N
N

N

HAL

open science

Surface symmetry effect on the charge transfer at the
black, blue, and green phosphorene/graphene interfaces

Zineb Kerrami, Yannick J. Dappe

» To cite this version:

Zineb Kerrami, Yannick J. Dappe. Surface symmetry effect on the charge transfer at the black, blue,
and green phosphorene/graphene interfaces. Surface Science: A Journal Devoted to the Physics and

Chemistry of Interfaces, 2023, 733, pp.122286. 10.1016/j.susc.2023.122286 . hal-04308598

HAL Id: hal-04308598
https://hal.science/hal-04308598
Submitted on 27 Nov 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-04308598
https://hal.archives-ouvertes.fr

Surface symmetry effect on the charge transfer at the black, blue, and green
phosphorene/graphene interfaces

Zineb Kerrami®?<, Salma Lahbabi*Y, Yannick J. Dappe®
®Modeling, Simulation and Data Analysis (MSDA) Department, Mohammed VI Polytechnic
University,
Benguerir 43150, Morocco
PSPEC, CEA, CNRS, Université Paris-Saclay, CEA Saclay, 91191 Gif-sur-Yvette Cedex,
France
‘LaMCScl, Faculty of Sciences B.P. 1014, Mohammed V University in Rabat, 10000 Rabat,
Morocco
JEMAMI, LRI, ENSEM, University Hassan |l Casablanca, Casablanca, Morocco

Abstract

In the present study, a comparative prediction of atomic and electronic structure of black, blue,
and green phosphorene/graphene heterostructures is presented using Density Functional Theory
(DFT). The lowest total and interaction energies and highest charge transfer correspond to the
blue phosphorene/graphene interface, followed by black and green phosphorene/graphene
interfaces. This trend is the same for monolayer, AA-, and AB-stacked bilayer graphene.
However, the charge transfer is more important to AB-stacked bilayer grapheneat the interface
with black and green phosphorene than to AA-stacked bilayer graphene. On another hand, for
the charge transfer is more important from AA-stacked bilayer graphene to blue phosphorene,
than from AB-stacked bilayer graphene. Besides, small bandgaps appear in
phosphorene/bilayer graphene heterostructures, , resulting from the symmetry breaking due to
the charge difference between the two layers of bilayer graphene. These findings provide useful
insights on energetic stability of graphene/phosphorene heterostructures with promising
properties for future nanoelectronics devices.



1. Introduction

Two-dimensional (2D) materials have become an exciting worldwide subject of research as
they have triggered the apparition of new applications, mostly in nanoelectronics and energy
conversion research field. There are numerous emerging 2D materials, each one with its own
properties and applications [1—8]. For example, graphene, a semimetallic single layer of carbon
atoms arranged in a 2D honeycomb lattice, has been intensively studied exploiting its unique
mechanical and electronic properties. Hexagonal Boron nitride (hBN), which is made of an
alternate arrangement of nitrogen and boron atoms, crystallizes in a similar structure as
graphene but presents a large band gap of about 6 eV. It has been used as a potential protecting
layer from contamination and oxidation for many 2D materials [9,10]. Besides the gapless
graphene and the insulator hBN, transition metal dichalcogenides (TMDCs) provide promising
alternatives as they exhibit diverse properties that depend on their composition, such as
semiconductors (e.g., MoS2, WS, ), superconductors (e.g., NbSe,, TaSy, .. ), semimetals (e.g.,
WTey, TiSey, ), and true metals (e.g., NbS2, VSe;, ..) [11—13]. Semiconducting TMDCs have
been successfully used for electronics [14,15], however they present some failures, notably,
their smaller carriers mobilities compared to graphene, which limits their application in
optoelectronic devices [16]. In this regard, light has been shed on black phosphorene (black
phosphorus monolayer) as it preserves its direct bandgap in stacked forms with value that
decreases gradually from 1.8 eV to 0.3 eV with the number of layers. In addition, its unique
anisotropic structure due to armchair and zigzag edgesand its high carrier mobility up to 1000
cm?V1s 1 have already ensured novel uses for black phosphorene in optoelectronic and
thermoelectric applications [17,18]. Recently, Zhu et al. [19] have predicted theoretically
another phosphorene allotrope called blue phosphorene, which presents a very similar cohesion
energy with respect to its black counterpart. Few years later, Zhang et al. [20] have synthesized
a monolayer of blue phosphorene by epitaxial growth on an Au (111) substrate. Furthermore,
Han et al. [21] reported a new allotrope of phosphorene called green phosphorene, which will
be studied and compared to black and blue phosphorene in the following discussion. Geim et
al. [22], suggested that 2D materials with such a wide variety of properties could be effectively
used and combined to design and build vertical van der Waals (vdW) heterostructures with the
exact desired characteristics. In that respect, each layer should see its properties preserved,
providing potentially infinite possibilities for new electronics with better performance, and may
lead to promising nano-electronic devices [23,24]. For instance, hexagonal Boron Nitride
(hBN) has been coupled to graphene and phosphorene in vdW heterostructures to protect and
preserve their electronic properties [10,25,26]. In addition, TMD/graphene heterostructures
have been successfully used for transistors design [27—30]. Finally, C. Li et al. [31] have
reported blue phosphorene/CoN vdW heterostructure as an efficient model to enhance
separation and migration of the photogenerated electrons and holes in CoN and blue
phosphorene, leading to an enhanced photocatalytic activity of the heterostructure.

In vdW heterostructures, surface symmetry plays a key role in the interactions at the interface.
Controlling this feature might yield numerous interesting characteristics, which are still under
discussion so far. In the present study, black, blue, and green phosphorene, each one with
different atomic structure and surface symmetry, are combined with monolayer graphene, AA-
bilayer graphene, and AB-bilayer graphene to construct vdW heterostructures. As a result, a



comparative study for the nine interfaces (phosphorene/Ggraphene) is presented, including
stability and electronic properties of the three phosphorene allotropes. Then, the charge transfer
at the interface between phosphorene allotropes and monolayer and bilayer graphene is
discussed. Such comparison is of huge benefice to determine the energetic stability of
phosphorene/graphene heterostructures and the mutual electronic exchange at the interface
depending on phosphorene atomic structure.

2. Computational details

All calculations have been performed using the Quantum Espresso (QE) package [32] based on
Density Functional Theory (DFT). Exchange and Correlation energies are described within the
Perdew-Burke-Ernzerhof (PBE) functional under the Generalized Gradient Approximation
(GGA) [33]. In order to accurately describe the interlayer weak van der Waals vdW interaction,
the DFT-D2 method correction of Grimme has been adopted in all the calculations for
graphene/phosphorene heterostructures [34]. The energy cutoff of the plane-wave basis set is
set to 50 Ry, the convergences of the total energy difference between cycles and atomic forces
acting on each atom for all the geometric structures are set to 10° eV and 0.01 eV/A,
respectively. Graphene/phosphorene heterostructures were built from the optimized monolayer
and bilayer graphene and monolayer phosphorene unit cells as described in the following
section (see Figure.2). To avoid interactions between periodic images along the z-axis, a 20 A
vacuum was added to the heterostructures. The reciprocal space is sampled within the
Monkhorst-Pack scheme by (12 x 9 x1), (12 x 12 x1), and (12 X 4 x1) k-point grid for the
black-phosphorene/graphene, blue-phosphorene/graphene, and green-phosphorene/graphene
interfaces, respectively. The Heyd-Scuseria—Ernzerhof hybrid functional (HSEO6)
[35] method was used particularly to obtain accurate bandgap values of the black, blue, and
green phosphorene as (HSEO06) functional rectifies inaccurate PBE exchange functional by
mixing this latter with a fraction of Hartree-Fock exact exchange [36]. The charge transfer
analysis has been performed using Bader charge analysis [37].

3. Results and discussion

3.1 structural and electronic properties of black, blue, and green phosphorene

Side and top view of black, blue, and green phosphorene are presented in Figure 1, exhibiting
significant structural differences. Black phosphorene presents a high anisotropy and structural
differences that can be observed from a side view, such as armchair and zigzag edges. On
another hand, blue phosphorene exhibits a structural pattern similar to graphene from a top
view, and a flatter zigzag ridge than black phosphorene in both sides. Consequently, the layer
thickness of blue phosphorene is reduced to 1.23 A compared to 2.11 A for black phosphorene.
Green phosphorene contains three slightly buckled atomic layers instead of two as in the case
of black and blue phosphorene. This leads to an increased phosphorene layer thickness (2.94
A), which consists in zigzag ridges on one side and combined armchair and zigzag ridges on
the other side (Fig.1(c)). As such, it has often been reported as a structural combination of black
and blue phosphorene in previous reports [21].



Figure 1 Top and side views of the atomic structure, and corresponding calculated band
structures for (a) black, (b) blue, and (c) green phosphorene.

Calculated band structures for the different phosphorene allotropes presented in Figure 1
indicate that black phosphorene exhibits a direct bandgap of 1.9 eV, which is very interesting
for optoelectronic applications [38,39]. Blue phosphorene presents an indirect bandgap of 3.3
eV that is large compared to the visible light energy, which limits its application in photonics.
Green phosphorene presents an almost similar electronic behavior as black phosphorene, with
a direct bandgap of 2.1 eV.

Table.1 Optimized lattice parameters a and b (A) (note that a=b for blue phosphorene),
corresponding calculated HSEO6 band gap energy (eV), and total energy relative to black
phosphorene energy per atom (meV/atom).

a(A) b(A) Height(A) Band gap (eV) Monolayer
energy/atom (meV)

Black 3.32 457 2.11 1.9 0
phosphorene
Blue 3.30 3.30 1.23 3.3 36.61
phosphorene
Green 3.31 14.14 2.94 2.1 11.92
phosphorene

The respective stability of the different phosphorene allotropes are summarized in Table.1.
Total energies of green and blue phosphorene relative to black phosphorene are 11.92
meV/atom and 36.6 meV/atom respectively. However, that energy difference is considered
small compared to the impact of external parameters such as substrate and temperature. Our
calculated lattice parameters, electronic properties, and order of stability of black, blue, and
green phosphorene are consistent with previous reports [21,40,41]. As the three phosphorene
allotropes exhibit different structural and electronic properties, their interaction with graphene
in an vdW heterostructure might present different behavior for each phosphorene allotrope.
Thus, our objective is to provide insights in the effect of surface symmetry of phosphorene on
its interaction with graphene.



3.2 Energy, stability, and electronic properties of phosphorene/monolayer graphene
heterostructures

We now turn to the study of phosphorene/graphene interfaces. In order to simulate these
heterostructures, two types of configurations for each phosphorene allotrope are considered.
First we consider the interaction of one phosphorene layer on top of one graphene layer, and
second on top of a graphene bilayer. This second configuration has been considered in the
present study to take advantage from different electronic features that might arise from contact
of phosphorene with a semimetallic (graphene) or potentially semiconductor (graphene bilayer)
substrate. For all these configurations, a common set of lattice vectors has been considered.
Hence, the supercell sizes have been chosen to limit, as much as possible, the mismatch strain
between graphene and phosphorene lattice parameters, knowing that an exact matching would
require a huge supercell, beyond our calculation possibilities. As illustrated in Figure 2 and
Figure 7 (discussed in section 3.3 for phosphorene/bilayer graphene), black
phosphorene/graphene heterostructures (BP/Gr and BP/2Gr) consist in a 3x2 black
phosphorene supercell on top of a 4x2 rectangular graphene supercell. In the same manner,
blue phosphorene/graphene heterostructures (bIP/Gr and bIP/2Gr) consist in a 3x3 blue
phosphorene supercell on top of a 4x4 hexagonal graphene supercell. Finally, green
phosphorene/graphene heterostructures (GP/Gr and GP/2Gr) consist in a 3x1 green
phosphorene supercell on top of a 4x3 rectangular graphene.

BP/Gr bIP/Gr GP/Gr

Eor 13.37 A

[3.44 A I3.17A

Figure 2 Top and side views of the atomic structures of black phosphorene/graphene (BP/Gr),
blue phosphorene/graphene  (bIP/Gr), and green phosphorene/graphene (GP/Gr)
heterostructures following phosphorene lattice vectors.

The interaction energy IE per unit atom that measures a configuration stability is defined by

IE = ((Ephosphorene/graphene - (Ephosphorene + Egraphene))/NP; (1)

where Epposphorene/graphenes  Ephosphorenes Egraphene aré the total energies of the
phosphorene/grapheneinterface, phosphorene monolayer and graphene monolayer,
respectively. Np is the number of phosphorous atoms in the heterostructure. According to
definition (1), a negative value of IE reflects an energetically favorable configuration. We note
that for each phosphorene/graphene heterostructure, several stacking modes between
phosphorene (black, blue, and green phosphorene) and graphene (monolayer graphene, AA-,
and AB-bilayer graphene) have been tested and no energetically preferred stacking mode have



been found. This is consistent with weak van der Waals forces which are much less sensitive to
local corrugation.

From a theoretical point of view, the application of strain on each monolayer in order to reach
a common lattice parameter is an unavoidable restriction to simulate heterostructures. The ratio
of applied strain varies depending on the studied systems [41]. For instance, in the present study,
black phosphorene/graphene and green phosphorene/graphene heterostructures present a large
strain along armchair ridges (= 7%) and a small strain along zigzag ridges (~1%), while blue
phosphorene/graphene heterostructures present a small strain (<0.7%). Therefore, as reported
in previous studies [42], besides the mutual interaction between the constituents of the
heterostructure, there is an effect of the applied strain on the electronic properties of each layer.
However, phosphorene/graphene heterostructures present the same electronic behavior
following both phosphorene and graphene lattice vectors. Thus, considering the flexibility of
graphene under tensile strain, the phosphorene lattice vectors have been adopted to describe the
electronic properties of phosphorene/graphene heterostructures.

The corresponding interlayer distances and interaction energies for phosphorene/graphene
interfaces according to phosphorene and graphene lattice vectors are summarized in Table.2.
As discussed in Section 3.1, phosphorous (P) atoms in the black, blue, and green phosphorene
allotropes are not arranged as a single flat plane like in graphene, but belong to separate atomic
planes along the z-axis. This implies a corrugated armchair/zigzag shape lateral configuration
with different thicknesses. According to the presented results, two key comparisons can be
performed. First, the heterostructures that follow graphene lattice vectors exhibit lower total
energies and interaction energies compared to those that follow phosphorene lattice vectors.
This could be related to the energetic response to applied strain, that is, according to the
calculated total energies, higher under larger applied strain following phosphorene lattice
vectors than that following graphene lattice vectors. Second, blue phosphorene/graphene
heterostructures present the lowest total energies and interaction energies, and the largest
interlayer distances, while green phosphorene/graphene heterostructures present the highest
total energies and interaction energies, and consequently the shortest interlayer distances. The
difference in interaction energy and interlayer distances trend can be explained by the difference
in structural properties of phosphorene allotropes. Blue phosphorene/graphene heterostructure
exhibits 9 atoms in the bottom plan (phosphorene plan in contact with graphene) and the lowest
layer thickness. Black phosphorene/graphene exhibits 12 atoms and the higher layer thickness
of black phosphorene. Green phosphorene/graphene exhibits 6 atoms and the highest layer
thickness. Consequently, blue phosphorene/graphene heterostructure following graphene
lattice wvectors is the most stable configuration, while green phosphorene/graphene
heterostructure following phosphorene lattice vectors is the less stable.



Table.2 Calculated strain percent £(%) applied on graphene (phosphorene) following
phosphorene (graphene) lattice vectors, interlayer distances (A), total energy per number of
phosphorous atoms (eV/P-atom) of phosphorene/graphene heterostructures, and interaction
energies per number of phosphorous atoms (meV/P-atom) of phosphorene/graphene
heterostructures.

Lattice Strain £ (%) Interlayer Total energy  Interaction Energy
vectors distance (A)  (eV/P-atom) (meV/P-atom)
BP/Gr BP e(agr) =1.05 3.37 -416.59 -51.75
e(bgy)=7.1
Gr e(agp) = - 3.32 -416.76 -58.54
1.04
e(bgp) =-6.6
bIP/Gr  bIP e(agr) =0.70 3.44 -491.94 -58.89
Gr e(app) =- 3.39 -491.94 -59.61
0.43
GP/Gr | GP e(agr) =0.86 3.17 -416.42 -39.97
e(bg,) =10.34
Gr e(agp) =- 3.08 -416.47 -43.24
0.85
€(bgp) = -
9.37

We present in Figure 3 the bandstructure and projected density of states (PDOS) of black
phosphorene/graphene heterostructures alongside the superposed bandstructures and density of
states (DOS) of free-standing black phosphorene and graphene monolayers. For
heterostructures (right panels), both black phosphorene direct band gap and Dirac cone of
graphene have been preserved, which is characteristic of the weak van der Waals interaction.
Though, the graphene Dirac cone shifts down below the Fermi level by 33.75 meV,
corresponding to a small n-doping in graphene. This is representative of a small charge transfer
from phosphorene to graphene as summarized in Table 3. These results are consistent with
previously reported results [43].
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Figure 3 Calculated band structures and DOS of superposed free-standing black phosphorene
and graphene (left), and black phosphorene/graphene (right) following black phosphorene
lattice vectors. The bottom panels show the zoom-in band structure and DOS near the Dirac
point. Black and red dashed lines present Fermi level and Dirac cone energy respectively.

Figure 4 presents the bandstructures of free-standing blue phosphorene and graphene
monolayers, and blue phosphorene/graphene heterostructures. Contrarily to the black
phosphorene/graphene heterostructure, the Dirac cone shifts up with respect to the Fermi level
by 113.55 meV, corresponding to a p-doping in graphene.
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Figure 4 Calculated bandstructures and DOS of free-standing blue phosphorene and graphene
(left), and blue phosphorene/graphene (right) following blue phosphorene lattice vectors. The
bottom panels show the zoom-in band structure and DOS near the Dirac point. Black and red
dashed lines present Fermi level and Dirac cone energy respectively.

Figure 5 presents the bandstructures of green phosphorene/graphene heterostructures. As for
the previous heterostructures, both green phosphorene and graphene electronic behavior have
been preserved. Namely, the bandgap energy of green phosphorene and the location of the
graphene Dirac cone with respect to the Fermi level remain unchanged . This is due to the zero-
charge transfer at the green phosphorene/graphene interface (see Table.3).
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Figure 5 Calculated bandstructures and DOS of free-standing green phosphorene and graphene
(left), and green phosphorene/graphene (right) following green phosphorene lattice vectors.
Black dashed line presents Fermi level.

To get more insight on the interaction at the interface level, calculated difference in charge
distribution (Ap) and planar averaged charge density along z-axis are presented in Figure 6(a).
The charge distribution in black phosphorene/graphene heterostructure follows the structural
corrugation of black phosphorene, leading to a charge accumulation (red) close to phosphorene,
and depletion (cyan) close to graphene, around the armchair hollows of phosphorene and the
opposite close to the bottom plan of phosphorene. For blue phosphorene/graphene
heterostructure (Figure 6(b)), the charge distribution shows a net charge accumulation (red)
close to blue phosphorene, and depletion (cyan) close to graphene. While for green
phosphorene/graphene heterostructure the charge distribution reveals a poor charge density
variation at the interface due to the lack of interaction.
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Figure 6 Difference in charge distribution and planar averaged charge density along z-axis in
BP/Gr (a), bIP/Gr (b), and BP/Gr (c) heterostructures. The cyan and red regions represent
charge depletion and accumulation, respectively. The isosurface value is 0.0001 e/A® and the
horizontal dashed-dot lines denote the locations of atomic layers of graphene and phosphorene.



Table.3 Calculated Bader charge transfer for phosphorene/graphene heterostructures.
Lattice Charge Transfer (e~) (phosphorene

vectors to graphene)
BP/Gr BP & Gr +0.03
bIP/Gr | blP & Gr -0.04
GP/IGr | GP &Gr ~0.00

According to Bader charge analysis (see Table. 3), the estimated amount of charge transfer is
around 0.04 electrons from graphene to blue phosphorene, which is a bit higher than what is
calculated in the case of black phosphorene/graphene. This difference in charge transfer is
consistent with the difference in Fermi level shift observed between black
phosphorene/graphene and blue phosphorene/graphene.

In summary, no bandgap opening at the Dirac cone has been observed in all
phosphorene/graphene heterostructures studied here, as expected from the weak van der Waals
interactions. Blue phosphorene/graphene heterostructure presents the lowest interaction energy
and highest charge transfer from graphene to blue phosphorene. It is followed by black
phosphorene/graphene heterostructure that exhibits higher interaction energy, and lower charge
transfer from black phosphorene to graphene, and then green phosphorene/graphene
heterostructure that presents the highest interaction energy, and almost zero charge transfer.

3.3 Energy, stability, and electronic properties of phosphorene/bilayer graphene
heterostructures

Figure 7 illustrates the atomic structures of black, blue, and green phosphorene/bilayer graphene
heterostructures following phosphorene lattice vectors.
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(BP/2Gr), blue phosphorene/bilayer graphene (bIP/2Gr), and green phosphorene/bilayer
graphene (GP/2Gr) heterostructures following phosphorene lattice vectors.



The interlayer distances, total energies, and interaction energies for phosphorene/bilayer
graphene heterostructures according to both (BP) and (Gr) lattice vectors are summarized in
Table 4. Our first observation is that phosphorene/AB-graphene heterostructures exhibit lower
interaction energies and shorter interlayer distances than phosphorene/AA-graphene
heterostructures for the three phosphorene allotropes. This is related to the fact that bilayer
graphene in AB stacking mode is energetically more stable than in AA staking mode [44]. Total
and interaction energies for the three studied phosphorene allotropes follow the same trend as
for phosphorene/monolayer graphene.

Table.4 Calculated strain ratio (%) applied on bilayer graphene (phosphorene) following
phosphorene (graphene) lattice vectors, interlayer distances (A), total energy per number of
phosphor atoms (eV/P-atom) of phosphorene/bilayer graphene heterostructures, and interaction
energies per number of phosphor atoms (meV/P-atom) of phosphorene/bilayer graphene
heterostructures.

Lattice  Strain & (%) Interlayer Total energy  Interaction Energy
vectors distance () (eV/P-atom) (meV/P-atom)
BP/2Gr BP e(ag,) = 0.98 | Gr-Gr=3.47 -642.00 -105.46
AA e(bgy) = 7.35 | BP-Gr=3.34
Gr e(agp) =-0.97 | Gr-Gr=3.43 -642.37 -118.21
e(agp) =-6.84 | BP-Gr=3.31
BP/2Gr BP e(agy) = 0.98 | Gr-Gr=3.27 -642.01 -112.37
AB e(bgy) = 7.35 | BP-Gr=3.40
Gr e(agp) =-0.97 | Gr-Gr=3.19 -642.38 -129.46
e(agp) =-6.84 | BP-Gr=3.36
bIP/2Gr bIP e(agy) =054 | Gr-Gr=3.46 -792.72 -134.72
AA Gr-bIP = 3.36
Gr e(app) =-0.53 | Gr-Gr=3.46 -792.73 -137.22
Gr-blP = 3.34
bIP/2Gr bIP e(agy) =054 | Gr-Gr=3.23 -792.74 -154.61
AB Gr-blP =3.43
Gr e(app) =-053 | Gr-Gr=3.21 -792.75 -157.67
Gr-blP =3.40
GP/2Gr GP e(agy) = 0.76 | Gr-Gr=3.53 -641.64 -89.44
AA e(bg) =10.57 | GP-Gr=3.30
Gr e(agp) =-0.75 | Gr-Gr=3.30 -641.73 -90.04
e(bgp) =-9.56 | GP-Gr=3.25
GP/2Gr GP e(agy) = 0.76 | Gr-Gr=3.30 -641.65 -98.04
AB e(bsy) =10.57 | GP-Gr=3.37
Gr e(agp) =-0.75 | Gr-Gr=3.22 -641.74 -100.46
e(bgp) =-9.56 | GP-Gr=23.30

In order to have clear observation on bilayer graphene band structure in the vicinity of the Fermi
level, lattice vectors of graphene are adopted in phosphorene/bilayer graphene heterostructures.
Figure 8 presents the bandstructures and DOS of black phosphorene/bilayer graphene
heterostructures. As in the case of monolayer graphene both black phosphorene and graphene



band structures have been preserved. However, some features have been observed near the
Fermi level due to the charge transfer. In the case of AA-stacked bilayer graphene, the graphene
Dirac cone is opened by 34.8 meV. The opening of the Dirac cone is related to the charge
transfer between phosphorene and bilayer graphene. As indicated in Table.5, the Top (T) layer
that interacts directly with phosphorene is differently charged with respect to the bottom (B)
layer, which breaks the symmetry between the two graphene planes (top and bottom layers) and
opens a gap in the bilayer structure. In the case of AB-stacked bilayer graphene, a Fermi level
shift has been observed representing an n-doping in graphene, in addition to the opening of a
very small bandgap. As in the case of AA-bilayer graphene, the opening of the Dirac cone is
related to symmetry breaking between the two graphene layers due to the difference in charge
transfer from black phosphorene to the two graphene layers as indicated in Table.5, which is
consistent with various reported studies on bilayer graphene-based interfaces [45—47]. Better
illustration of this behavior is presented in Figure 11(a) and Figure 12(a), where the charge
distribution shows charge accumulation and depletion only near the top layer of the bilayer
graphene (layer in contact with black phosphorene). In that respect, one can obviously notice
the charge difference between top and bottom layers in bilayer graphene.
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Figure 8 Calculated bandstructures and DOS of (a) black phosphorene/AA-graphene (right),
(b) and black phosphorene/AB-graphene. Right panels show the zoom-in band structure near
Fermi level. Black and red dashed lines present Fermi level and mid-gap respectively.

Figure 8 presents the bandstructures and DOS of blue phosphorene/bilayer graphene
heterostructures. As observed in the case of blue phosphorene/monolayer graphene, blue
phosphorene preserves its band structure at the interface with graphene, with a Fermi level shift
indicating a p-doping in the bilayer graphene. A higher charge transfer is observed in the case
of AA-stacked bilayer graphene, which is in contrast with the black phosphorene/bilayer
graphene heterostructure, where AB-stacked bilayer graphene encounters larger charge transfer
than AA-stacked bilayer graphene. As mentioned for black phosphorene/bilayer graphene
heterostructures, the charge difference between top and bottom layers of the bilayer graphene
at the interface with blue phosphorene for AA and AB stacking modes yields a symmetry
breaking, resulting in a very small bandgap opening of 10 meV and 11.24 meV respectively.



Indeed, as presented in Figure 11(b) and Figure 12(b), the charge distribution shows a charge
transfer only between the top layer of bilayer graphene and blue phosphorene.
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Figure 9 Calculated bandstructures and DOS of (a) blue phosphorene/AA-graphene (right), (b)
and blue phosphorene/AB-graphene. Right panels show the zoom-in band structure near Fermi
level. Black and red dashed lines present Fermi level and mid-gap respectively.

Finally, in the case of green phosphorene/bilayer graphene heterostructures, we use the green
phosphorene lattice vectors, similarly to the monolayer case. Also, both green phosphorene and
bilayer graphene electronic bandstructures are preserved. According to Bader charge analysis
(Table 5), green phosphorene/bilayer graphene heterostructure exhibits a smaller charge
transfer compared to that in black phosphorene and blue phosphorene/bilayer graphene
heterostructures. This yields a smaller Fermi level shift, indicating an n-doping in graphene
bilayer in both AA- and AB stacking, with a more important charge transfer from green
phosphorene to AB-stacked bilayer graphene than to AA-stacked bilayer graphene. According
to the results presented in Figure 11(c) (Figure 12(c)), as in the case of green
phosphorene/monolayer graphene, the charge distribution in green phosphorene/AA-graphene
(green phosphorene/AB-graphene) is much smaller compared to the charge density in black
phosphorene and blue phosphorene/bilayer graphene.
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Figure 10 Calculated bandstructures and DOS of (a) green phosphorene/AA-graphene (right),
(b) and green phosphorene/AB-graphene. Right panels show the zoom-in band structure near
Fermi level. Black and red dashed lines present Fermi level and mid-gap respectively.

Table.5 Calculated Bader charge transfer for phosphorene/bilayer graphene heterostructures.
Gr(B) and Gr(T) stand for Bottom and Top layer of bilayer graphene respectively.

Lattice  Charge Transfer (e™) (phosphorene to

vectors  graphene)

BP/2Gr AA | Gr +0.03; Gr(B) = ~0.00; Gr(T) = +0.03
BP/2Gr AB | Gr +0.04; Gr(B) = ~0.00; Gr(T) = +0.04
blP/2Gr AA | Gr -0.05; Gr(B) = ~0.00; Gr(T)=-0.05

bIP/2Gr AB | Gr -0.04; Gr(B) = ~0.00; Gr(T) =-0.04
GP/2Gr AA | GP +0.01; Gr(B) = ~0.00; Gr(T)=+0.01
GP/2Gr AB | GP +0.02; Gr(B) = ~0.00; Gr(T)=+0.02
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Figure 11 Difference in charge distribution and planar averaged charge density along z-axis in
BP/AA-Gr (a), bIP/AA-Gr (b), and BP/AA-Gr (c) heterostructures. The cyan and red regions
represent charge depletion and accumulation, respectively. The isosurface value is 0.0001 e/A3,
and horizontal dashed-dot lines denote the locations of atomic layers of graphene and
phosphorene.



(b)

Figure 12 Difference in charge distribution and planar averaged charge density along z-axis in
BP/AB-Gr (a), bIP/AB-Gr (b), and BP/AB-Gr (c) heterostructures. The cyan and red regions
represent charge depletion and accumulation, respectively. The isosurface value is 0.0001 e/A3,
and horizontal dashed-dot lines denote the locations of atomic layers of graphene and
phosphorene.



Conclusion

In summary, a comparative study of black, blue, green phosphorene/graphene is presented. For
all the configurations of phosphorene/monolayer graphene, no gap opening near the graphene
Dirac cone has been observed. Blue phosphorene/graphene heterostructure presents the lowest
interaction energy, and highest charge transfer from graphene to blue phosphorene. Black
phosphorene/graphene heterostructure exhibits a higher interaction energy, and a lower charge
transfer from black phosphorene to graphene, whereas green phosphorene/graphene
heterostructure presents the highest interaction energy. Stability and interaction energies in
phosphorene/bilayer  graphene heterostructures follow the same trend as in
phosphorene/monolayer graphene. Also, a more important charge transfer has been obtained
from phosphorene to AB-stacked bilayer graphene than to AA-stacked bilayer graphene for
black and green phosphorene. A more important charge transfer is observed from AA-stacked
bilayer to blue phosphorene than from AB-stacked bilayer graphene. These charge transfers
lead to small gap opening in the bilayer graphene bandstructures due to the charge difference
between the top and bottom layers. These results show that different phosphorene allotropes
allow modulating graphene or bilayer graphene electronic properties, leading to promising
perspectives for future nanoelectronics devices.
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