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Based on first-principles calculations within the framework of density functional theory, we study
the electronic properties of phosphorene/graphene heterostructures. Band gaps with different sizes are
observed in the heterostructure, and charges transfer from graphene to phosphorene, causing the Fermi
level of the heterostructure to shift downward with respect to the Dirac point of graphene. Significantly,
strong coupling between two layers is discovered in the band spectrum even though it has a van der
Waals heterostructure. A tight-binding Hamiltonian model is used to reveal that the resonance of the
Bloch states between the phosphorene and graphene layers in certain K points combines with the
symmetry matching between band states, which explains the reason for the strong coupling in such
heterostructures. This work may enhance the understanding of interlayer interaction and composition
mechanisms in van der Waals heterostructures consisting of two-dimensional layered nanomaterials,
and may indicate potential reference information for nanoelectronic and optoelectronic applications.
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1 Introduction

Two-dimensional (2D) layered nanomaterials are sig-
nificant ingredients in nanoelectronics [1, 2] and op-
toelectronics [3–5] because of their unique mechanical,
electronic, optical, and thermal properties, which are
not found in their bulk counterparts. In addition to
graphene, there are a series of new 2D materials with
various advantageous properties such as hexagonal boron
nitride (hBN) [6], transition metal dichalcogenides [7],
and phosphorene [8], which have recently attracted a
large amount of attention and been developed for var-
ious potential applications because of their high electron
mobility [9, 10], increasing direct band gap with a de-
creasing number of layers [11], high anisotropy [12], and
a strain-tuneable band gap [13]. However, every material
has its limitations, such as the absence of a band gap in
graphene [14], low mobility in MoS2 [15], and instability
in phosphorene [16].

In order to solve the abovementioned problems, a
2D van der Waals (vdW) heterostructure has been pro-

posed as an effective method building new nanostruc-
tures [17] that will preserve the distinctive properties
of each material and potentially adjust and control the
properties of the final heterostructure. It has been re-
ported that couping phosphorene with stable graphene
[18] or hBN [19] and even phosphorene suboxide [20]
and organism TiL4 [21] can protect phosphorene and
tune the carrier dynamics and optical properties. The
phosphorene/graphene heterostructure has been pro-
posed as an anode material for rechargeable Li batter-
ies according to a first-principles study [22]. The phos-
phorene/MoS2 heterostructure is a type-II semiconduc-
tor as an ultraviolet photodetector [23]. In addition,
the black-phosphorus/blue-phosphorus heterostructure
is predicted to be used in solar energy conversion [24].

Traditionally, weak coupling exists in vdW het-
erostructures, but recent experiments reported the ex-
istence of a strong coupling in a vdW heterostructure
[25]. In this paper, we use first-principles calculations to
investigate this issue, and a vertically stacked phospho-
rene/graphene heterostructure is studied as an example.
The results show that although the unique properties of
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graphene and phosphorene are well preserved after the
formation of a vdW heterostructure, various band gaps
are also observed at the band cross site. We analyze
the interactions between layers and use a simple tight-
binding Hamiltonian to explain the origin of these band
gaps in such heterostructures. In addition, we found that
strong coupling originates from the resonance between
the Bloch waves of different layers at some K points when
three conditions are met: close energy, symmetry match-
ing, and a large overlap between waves of the two layers.
This conclusion may enhance our understanding of the
properties of vdW heterostructures.

2 Methodology

We implemented electronic properties calculations for
the graphene/phosphorene heterostructure using the Vi-
enna ab initio simulation package (VASP) [26] based
on density functional theory (DFT) in the field of first-
principles calculations. Generalized gradient approxima-
tion (GGA) proposed by Perdew–Burk–Ernzerhof (PBE)
[27] was used for the exchange and correlation potential.
The projector augmented wave potential (PAW) [28, 29]
was used to treat the ion-electron interactions. As is
known from previous theoretical calculations, the van der
Waals interaction must be accounted for between bilay-
ers to properly describe the properties of phosphorene
by a dispersion-corrected DFT method (optB88-vdW)
[30], with which we calculated band structures and work
functions. A 3× 7× 1 Gamma-centered grid was used in
the Brillouin zone sampling of the relaxation calculation,
and 6× 14× 1 and a plane-wave cutoff energy of 500 eV
was adopted in all the calculations. The thickness of the
vacuum spacing was 30 Å to avoid image interaction ow-
ing to the periodicity. The structure was relaxed until
the residual force on each atom was less than 10−4 eV/Å.

3 Structural and electronic properties

3.1 Geometrical structure

In our calculation, a 3× 1 phosphorene is stacked on top
of a 4 × 1 graphene supercell to form the unit cell of a
heterostructure, as shown in Fig. 1(a). The optimized
lattice constants are a = 9.87 Å and b = 4.09 Å. The
strain induced by the lattice mismatch is approximately
1.4% (mean absolute strain along the a axis is ε11 = 0.7%
and along the b axis is ε22 = 3.5%) in either graphene
or phosphorene. In Fig. 1(b), the evolution of the total
energy is shown as a function of the interlayer distance.
The most stable interlayer distance is 3.49 Å. Layers of
vdW heterostructures are easy to slide with respect to

adjacent layers. Therefore, using the optimized interlayer
distance, we translated graphene with respect to phos-
phorene along zigzag and armchair directions to analyze
the relation between configurations and electronic prop-
erties, and to obtain the most stable configuration. In
Fig. 1(c), it is obvious that the energy is slightly periodic
along the armchair direction, and the highest energy is
only approximately 0.1 eV higher than the lowest energy
and is nearly constant along the zigzag direction. The
inset shows the configurations with minimum and max-
imum total energy.

3.2 Band structure

Figure 2(a) shows the band spectrum of the heterostruc-
ture, in which the black line indicates the bands of the
configurations with minimum total energy, and the gray
line indicates the bands of configurations with maxi-
mum total energy. It is evident that the black lines
and gray lines almost coincide, implying that stacking
patterns have little influence on the band spectrum of
a heterostructure. In contrast with a monolayer band
spectrum, the superposition of the bands of monolayer
graphene (red line) and monolayer phosphorene (green
line) are also shown in Fig. 2(b). One can observe that
the band spectrum of the heterostructure coincides with
the spectrum of superposition of each monolayer’s bands
for most of the lines. This means that the electronic
properties of phosphorene and graphene are preserved
in general after composing a heterostructure, which is a
significant property in vdW heterostructures.

However, two features can be observed. One is that
small band gaps appear at the Dirac point of graphene.
In Fig. 2(c), we show the details of the band structures
of the configurations at enlarged scales near the Fermi
level, from Γ to Y . As for graphene, the Dirac point
is just on the Fermi level independent of strain, but af-
ter composing with phosphorene, the Dirac point shift
upward about 0.01 eV above the Fermi level and opens
a band gap about 0.03 eV. This results from the weak
interactions between the pz orbital of the phosphorene
and the π cloud of graphene. Where the phosphorene
and graphene bands cross, there are also small band gaps
that were not discovered or reported in previous litera-
ture [18, 31]. (We will discuss the origin of these gaps at
the end of the paper.)

The other feature is that the Dirac point of graphene
is shifted to the middle of the ΓY lines owing to Bril-
louin zone folding, as depicted in Fig. 2(d). The black
solid line indicates the Brillouin zone of graphene, and
the smaller red line indicates the heterostructure. The
graphene Brillouin zone folds into the red square after
combining with the heterostructure. The dark blue solid
line indicates the final folding result, in which the Dirac
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Fig. 1 (a) Top and side view of phosphorene/graphene heterostructure. (b) Total energy as a function of interlayer
distance. (c) Total energy variation trend with distinct displacements. We mesh the unit cell of the heterostructure using
10 × 10 grids. Along the armchair direction, the unit length is 0.1b; along the zigzag direction, the unit length is 0.1a,
(a = 9.87 Å, b = 4.09 Å). Inset shows configurations with minimum and maximum total energy.

point is located approximately in the middle of the Γ
and Y symmetry points.

3.3 Strain effect

Pristine phosphorene without strain is a semiconductor
with a direct band gap of about 1.00 eV. Under a strain
state (delete the graphene from the heterostructure), it
changes to an indirect semiconductor with a smaller band
gap of 0.21 eV, as shown in Fig. 2(b). This demonstrates
that interlayer coupling is not the main reason for the
gap variation, and that the band gap of phosphorene is
very sensitive to strain. Compared to the previous re-
sults, one can find that both uniaxial and biaxial strains
up to ∼ 5% result in an increase in the band gap, and
the direct feature is also preserved [32, 33]. In this work,
a large decrease in the band gap occurs. This can be at-
tributed to the anisotropic strain on the monolayer phos-
phorene. As we stated above, the strain induced by the

lattice mismatch is around 1.4% (mean absolute strain)
in either graphene or phosphorene. The strain in one
direction (b axis) is largely compressed and is relatively
small in another direction (a axis). That is, the values
of the strain are not equal in the two directions. We test
the band gap variations when isotropic biaxial strains of
1% and 2% are applied to monolayer phosphorene, and
find that the band gaps are 0.98 eV and 1.09 eV, respec-
tively. This is in accordance with the previously reported
results. However, the reason why the band gap change
so great is still needed further study.

3.4 Band alignment

Figure 3 depicts the band alignment and work function.
The horizontal green lines represent the VBM (valence
band maximum) and CBM (conduction minimum) of the
monolayer or the heterostructure. The red cross indicates
the Dirac point of graphene, and the blue numbers are
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Fig. 2 Band structure of (a) the heterostructure with minimum and maximum energy, and (b) superposition of bands of
monolayer graphene and monolayer phosphorene (in green line) under strain states. (c) Enlarged figure of band structure
of heterostructure along Γ to Y . Circles A, B, C, and D highlight positions where bands cross. (d) Schematic of Brillouin
zone folding.

Fig. 3 Band alignment of phosphorene/graphene het-
erostructure with minimum energy and maximum energy,
and monolayer graphene and phosphorene with 1.4% in-plane
strain and pristine monolayer phosphorene.

the work function. All values presented are aligned with
respect to the vacuum level. We can see that the work
function of strained graphene is 4.30 eV, which is lower
than that of pristine graphene, at approximately 4.62 eV.
Similarly, the strained phosphorene has a work function
of about 4.46 eV, which is also lower than the value of

pristine phosphorene, at about 4.95 eV, based on our re-
sults. Strain will cause a total energy increase, leading to
the upward movement of the Fermi level. Phosphorene
has a work function that is 0.16 eV larger than that of
graphene. As a result, electrons transfer from graphene
to phosphorene, making the Dirac point of graphene now
higher in position than that of the Fermi level of the
heterostructure. It is also evident that heterostructures
have larger work functions than those of either strained
graphene or strained phosphorene. Weak vdW inter-
actions can increase the attraction between layers and
lower the Fermi level of the heterostructure with respect
to that of monolayer graphene and phosphorene.

3.5 Strong coupling

Figure 2(c) shows an enlarged figure of the band struc-
ture of the heterostructure along Γ to Y . The band cross
points are highlighted by circles. One can find that there
are two types of band cross points. Points circled by A,
B, and C indicate where only small gaps are opened,
while points circled by D indicate where a large gap oc-
curs. In Fig. 4, the contribution of a single layer’s states
to the heterostructure’s Bloch states is indicated by green
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Fig. 4 Enlarged figure of band structure of heterostructure
along Γ to Y . At each K point, the composition of Bloch
wave is indicated by red circles as a wave function from carbon
atoms and green squares from phosphorous atoms. Sizes of
squares and circles represent the magnitude of contribution.

squares and red circles, respectively, and the sizes of the
squares and circles represent the magnitude of contribu-
tion. It can be seen that bands of the heterostructure
are composed mainly of the single layer’s states at most
of the K points, and their compositions switch where
the single layer’s bands cross in different materials. It is
usually reported that weak electron coupling exists in a
vdW heterostructure. This does not change the layout
of a single layer’s bands. However, we observe not only
weak coupling but also strong coupling at some K points
where the heterostructure’s bands change significantly.

Comparing the band structure of the heterostructure
with that of the superposition of two single layers, we
find two types of gaps where VB (valence band) and
CB (conduction band) of monolayer phosphorene and
graphene cross. In order to explain this phenomenon, we
introduce a tight-binding model of two one-dimensional
atomic chains with different densities of atoms: an upper
chain with two atoms in one unit cell, and a bottom
chain with three. The vdW interactions between the
chains is significantly weaker than the atomic covalent
bonds inside the chains. The Hamiltonian of the system
is expressed:

H = H1 +H2 +Hint =
tk
2

∑
i,j

C+
i Cj ,

where the total Hamiltonian H is composed of three
parts: H1/2 represents the upper/bottom single atom
chain, and Hint represents the interaction between two
chains. tk are the hopping items, which have different
values representing the different coupling strengths
between atoms in the system. (t1 = −1.0 is used for the
hopping inside the upper chain, t2 = −1.5 is used for
the bottom chain, and t12 is used to represent the vdW

interaction between the chains.) C+
i /Cj represent the

creator and annihilator of electrons.
Figure 5 shows the details of the band structures, in

which different values of interchain hopping items are
used. When t12 equals zero, two types of bands without
interaction are observed in Fig. 5(b), where the black
line indicates the bands of the upper chain, and the red
line indicates the bands of the bottom chain. When a
small t12 is introduced, there are two types of band gap
opening. One is observed at the K points where the first
black and red bands (higher in energy position) cross
each other, while the other is at the K points where the
second bands (lower in energy position) cross. For the
first type, where a stronger interaction exists between
the two chains, larger gaps open at these K points. How-
ever, for the second type, no apparent band-gap opening
can be observed when t12 increases. The panels below
the band structures are composed of the highest band’s
Bloch states at each K point. In the left panel, a sudden
change in the plot means weak coupling between chains.
The sudden change always occurs in the second type of
band cross, where no apparent band gaps open. By con-
trast, in the middle and right panels, Bloch states at K
points around ±0.2 show states apparently mixing be-
tween the two chains, which indicates strong coupling
between different chains and leads to a large band gap.

With regard to the wave mechanism, the upper chain’s
Bloch wave can interact strongly with the Bloch wave of
the bottom chain only when three conditions are met:
close energy, symmetry matching, and large overlap be-
tween the waves of the two chains. At the K points
of band crossing, two Bloch waves have the same energy
and K vector, so the maximum of the wave overlap is the
key to inducing strong coupling. This occurs at the band
crossing shown in Fig. 5(a), where the bonding states of
the upper chain interact strongly with the antibonding
states of the bottom chain, while the antibonding states
of the upper chain have weak coupling with the anti-
bonding states of the bottom chain.

Returning to the heterostructure we are studying,
there are four band-cross points along the Γ–Y axis. Al-
though the Bloch states of each layer have the same en-
ergy and K vector at the crossing points, they can still
be classified into two types. In Fig. 6, we show the calcu-
lated Bloch waves of each layer at four band-crossing K
points. It can be observed that the graphene layer shows
bonding states along the Y direction and antibonding
states along the X direction in A and D, while it shows
bonding states along the X direction and antibonding
states along the Y direction in B and C. At the same
time, phosphorene shows bonding states along both the
X and Y directions and antibonding states along the
Z direction in A and B, while it shows bonding states
along the X, Y , and Z directions in C. It is only D that
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Fig. 5 (a) Schematic figure of the layout of wave functions of atom chains at band-crossing points. the red and green
colors represent different phases of wave functions. (b–d) Band structures of the tight-binding model with different t12
values: 0, −0.1, and −0.5. Modulus of the wave function of (e–g) the fifth (highest) band and (h–j) the second band under
different t12, corresponding to their band spectrums on the upper panels.

shows bonding states along the Y and Z directions and
antibonding along the X direction, matching the char-
acteristics of the graphene Bloch wave in D. This will
give a strong resonance between graphene and phospho-
rene and induce a large gap in the band spectrum. At
other points, the Bloch waves of two layers have different
layouts, which leads to weak coupling and small gaps.

4 Conclusions

We studied the structural and electronic properties of
phosphorene/graphene heterostructures by using first-
principles calculations. We found that the total en-
ergy of the heterostructure was slightly periodic along
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Fig. 6 Four groups of wave functions: A, B, C, and D, corresponding to four K points in the middle picture, where
the single layer’s bands cross. In each group, the upper and bottom three panels are three views of the wave functions of
phosphorene and graphene at corresponding K points.

the armchair direction and nearly constant along the
zigzag direction. The properties of graphene and phos-
phorene were preserved after contacting, except in band
gaps at certain K points, and charges transferred from
graphene to phosphorene, causing the Fermi level of the
heterostructure to shift downward with respect to the
Dirac point of monolayer graphene. Significantly, both
strong and weak coupling between two layers were ob-
served in the band spectrum. Using a tight-binding
Hamiltonian model, we found that the resonance be-
tween the Bloch waves of different layers was strong when
three conditions were met. Two waves should have sim-
ilar energy, matched symmetry, and a large overlap. At
the Γ–Y axis in the Brillouin zone, only one site among
all four band-crossing points satisfied all three conditions
and led to strong coupling and a large band gap. The
others met only some of the conditions, gave rise to weak
coupling between layers, and induced small band gaps.
Our results can be helpful for the further understand-
ing of the interlayer interaction and composition mech-
anism in van der Waals heterostructures, and can serve
as potential reference information for nanoelectronic and
optoelectronic applications.
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