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ABSTRACT: Electron transport in bilayer phosphorene is studied
using the first-principles and nonequilibrium Green’s function
formalism. We have explored the interlayer properties of a
vertically stacked bilayer structure with paired substitutional
doping. The electron transport properties are calculated in bilayer
phosphorene and compared with substitutional doping, which
shows the tunable anisotropic nature of doped phosphorene in the
I−V characteristics. Further, to understand the role played by
dopants, the quantum transport properties of monolayer−bilayer
monolayer (ML−BL−ML) nanojunction are studied with and
without dopants. The interlayer direction-dependent current
characteristics are discussed in different setups. This suggests that the dopants play a crucial role in the interlayer current and
further provided rectifying behavior in the zigzag direction. Fano resonance is also observed as an effect that arises from the
hydrogen-terminated edges interacting with the second layer. Our study demonstrates significant tuning of the electronic transport
properties of the bilayer phosphorene implying its potential application in electronic devices.

KEYWORDS: phosphorene, 2D materials, bilayer, density functional theory, nonequilibrium Green’s function, quantum transport,
I−V characteristics, Fano resonance, rectification

1. INTRODUCTION

In the last two decades, two-dimensional (2D) materials have
attracted us due to their wide variations in structural, chemical,
physical, and electronic properties, not to mention about their
novel applications in sensing, energy storage, photocatalysis,
and so on.1−6 Two-dimensional materials can be used in
nanoscale electronic devices as electrodes, dielectrics, or
semiconductors.1−4,7−10 The key advantage of 2D materials
is the property that makes them naturally suited for a type of
integration, which is not possible with any three-dimensional
(3D) material, that is, forming heterostructures by stacking 2D
materials together. Recently, significant effort has been made
to making vertical and lateral heterojunctions of these 2D
materials1,11,12 that can behave like a fundamental component
of the electronic devices like photodiode, field-effect transistor
(FET), rectifier, etc.13−17 Several vertical and lateral nano-
junctions have already been reported both theoretically and
experimentally, such as graphene,7 hexagonal boron nitride (h-
BN),8 MoS2, and WS2.

9,109,10 In addition to all of these,
recently, a monolayer of black phosphorus (BP) known as
phosphorene has been exfoliated from bulk, and it has shown
promising applications in nanoscale electronic devices such as
sensing,18−21 energy storage,22 and photocatalysis.23 It is noted
that BP has a direct band gap of 0.3 eV and mobility of
∼10 000 cm2/VS, whereas monolayer phosphorene also has a
direct band gap of 0.9 eV calculated with generalized gradient

approximation (GGA) functional.18−21,24−27 BP has a highly
anisotropic electronic structure in the x−y plane that is
dependent on the number of layers. A few layers of
phosphorene are more interesting than their monolayer. A
few layers of phosphorene also have highly anisotropic electron
transport properties, which is supported by experimental work
as well as theoretical calculation of the effective masses of holes
and electrons.28−30 Several theoretical and experimental
studies have been conducted to tune the anisotropic electronic
and transport properties of phosphorene from both the
electronic structure and device perspective.18,28−31 Apart
from doping, the anisotropic property of BP can also be
tuned with the applied strain and electric field.31−35 Highly
tunable electronic and transport property as well as high on/off
ratio of BP make it suitable for applications in nanoelectronics
devices.24−26

Therefore, significant effort has been made to study the
electronic and transport properties of BP with layer depend-
ence that has been reported elsewhere.27,31,33,34,36,37 There are
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also several reports showing the band gap tuning of this
phosphorene with nanostructure width (nanoribbon).38,39

Also, bilayer phosphorene (Bi-P) flakes have been extensively
studied both experimentally and theoretically for electronic
and transport properties.40,41 These bilayer flakes show exciting
features along with bilayer nanoribbon. The energy gap of the
bilayer with respect to its width and length and the
corresponding atomic termination have also been re-
ported.27,40,41

Chemical doping has been a very convenient way to tune the
carrier concentration of a semiconductor. Monolayer phos-
phorene shows drastically changed electronic properties with
doping like metal element and a single atom from groups I, III,
V, and VI.39,41−46 Another report shows that multiple boron
(B) and nitrogen (N) doping prefers a highly ordered
structure.45,47 The higher concentration of arsenic atoms is
also studied experimentally and theoretically.48−52 Stone−
Wales (SW) deformations are also discussed before.53 Our
current electronic world is mostly based on silicon (Si);
therefore, Si doping can be the right choice of study and can be
of particular importance, and the atomic radius of Si is also
similar to that of phosphorus (P).41

Motivated from the high mobility and peculiar anisotropic
properties of phosphorene and previously attempted various
doping effects, in this report, we concentrate on the electronic
and quantum transport properties of free-standing bilayer
phosphorene flakes along the armchair and zigzag directions.
We assume that the best way to get a phosphorene bilayer flake
is through overlapping of a phosphorene bilayer. We further
introduced the paired doping effect in this Bi-P flake to
understand the impact of substituents on the electronic and
transport properties in the higher-bias regime. Our results
reveal significant tuning of the Bi-P anisotropy owing to paired
doping, implying its potential application in electronic devices.
We also introduced a nanojunction made of two vertically
stacked phosphorene doped with Si and S atoms and tried to
calculate the electronic and transport properties. In contrast,
nanojunctions show that current reductions relative to bilayer
are lower than that of graphene cases due to the strong
interlayer coupling in Bi-P.54 Finally, we discussed the
interesting rectifying behavior observed in the doped zigzag
direction, which was eventually missing in the armchair
nanojunction.

2. COMPUTATIONAL DETAILS
The first-principles-based density functional theory (DFT)
framework is used for this work.55,56 We first relaxed the
monolayer and bilayer unit cells in the Vienna Ab initio
Simulation Package (VASP).57 Projected augmented wave
(PAW) was taken into account to define the ion−electron
interaction, and exchange−correlation has been described by
GGA in the Perdew−Burke−Ernzerhof (PBE) scheme.58−60 A
plane-wave cutoff of 500 eV is used for kinetic energy. All of
the atomic forces were relaxed up to energy less than 0.01
meV, and the corresponding forces on each atom up to energy
less than 0.01 eV/Å. We used the van der Waals (vdW)
interaction during our calculations as implemented in VASP
for D3 Grimme correction.61 After defining the unit cell, we
used the SIESTA code62,63 to relax the supercell, and GGA-
PBE functional has been used in the SIESTA calculation.58

The atomic core electrons were modeled with Troullier−
Martins norm-conserving pseudopotentials.64 A mesh cutoff of
200 Ry was used for real space integration with double-ζ

polarized (DZP) basis set,65 and Brillouin zone sampling, with
a mesh of 1 × 2 × 2, has been used in the supercell. It is worth
mentioning that DZP gives good results, although to get the
same result as plane-wave code, one must use the complete
basis sets. All of these structures were fully relaxed with the
conjugate gradient (CG) algorithm considering the fact that
residual forces in each component of the atoms were smaller
than 0.01 eV/Å. After relaxing the supercell, we designed the
transport setup, and the setup was also relaxed with the same
accuracy of 1 × 4 × 1 k-point grid. After this, the transport
calculations were performed using the quantum transport code
TranSIESTA implemented along with SIESTA.66 This method
combines DFT and the nonequilibrium Green’s function
(NEGF) formalism. The basis sets employed in the transport
calculation were the same as those used during the structural
optimization processes. When a given voltage is applied, the
current is allowed to flow across the system. The electric
current (I) is further calculated using the Landauer approach,
and this can be obtained from the integration of the
transmission curve as67

∫ μ μ= [ − − − ]
μ

μ
I V

e
h

T E V f E f E E( )
2

( , ) ( ) ( ) db b L R
R

L

(1)

where I(Vb) represents the electric current under applied bias
voltages, e is the electron charge, h is Planck’s constant, f(E −
μL/R) is the Fermi−Dirac distribution function of the L and R

electrodes, μL/R μ = ±( )E V
L/R F 2

b is the chemical potential,

which can move up and down according to the Fermi energy
EF, and T(E,Vb) is the quantum transmission probability of the
electrons, which can be given as follows

= Γ Γ †T E V E V G E V E V G E V( , ) ( , ) ( , ) ( , ) ( , )b L b b R b b (2)

where the coupling matrices are given as ΓL/R = i[∑L/R −
∑L/R

† ] and the NEGFs for the scattering region given as
G(E,Vb) = [E × Ss − Hs[ρ] − ∑L(E,Vb) − ∑R(E,Vb)]

−1,
where Ss is the overlap matrix, Hs is the Hamiltonian matrix,
∑L/R = VsL/RgL/RVL/Rs is the self-interaction energy, ∑L/R is a
molecule electrode that takes into account L/R electrodes in
the central scattering region, gL/R is the surface L/R Green’s
function, and VL/Rs = VSL/R

† is the coupling matrix between L/R
electrodes and the scattering region.19,21,27,67

3. RESULTS AND DISCUSSION
3.1. Structural and Electronic Properties. Monolayer

phosphorene has a rectangular cell with lattice parameters a =
4.60 and b = 3.29 Å with four atoms in the unit cell.27,32 It
shows a direct band gap with a calculated gap of 0.9 eV in our
GGA-PBE calculation well relevant to the previous re-
ports.18,27,32,52 It is well known that the GGA underestimates
the band gap of phosphorene, and it can further be tuned by
HSE06 functional and quasi-particle calculations such as GW,
which matches well with the experimentally measured band
gap of 1.7 eV. We would further go ahead with GGA-PBE
because the number of atoms in the cell makes it computa-
tionally expensive, and apart from the band gap, dispersion of
the bands does not change with HSE06. Similar to other 2D
materials, there are several stackings possible for bilayer
phosphorene, such as AA, AB, A−C(I), and AC(II). All of
these stacked bilayers show the direct band gap property in the
electronic structure; these stackings have been discussed in
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several reports.68,69 Apart from this, Aδ stacked bilayer is also
possible as a stacking fault and gives indirect band gap
characteristics reported previously.69 Although we have also
explored all of the stacking, at the moment, for this work, we
would focus on AA stacked bilayer BP, which is slightly higher
in energy than that of AB stacking. Figure 1a shows the side

and top views of AA stacked bilayer phosphorene with all of
the atoms on the top of each other to the respective atoms.
The calculated unit cell lattice parameter is 4.55 × 3.30 Å2 (a ×
b), and interlayer spacing for this bilayer cell is 3.37 Å (Figure
1b). Further, Figure 1c shows the contour plot for the
electronic density of states (DOS) of the AA stacked bilayer,
which clearly indicates that the bilayer phosphorene has a
lower band gap than that of the monolayer and the estimated
gap is ∼0.36 eV.
Unlike graphene, bilayer phosphorene shows a considerable

variation in the band gap depending upon the number of
layers. This reduction in the band gap originates due to extra
lone pair electrons present in phosphorus (P) atoms, which is
entitled to the hybridization in between the layers. This
hybridization becomes weaker when the bilayer is twisted by
90°, which has already been discussed in our earlier report.27

We fixed the interlayer spacing at 3.37 Å, which we obtained
from the VASP calculation with dispersion correction using the
DFT-D3 method. SIESTA code is used for further calculation
of supercells, where we took 4 × 3 supercell with 48 atoms per
layer with Si−S substitutional pair. Among the several possible
paired substitutions, the first one is the Si in the lower sublayer
of top phosphorene layer and S doping in the upper sublayer of
the bottom phosphorene layer (SiLSU). The second config-
uration is the Si doping in the upper sublayer of the top layer
and S doping in the lower sublayer of the bottom phosphorene
layer (SiUSL). The third one is the Si doping in the lower
sublayer of the top layer and S doping in the lower sublayer of
the bottom layer (SiLSL). We tried all of these different
configurations of substitution, both for the monolayer and
bilayer phosphorenes. The calculated formation energies,
respective doped structures, and discussions can be found in
the Supporting Information (Figure S1). The formation
energies suggested that the Si substitution in the lower
sublayer of the first layer and the S substitution in the upper
sublayer of the second layer (SiLSU) is exothermic, and it can
be experimentaly realized as shown in Figure 2a. This
configuration of doping will be taken for our subsequent
analysis. The observed Si−P bond lengths are 2.32 and 2.35 Å,
and the S−P bond lengths are 2.24 and 2.58 Å. It has already
been reported that Si−Si substitution in bilayer phosphorene is

suitable on top of each other in the A−A stacking
configuration.41 Once we have a relaxed structure with fixed
cell size, we further used a sufficiently large 8 × 8 × 1 k-point
grid for electronic structure calculations. Figure 2b shows the
electronic density of states (DOS) for the bilayer-doped
system. There are states available close to the Fermi level, both
upper and lower sides of the Fermi value. These states
originated from the Si and S dopants, which overcome the
band gap found in the pristine bilayer. Further, to understand
the influence of each dopant on electronic structure, density is
projected on the top and bottom layers shown in Figure 2c for
the Si-doped layer and in Figure 2d for the S-doped layer. It is
evident that the state below the Fermi level arises
predominantly due to Si doping in the bottom panel, and
above the Fermi energy, the states belong to the S doping in
the upper layer. In our previous report on doped monolayer,
we have already concluded that the charge in the S-doped layer
was more concentrated on the dopant S atom, whereas the
charge in the Si-doped layer was more diffused around the
closed P atoms.18 Overall, from the electronic DOS picture, it
is evident that the doping gives us the state that resembles p-
type doping in the upper layer. On the other hand, lower layer
doping provides us with the state also above the Fermi level as
well as below the Fermi level. Previous reports suggested that
the monolayer with Si and S doping exhibits a metallic band
around the Fermi due to the strong hybridization of sp orbitals
in dopant and phosphorus. Here, because of the bilayer and
paired doping, we have states along with the Fermi, but we also
have a small band gap in bilayer electronic DOS. S dopant has
a strong state in the conduction band region, while Si dopant
has a dominant state in the valence band. These two dopants
suppress the overall band gap.

3.2. Electronic Transport Properties. The isoelectric
bilayer doping discussed in the last section motivated us to
study the electronic transport properties of bilayer phosphor-
ene along with the doping. These calculations are performed in
the TranSIESTA code implemented with nonequilibrium

Figure 1. (a) Armchair and zigzag view of the phosphorene unit cell,
(b) schematic picture of AA stacking, and (c) the density of state for
bilayer phosphorene.

Figure 2. (a) Top and side views of Si−S-substituted bilayer
phosphorene system. (b) Total electronic density of states for bilayer-
doped phosphorene system and projected density of states for (c) Si-
doped layer and (d) S-doped layer. The blue color indicates the gap,
and the gradient toward the yellow colors shows the states; the
contour is plotted in the z-direction as an axis to understand the
doping position in the plot. Color code: blue (Si), violet (P), yellow
(S).
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Green’s function formalism in conjugation with DFT. To
perform the transport calculations, the system is divided into
three sections: two semi-infinite electrodes extended infinitely,
and a central region where scattering processes take place.
These electrodes have been modeled for the perfect bulk
properties of bilayer phosphorene. The central region, as can
be seen in Figure 3, is connected with two electrodes in
transport calculations. The schematic nanoscale device can be
seen in Figure 3a,b, for both armchair and zigzag directions.
First, the transport properties in pristine bilayer are in good
agreement with various theoretical studies and show perfect
anisotropic behavior. This anisotropic behavior of phosphor-
ene is intrinsic and results from the asymmetric band
dispersion between G-X and G-Y directions, which results in
highly anisotropic effective masses of electrons and holes and
eventually carrier mobilities in the respective directions. The
G-X band disperses rather strongly and corresponds to lower
effective mass in compression to the G-Y band, which has
lower dispersion.27 As we are interested in isoelectric doping to
understand the behavior of dopant in electronic transport, we
further extended our study to the doped system. We
maintained the width of the 2D structure with a previously
discussed supercell in the DOS study. Thus, our doping makes
a linear chain of dopant in the orthogonal direction of the
transport, unlike the nanoribbon, and in the transport
direction, it is terminated with perfect bilayer phosphorene.

The presence of a semi-infinite electrode modifies the
electronic property of Si−S-substituted bilayer system because
the Fermi level is now fixed to the semi-infinite lead of bilayer
phosphorene. The zero-bias transmission for the pristine
bilayer and Si−S-substituted bilayer are shown in Figure 3c,d.
There is a transport gap of around 0.36 eV in both the zigzag
and armchair directions, which results from our semiconductor
electrode (phosphorene). Doped systems in both the devices
also show the same transmission gap because the electrons
would be injected through the pristine bilayer phosphorene in
the same manner as the bilayer device. Further, we can clearly
see that the bilayer has a steplike transmission curve, which
results from the γ point calculation. We also tried the same
with higher k-mesh, but the qualitative picture does not change
much, and most of the previous studies have γ point transport
calculations for such types of devices. The overall transmission
decreases for the Si−S-substituted bilayer due to the Si and S
scattering centers. In the zero-bias regime, these scattering
centers block the transmission channels and decrease the
transmissions. Further, if the doping effect has to be
understood, we need to study the system under a higher-bias
regime when it overcomes the band gap of the bilayer
electrode. The electron bias was increased step by step with
increments of 0.1 V to achieve the full convergence of
nonequilibrium density, and further, the transmission was
calculated.

Figure 3. Schematic of electron transport devices on bilayer and doped phosphorene systems. Central device regions are connected with semi-
infinite electrodes in (a) armchair and (b) zigzag directions. Zero-bias transmission for doped and pristine bilayer devices in (c) armchair and (d)
zigzag directions.

Figure 4. I−V characteristics for the pristine and Si−S-substituted bilayer phosphorene system in (a) armchair and (b) zigzag directions. The insets
show the elevated bias transmissions at the bias of −1.5 V.
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The current−voltage (I−V) characteristics were estimated
using the Landauer−Büttiker formula at every bias trans-
mission at the interval of 0.1 V. Figure 4a,b shows the I−V
characteristics for both the bilayer pristine and periodically Si−
S-doped system where currents are higher in the doped device
than the pristine one in both the armchair and zigzag cases. It
has already been reported that doping can enhance the
conductivity of phosphorene monolayer, but we get the same
trend in an isoelectrically doped system. There is no clear
evidence of asymmetric electron variation in the upper or
lower layer, and it happens because of the symmetric contacts
and electron transmission path. To understand the higher
current in the doped system compared to the pristine one, the
elevated bias transmissions (at −1.5 V) are shown in the insets
of Figure 4a,b. From the transmission at an elevated bias of
−1.5 V, it is evident that when the bias is increased, the
scattering center starts taking part in electron transport and we
have observed enhanced transmission because of Si and S
dopants.
In the armchair case, the doped system shows higher

transmission than the pristine case. This higher transmission in
a doped system results in a higher current. On the other hand,
the zigzag direction shows negligible transmission around the
Fermi level for pristine cases; hence, the current is low
compared to the armchair directions. Moreover, we have
smaller current values in Figure 4b for both the doped and
pristine devices than the corresponding armchair directions
because of the highly anisotropic transport property in
phosphorene, and the detailed discussion about the transport
anisotropy can be found elsewhere.27 Overall, the current
variations with and without doping are higher in the zigzag
direction than in the armchair direction, as evident from Figure
4a,b. This suggests that the doping effect in the zigzag direction
is more prominent than in the armchair direction, which
further motivated us for the statement that the anisotropic
properties in I−V characteristics get tuned with the number of
the layer and substitutional doping in phosphorene can further
tune the anisotropy in the system.
After having a detailed view of the electronic and transport

properties of the pristine and doped two different bilayers in
the armchair and zigzag directions, we now introduce the

homogeneous and doped nanojunction. Two layers of
phosphorene in the form of AA stacking were put on the
top of each other, and one of the directions was terminated
with hydrogen for passivation. Here, the two layers of BP in
the form of AA stacking were put on each other, and then in
either direction, dangling bonds were passivated by hydrogen
atoms to prevent the edge reconstructions. This passivation
gives stability to the device during the structural relaxation. It
gives the monolayer−bilayer−monolayer (ML−BL−ML)
device architecture, where the central region has a bilayer of
the armchair configuration, as in Figure 5a, and the zigzag
configuration, as in Figure 5b. The monolayers in this ML−
BL−ML nanojunctions are designed to have an armchair and
zigzag form. These nanojunctions are created deliberately to
understand the direction dependence of phosphorene and
further the isoelectric doping effect. Further, the transport
properties would be estimated from nearly the same length of
the scattering region in these two devices. This also provides us
the opportunity to understand the role played by the dopants
on the interlayer current because we create asymmetric devices
by terminating either direction with hydrogen, and the
scattering region is doped by donor and acceptor atoms. In
these devices, a potential well is formed in this scattering
region (bilayer region) shown in zigzag and armchair
directions in Figure 5a,b, respectively. Hence, the device
region is constituted by partially overlapped doped phosphor-
ene flakes. In the present setup, electron current should flow
from one phosphorene layer to others. It breaks the left−right
symmetry and may behave like a p−n nanojunction. Unlike the
bilayer phosphorene, the electrodes in this setup are in the
form of monolayer, which is also against the periodicity of the
device. On the left-hand side, the electrode belongs to the
upper layer geometry, and on the right-hand side, the electrode
is attached to the lower layer, which gives different geometries
for the lead in the vacuum direction. To encounter this issue,
buffer layers were added to extend the lead, which also gives
the bulk electronic structure for the lead with no extra
computing cost in TranSIESTA. This is necessary to prevent
the charging effect in the device.
Computed zero-bias transmissions for nanojunctions have a

more significant transmission gap in both the armchair and

Figure 5. Schematic illustration of H-terminated ML−BL−ML phosphorene nanojunction device setup in (a) armchair and (b) zigzag directions.
Zero-bias transmission for both (c) armchair and (d) zigzag pristine and doped nanojunctions.
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zigzag directions than the bilayer system owing to the
electronic structure of the electrode, which now has monolayer
geometry. The overall zero-bias transmission is the same as the
bilayer system in Figure 5c,d; doping suppresses the trans-
mission function due to scattering effects. Zero-bias trans-
mission and its direction dependence have already been
explained in our previous report.27 It is essential to study this
system in a higher-bias regime to understand the asymmetric
and doping effects; the bias increased again in a periodic
manner with 0.1 V per step.
Figure 6a shows the I−V characteristics for the armchair

direction, and electron flow in positive bias shows that the

electron has to pass from the Si-doped layer to the S-doped
layer. The first thing we observed in the armchair nanojunction
was that the current variation in doped and pristine systems is
lower than that of the bilayer device. The second, the overall
current is lower than that of bilayer systems due to the lower
electron density in the monolayer electrode for nanojunction.
There is also a tunneling barrier for this nanojunction. This
reduction is lower than it occurs in graphene nanojunction54

because bilayer phosphorene has a higher interlayer coupling
than bilayer graphene due to extra lone pair electrons in
phosphorus atoms, as discussed in the previous section.
Further, I−V characteristics for doped and pristine nano-
junction in the armchair direction give quite the same current
in the positive-bias direction. Still, in a negative-bias direction,
the doped system has a slightly higher current than the pristine
one. To understand this small rectification, we have plotted the
biased transmission at −1.5 V in the inset of Figure 6a. The
Fano resonance can clearly be seen in the transmission for
both the nanojunctions, which arises from the tunneling
through the edges of the phosphorene nanojunction. This
happens because of reconstruction of the edge in armchair
device where hydrogens at the edges moved toward the

counter layer of phosphorene. This allows interaction between
the hydrogens and phosphorous from the other layer. The
overall transmission is slightly higher for the doped system
than the pristine one, which eventually gives rise to higher
current.
Further, to get insight into this variation in transmission

function, we also plotted the eigenchannels for this trans-
mission behavior at a −1.5 V bias, which was calculated in the
Inelastica package.70 Figure 6b−e shows that the first (1st) and
most dominating eigenchannels are the same for the doped
and pristine systems, but the second (2nd) eigenchannels have
an intersection between these layers exactly at the dopant site.
This extra interaction is only seen in the doped system at the
negative bias, where electrons are injected from the lower layer
to the upper layer. It occurs because charges are more
delocalized in the Si-doped layer; in contrast, in S-doped layer,
charge density is more localized in the dopant position, which
gives rise to these extra channels in the negative-bias regime.
Second, eigenchannels are the less dominant ones, which is the
reason behind the negligible rectification in this nanodevice.
After this less rectifying armchair nanojunction, let us move

to the zigzag nanojunction, where it has already been discussed
that lower current is expected due to the directional
dependence of BP. In the zigzag direction, however, the
overall transmission curve is the same as the bilayer electrode
system but with a lower magnitude (Figure 5d). Exciting
results are observed in the zigzag direction I−V curve, where
doped device possesses a higher current in positive bias than in
negative bias, as shown in Figure 7a. This is because when an
electron is getting transported from the Si-doped layer to the
S-doped layer, the current is higher than that of the other
direction. However, the overall current is less than the bilayer
system in the zigzag direction as well as nanojunction in the
armchair direction, which preserves the anisotropic nature of
BP. To discern this rectification ratio, we should look at the

Figure 6. (a) I−V characteristics of ML−BL−ML nanojunction
devices in the armchair direction (inset shows the elevated bias
transmission at −1.5 V for both doped and pristine devices). (b−e)
First and second eigenchannels at −1.5 V for pristine and Si−S-
substituted armchair nanojunction devices.

Figure 7. (a) I−V characteristics for pristine and Si−S-substituted
ML−BL−ML zigzag nanojunction phosphorene system (the inset
shows the elevated bias transmission at 1.5 V for both doped and
pristine devices). (b−e) First and second eigenchannels at 1.5 V for
pristine and Si−S zigzag nanojunction devices.
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transmission function at a +1.5 bias regime for both the doped
and pristine systems, which is presented in the inset of Figure
7a. It is quite clear that overall transmissions are lower than
that of armchair nanojunction, but we can see that the doped
nanodevice has a higher transmission than the pristine one.
This means that dopants play a dominant role in electron
transport at a relatively higher bias in zigzag nanojunction,
which was also seen in the doped bilayer case. For an in-depth
understanding, we further plotted the eigenchannels for these
two nanodevices at the Fermi level for +1.5 V bias, and it is
evident that the first eigenchannels (Figure 7b−e) in the
doped system have a substantial overlap in the surrounding of
the Si and S atoms, which gives rise to the higher current in
positive bias. This significant overlap might happen due to the
delocalized charge density in the S-doped layer, which further
gets pushed in the lower layer. The second eigenchannels now
show much differences between pristine and doped nano-
junctions. We see higher interaction in between the layers in
dominant channels, and this somehow does not happen in
armchair nanodevices. Eventually, we have a rectifying
nanojunction in doped bilayer BP, and for making it into
numbers, the overall rectification ratio is about 17 at 2.0 V.
This rectification can vary with the size of the nanoflake and
the doping concentration.
This armchair nanojunction geometry, hence, shows a

remarkable role played by the Si−S couple on the transport
properties. As any experimental nanojunction would also
include possibly different doping structures, it would be
interesting to see how the other relative arrangements of the Si
and S atom would influence the transport. We also focused on
different arrangements; we changed the positions of paired
doping in the device region. But the overall behavior was the
same for the armchair direction, but in the zigzag direction, we
obtained the lower rectification in most of the cases (details in
the Supporting Information; Figures S2−S5). This lower
rectification came from the weak coupling between the
electrode and dopant state after changing the position. Further,
if we change the position of dopants in such a way that they are
far from each other, the overall rectifying behavior will
disappear, unlike graphene. In the case of graphene, the charge
density because of dopants is mostly delocalized throughout
the layer, whereas in phosphorene, the charge densities are
somehow more localized especially in the case of S doping.
Also, the interlayer interaction in phosphorene is higher than
that of graphene; hence, the dopant state proves to be less
dominating.

4. CONCLUSIONS
In conclusion, using DFT and NEGF calculations, we studied
the paired substitutional doping in bilayer phosphorene. In
different substitutional configurations, the Si substitution in the
lower sublayer of the first layer and S substitution in the upper
sublayer of the second layer are the most favorable one.
Contradictory to monolayer doping, bilayer doping exhibits a
band gap smaller than that of pristine bilayer. Si and S dopants
give the states on both sides of the Fermi, and it is not like
standard p- and n-type doping. Further, the study of electronic
transport properties of bilayer phosphorene along with doping
shows the symmetric I−V characteristics, yet resistivities are
different along different directions. The overall current is high
for the doped bilayer because the dopant starts taking part in
the higher-bias regime, which further tunes the anisotropic
behavior. The role played by the dopants on the interlayer

current is discussed in nanojunction devices. The two
symmetric nanojunctions oriented along armchair and zigzag
directions with different resistivities are due to the anisotropy
of the BP. We investigated the rectifying properties using
eigenchannels and their localization across the nanojunction.
No current rectification is observed in symmetric junctions, yet
resistivities are different along different directions. Nano-
junction devices exhibit lower current than the bilayer due to
monolayer electrodes, but this reduction is lower than the
previously discussed graphene nanojunction. It happens due to
higher interlayer coupling in bilayer BP. I−V characteristics for
doped nanojunction shows symmetric behavior in the armchair
direction but rectifying nature in the zigzag direction. We also
studied two symmetric nanojunctions oriented along the
armchair and zigzag directions with different resistivities due to
the anisotropy of the BP. We further investigated the rectifying
properties using eigenchannels and their localization across the
junction. No current rectification is observed in symmetric
junctions, yet resistivities are different along different
directions. Further, the doped nanojunction in the armchair
setup shows different current in opposite bias regimes, but this
difference is really small and the change in current compared to
pristine devices is not prominent enough. Higher bias
transmission offers Fano resonance in armchair nanojunction,
which comes from the hydrogen edge states coupling with the
other layer. Interestingly, in the zigzag direction, the nano-
junction device exhibits a good rectifying property with a
rectification ratio (I+/I−) of 17. This is because when an
electron is getting transported from the Si-doped layer to the
S-doped layer, the current is higher than that of the other
direction. The first eigenchannels clearly show that the doped
system has a substantial overlap in Si and S atoms, which gives
rise to higher currents in positive bias. Our study provides key
insights into the electronic transport properties of bilayer BP
nanojunctions and their usefulness for nanoelectronic
applications.
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Özyilmaz, B. Electric Field Effect in Ultrathin Black Phosphorus. Appl.
Phys. Lett. 2014, 104, No. 103106.
(36) Pierucci, D.; Henck, H.; Avila, J.; Balan, A.; Naylor, C. H.;
Patriarche, G.; Dappe, Y. J.; Silly, M. G.; Sirotti, F.; Johnson, A. T. C.;
Asensio, M. C.; Ouerghi, A. Band Alignment and Minigaps in
Monolayer MoS2-Graphene van Der Waals Heterostructures. Nano
Lett. 2016, 16, 4054−4061.
(37) Padilha, J. E.; Fazzio, A.; da Silva, A. J. R. Van Der Waals
Heterostructure of Phosphorene and Graphene: Tuning the Schottky
Barrier and Doping by Electrostatic Gating. Phys. Rev. Lett. 2015, 114,
No. 066803.
(38) Guo, C.; Wang, T.; Xia, C.; Liu, Y. Modulation of Electronic
Transport Properties in Armchair Phosphorene Nanoribbons by
Doping and Edge Passivation. Sci. Rep. 2017, 7, No. 12799.
(39) Xie, F.; Fan, Z.-Q.; Zhang, X.-J.; Liu, J.-P.; Wang, H.-Y.; Liu, K.;
Yu, J.-H.; Long, M.-Q. Tuning of the Electronic and Transport
Properties of Phosphorene Nanoribbons by Edge Types and Edge
Defects. Org. Electron. 2017, 42, 21−27.
(40) Lv, Y.; Chang, S.; Huang, Q.; Wang, H.; He, J. Scaling Effect of
Phosphorene Nanoribbon - Uncovering the Origin of Asymmetric
Current Transport. Sci. Rep. 2016, 6, No. 38009.
(41) Shojaei, F.; Hahn, J. R.; Kang, H. S. Effect of Si−Si Bonds in
Silicon-Doped α-Phosphorene Bilayers: Two-Dimensional Layers and
One-Dimensional Nanoribbons. J. Phys. Chem. C 2016, 120, 17106−
17114.
(42) Yu, W.; Zhu, Z.; Niu, C.-Y.; Li, C.; Cho, J.-H.; Jia, Y.
Anomalous Doping Effect in Black Phosphorene Using First-
Principles Calculations. Phys. Chem. Chem. Phys. 2015, 17, 16351−
16358.
(43) Guo, C.; Xia, C.; Fang, L.; Wang, T.; Liu, Y. Tuning
Anisotropic Electronic Transport Properties of Phosphorene via
Substitutional Doping. Phys. Chem. Chem. Phys. 2016, 18, 25869−
25878.
(44) Lalitha, M.; Nataraj, Y.; Lakshmipathi, S. Calcium Decorated
and Doped Phosphorene for Gas Adsorption. Appl. Surf. Sci. 2016,
377, 311−323.
(45) Boukhvalov, D. W. The Atomic and Electronic Structure of
Nitrogen- and Boron-Doped Phosphorene. Phys. Chem. Chem. Phys.
2015, 17, 27210−27216.
(46) Lei, W.; Liu, G.; Zhang, J.; Liu, M. Black Phosphorus
Nanostructures: Recent Advances in Hybridization, Doping and
Functionalization. Chem. Soc. Rev. 2017, 46, 3492−3509.
(47) Wu, Z.-F.; Gao, P.-F.; Guo, L.; Kang, J.; Fang, D.-Q.; Zhang, Y.;
Xia, M.-G.; Zhang, S.-L.; Wen, Y.-H. Robust Indirect Band Gap and
Anisotropy of Optical Absorption in B-Doped Phosphorene. Phys.
Chem. Chem. Phys. 2017, 19, 31796−31803.
(48) Pradhan, N. R.; Garcia, C.; Lucking, M. C.; Pakhira, S.;
Martinez, J.; Rosenmann, D.; Divan, R.; Sumant, A. V.; Terrones, H.;
Mendoza-Cortes, J. L.; McGill, S. A.; Zhigadlo, N. D.; Balicas, L.

Raman and Electrical Transport Properties of Few-Layered Arsenic-
Doped Black Phosphorus. Nanoscale 2019, 11, 18449−18463.
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