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We investigated a suspended bilayer graphene where the bottom/top layer is doped by boron/nitrogen
substitutional atoms. By using density functional theory calculations, we found that at high dopant concentration
(one B-N pair every 32 C atoms), the electronic structure of the bilayer does not depend on the B-N distance but
on the relative occupation of the bilayer graphene sublattices by B and N. The presence of the dopants and the
consequent charge transfer establish a built-in electric field between the layers, giving rise to an energy gap. We
further investigated the electronic transport properties and found that intralayer current is weakly influenced by
the presence of these dopants while the interlayer one is enhanced for biases, allowing an easy tunneling between
layers. This effect leads to current rectification in asymmetric junctions.
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Bilayer graphene (BLG) is a two-dimensional material
constituted by two stacked graphene layers. It has recently
attracted much interest because it shows exceptionally high
charge mobility like in single-layer graphene [1]. Charge
transport in BLG is tied to the in-plane direction of each of
the two layers and it has been shown that a gate potential
can induce an energy gap in bilayer graphene [2]. As a
consequence, BLG has been proposed to be more suitable than
single-layer graphene to realize carbon-based field-effect logic
devices, as the new bilayer-graphene-based transistor [3-5].
However, due to the small density of states at the Fermi level
of BLG, very large electric fields are needed in order to create
an unbalance in the charge distribution. This has a deleterious
impact on the performance and stability of gated BLG. For
instance, graphene and BLG deposited on oxide dielectrics
such as SiO, show a large hysteresis in the /-V curve, due to the
charging/discharging of point defects in the oxide. Moreover,
charged impurities in the gate oxide and at the graphene-gate
interface have been shown to dramatically reduce the mobility
in graphene-based devices [6,7]. On the other hand, the low
density of states can be exploited to induce the effects of a
large electric field in BLG. In fact, the addition or removal
of even a small amount of charge from each layer causes an
abrupt change of the Fermi level.

In this paper, we simulate a suspended bilayer graphene
nanojunction where boron and nitrogen atoms substitute
carbon atoms in the bottom and top layers, respectively. The
equal number of B and N atoms assures that the system
is isoelectronic to the pristine bilayer. By first-principles
calculations, we find that a large built-in electric field is
then established, due to the combination of two effects:
the first is the Fermi-level mismatch between the isolated
B-rich and N-rich layers, and the second is a partial charge
transfer between them as they are put in contact. As a
consequence, a small energy gap appears, enabling this system
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to be employed for nanoelectronics applications. In view of
this, we also investigate the ballistic electron transport in
graphene nanojunctions containing B and N substitutional
atoms and show the possibility of a rectification behavior that
is independent of the relative sublattice occupations.

We performed density functional theory (DFT) calculations
with the local-basis SIESTA code [8-11]. We used norm-
conserving pseudopotentials [12] and the double-¢ polarized
basis set. The exchange correlation potential is described
by the Perdew-Burke-Ernzerhof (PBE) generalized gradient
approximation (GGA) [13], and the weak van der Waals
forces between the graphene layers are described by a classical
C/r% term, parametrized by Grimme [14]. In this theoretical
framework, we obtained an interlayer distance of 3.32 A for
pristine BLG, in good agreement with the experimental value
of 3.36 A [15]. In every subsequent calculation, we fixed the
in-plane lattice constant to the calculated value of 2.474 10%,
which is close to the experimental value of 2.46 A [16]. We
make use of the slab-dipole correction to avoid spurious effects
due to the built-in dipole in the graphene bilayer. Real-space
grid and Brillouin-zone sampling are taken fully convergent.

We simulated the doping of each layer by constructing a
4 x 4 supercell, i.e., 32 carbon atoms per layer with a single B-
N substitutional pair. We recall that graphene is constituted by a
bipartite lattice and we denote by S1 and S2 the first and second
sublattice. In the case of BLG, the two sublattices are no more
equivalent due to their Bernal stacking. The first sublattice of
BLG (S1) is constituted by carbon atoms sitting above/below
carbon atoms from the other layer. The second sublattice (S2)
is constituted by carbon atoms positioned above/below the
geometrical center of the hexagons from the other layer, as
shown in Fig. 1.

The electronic properties of the system depend on the
relative position of the two dopants in the graphene sublattices.
In B-N substituted BLG with one B-N pair, there are three
nonhomologous configurations. The first is when B and N
belong to different sublattices (A in Fig. 1); the second is
characterized by B and N belonging to the S1 sublattices
(in this case, they can be situated one on top of the other;
see configuration B in Fig. 1); in the third configuration, B
and N occupy the S2 sublattices (C in Fig. 1). In the 4 x 4
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FIG. 1. Possible arrangements for a substitutional B-N pair in
graphene bilayer. Yellow sphere: N; green sphere: B; blue and red
spheres are C atoms of the two inequivalent sublattices S1 and S2,
respectively.

supercell, additional arrangements are possible which differ
from A, B, and C for the relative B-N distance. We verified
that for a given B-N substitution into the two sublattices, the
distance between the impurities has a minor influence on the
electronic properties of the system. This is reasonable because
the presence of an impurity gives a perturbation which has a
large spatial extent but is localized on the specific sublattice
only.

The three configurations are almost isoenergetic, with C
being the most stable one, and configurations A and B higher in
energy by ~0.07 and ~0.06 eV, respectively. In the following,
we will concentrate on case C, eventually verifying that the
conclusions can be extended to the other cases.

In Fig. 2, we report the density of states (DOS) and the band
structure of the C configuration. In the upper panel, the DOS
show two interesting features. The first one is the appearance
of an energy gap of 0.32 eV comprising the Fermi level. The
second one is the presence, in each layer, of the characteristic
“V-shaped” DOS centered around the Dirac points, which are
separated by an energy U ~ 1.4 eV. This value can also be
extracted from the band structure as the energy separation of
the two Dirac points, which are located at K, and referring
to each of the two doped layers. The value of U can be
rationalized in terms of the Fermi energy shift of the isolated
doped graphene layers (~ £ 0.8 eV), mitigated by 0.2 eV
due to the charge transfer occurring from the N-doped layer
to the B-doped one. The dipole moment generated by the
redistribution of electronic charge is 2.77 D per B-N pair.
Such a dipole creates a built-in electric field E = 0.03 V/A
along the direction perpendicular to the sheets.

From the band structure reported in Fig. 2, we observe
that the Kohn-Sham band gap is direct and located away
from the K point, along the I' — K path. One can also note
that the highest occupied band belongs to the B-doped layer,
while the lowest unoccupied one belongs to the N-doped layer.
This band structure shows two “mexican hats” centered around
K, like the band structure of BLG subject to a perpendicular
electric field. In fact, by comparing to Fig. 2(c) of Ref. [17],
our U corresponds to the gap at K (named “eV” in Ref. [17])
and our band gap of 0.32 eV corresponds to A, in that
work. This gap is only weakly dependent on the doping
concentration (as an example, we compute a value of 0.29 eV
for a larger 7 x 7 unit cell). The difference of the electronic
structures between the donor- and acceptor-doped graphene
layers appears promising for application in nanoelectronics
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FIG. 2. Top panel: Density of states of the B-N doped BLG. The
projected DOS on N and C atoms of the N-doped graphene layer are
reported in the upper part, while those projected on B and C atoms
of the B-doped graphene layer are reported in the lower part. Bottom
panel: band structure of B-N—-doped BLG. The weight on B (red) and
N (blue) is also reported. The size of the circles is proportional to the
weight of the eigenstates on specific atoms.

and motivated us to study ballistic transport through B-N-
doped BLG, which is the dominant transport mechanism in
these devices, since the mean free path is typically larger that
the size of our nanojunction [18]. As shown in Ref. [19], even
the presence of dopants does not introduce severe quantum
interference effects. In fact, for such systems, new conduction
channels allowing the interlayer transport can be available.
The first-principles quantum transport calculations were
performed using the TranSIESTA code [20], which employs
the nonequilibrium Green’s function (NEGF) formalism in
conjunction with DFT. Within the NEGF-DFT approach, the
system has been divided into three regions: the left and right
electrodes, and the scattering region. The latter contains a
portion of physical electrodes, the so-called right and left
contacts, where all screening effects take place. Along the
direction perpendicular to that of the current flow, all three
regions are infinitely extended and periodically repeated. In
order to apply an external bias, the Fermi levels of the
electrodes are shifted relative to each other and the electronic
occupations of the system are determined self-consistently
using the left/right spectral function in the energy window
fixed by the electrochemical potentials of electrodes. The
transmission function is worked out in the Landauer-Biittiker
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FIG. 3. Transport geometry of the overlay B-N—doped junction
in the C arrangement. The upper layer contains the nitrogen atom
while the lower layer contains the boron one.

approximation [21], which accounts for ballistic transport.
We first consider the electron transport in BLG in the zigzag
direction, through the B-N doped region in C configuration.
We recall that the scattering region is finite along the transport
direction but is periodically repeated along the transverse one
so no unsaturated C edges are present (unlike the case of
transport through nanoribbons). In this configuration, labeled
as “overlay” and depicted in Fig. 3, the left and right electrodes
are made of 32 atoms of pristine BLG while the scattering
region contains a single pair of B-N dopants and 62 carbon
atoms.

With respect to the infinite B-N—doped BLG discussed
above, the presence of the electrodes modifies the electronic
properties of this “open” system, mainly because the Fermi
level is now fixed to that of the infinitely extended pristine
BLG. Furthermore, the translational invariance along the
transport direction is lost and the electronic states are now
labeled by only the k component parallel to the interface (k).
The spectral properties can be observed in the kj-resolved
DOS of the system, reported in Fig. 4. The most evident
effect of doping is the appearance of new states: the occupied
boron p, orbital at about —2 eV dispersing along &, and the
empty nitrogen p, orbital at about +1.5 eV, showing a smaller
dispersion. Four other states appear in the projected-DOS gap.
These states have one-dimensional character and are fully
localized in the scattering region. For this reason, they do
not contribute to the electronic transport but they behave as
scattering centers.
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FIG. 4. kj-resolved DOS of the overlay nanojunction shown in
Fig. 3.
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We calculated the 1(V) curve with the NEGF-DFT method,
where the charge density is self-consistently updated upon the
effect of the applied bias. Once the transmission function is
worked out, the current is obtained, integrating the transmis-
sion probability into the energy window corresponding to the
applied voltage:

1(V) = 2 / dET(EV)[fu(E)— fx(E). (1)

where T(E,V) is the transmission function and f7,z(E)
represents the occupation function of the L/R electrode [22].
We report in Fig. 5 the I(V) curves for the doped and
pristine BLG. The comparison shows that the current flowing
in the B-N—doped system is only slightly larger than that in
pristine BLG. Indeed, the N and B states do not perturb the
system in the energy range relevant for transport and the x
electrons’ delocalization in the carbon network is preserved.
As an example, in the inset of Fig. 5, the transmission
function for these two systems at an applied voltage of —1.5V
is reported. They look very similar, especially in the bias
energy window, further confirming the previous analysis. At
the applied voltages considered, the current in the pristine
BLG amounts to twice that in a single sheet of graphene.
This suggests that the interlayer current flow is negligible with
respect to the intralayer one also in the presence of dopants.
In order to study the role played by the dopants on
the interlayer current, we now consider a “shingle” nano-
junction, differing from the overlay as the contact is made
by overimposing the terminations of two semi-infinite H-
terminated graphene layers (Fig. 6). The contact region is
hence constituted by partial overlap of doped graphene flakes.
In the present case, the electron current must flow from one
graphene layer to the other, overcoming an energy barrier. This
system breaks the left-right symmetry and can behave like a
p-n nanojunction.
The computed I(V) characteristics are reported in Fig. 7,
where positive biases indicate flow of electrons from the
N-doped layer to the B-doped one. The first finding is the
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FIG. 5. I(V) characteristic of the overlay nanojunction shown in
Fig. 3 (blue circles) compared to that of pristine BLG (red squares).
The inset reports the transmission probability at a bias potential of
—-15V.
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FIG. 6. Geometry of the B-N—doped shingle nanojunction in the
C arrangement. The upper layer contains the nitrogen atom while the
lower layer contains the boron one.

reduction of the absolute value of the current by almost
one order of magnitude. This reduction does not completely
suppress the current flow because of the partial overlap of
the graphene m bands on different layers. We note that for
positive biases, the electron current through the doped junction
is slightly larger than that obtained without the B-N pair.

The most interesting result is the behavior of the junction at
large negative biases (V < —1.0 V): in this case, the current of
the doped system is significantly larger (about 50%) than for
the pristine one. Furthermore, the asymmetry of the junction
produces different values for the current at positive/negative
biases, giving rise to a rectification behavior. The transmission
functions at —1.5 V bias are reported in the inset of Fig. 7. The
doped system is characterized by a larger value particularly
evident in the middle of the bias energy window.

The shingle junction geometry hence shows a remarkable
role played by the BN couple on the transport properties.
As any real junction would also include possibly different
structures, it is interesting to see how the other relative
arrangements of the B and N atom would influence the
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FIG. 7. I(V) characteristic of the shingle nanojunction. In addi-
tion to results for the most stable C arrangement depicted in Fig. 6
(blue void circles) and those for pristine BLG (red void squares), we
show those resulting from the average of arrangements A, B, and C
modeling configurational disorder in the doping (gray filled squares).
The inset reports the transmission probability at a bias potential of
—1.5 V, where electron transport occurs from the B-doped layer to
the N-doped one.
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FIG. 8. Eigenchannels at £ =0 eV and k; = 0.12 A™" for the
doped shingle nanojunction (upper panel) and for the corresponding
undoped case (lower panel). The applied bias is —1.5 V.

transport. Here we can focus on the three relative arrangements
(i.e., A, B, and C), recalling that the electronic properties are
only mildly dependent on the actual position of the dopants,
once the sublattice is fixed. Since A and B are only slightly
higher in energy (~0.06 eV in the periodic case), we assume an
equal occurrence of the three cases and report in Fig. 7 the 1(V')
characteristic averaged over them. This demonstrates that the
conclusions derived above for case C also apply to a more
realistic case where configurational disorder and different
relative B-N arrangements are present. Such an analysis is
not interesting for the overlay junction case (see Fig. 3)
where the I(V) characteristic of BLG is retained also upon
doping.

Through a more detailed inspection of the electronic
properties relevant for the transport, we can rationalize the
asymmetry in the current considering that the application of
a bias tends to shift the electronic states of the dopants. In
fact, for positive biases, the empty N state is further raised
while the occupied B state is lowered. This effect does not
change the transport properties in the relevant energy window
around the Fermi level. Differently, for negative biases, these
two states move towards the Fermi level, eventually entering
in the bias windows for voltages < —1.0 V. The first state
playing a role in transport is the empty N state for large k|
(see its dispersion in Fig. 4). For a spatial representation of
this aspect, we report in Fig. 8 the eigenchannels [23] in the

scattering region, obtained at £ = 0 eV and k) = 0.12 A for
both the doped and undoped shingle nanojunction. It is evident
how the presence of the dopants allows the electrons to flow
from one layer to the other. The transmission coefficients for
these particular states are ¢t = 0.95 and ¢t = 0.14, respectively.
It can be noted that the transmission channels do not directly
connect the B and N atoms, but they instead joint the entire
carbon lattices of the two layers. Therefore, the presence of
these impurities plays the role to lower the effective barrier
between layers.

In conclusion, we studied the effects of the B-N doping
on the electronic and transport properties of the graphene
bilayer by first principles. We found the opening of a gap
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amounting to 0.35 eV with the highest occupied molecular
orbital (HOMO) belonging to the B-doped layer and the lowest
unoccupied molecular orbital (LUMO) to the N-doped layer.
Furthermore, the band structure resembles that of a pristine
graphene bilayer upon the application of a strong electric
field. Our analysis showed a small effect of the dopants on

PHYSICAL REVIEW B 93, 205420 (2016)

the transport properties of the graphene bilayer. Differently,
when the carbon network is broken as in overlapping graphene
flakes, the dopants have a sizable effect on the interlayer
current. In particular, for negative biases, the presence of
the dopants enhances the current, originating a rectification
effect.
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