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: Abstract

iThe electronic and transport properties of armchair a-
graphyne nanoribbons (0-AGYNRs) are studied using
idensity functional theory with non-equilibrium Green
ifunction formalism. The o-AGyNRs are considered with
iwidths N = 6, 7 and 8 to represent three distinct families
:behavior in presence of twisting. The band structure,
current-voltage  characteristic,  transmission  spectra,
imolecular energy spectrum, molecular projected self-
iconsistent Hamiltonian (MPSH), and transmission
ipathways are studied for a-AGyNRs with 6= 0°, 30°, 60°
iand 90°. The results indicate that 6 and 7 a-AGYNRs
devices are semiconductor, while 8 a-AGYNR device has
Emetallic character. Moreover, these behaviors are preserved
by applying the twist. Our theoretical study shows that the
ielectronic conduction of a-AGyNRs can be tuned by
itwisted deformation. The maximum modulation of
iconductance at 1.2 V is obtained 69.94% for 7 a-AGYNR
:device from 6=0° to 6=90°. The investigation of MPSH
:demonstrates that distribution of charge density get
ilocalized on twisting sites which impact on the electron
:tunneling across the scattering region.
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1. INTRODUCTION

In recent decades, carbon-based nanomaterials (CBNSs) have attracted most
attention as a candidate for future electronic applications [1-2]. Various
allotropes of carbon have been discovered including graphite [3], fullerenes [4],
carbon nanotubes [5-6], and graphene [7-8]. Among of CBNs, graphene has
attracted tremendous attention among the scientific community since
mechanical exfoliation of graphite using scotch tape in 2004 by Novoselov et al.
[8].

Graphene consists of sp® hybridized carbon atoms which arrange in two-
dimensional (2D) planar honeycomb lattice. Graphene has extraordinary
mechanical behaviors and unique electronic properties such as high mechanical
flexibility, high specific surface area, outstanding electrical conductivity,
excellent carrier mobility which make it valuable for applications in future
nanodevices [9-15]. By changing the sp? carbon bonds proportion in graphene to
the acetylenic linkages (C—C=C-C), another novel 2D carbon allotrope can be
designed that is known as graphyne (Gy).With different percentages of the C-
C=C-C such as 100%, 66.67%, 33.33% and 41.67%, four typical structures can
form namely a-, -, y- and 6,6,12-graphynes, respectively [16-21]. After the
prediction of the graphyne family by Baughman et al. [16], extensive
experimental [20] and theoretical studies [18] have been devoted to explore
graphyne’s properties and development of its industrial applications [17-25].

Graphyne sheet is patterned via the lithographic technique into nanoribbons
(NRs) along two different orientations, which are called armchair (A) and
zigzag (Z) graphyne nanoribbons (GyNRs). Their strongly anisotropic electronic
properties depend on the width and edge morphology of NR [17, 21].
Furthermore, geometrical formations such as ripple [26-27], wrap [28], fold [29]
and twist [30-35] occur inevitably in the production of low-dimensional carbon
nanostructures which influences widely on the electronic transport properties.
Recently, the twist has been experimentally formed in graphene and graphyne
which modifies their physical properties [33-34]. G. P. Tang et al. investigated
the twisted deformation on the electronic conduction of armchair and zigzag
GNRs. The results indicate that semiconductor GNRs are strictly sensitive to
twist while the metallic GNRs have insignificant altering by twisting [32].
However, the effect of twist in GyNRs has not been considered as extensively.

Herein, we have theoretically investigated the influence of twisted
deformation on transport properties of a-AGYNRs using the non-equilibrium
Green’s function (NEGF) method [36] combined with the density functional
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theory (DFT) [37-38]. The a-AGYNRs can be divided into three categories with
N =3p, 3p + 1, 3p + 2, where p is an integer number. In present work, we
choose three a-AGYNRs with various widths (N = 6, 7, 8) as examples to cover
distinct features of three different groups [17].

The paper is organized as follows: the models and computational methods are
given in Section 2. The results of the twisting deformation on the electronic
transport properties of 6, 7 and 8 a-AGYNRs are obtained and analyzed in
Section 3. Finally, summarizes findings are presented in Section 4.

2. MODELS AND COMPUTATIONAL METHODS

Figure 1 shows planar and twisted a-AGYNRs devices with width of N=6 (as
an example for representation) which N denotes to the dimmer lines number
across the width of ribbon. Each device is partitioned into three sections: left
electrode (LE), right electrode (RE) and the central scattering region (SR). Each
electrode includes one unit cell along the transport direction and the central
scattering region is composed by a super cell with 5 unit cells along the ribbon.
The dimensions of 6 a-AGYNR supercell in the X, Y and Z directions are
33.38A, 15 A and 60.33 A, respectively.

The region of central scattering is considered large enough to vanish
interaction between the wave functions of electrodes. All carbon of edge atoms
are attached to hydrogen atoms. In twisted a-AGYNR device, the electrodes and
scattering region are rotated around the center axis (0).

The electronic and transport properties of structures are performed using the
DFT with NEGF method. Norm-conserved Troullier-Martins pseudopotentials
are employed to describe interaction between valance and core electrons [39].
The generalized gradient approximation (GGA) of the Perdew-Burke-Ernzerhof
(PBE) is used to calculate exchange and correlation energy [40]. The
calculations of self-consistent are carried out with a mixing rate of 0.01 and the
convergence criterion for the density matrix is considered to be 10*.The kinetic
energy cutoff is chosen to be 150 Ry and a Monkhorst—Pack k-mesh of 1x1x50
are set in order to obtain good balance between accuracy and calculation
efficiency. Optimized geometries of systems are performed until the force on
each atom is smaller than 0.02 eV/A. We apply periodic boundary conditions
along the Z direction and a vacuum of 15 A imposes to avoid spurious
interaction between nanoribbons images in non-periodic directions (i.e. X and Y
directions here).
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<

6 a-AGyNR device with 6=90°

s
«{; ‘\‘
& 9
P 4 e "‘}"‘"" S - .
< - axiQ
\ £ e axis
b 44\} **.»

> -

SR RE

Fig. 1. Schematic models of planar and twisted 6 a-AGYNR devices, respectively. The
left electrode (LE), the right electrode (RE) and the scattering region (SR) are
represented in this figure. All edge carbon atoms are attached to hydrogen
atoms. The 0 is the twisted angle around the center axis of a-AGYNRS.

In the two-probe system, the Green function of the complete system with open
boundary conditions is calculated from Eq. (1):

G(E):{(E +in)l —H —Z(E)—Z(E)} @
Here, 7 is an infinitesimal positive number, and I denotes the identity matrix.

Z represents left (right) electrode self-energies using the following equation
L(R)
[36]:
Here, » is an infinitesimal positive number, and | denotes the identity
matrix. Z represents left (right) electrode self-energies using the
L(R)
following equation [36]:
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ZL(E):TIQL(E)TL’ZR(E):T;gR(E)TR (2)

g, and gg are the surface green function of left and right electrode,
respectively. 7, and 7 represent information about the coupling quality
between the central scattering and the electrodes. I' . (E) is broadening
function of the left (right) electrode based on the following equation:

F(B)=1] X, ((E)-20 L (E)|=2m3, (E) 4

The total transmission probability is given by
T (EV,)=Trace| I, (E)G(E)r, (E)G'(E)] ®)

G(E)and GT(E) present the retarded and advanced Green’s functions,

respectively. Current is obtained from the transmission probability using
Landauer— Buttiker relation,

V) =2 [T € V[ €)1 (E)]oE ©)

Where e refers the electron charge, h presents the Planck’s constant.

fL.r(E)= is left (right) Fermi function. 4 . = E; i% is left

(E-gR)
1+e Vi

(right) electrochemical potentials.

3. RESULT AND DISCUSSION

The electronic and transport properties of 6, 7 and 8 a-AGYNRS devices are
investigated with twist angles between 6= 0° and 90° (in steps of 30°) based on
the Landauer formula. The current-voltage characteristics of 6, 7 and 8 a-
AGyNRs devices in presence of twisted angles of 8= 0°, 30°, 60° and 90° are
presented in Figs. 2(a)-(c). Furthermore, electrodes band structures are presented
in the insets of Figs. 2(a)-(c).
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Calculated band structures of 6 and 7 a-AGYNRs show that these structures
are semiconductor with direct band gap of 0.392 eV and 0.431 eV at I point,
respectively. It is note that the gap of energy for 7 a-AGyNR is a slightly wider
(39 meV) than 6-0-AGyNR. However, 8 a-AGYNR band structure is very
distinct from those of the 6 and 7 a-AGYNRs. Valence and conduction bands of
8 a-AGYNR touch the Fermi level at the I" point and exhibits metallic behavior.
These findings are consistent with previously reported results [17].

(a) 6 a-AGYNR (b) 7 a-AGyNR (c) 8 a-AGYNR
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Fig. 2. Plots of current versus bias voltage for (a) 6 a-AGyNR (b) 7 a-AGyNR (c) 8 a-
AGyNR devices with 6= 0°, 30°, 60° and 90°. The band structures of planar 6, 7
and 8 a-AGYNRs unit cells are presented in the insets of Figs. 2(a)-(c).

Currents of 6 and 7 a-AGyNR devices with 6=0°, 30°, 60° and 90° are zero
until the bias of ~0.4 V, after that the currents increase. This behavior indicates
that these systems are semiconductor (Fig. 2(a)-(b)).

On the other hand, the current—voltage characteristics of 8 a-AGYNR devices
with 8=0° 30°, 60° and 90° display metallic behavior. This is attributed to the
number of available conduction channels around the Fermi energy (inset of Fig.
1 (c)) and hence these devices can carry larger currents comparing of 6 and 7 a-
AGyNRs devices. Furthermore, the electrical conductivity of 8 a-AGYNR is
more than those of the 6, 7 a-AGYNRSs under the similar condition.

It can be seen that in Figs. 2(a)-(c), the currents of 6 and 7 a-AGYNR systems
decrease by the increasing of twisting angles. In contrast, the current of 8 a-
AGYNR has no changes with the increase of twisting angles between 0° to 60°
and it decreases at the twisting angle of 90°. One can see that a negative
differential resistance (NDR) behavior is discovered in the current-voltage
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characteristic of 8 a-AGYNR with twisting angles of 0°, 30°and 60°in [1 V, 1.2
V] bias.

60

Conductance (puS )
N w I w
(=] = o =)

—_
Q

6 a-AGYNR 7 a-AGyNR 8 a-AGyNR

Fig. 3. The conductance of the considered structures at 1.2 V for 6, 7 and 8 a-AGyNR
devices with 6=0°, 30°, 60° and 90°.

Conductance of the considered structures at 1.2 V is given for different angles
in Fig. 3. As a result, the maximum modulations of conductance at 1.2 V are
obtained 50.87%, 69.94% and 60.10% for 6, 7 and 8 a-AGYNRs devices from
0=0° to 6=90°, respectively.

To gain more insight into the effects of twisting on the transport properties,
the transmission spectrum for 6, 7 and 8 a-AGYNR devices are presented with
twist angles (6=0°, 30°, 60° and 90°) in 0 and 1.2 V in Fig. 4.

Transmission spectra for 6 a-AGyNR with 6=0°, 30°, 60° and 90° under V,=0
V have transmission gap about 0.4 eV. Therefore, the transmission probability
vanishes for voltages in [0 V, 0.4 V] that results an off-state current.

For 7 a-AGyNR with 6=0°, 30° and 60°, a transmission gap are observed

around 0.4 eV. Moreover, gap of transport for 7 a-AGyNR with 8=90° enhances
to 0.6 €V. Thus, there is no current for 6=90° in [0 V, 0.6 V]
In the case of 8 a-AGyNR with 6=0°, 30°, 60° and 90°, there is no transmission
gap under Vp=0 V. Furthermore, the coefficients of transmission at 1.2 V have
high values around the Fermi level which means better conductive capability
than 6 and 7 a-AGYNR devices in the same of twist angles.
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Fig. 4. Transmission spectrum for (a) 6 a-AGyNR (b) 7 a-AGyNR (c) 8 a-AGYyNR
devices with 6= 0°, 30°, 60° and 90° in the biases of 0 and 1.2 V. The Fermi level
is set to zero.

To further understand the twisting influence on transport behavior of a-
AGYNRs with different widths, the left and right electrodes band structures for
6, 7 and 8 a-AGYNR devices are illustrated at 1.2 V (Fig. 5). The window of
bias is presented by black solid lines and the region of energy band matching
has been highlighted in green. In the presence of the external bias across the
junction, the left (right) electrodes energy bands move upward (downward) 0.6
eV from the Fermi level. When left and right electrodes bands have an overlap
within the window of bias, the transmission of electron occurs from left
electrode to right electrode. It is worthy to be pointed out that in the case of 8 a-
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AGYNR device, more resonance states appear into the bias window for two
electrodes. Whereas, the energy bands of 6 and 7 a-AGyNRs are matched
partially in the bias window. This phenomenon has an important impact on

guantum transport behavior and the current of device.
6 a-AGYNR 7 o-AGYNR

1.2 = 1.2 RE 1.2 o5 1.2 L

; 7 09 o

06

8 a-AGYNR

LE g, RE

0.9}

Fig. 5. The LE and RE band structures for 6, 7 and 8 a-AGyYNR devices under 1.2 V.
The energy band matching region within the bias window has been highlighted
in green.

Another important condition for electronic transmission comes from intensity
of coupling between scattering region molecular orbitals and the electrodes. The
molecular orbitals which have main contribution to the total current are HOMO
and LUMO.

The molecular energy spectrum of scattering regions and the MPSH of the
HOMO and LUMO for 6, 7 and 8 a-AGYNR devices at 1.2 V are plotted in Fig.
6. One can see that the HOMO and LUMO densities present a notable
symmetric distribution in the whole junction for considered devices with 6=0°.
In contrast, only the spatial distribution of LUMO is delocalized over the central
scattering region in 6, 7 and 8 a-AGyNRs with 6=90°. More importantly, when
an electron with the energy of this orbital is entered into the central region, it has
a high probability to pass via the central scattering region. Furthermore, spatial
distributions of HOMO are entirely localized on twisting sites, hence the

Journal of Optoelectronical Nanostructures. 2023; 8 (2): 15- 31 .
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conductance channels are localized close to the right electrode and the current

are suppressed.
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Fig. 6. Molecular energy spectrum of scattering regions for (a) 6 a-AGyNR (b) 7 a-
AGyNR (c) 8 a-AGYNR devices at 6=0° and 6=90° under 1.2 V. The MPSH of
HOMO (lower) and LUMO (upper) for each device are presented. The isovalues
are fixed 0.02 for all eigenvalues.

The pathway of transmission is a main tool which disintegrates the coefficient
of transmission into local bond contributions (Tj). This can be expressed as
follows [41-42]:

TB=), Ty 7

Where Tj; describe how the current propagates through the atomic bonds.

The transmission pathways of 6, 7 and 8 a-AGyNRs with 6=0 ° and 90° at the
Fermi level under 1.2 V bias are illustrated in Fig. 7. In this figure, the thickness
of each arrow exhibit the local transmission magnitude between chemical bonds
and the direction of arrows show the electron flow. In addition, the density of
pathways is illustrated by the volume of the arrows. We can clearly observe that
the pathways of transmission for a-AGYNRs devices are specifically dependent
on ribbons width. Furthermore, the transport channel number for electrons in
planar devices is more than those in the twisting a-AGyNRs. Thus, this result
confirms that twisting can reduce the electronic conduction ability of the a-
AGYNRs.
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Fig. 7. The transmission pathways of (a) 6 a-AGyNR (b) 7 a-AGyNR (c) 8 a-AGYNR
devices with 6=0 ° and 90° at the Fermi level under 1.2 V bias.

3. CONCLUSION

We have carried out the calculations to explore the electronic and transport
properties of 6, 7 and 8 a-AGyNRs with the planar and twisted geometries. The
current-voltage characteristic for semiconductor 6 and 7 a-AGyNRs devices are
sensitive to twisting deformations with 6=0° 30°, 60° and 90°. In addition,
threshold voltage of 6 and 7 a-AGyNR devices with 6=0°, 30° and 60° is about
0.4 V. In the case of 8=90°, threshold voltage remains unchanged at 0.4V for 6
a-AGyNR device and it increase to 0.6V for 7 a-AGyNR.
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The results show that the current-voltage characteristic of 8 a-AGyNR is
almost insensitive by twisting angle of 0°, 30° and 60°, while current significant
reduction occurs for 6=90°. The NDR behavior is observed for 8 a-AGyNR with
0=0°, 30° and 60° in the range of [1 V, 1.2 V] bias. Moreover, the current-
voltage characteristic for 8 a-AGyNR with 6=90° exhibits Ohm’s law. It is
found that the transmission of 8 a-AGyNR with 6= 0°, 30° and 60° is around
2GO0 at Fermi energy, but it is negligible with 6= 90°.

The MPSH of LUMO and HOMO for considered devices with 6=0° exhibit a
remarkable symmetric distribution in the scattering region at 1.2 V. However,
the distribution of HOMO gets localized on the twisting site with 6=90°. The
transmission pathways illustrate that the number of transport channels in 8 a-
AGyNR is more than those in 6 and 7 a-AGyNRs with 6=90°.

The maximum modulations of conductance at 1.2 V are calculated 50.87%,
69.94% and 60.11% for 6, 7 and 8 a-AGyNRs devices from 0=0° to 6=90°,
respectively. Our results suggest that the electronic and transport properties of
nanodevices can be tuned by applying twisted deformation.
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