whose atoms form covalent bonds with

graphene as part of a SWCNT/GNR hybrid. In addition

to the difference in the lengths of C−C-bonds, this figure

also shows the difference in the values of valence angles

between C−C-bonds at the top of the hexagon under

consideration: 106◦ for SWCNTs in the SWCNT/GNR

hybrid, 118◦ for a regular SWCNT. It is well known that the

electron-energy characteristics of nanotubes, including the

band diagrams, are extremely sensitive to changes in their

geometrical parameters. Consequently, the energy values

determined based on the band diagrams will also be largely

determined by the geometrical parameters of the calculated

supercells. Secondly, the calculations of nanostructure band

diagrams are sensitive to the accuracy of the partitioning

of the first Brillouin band, determined by the number of

points used in k-space, and to the choice of basis sets and

Semiconductors, 2024, Vol. 58, No. 12
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Figure 5. Energy diagrams near the valence band top (shades of red) and conduction band bottom (shades of blue) for deformed

supercells of SWCNT/GNR hybrid structures with different SWCNT chirality. The band structure is shown in the interval from point Ŵ

to 0.03 π/L (L — translation vector along the tube). (A color version of the figure is provided in the online version of the paper).

functionals used as part of the DFT theory and determining

the accuracy of the calculations. In particular, the hybrid

empirical B3LYP functional was used in [27], while we and

the authors of [28] used the more recent non-empirical GGA

correlation functional PBE. The PBE functional provides

good agreement between the calculated and experimental

data on the electronic structure of carbon nanotubes [29]
and is widely used to calculate the band diagrams of carbon

nanostructures [30–33]. The sets of basis functions used

also differed: in [27] we used Gaussian functions with the

addition of polarization functions 6-21G(d), in [28] — plane

wave bases, and we used Slater functions with the addition

of a double set of polarization functions DZP
”
zeta“. The

partitioning of the first Brillouin zone in [27] was rather

coarse and was carried out using only 41 hboxin k-space,
in [28] 150 points were used, we used 200 points. Thus,

our calculations of the atomic structure of supercells and

band diagrams are characterized by the highest accuracy

compared with [27,28].
In accordance with the algorithm of carrier mobility

calculation described above (Section 2. Research Methods),
the supercells of SWCNT/GNR hybrid structures were

compressed and stretched along the translation direction

(along the Y axis). The results of calculating the value

of Cβ
1D are given in Table 1. As can be seen, an

increase in Cβ
1D is observed when the nanotube diameter

increases. This leads to a decrease in the deformation

potential, i. e., a decrease in the influence of acoustic waves,

which prevent the passage of charge carriers in hybrid

SWCNT/GNR structures. It can be assumed that the

mobility of carriers in hybrid SWCNT/GNR structures will

increase with increasing SWCNT diameter, which will be

shown further.

Further, for the deformed supercells of SWCNT/GNR

hybrid structures, the zone structure was calculated, and

the bottom of the conduction band (for calculating the

deformation potential of electrons) and the top of the

valence band (for calculating the deformation potential of

the holes) were determined from a fragment of it near

the Fermi level. The calculated energy diagrams near

the Fermi level are shown in Figure 5. It can be seen

from the figure that the SWCNT/GNR hybrid structures

with nanotubes (8.0), (11.0), and (14.0) are characterized

by a more obvious deformation of the energy subbands

near the bottom of the conduction band and near the

valence band ceiling compared to the SWCNT/GNR hybrid

structures with nanotubes (10.0), (13.0), and (16.0). Thus,
upon deformation of SWCNT/GNR hybrid structures with

nanotubes (8.0), (11.0), and (14.0), the energy subzones are

separated from each other by a larger interval. The observed

differences are due to the fact that the phenomenon of

aromaticity, the idea of which is that the orbitals of

neighboring atoms in carbon rings form a common electron

cloud, occurs at chirality indices SWCNT, varying with a

certain periodicity [34,35]. The presence of a common

electron cloud increases the bonding strength between
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Figure 6. Plots of the dependence of electron (a) and (b) hole mobility in SWCNT/GNR and SWCNT hybrid structures on the SWCNT

diameter.

neighboring atoms and, consequently, decreases the de-

formation potential. The results of deformation potential

calculation are summarized in Table 1. It can be noted that

the deformation potential of SWCNT/GNR hybrid structures

with SWCNT (8.0), (11.0) and (14.0) is higher compared to

that of SWCNT/GNR hybrid structures with SWCNT (10.0),
(13.0) and (16.0). As the SWCNT diameter increases, the

deformation potential for electrons decreases from 11.98

to 2.60 eV, while the deformation potential for holes has

no strict dependence on the SWCNT diameter. The average

value of the deformation potential for the holes (8.61 eV)
is higher than that for the electrons (5.47 eV). In case

of individual SWCNTs, the opposite pattern is observed:

the average value of the deformation potential for holes

and electrons is 5.50 and 6.04 eV, respectively. This is

due to the influence that GNR has on the deformation

potential of SWCNT/GNR hybrid structures. For GNR,

the deformation potential is 7.08 and 2.99 eV for holes and

electrons, respectively.

Once the magnitude of the charge carrier deformation

potential was obtained, the electron and hole mobility

in SWCNT/GNR hybrid structures was calculated. To

compare, the charge carrier mobility was also calculated

separately for SWCNTs and GNRs, which are included

in the supercells of SWCNT/GNR hybrid structures. The

diagrams illustrating the dependence of charge carrier

mobility on SWCNT diameter are shown in Figure 6. As

one can see from the figure, the mobility change has an

oscillating character both for SWCNT/GNR hybrids and for

nanotubes included in their composition, which indicates a

significant contribution of nanotubes to the electrophysical

properties of graphene-nanotube 1D-structures. In case

of the nanotubes included with the SWCNT/GNR hybrid,

it can also be noted that for SWCNT (n, 0), where

n = 3q + 1 (q = 2−5) µ∗
e > µ∗

h and for SWCNT (n, 0),
where n = 3q + 2 (q = 2−5) µ∗

e < µ∗
h , which qualitatively

agrees well with the results provided in [27,28]. he

quantitative differences in the mobility values of µ∗
e and µ∗

h
with the results of [27,28] are due to the same reasons

as the differences in the effective masses of m∗
e and m∗

h
described above. The observed oscillations of mobility

values can be explained by the property of aromaticity

of carbon rings [34,35]. The average electron mobility

(15.97m2/(V · s)) in SWCNT/GNR hybrids is higher than

the average hole mobility (7.93m2/(V · s)) due to the

higher value of the deformation potential for holes compared

to electrons. The electron and hole mobilities of the individ-

ual GNR are 2.52 and 4.56m2/(V · s) respectively. In gen-

eral, it can be noted that the synergistic effect caused by the

combination of SWCNTs and GNRs leads to a several-fold

increase in the mobility of charge carriers in SWCNT/GNR

hybrid structures compared to individual graphene and

nanotube. The (16.0) SWCNT /GNR hybrid structure is

characterized by the highest charge carrier mobility.

3.3. The effect of GNR width on the mobility of

charge carriers in SWCNT/GNR hybrid

structures SWCNT/GNR

In the previous step of the study, we have shown that

the highest charge carrier mobility in the SWCNT/GNR

hybrid structure is achieved at SWCNT (16,0). The

next step was to establish the nature of the influence of

topological features of GNRs on the carrier mobility in

SWCNT/GNR hybrid structures. We built 6 supercells of

(16,0) SWCNT/GNR hybrid structures with GNR widths
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Table 2. The elasticity constant Cβ

1D , the effective mass of electrons m∗
e and holes m∗

h (in units of electron mass m0), and the deformation

potential of electrons Eβ
e and holes Eβ

h of the (16,0) SWCNT GNR hybrid structure with varying width GNR

Band width, Å m∗
e , 0.01m0 m∗

h , 0.01m0 Cβ

1D · 1011, eV/cm Eβ
e , eV Eβ

h , eV µ∗
e , m

2/(V · s) µ∗
h , m

2/(V · s)

9.81 4.75 4.47 1.15 3.11 2.13 9.12 21.15

12.26 4.25 4.53 1.10 2.97 2.12 11.24 20.17

14.70 2.85 4.20 1.15 3.13 4.43 19.26 5.41

17.16 2.16 2.38 1.20 3.66 5.69 22.50 8.02

19.16 4.33 5.42 1.33 2.09 3.23 26.88 8̇.06

22.17 2.61 1.64 1.32 2.60 8.04 36.98 7.77
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Figure 7. Mulliken electron charge density distribution over the supercell atoms of hybrid structures (16,0) SWCNT/GNR with

nanoribbons of varying widths.
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varying from 9.81 to 22.1 Å, and found their equilibrium

configurations. The Mulliken electron charge density

distributions of the atoms of the constructed supercells

of the (16,0) SWCNT/GNR hybrid structures are shown

in Figure 7. The analysis of the obtained calculation

results shows that the width of GNR does not affect the

character of partial charge distribution in SWCNT/GNR

hybrid structures.

The calculated values of the elasticity constant, effective

mass and deformation potential for supercells of SWCNT

(16,0)/GNR hybrid structures are summarized in Table 2.

It follows from the table that the width of the GNR has

no significant effect on the values of the effective mass of

charge carriers in SWCNT/GNR hybrid structures. The

average values of the effective masses of holes and electrons

are 3.49 [0.01m0] and 4.05 [0.01m0] respectively, which

is almost 2 times higher than those of the SWCNT/GNR

hybrid structures as the diameter of SWCNTs increases

(see Table 1). The increase in GNR width leads to

an increase in the elasticity constant from 1.15 · 1011

to 1.32 · 1011 eV/cm, a decrease in the deformation

potential for electrons from 3.11 to 2.60 eV and its increase

for holes from 2.13 to 8.04 eV.

The results of carrier mobility calculation in (16,0)
SWCNT/GNR hybrid structures with varying nanoribbon

width are shown in Figure 8. It can be seen from the

figure that as the GNR width increases, the electron mobility

increases almost according to a linear law in the range

from 9.12 to 36.98m2/(V · s). At the same time, the hole

mobility changes non-monotonically: a sharp decline to the

value of 5.41m2/(V · s) with a width of GNR 14.70 Å is

replaced by a fairly smooth growth at a GNR width in the

range 14.70−22.17 Å. The maximum hole mobility of 21.15

and 20.17m2/(V · s) is observed at GNR widths of 9.81

and 12.26 Å, respectively.

The high hole mobility at small GNR width is explained

by the previously established patterns of charge distribution

in the (16,0) SWCNT/GNR hybrid structure (Figure 6).
As one can see from Figure 6, the atoms of the seamless

octagonal SWCNT and GNR connection localize the excess

positive charge domain. As the GNR width decreases,

this domain shifts closer to the vacuum layer (at the edge

of GNR), in which acoustic waves cannot propagate,

preventing the propagation of holes.

4. Conclusion

The following logic has been discovered as part of a DFT

study using the Bardeen–Shockley theory to calculate the

charge carrier mobility in hybrid SWCNT/GNRs:

1) the elasticity constant for the hybrid SWCNT/GNR

structures increases as the diameter of SWCNT/GNR

increases (from 6.264 to 12.529 Å) by 1.43 times

(from 0.92 to 1.32 eV/cm) and by 1.15 times (from 9.81

to 22.17 Å) when the ribbon GNR width increases

(from 1.15 to 1.32 eV/cm);

2) increasing the diameter of SWCNT, which is part

of the SWCNT/GNR hybrid structure, by 2 times

(from 6.264 to 12.529 Å), increases electron mobility

by ∼ 55 times (from 0.67 to 36.98m2/(V · s)) and hole

mobility by ∼ 1.5 times (from 6.56 to 9.77m2/(V · s));
3) increasing the GNR band width by ∼ 2.26 times

(from 9.81 to 22.17 Å) increases the electron mobility

by ∼ 4 times (from 9.12 to 36.98m2/(V · s)) and de-

creases the hole mobility by ∼ 2.7 times (from 21.15

to 7.77m2/(V · s)).
The observed difference in mobility behavior for electrons

and for holes is explained by higher values of the deforma-

tion potential for holes compared to electrons.

Thus, SWCNTs of larger diameter should be used to

increase the mobility of charge carriers of both signs within

SWCNT/GNR hybrid structures. Varying the width of

GNRs in SWCNT/GNR hybrid structures affects the mobil-

ity of charge carriers in them in a different way: the mobility

of electrons increases as the width of GNRs increases, while

the mobility of holes decreases. Among the topological vari-

ants of hybrid graphene-nanotube 1D-structures considered

in this study, the (16,0) SWCNT/GNR configuration with

a GNR width of 22.17 Å showed the highest mobility of

carriers of both signs.
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