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The electrical conduction characteristics of perforated bilayer graphene nanoribbons are studied by the wave-
packet dynamics method. The transport characteristics for typical examples of such nanostructures, which
depend on the specific features of the contacts between the electrodes and the nanostructure under study, are
estimated within a theoretical model. The effect of nanopores on the propagation of a wave packet across
bilayer nanoribbons having two different configurations is revealed. These studies may become the first nec-
essary prerequisite for the possible applications of such objects as components of electronic and optoelec-

tronic circuits.
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INTRODUCTION

Graphene nanoribbons (GNRs) are one-dimen-
sional graphene strips with the optical, electronic, and
magnetic properties determined by their width and
edge structure. Graphene nanoribbons with zigzag
edges are metals [1], and those with armchair edges
are semiconductors with the band gap depending on
their width [2]. It is also possible to control the elec-
tronic characteristics of graphene nanoribbons by
their distortion [3] or by the adsorption of atoms on
their surface [4]. The dependence of the band gap in
GNRs on their structure makes them ideal objects for
application as connectors. Owing to this feature,
GNR-based electronic devices can become efficient
substitutes for the silicon analogs in new generation
nanodevices. Currently, the possibilities of using
GNRs as various electronic components are being
actively investigated [5]. Modern technologies already
allow synthesis of GNRs with a width of several tenths
of nanometer by various techniques, such as electron
lithography, cutting nanotubes, and self-assembly of
molecules [6].

In addition to monolayer structures, bilayer
graphene nanosystems, in which the dispersion rela-
tion of charge carriers has a quadratic form in contrast
to that of single-layer graphene, are of particular inter-
est [7]. Note that the electronic properties of bilayer
graphene can be easily controlled, for example, by

applying an electric field [8, 9] or by molecular
adsorption [10, 11].

A promising line of research suggesting the possi-
bility of controlling the electronic properties of
graphene-based nanostructures is the formation of
nanopores [12]. In contrast to pores in monolayer
graphene, nanopores in bilayer graphene are closed,
which leads to certain specific features of their elec-
tronic characteristics, as well as to their chemical sta-
bility in the presence of only topological defects at the
nanopore boundary [13—15]. Moreover, it was pre-
dicted earlier that the joining of edges in a nanopore of
bilayer graphene is a spontaneous process [14]. The
formation of such type of arrays was recently con-
firmed in experiments [16, 17]. In addition, the possi-
bility of a semimetal—semiconductor transition is
demonstrated in [18] using three-layer graphene sys-
tems with pores as specific examples. All this makes
porous multilayer graphene an extremely interesting
object for the studies on specific features of their char-
acteristics, having in mind their promising applica-
tions in future nanoelectronics.

Similar to bilayer graphene with periodic nanopore
arrays, bilayer GNRs with nanopores are also of par-
ticular interest as a new class of quasi-one-dimen-
sional carbon materials. As in the case of single-layer
GNRs, charge carriers in bilayer GNRs are also lim-
ited in their motion along two spatial directions. The
electronic characteristics of such arrays can also be
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controlled by changing their width [19, 20]. In addi-
tion, it was shown that the electronic and transport
characteristics of bilayer GNRs strongly depend on
the voltage applied across the layers [19—21]; this was
also demonstrated in experiments [22]. Thus, the
presence of nanopores in bilayer GNRs can signifi-
cantly affect their physical and chemical properties,
which requires a thorough fundamental study.

In this work, we study the electrical conduction
characteristics of bilayer graphene nanoribbons with
nanopores by simulating the propagation of an elec-
tron wave packet along them.

RESEARCH TECHNIQUES

The wave-packet (WP) dynamics method is a com-
puter simulation of the propagation of a WP through a
localized potential relief [23]. The time dependence of
WP propagation is calculated by solving the time-
dependent Schrodinger equation. The result of calcu-
lating the WP dynamics gives a detailed information
on the WP propagation process with the course of
time.

The model system consists of an electrode generat-
ing the WP, the localized potential relief forming the
array under study, and an absorbing potential. The
metal electrode is described as an electron gas having
the Fermi energy Ep = 5 eV and work function W =
4.81 eV. The initial kinetic energy of the WP is E, =

5 eV. The pseudopotential related to each sp? carbon

atom has the form WV(r) = A exp(—a,.r2) with the
coefficients A, = 10.607 eV, 4, = 29.711 eV, and 4; =
98.911 eV and the parameters a;, = 0.12126, a, =

1.9148, and a; = 0.60078 in units of rgjhr [24]. This
pseudopotential was developed for graphene and
graphite, but it can also be successfully applied to
arrays with sp? hybridization containing defects [25—
28]. After leaving the electrode, the WP propagates
along the constructed localized potential relief toward
the absorbing potential without any reflection. The
solution of the time-dependent Schrodinger equation
is represented as a set of wavefunctions y(r, 7). Next,
we perform the Fourier transform (7, £) = y(r, E) to
separate the WP energies. The found function y(r, E)
is independent of time, so we can visualize the propa-
gation pattern for the WP component corresponding
to a fixed energy. Earlier, this technique was used to
study characteristic features of electron transport in
carbon nanotubes [29], across graphene grain bound-
aries [30], and in bigraphene nanomeshes [14].

The atomic structure of bilayer GNRs is calculated
by the molecular dynamics method implemented in
the LAMMPS software package [31] using the adap-
tive intermolecular reactive empirical band order
(AIREBO) potential [32]. Optimization of the geom-
etry is carried out until the forces acting on each atom
become smaller than 107 eV/A.
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Fig. 1. (Color online) (a) General view of the bilayer
45AGNR nanoribbon with a hole 15.5 A in diameter;
(b, ¢) types of connections between the nanoribbon and the
electrode through which the WP enters the nanoribbon.

RESULTS AND DISCUSSION

As a model system, we choose a 55-A-wide bilayer
armchair graphene nanoribbon (45AGNR) with a
hexagonal nanopore 15.5 A in diameter, whose edges
are covalently connected to each other (Fig. 1). The
presence of the nanopore affects the interlayer dis-
tance, which becomes equal to 5.2 A after optimiza-
tion. To study the effect of the nanopore on the con-
duction characteristics of the bilayer GNR, we con-
sider two types of electrode—ribbon contact: the
electrode is connected (i) directly to both layers of the
ribbon (Fig. 1b) and (ii) only to the upper layer the
bilayer GNR (Fig. 1c). The electrode is located at the
distance L = 23 A from the center of the nanopore.
The transport characteristics are measured before the
time when WP reaches the nanopore and after the pas-
sage of the nanopore. The corresponding cross sec-
tions are located at distances of 4.35 A upstream and
downstream of the pore.

First, we consider case (i) where the electrode is
connected to both layers of the bilayer GNR. To
obtain a pattern characterizing the distribution of elec-
tron wavefunctions after the WP propagation, we solve
the time-dependent Schrodinger equation and, as a
result, find sets of wavefunctions y(r, 7). These wave-
functions squared at times = 0.3 and 4.2 fs are shown
in Figs. 2a and 2b, respectively. At time # = 0.3 fs, the
WP is located at the electrode (Fig. 2a), then the
packet propagates along the ribbon, and after 1.5 fs
reaches cross section 1, which is chosen to be in front
of the nanopore. After that, the WP interacts with the
pore and, as a result, a part of the WP becomes local-
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Fig. 2. (Color online) Wave-packet probability densities at times 7= (a) 0.3 and (b) 4.2 fs and (c) time dependence of the electric
current flowing across crossing planes (red curve) / and (blue curve) 2.
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Fig. 3. (Color online) Time dependence of the electric current flowing (a) along the upper layer of the bilayer nanoribbon con-
nected to the electrode and (d) along the lower layer across crossing planes (red curves) / and (blue curves) 2. Wave-packet prob-
ability densities at time ¢ = 4.2 s (b) on the upper layer connected to the electrode and (c) on the free lower layer.

ized at curved regions of the nanopore (bright red
areas in Fig. 2b). At time 7 = 3 fs, the WP reaches cross
section 2. For each of these two cross sections, we
record the time dependence of the current passing
across them (Fig. 2c). Since the GNR is a bilayer sys-
tem with the AA packing of the layers, and the elec-
trode is connected to both layers, the WP propagates
along both layers in the same manner and contributes
similarly to the current flowing along these cross sec-
tions. The time dependence (Figs. 2¢ and 2d) demon-
strates that the amplitude of electric current exhibits a
significant decrease after the WP passage across the
nanopore. Such decrease is due to the WP—pore inter-
action, giving rise to a substantial reverse current.

Next, we consider the second case, where the elec-
trode is connected only to the upper layer of the bilayer
GNR (Fig. 1c¢). In this case, a different picture of
the WP propagation is observed (Figs. 3b and 3c¢). Fig-
ure 3 shows the WP probability densities on the (b)
upper and (c) lower layers, as well as the time depen-
dence of the electric current recorded at the (a) first
and (d) second cross sections. It was found that the
WP passes along the upper layer and then becomes
split during the passage of the nanopore: a certain por-
Vol. 112 No. 5
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tion of it propagates further along the upper layer,
whereas the other portion passes through the inter-
layer bonds within the pore and enters the second
layer. According to the time dependence of the electric
current, the behavior of the WP in the layer connected
to the electrode is similar to that shown in Fig. 2c. The
second layer can be considered as a separate system,
into which the WP enters through atoms located at the
nanopore boundary. The WP propagates in all direc-
tions. The blue curve in Fig. 3d demonstrates that
some portion of the packet propagates along the
nanoribbon from the electrode. At the same time, the
other portion of the WP moves toward the electrode;
this is illustrated by negative values of the electric cur-
rent flowing across the first cross section (red curve in
Fig. 3d). The electric current flowing across the first
cross section oscillates owing to the reflection from
the free edge of the ribbon, not attached to the elec-
trode, as well as from the nanopore itself. Oscillations
depend on the shape of the free edge of the ribbon, as
well as on its distance from the nanopore. Note that
the currents flowing along the second layer differ in
amplitude by an order of magnitude from those flow-
ing along the layer attached to the electrode (Fig. 3d).
Thus, after the WP passage through the nanopore, one
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Fig. 4. (Color online) (a—c) Wave-packet probability densities corresponding to some peaks of the spectral distribution shown in
panel (d). Wave-packet probability densities are shown for one layer: (a) in the case of the electrode connected to both layers and
(b, ¢) in the case of the electrode connected to only one layer for connected and not connected layers, respectively.

portion of it propagates further along the attached rib-
bon, whereas the other one is localized at the pore
boundary and passes to the layer, which is not con-
nected to the electrode. In this case, a significant part
of the intensity is lost.

For a more detailed analysis of the WP propagation
through the bilayer GNR with the nanopore, we per-
form the Fourier transform y(r, f) — y(r, E) to distin-
guish WPs with different energies. This makes it possi-
ble to obtain a time-independent spectral distribution
for WPs. In Fig. 4, we show such spectral distributions
for the cases of electrode attachment to both layers and
only to the upper layer. Spectral distributions show
that the bilayer 45AGNR with the nanopore is metal-
lic. It is important that the existence of the nanopore
does not change the type of conductivity, since the
same bilayer GNR with a perfect structure also exhib-
its metallic characteristics. In Fig. 4, we show the
probability density distributions for given WP ener-
gies, which can be used to determine the energies of
localized and delocalized electronic states. The WP

behaves approximately in the same manner in the lay-
ers attached to the electrode. However, not all wave
packet components corresponding to fixed energies
penetrate the layer which is not connected to the elec-
trode. The analysis of the peaks in the spectral distri-
bution shows that the WP at energies £ = —1.2 and
—0.6 eV does not propagate beyond the nanopore and
the main part of it becomes localized at distorted
bonds located at the nanopore boundaries. At higher
energies £ = (0.2 and 2.3 eV, the WP passes across the
edges of the nanopore into the second layer and fur-
ther on propagates along the ribbon. Thus, it is shown
that, by changing the voltage applied across the elec-
trodes, it is possible to control the transmission, delay,
or reflection of the WP and hence to control also the
electric pulses of different energies being input to the
devices (Figs. 1b and 1c). This phenomenon can be
used in nanoelectronic pulse devices.

The data obtained suggest that nanopores in bilayer
arrays play an important role in the formation of
metallic conductivity and of additional steady-state
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levels localized directly at the interlayer connection
region related to the nanopore. This determines differ-
ent kinds of electric pulse propagation in perforated
bilayer GNRs.

CONCLUSIONS

In this work, we have studied the electrical conduc-
tion characteristics of novel quasi-one-dimensional
materials based on bilayer graphene nanoribbons with
nanopores. Using the wave-packet dynamics method,
we have demonstrated the metallic type conductivity
in a bilayer graphene nanoribbon with a nanopore.
The presence of a nanopore favors the formation of
localized electronic states at its boundary. Moreover, it
has been shown that an important parameter here is
the type of connection between the nanoribbon and
the electrode. The connection with only one layer
leads to a significant change in the transport charac-
teristics; namely, in such systems, a nanopore serves as
a signal divider. The time dependences of the electric
current measured after the passage of a wave packet
across the nanopore are significantly different for dif-
ferent layers. Both the size and shape of the pore and
the geometry of the nanoribbon edge not connected to
the electrode affect these dependences. This leads to
the possibility of controlled passage of electric pulses
through the nanostructures under study and is import-
ant for their potential applications in nanoelectronics.
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