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Layer-dependent band alignment of few layers of blue phosphorus and their
van der Waals heterostructures with graphene
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The structural and electronic properties of few layers of blue phosphorus and their van der Waals heterostructures
with graphene were investigated by means of first-principles electronic structure calculations. We study the
four energetically most stable stacking configurations for multilayers of blue phosphorus. For all of them, the
indirect band-gap semiconductor character, are preserved. We show that the properties of monolayer graphene
and single-layer (bilayer) blue phosphorus are preserved in the van der Waals heterostructures. Further, our results
reveal that under a perpendicular applied electric field, the position of the band structure of blue phosphorus with
respect to that of graphene is tunable, enabling the effective control of the Schottky barrier height. Indeed, for
the bilayer blue phosphorene on top of graphene, it is possible to even move the system into an Ohmic contact
and induce a doping level of the blue phosphorene. All of these features are fundamental for the design of new
nanodevices based on van der Waals heterostructures.

DOI: 10.1103/PhysRevB.97.235419

I. INTRODUCTION

The unavoidable end of the road for the silicon technology
has boosted the recent development of nanoelectronics using
two-dimensional (2D) [1,2] materials. The whole area of 2D
materials [3–6] was driven by the isolation of a monolayer
graphene [7]. Those materials have been showing unusual
physical properties and have been demonstrating huge poten-
tial for improving nanodevices beyond Moore’s law [8].

A lot of attention has been devoted to monoelemental
two-dimensional materials. Those 2D materials can be found
in groups III, IV, and V of the periodic table [9]. Looking
into group III, we have the elemental 2D boron material,
named borophene [10,11]. This material possesses several
crystal structures, all of them exhibiting metallic character.
A chemically modified borophene, such as hydrogenated 2D
borophene, is predicted to be dynamically stable and present
massless Dirac fermions as graphene [12,13]. In group IV,
graphene, a material that exhibits remarkable properties, is
an allotrope of elemental carbon. The other elemental 2D
materials in this group are based on silicon, germanium,
and tin atoms. Silicene, germanene, and stanene have buck-
led honeycomb structures with a mixed sp2-sp3 hybridiza-

*pontes@ufg.br
†hiroki@ufu.br
‡jose.roque@lnls.br
§fazzio@if.usp.br
‖jose.padilha@ufpr.br

tion. Those structures that have been theoretically predicted
to exist and have already been experimentally synthesized
[14–16] present topologically nontrivial electronic states, be-
ing considered 2D quantum spin Hall insulators [17]. Moving
to group V, phosphorene, arsenene, antimonene, and bis-
muthene have been successfully synthesized [18–21]. How-
ever, the most investigated and the main examples of van
der Waals (vdW) layered materials, in this group, are those
composed solely by phosphorus atoms [22–24].

Phosphorus exists in several polytypes; the most common
are the reactive white and red phosphorus, and the relatively
inert black phosphorus (BP) [18,22,23,25]. The bulk BP is the
most stable phosphorus allotrope at room temperature and its
monolayers are bounded by van der Waals interactions. BP
has a puckered structure and, as a consequence, it exhibits
physical and chemical properties which are strongly dependent
on the direction considered. For example, the armchair direc-
tion presents a high mobility of around 10 000 cm2 V−1 s−1,
while the zigzag direction has a much lower mobility of
600 cm2 V−1 s−1. The BP can be exfoliated and its monolayer is
called phosphorene. It is a direct band-gap semiconductor, with
a band gap of around 2 eV. These properties make phosphorene
a potential candidate to be used in technological applications
[26,27] ranging from nanotransistors to active elements in solar
cells [28,29].

Recently, the family of the phosphorus-based materials has
gained a new member, the blue phosphorus (blue-P). This
material that was, firstly, predicted by ab initio calculations
[30], has been synthesized on an Au(111) substrate by means
of the molecular beam epitaxy technique [31,32]. The single-
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layer blue-P consists of two atomic layers of P atoms in a
buckled graphenelike structure. It exhibits an indirect band gap
of roughly 2.0 eV and electronic mobility around 4.6 × 102

(4.7 × 101) cm2 V−1 s−1 for the armchair (zigzag) direction,
at room temperature [33].

In parallel with the efforts on the study of single-component
layered materials, the research on vdW heterostructures, which
are made by stacking layer by layer of different 2D crystals,
has been gaining strength [34,35]. Such heterostructures have
recently been fabricated and studied revealing exquisite prop-
erties and novel physical phenomena motivating intense sci-
entific investigations [36–41]. In particular, phosphorus-based
vdW heterostructures are quite promising for applications in
nanoscale [42].

Since the experimental obtention of 2D blue phosphorus
a number of studies have been conducted to understand the
mechanical and electronic properties of monolayer and bilayer
blue-P [30,43] and their vdW heterostructures with other 2D
semiconductors [44,45]. However, a deep understanding of
important physical properties such as the layer-dependent
evolution of the band gap and band alignments, as well as
the effects of the quantum confinement as a function of the
number of layers in few layers of blue-P, are still lacking. Those
properties are of paramount importance in the determination of
the Schottky barrier. Hence, knowledge of the layer-dependent
band alignment is fundamental for the design of new devices
based on blue-P.

In this work, we systematically study the layer-dependent
band alignment of few layers of blue phosphorus and their vdW
heterostructures with graphene. Essentially, our main goals
are (i) to investigate the evolution of the band-edge states as
a function of the number of blue-P layers and the stacking
configuration; (ii) to understand how the blue-P interacts with
graphene; and (iii) to determine what are the contact barriers
created in this interface and how they could be controlled.

II. COMPUTATIONAL DETAILS

In order to obtain the energetically most stable structures
and the electronic properties of few layers of blue phosphorus
and their vdW heterostructures with graphene, we performed
first-principles total energy calculations within the density
functional theory (DFT) framework as implemented in the
VASP code [46,47]. The generalized gradient approximation,
as proposed by Perdew-Burke-Ernzerhof (PBE-GGA) [48], is
used for the exchange and correlation potential. The projector
augmented wave potentials [49] are used to describe the
interaction between valence electrons and ion cores. The
plane-wave kinetic-energy cutoff is set at 400 eV. All atomic
positions and lattice constants are optimized by using the van
der Waals–density functional theory (vdW-DFT) optB88-vdW
[50,51]. The positions of the atoms are allowed to relax until the
force on each atom is smaller than 0.001 eV/Å. The electronic
self-consistency criterion is set as 10−7 eV. For the multilayer
unit cells, we used a k-point sampling of 7 × 7 × 1 and for the
supercell calculation the k-point sampling was 4 × 4 × 1. To
avoid the interaction between neighboring cells, we employed
a vacuum region of 20 Å. Once the optimized structures are
obtained, the screened hybrid functional of Heyd-Scuseria-
Ernzerhof (HSE06) [52,53] is employed to calculate all the

FIG. 1. (a) Top panel: A ball-and-stick representation of the
structure of a single layer of blue phosphorus. The lattice vectors (a1

and a2) that define the unit cell (gray region) are also indicated. Bottom
panel: A side view of the blue phosphorus monolayer. Dashed black
lines indicate the buckling height, h. (b) Schematic representation of
the first Brillouin zone of a hexagonal lattice. The reciprocal lattice
vectors (b1 and b2) and the high-symmetry points are highlighted.
(c)–(f) Top and side views of the four stacking configurations
considered in our calculations. The different colors in the P atoms
are used to distinguish the upper from lower layers. The distance,
d , between the layers is also shown. The solid (dashed) red lines in
(c)–(f) represent the atoms that are located on the top of other P atoms
(center of an hexagon).

electronic properties of the blue phosphorus–based materials.
Although we may have different parametrizations for the HSE
functional, in order to improve the calculated values of energy-
gap and band-edge position, we have used the standard HSE06
approach, which provides proper results for the blue-P system
and other two-dimensional materials [54,55], when compared
with the current literature.

III. RESULTS AND DISCUSSIONS

In Fig. 1(a) is depicted a single layer of blue phosphorus.
The crystal structure consists of phosphorus atoms arranged
in a honeycomb lattice defined by the a1,2 unit-cell vectors,
such as graphene, with an additional feature that it has a
buckled conformation. The two sublattice planes are separated
by a distance h ≈ 1.2 Å, as shown in the bottom panel of
Fig. 1(a). For the monolayer, we obtained a lattice constant of
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TABLE I. Total energy difference (in meV/atom) between the
energetically most stable structure (named AA1) and the other con-
sidered stacks on the DFT-vdW calculations. The lattice parameter,
a, and the interlayer distance, d , are presented as well.

Stacking �Etotal (meV/atom) a (Å) d (Å)

AA1 0 3.31 3.40
AB1 2 3.31 3.37
AB2 36 3.30 3.97
AA2 48 3.30 3.98

a = 3.29 Å, in agreement with the values previously reported
in the literature [30–32]. The crystal lattice of blue-P is differ-
ent from black phosphorus, which has a puckered orthorhom-
bic layered structure [23]. However, through a combination of
transformations, black phosphorus could be converted to blue
phosphorus [30].

Few layers of blue-P can be constructed by stacking two
or more monolayers. In contrast to graphene, which has only
two stacking sequences, the monolayer blue-P presents a low-
buckled structure. Thus, additional stacking configurations
between the layers are possible. In Figs. 1(c)–1(f), we show
the four possible stacking modes, named AA1, AA2, AB1, and
AB2. These additional modes are due to the A and B sites of the
hexagonal lattice, in the same layer, being located at different
planes. For example, the top/bottom layer could be stacked
with the same buckling order [AA1; Fig. 1(c)], or reversed
[AA2; Fig. 1(d)]. In the AB1 and AB2 [Figs. 1(e) and 1(f)],
or Bernal-stacked form, half of the atoms lie directly over the
center of a hexagon in the lower blue-P sheet [indicated by
the red dashed lines in Figs. 1(e) and 1(f), side view], and half
of the atoms lie over a phosphorus atom [indicated by the red
solid line in Figs. 1(e) and 1(f), side view]. The colors of the
atoms in Fig. 1 are used only to differentiate the layers of the
system.

The calculated energetically most stable stacking order of
bilayer blue phosphorus layers is AA1 followed by AB1, AB2,
and AA2, having 2, 36, and 48 meV/atom higher energies
than AA1. The total energy differences between the four
investigated stacks are quite small (meV order), typical of
vdW layered materials [56–58]. Moreover, the results for the
energetics of the stacking sequence are in good agreement with
previous results obtained by Gosh et al. [43]. The energetics
and structural parameters of the four bilayers conformations
are summarized in Table I. For the AA1 stacking mode, at
the equilibrium distance (3.40 Å), the vdW-DFT calculated
binding energy is about 104 meV/atom. Another remarkable
point that we conclude from the results shown in Table I, is
that the lattice constant remains unaltered, independently of
the stacking configuration, while the interlayer distance, d,
strongly depends on the stacking order since it is intrinsically
related to the interaction between pz orbitals.

In Fig. 2 we show, for the (a) AA1, (b) AA2, (c) AB1, and
(d) AB2 stacking modes, the calculated electronic band
structures of blue phosphorus for n = 1–4 layers. The high-
symmetry points are schematically shown in Fig. 1(b). The
HSE06-DFT calculated band structure indicates that mono-
layer blue phosphorus is a semiconductor with an indirect band

(d)

FIG. 2. Electronic band structures for one, two, three, and
four layers of blue phosphorus in the stacking modes: (a) AA1,
(b) AA2, (c) AB1, and (d) AB2. The valence and conduction bands
are highlighted. All band structures were aligned with respect to the
vacuum level. The arrows in (a) indicate the important band gaps
(� and �). The single-layer band structure is repeated in (a), (b), (c),
and (d) just for comparison.

gap (Egap ≈ 2.7 eV), in very good agreement with previous
reports in the literature [30,59]. Moreover, we verify that
neither the valence-band (VB) maximum nor the conduction-
band (CB) minimum is located at any high-symmetry point
in the Brillouin zone but both are found approximately in
the middle of M and �. Another point similar to VB can
also be observed between � and K , thus the VB seems to
be degenerated in two distinct points.

For the AA1 stacking configuration [Fig. 2(a)], the CB is
always located in a valley between M and � independently
of the number of layers. Initially, the VB is located in a point
between M and �. If the number of layers is increased, the
valence band becomes nearly flat around the � point, and in
this way for more than four layers, it becomes located at �.
The same behavior occurs for the AB1 configuration, shown
in Fig. 2(c). For the AA2 and AB2 stacks, the conduction band
behaves like in the other configurations, whereas the valence
band is always located in a k point between M and �. The
same behavior is observed for all stacking configurations, when
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(d)

(g)

(h)

FIG. 3. Band gaps ��
g and ��

g as a function of the number of
layers for (a) AA1, (b) AA2, (c) AB1, and (d) AB2. The HSE06-DFT
calculated band gaps are indicated by the solid squares and circles.
The fitting curves are presented by the solid lines. The horizontal
dashed lines indicate the bulk (n → ∞) band gaps. (e)–(h) Evolution
of the band edges as a function of the number of layers for the stacks
AA1, AA2, AB1, and AB2, respectively.

we go to the bulk of the materials, where the valence band is
located at the � point for the AA1 and AB1 materials, whereas
for the AA2 and AB2 it is located between M and � (see
Fig. S1 in the Supplemental Material [60]). One important
point to note is that the behavior of the band structure for
all stacking configurations is strongly related to the interlayer
distance and consequently, related to the interaction of the
out-of-plane orbitals of each layer. For example, for the AA1

and AB1, the interlayer distance (see Table I) is smaller when
compared to the AA2 and AB2, and the interaction between
the layers is maximized in this case. In this way, the effect
of the quantum confinement is stronger in the stackings AA1

and AB1, when compared to AA2 and AB2. This effect has
direct consequences in the evolution of the band gap of the
materials. However, we verify that for all investigated stacking
configurations, the multilayers of blue-P preserve their indirect
band-gap semiconducting character.

In Figs. 3(a)–3(d) we show the evolution of the band gap as a
function of the number of layers n for the AA1, AA2, AB1, and

TABLE II. Adjust equations for the the band gaps ��
g and ��

g ,
at different stacking modes, as a function of the number of blue-P
layers.

Stacking ��
g (eV) ��

g (eV)

AA1 0.84 + 3.63e−n/2 0.84 + 3.12e−n/2

AA2 1.95 + 1.84e−n/2 1.79 + 1.48e−n/2

AB1 0.89 + 3.51e−n/2 0.89 + 3.01e−n/2

AB2 1.69 + 2.16e−n/2 1.58 + 1.73e−n/2

AB2 configurations. The band gaps decrease monotonically
and it could be tunable depending on the number of layers. For
the AA1 and AB1 stacks, their dependence with the number
of layers are almost the same, and they reach almost the same
value at the bulk limit n → ∞, where the bulk band gap for the
AA1 is 0.84 eV and for the AB1 is 0.89 eV. However, if we look
to the AA2 and AB2 stackings presented in Figs. 3(b) and 3(d),
the band gap has a small variation with respect to the number of
layers, converging rapidly to the bulk value (represented by the
dashed lines in each figure). In this multilayer material, even
though the layers are held by weak van der Waals interactions,
the stacking order plays an important role in the quantum
confinement effect of the band gap and band alignments, as we
have previously observed in the band-structure calculations.

One important point is to determine the relationship be-
tween the band gap Eg(n) and the number of layers, n, of the
few-layer 2D material. To this end, we have fitted the band
gap of an arbitrary multilayer blue-P, using a single parameter
exponential expression

�g(eV) = Eg(bulk) + Ae−n/2,

where Eg(bulk) is the electronic band gap of bulk blue-P and
A is a fitting parameter. The adjust equations for the band gaps
��

g and ��
g , at different stacking modes, are summarized in

Table II. According to those equations, the band gaps as a
function of the number of layers are plotted in Figs. 3(a)–3(d)
(solid lines). This behavior is related to the reduction of the
quantum confinement as a function of increasing the thickness
of the material.

It is worth mentioning that other fittings can also be made
in order to capture the effects of quantum confinement as a
function of the number of layers. Most of them are based on a
power law of the band gap as a function of the number of
layers [54,61–63]. However, in those fittings are used two
adjustment parameters and, even so, they do not correctly
capture the energy gap value of the monolayer, which is
possibly related to the absence of interlayer coupling in the
monolayer limit. However, using an exponential function, as
presented in this investigation, the monolayer limit is fitted very
well. One reason is that the evolution of the band gap is not only
governed by interlayer coupling effects, but also due to surface
effects. The monolayer limit, the extreme case of the quantum
confinement effect, is governed by surface energy effects,
rather than the interlayer coupling. In this way, our exponential
model captures the surface energy and interlayer coupling
effects. A similar model was proposed by Zhang et al. for the
multilayers of C2N-h2D [62]. For purposes of comparison, we
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d blue-P@G

FIG. 4. (a) Schematic representations of single-layer graphene
and blue phosphorus. The lattice vectors, a1 (�b1) and a2 (�b2), for
graphene (blue phosphorus) are indicated. The buckling height, hb, is
also shown. (b) Top and side views of a monolayer blue phosphorus
on top of graphene. The lattice vectors c1 and a2 that define the
unit cell (light gray region) and the distance between monolayer
graphene and blue phosphorus (dblue-P@G) are shown. (c) Variation
of the total energy (�E), in eV, as a function of displacements δx,y

of the monolayer blue phosphorus relative to graphene. The zero was
set as the total energy of the lowest energy configuration. (d) Binding
energy as a function of the distance, δz, between blue-P and graphene.
The zero was set as the equilibrium (deq

blue-P@G) distance.

also conduct an adjustment based on a power law, which is
presented in Fig. S2 in the Supplemental Material [60].

In Figs. 3(e)–3(h) we present the evolution of the band edges
as a function of the number of layers for the different stacking
orders. All band edges were aligned with an absolute energy
scale, i.e., the vacuum level. This analysis is very important,
because we can determine the band alignment between the
different components of a vdW heterostructure, and this could
also help in screening for 2D metals that will present ohmic
contacts [34,35,64,65]. We verified that the top of the valence
band VB[�,�] increases with the number of layers, whereas
the conduction-band minimum CB remains almost constant.
This occurs because, independently of the stacking sequence
and number of layers, the states of the CB, which are mainly
composed of s and px,y orbitals, are weakly perturbed when
more layers are added to the system. On the other hand, the
valence bands, which are mainly composed of pz orbitals,
present a completely different behavior as a function of the
number of layers and stacking sequence. When more than one
layer is stacked together, the degeneracy is lifted, changing its
position with respect to the vacuum level. Also, for the different
stacking modes, the interactions between the pz orbitals of
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FIG. 5. Left panels: DFT-calculated project electronic band struc-
tures of single-layer blue-P (a) and bilayer blue-P (b) on graphene.
Right panels: Schematic comparison between the band structures of
the single-layer blue-P (bilayer blue-P) with graphene with pristine
single-layer (bilayer) blue phosphorus in the vicinity of the Fermi
level. The red crossed lines represent the Dirac cone of graphene. The
scales indicate the magnitude of the projections. All band structures
were aligned with respect to the vacuum level.

the layers are also different, which also explains the different
behaviors for the AA1, AA2, AB1, and AB2 systems.

If one wishes to use blue-P in electronic devices, to reach
the best of its performance, one has to use as a metallic contact
an element that preserves the electrical integrity of the system,
without inducing effects, such as the Fermi-level pinning. In
this paradigm, graphene has been considered a key element
to be used as a metallic contact. Looking to the band-edge
positions of blue-P, relative to the vacuum level, and comparing
to the graphene Dirac position, which is close to −4.5 eV, we
will see that the CB is closer to the graphene Dirac point. This
indicates that the Schottky contact will be n type. This behavior
is completely different from black phosphorus, which has a
p-type Schottky contact [66].

To completely understand the behavior of blue-P in a
possible device, contacted with graphene, we created a 2D van
der Waals heterostructure of blue-P and graphene. It is worth
noting that a similar study was made by Sun et al. [67], where
they have studied a vdW heterostructure of a single-layer blue-
P on top of a single-layer graphene and a single-layer gallium
nitride. The prototypical systems considered in our work were
composed by a single-layer and a bilayer blue phosphorus (at
the lowest energy stacking configuration, the AA1) on top of a
single-layer graphene (1L blue-P@G and 2L blue-P@G). We
initially examined the energetic stability of the composed het-
erostructure. In order to minimize the lattice mismatch between
the graphene lattice constant [a = 2.46 Å; Fig. 4(a), top panel]
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and the blue-P lattice constant [b = 3.31 Å; Fig. 4(a), bottom
panel], we have considered surface periodicities of (3 × 3) and
(4 × 4) for the blue-P and graphene, creating the supercell
defined by the lattice vectors �c1,2, as presented in Fig. 4(b).
In this configuration, the graphene supercell is compressed by
around 0.9% (0.3%/unit cell). The configuration depicted in
Fig. 4(b) is the energetically most stable. It was obtained from
several initial positions of the single-layer blue phosphorus in
relation to the graphene. Once the lower energy configuration
was obtained, we shifted laterally the monolayer blue-P with
respect to graphene, by small amounts δx,y , to ensure that the
system was, in fact, the minimum energy configuration. In
Fig. 4(c) we show the variation of the total energy difference
as a function of δx,y . As can be seen, the system is really on
the minimum of energy. (The same behavior was observed for
the 2L blue-P@G, not shown here.)

With the in-plane equilibrium configuration, we determined
the binding energy of the blue-P layer in graphene per area
unit, as presented in Fig. 4(d). The binding energy is given by
Eb = [Eblue-P@G − (Eblue-P + EG)]/A, where Eblue-P@G is the
total energy of the vdW heterostructure composed of blue-P
and graphene at the most stable conformation, Eblue-P is the
total energy of the isolated blue-P and EG is the total energy
of the single-layer graphene, and A is the area of the supercell.
For both the single and bilayer blue-P we obtained similar

value for the binding energy, around 21 meV/Å
2
, with an

equilibrium distance of 3.47 Å. The blue-P and graphene
binding energy are in the same order of magnitude as black
phosphorus and graphene and that obtained by Sun et al. in
[67] for a graphene/blue-P vdW heterostructure. The interlayer
distances are also similar, as discussed in Ref. [66].

In Fig. 5, we show the projected electronic band structure
for the single-layer (a) and bilayer blue phosphorus (b) on top
of a monolayer graphene. As can be verified, the electronic
structure of both blue-P and graphene are preserved upon the
heterostructure formation, indicating that all properties of the
isolated 2D materials are maintained, which is a signature of
the vdW interaction. Also, the position of the Dirac point with
respect to the vacuum level, in the composed heterostructure,
remains almost constant, when compared to the freestanding
graphene. Moreover, if we inspect the electronic band gap of
blue-P on top of graphene with respect to the pristine one, we
verify a decrease of the gap of 0.04 eV for the single-layer and
0.26 eV for the bilayer blue phosphorus.

In a device, if one wishes to use graphene as the metal
contact and the single-layer or bilayer blue phosphorus as
a channel, it is very important to know its Schottky barrier
height (SBH). Using the Schottky-Mott rule, since there is
no chemical bond between the materials, and there is no
Fermi-level pinning effect, we obtained for the single layer
a SBH of 0.63 eV, whereas for the bilayer it is 0.33 eV.
In both vdW heterostructures, electrons will be the majority
carriers, dominating the conduction. A similar behavior was
observed in [67] for the single-layer blue-P on graphene,
where they obtained an n-type Schottky barrier without any
applied electric field. Additionally, even without any charge
transfer between the single-layer and bilayer blue-P with
graphene, if an in-plane device were made, there will be a band
bending between the region of the blue-P on graphene and the
freestanding one, as we can see from Figs. 5(a) and 5(b), right
panel. As we can see, electrons will flow from the noncontacted
blue phosphorene region to the contacted one, making the

FIG. 6. (a)–(c) Evolution of the band structure as a function of the external electric field for single-layer blue phosphorus on monolayer
graphene and (e)–(g) bilayer blue phosphorus. (d), (h) Evolution of the band edges as a function of the field relative to the graphene Dirac
point for single-layer blue phosphorus and bilayer blue phosphorus, respectively. The electric field is applied along the ẑ direction as defined
in Fig. 1(b). The Fermi level of the heterostructures was set to zero and VB (CB) represents the top (bottom) of the valence (conduction) band.
All band structures were aligned with respect to the vacuum level.
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channel n type. This result is opposite to those obtained for
black phosphorus on top of graphene, which predict an n-type
contact [66].

The evolution of the band structures and band edges of 1
blue-P@G and 2 blue-P@G, under an applied external electric
field ranging from −2.5 V/nm to +2.5 V/nm, in steps of
0.5 V/nm, [along the ẑ direction; see Fig. 1(b)] is presented in
Fig. 6. The transverse electric field gives rise to a potential
gradient normal to the blue-P@graphene interface, making
possible the tunability of the energy positions of the CB and VB
of the semiconductor (blue-P) with respect to the Fermi level
of the metal (G), indicated as δCB and δVB in Figs. 6(a) and 6(e).
Moreover, the applied electric field lifts the degeneracy among
distinct layers in few layers of blue-P. Once the degeneracy is
lifted, the electronic states that are localized in regions with
higher potential will have a higher energy due to electrostatic
interaction with the electric field, whereas those states localized
in regions with lower potential will have a lower energy. When
negative external electric fields are applied [Figs. 6(b) and 6(f)],
the occupied states (pz orbitals) of the 1 blue-P (2 blue-P),
initially at −2 eV, � point (−1.6 eV, K point) can gradually be
upshifted to the Fermi energy, i.e., closer to the Dirac cone of
graphene. Regarding the unoccupied states (hybridized s and
px,y orbitals), around the � point, they are upshifted (far away
to the Dirac cone of graphene). If a positive electric field is
applied [Figs. 6(c) and 6(g)], we verify that the unoccupied
states (hybridized s and px,y orbitals) of the 1 blue-P (2
blue-P), initially at +0.5 eV (+0.3 eV, K point) are linearly
downshifted to closer to the Dirac cone of graphene. Under
the influence of an electric field of +2.5 V/nm, the hybridized
s and px,y orbitals of the 2 blue-P become resonant to the
Dirac point. Thus, an applied external electric field can insert
blue-P states into the Fermi energy, generating a conduction
channel. Moreover, depending on the number of blue-P layers,
the electric field needed to shift these energy levels to the Fermi
energy is lower.

The evolution of the band edges, δCB and δVB, as a function
of the external electric field, is shown in Figs. 6(d) and 6(h).
In the absence of an applied electric field, as already pointed

out for both systems, the conduction band is closer to the Dirac
point, leading to an n-type Schottky barrier. For negative values
of the applied field, it is possible to change this Schottky barrier
from n type to p type, where for the monolayer we estimate
a field of −5.3 and −3.9 V/nm for the bilayer blue-P. For
positive values of the electric field, for both systems, the SBH
always remains n type, decreasing its value linearly with the
field. Moreover, for the 2 blue-P@G heterostructure the Dirac
cone is energetically below the VB of blue-P for positive values
of the electric field applied higher than 2.5 V/nm, making the
contact become Ohmic.

IV. CONCLUSIONS

In conclusion, based on first-principles electronic structure
calculations we explore the structural and electronic properties
of few layers of blue phosphorus and their vdW heterostruc-
tures with graphene. We show that the energetically most stable
stack of two layers of blue phosphorus is AA1. Besides that,
for all stacking configurations, the multilayer blue phosphorus
preserves its semiconducting and indirect band-gap character.
Our findings also reveal that the properties of graphene and
blue phosphorus are preserved upon their contact. Further, we
demonstrate that it is possible to tune the position of the band
structure of phosphorus relative to that of graphene through
the application of an external electric field perpendicular to
the system. This allows significant control of the Schottky
barrier height as well as the doping of 2D blue phosphorus. The
understanding of all these properties is essential for paving the
path to the theoretical design of future nanodevices based on
van der Waals heterostructures.
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