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Recently, many efforts have been devoted to the study of 2D van der Waals (vdW) heterostructures
because of their potential applications in new functional electronic and optoelectronic devices. Here,
we propose a vdW heterostructure composed of the recently identiﬁed semiconducting penta-graphene (PG) and metallic penta-BN2 (P-BN2) monolayers. State-of-the-art theoretical calculations
reveal that the intrinsic electronic properties of PG and P-BN2 are well preserved in the heterostructure, an n-type Schottky barrier forms at the vertical interface between the two layers, and a negative
band bending occurs at the lateral interface of the heterostructure and the PG monolayer. In addition,
strain can be used to effectively tune the Schottky barrier. Both the Schottky barriers of electron and
hole increase with stretching and decrease with compressing. More interestingly, the Schottky
contact can be tuned from n-type to p-type when the interlayer distance between PG and P-BN2 in
the heterostructure is changed, showing a ﬂexible controllability in device applications. Published
by AIP Publishing. https://doi.org/10.1063/1.5047539
I. INTRODUCTION

Due to the fascinating properties and extraordinary applications of graphene,1–4 two-dimensional (2D) carbon-based materials have attracted considerable attention in material science in
recent years. A large number of new 2D carbon allotropes
have been identiﬁed with a bunch of novel properties.5–10
Among them, penta-graphene (PG),10 composed of only pentagonal carbon rings, is particularly interesting as it possesses
a negative Poisson’s ratio, an ultra-high mechanical strength,
and a quasi-direct band gap with the gap size close to that of
traditional semiconductors, like GaN and ZnO, showing
potentials for electronic device applications.
The unique geometry and novel properties of PG have
stimulated a lot of study in the ﬁeld of 2D materials, leading
to the discovery of a new class of 2D materials entirely composed of pentagonal structural units explored theoretically11–24
and experimentally.25,26 On the other hand, it has been demonstrated that 2D materials can be used to construct van der
Waals (vdW) heterostructures for electronic devices.27–31 For
example, PG was explored as a channel material contacting
with graphene to form a vdW heterostructure.32 It was found
that there is a negative band bending at the lateral interface
between the PG/G heterostructure and PG monolayer, leading
to electron transfer from the heterostructure to the channel
material PG. An n-type Schottky barrier (ΦSB) is formed at the
vertical interface of the PG and graphene layers, and the barrier
height can be tuned by applying an external electric ﬁeld or
doping graphene with nitrogen atoms.
However, PG and graphene have very different lattice symmetry and parameters. Thus, special care is needed for dealing
with the problem of their lattice mismatch in computational
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simulations. To avoid such a problem, here, instead of using
graphene, we use the metallic penta-BN2 sheet19 as the metal
electrode, because it is stable and metallic, and has the same
lattice symmetry and nearly same lattice constants as those of
PG. It would be interesting to see how different the performance of the heterostructure would be when its metallic electrode is changed from graphene to penta-BN2. This motivates
us to carry out the research on PG/P-BN2 heterostructure.
II. COMPUTATIONAL METHODS

We study the structural and electronic properties of the heterostructure using density functional theory (DFT) as implemented in the Vienna ab initio simulation package (VASP).33
We use the projector augmented wave (PAW) potential34 to
treat the ion-electron interactions with a kinetic energy cutoff of
400 eV, and the generalized gradient approximation (GGA)35
with Perdew-Burke-Ernzerhof (PBE)36 to describe the exchange
and correlation interaction. Considering the special interaction
between the two layers, the vdW correction DFT-D237 is
applied to describe the vdW force. A vacuum space of 30 Å is
used for eliminating the interaction between the adjacent cells in
the vertical direction. All the atoms in the heterostructure are
relaxed with a force convergence of 10−2 eV/Å and a total
energy convergence of 10−4 eV. The ﬁrst Brillouin zone is
sampled by 15 × 15 × 1 and 25 × 25 × 1 k-point grids within the
Monkhorst-Pack k-mesh38 for the geometry optimization and
electronic structure calculations, respectively.
III. RESULTS AND DISCUSSION
A. Geometric conﬁgurations of PG/P-BN2
heterostructure

To construct a heterostructure of the PG and P-BN2
monolayers, we ﬁrst examine their lattice symmetries and
124, 165103-1
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lattice parameters. The optimized lattice constants of PG and
P-BN2 are 3.64 and 3.63 Å, respectively, and both of them
have p-421m symmetry. Obviously, their lattice constants
match well, and the lattice mismatch is only 0.27%, as is the
case with graphene/h-BN.39 Therefore, the lattice stress is
negligible when the primitive cells of the PG and P-BN2
layers are vertically stacked together, while it needs to be
minimized by means of constructing a large supercell in PG/
graphene heterostructure.
Although 2D heterostructures can be constructed by
stacking monolayers together, it is difﬁcult to control the
stacking conﬁgurations of heterostructures in experimental
fabrication. Here, according to stacking misalignment (SM)
rule,40 we calculate a series of possible stacking patterns of
PG/P-BN2 heterostructure to ﬁnd the lowest energy conﬁguration. Based on AA stacking, we shift the PG layer along
the x direction from 0 to 1/2 a with a step of 1/8 a; meanwhile, we shift this layer along the y direction with the same
theory, where a is the optimized lattice constant of PG. The
various stacking conﬁgurations are named AA(m, n), where m
and n represent the shifting steps along x and y directions.
We ﬁnd that the most energetically favorable structure is
AA(0, 0) (AA) stacking. Besides, we consider another stacking pattern into account named AAr stacking which is constructed by setting the PG layer as the mirror of P-BN2. We
just demonstrate three patterns: AA, AA(4, 4) (AB) and AAr
which possess high symmetry as shown in Fig. 1. We show
the relative total energy and ﬁnd AA stacking has the lowest
energy among them.
B. Stability and electronic properties of PG/P-BN2
heterostructure

In the following, we focus our discussion only on the
heterostructure with AA stacking conﬁguration because of its
lowest total energy. The binding energy between the two
layers is deﬁned as Eb ¼½EBN=C ðEBN þEPG Þ =N , where EBN/C is
the total energy of stacked heterostructure, EBN and EPG are
the total energies of freestanding P-BN2 and PG, respectively, and N is the total number of atoms in the P-BN2 layer.
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The binding energies of the heterostructure at different interlayer distances from 1.98 Å to 7.48 Å are calculated and
plotted in Fig. 2(a). The results show that the binding energy
between the two layers is −44.8 meV per carbon atom at
the equilibrium interlayer distance of 2.48 Å, which is
comparable with that of vdW structures like graphene/
h-BN (−65 meV),41,42 PG/G (−56 meV),32 and graphite
(−52 meV),43 showing the feature of vdW interactions
between the two layers.
Next, we carry out ab initio molecular dynamics
(AIMD) simulations using a canonical ensemble to study the
thermal stability of the PG/P-BN2 heterostructure. To reduce
the constraint of the periodic boundary condition, we apply
the simulation with a 3 × 3 × 1 supercell. We ﬁrst perform the
simulation at 300 K for 10 ps with a time step of 1 fs, and
increase the temperature to 400 K, and then to 500 K, respectively. We ﬁnd that the geometrical structure of PG/P-BN2
heterostructure keeps well after 10 000 steps simulation, and
the average value of the total potential energy remains nearly
constant during the simulation even at the high temperature
of 500 K. The variation of the total potential energy with
respect to simulation time at 500 K is plotted in Fig. 2(b),
conﬁrming that the heterostructure is thermally stable at room
temperature even up to 500 K.
To study the electronic properties of the PG/P-BN2 heterostructure, we calculate the projected band structure, total
density of states (DOS), and partial density of states (PDOS).
The results are plotted in Fig. 2(c). In the band structure, the
contributions from P-BN2 and PG are colored in red and
blue, respectively. We ﬁnd that the original electronic properties of both PG and P-BN2 are well preserved in this heterostructure, as compared to the results of previous studies,10,19
because of the vdW interaction between the two monolayers.
The contribution to the density of states near the Fermi level
is mainly from N atom, which is relatively electron-rich as
compared to B atom, while the valence and conduction
bands are mainly contributed from the 3-coordinated carbon
atoms in PG due to the more delocalized electronic feature.44
C. Device design and performance evaluation

FIG. 1. Top and side views of the PG/P-BN2 heterostructures: (a) AA stacking,
(b) AB stacking, and (c) AAr stacking. The relative energy ΔE and optimized
interlayer distance are also provided here.

Penta-graphene is semiconducting with a band gap of
3.25 eV and exhibits many other intriguing properties.
Although it has not been synthesized yet, its Si analog
( penta-Si) has already been fabricated.25 It is reasonable to
expect that with the advance of experimental synthesis
together with the ﬂexible bonding features of carbon, pentagraphene can be synthesized in the future. This motivates us
to further explore the device applications of PG. We show
two approaches that can effectively tune the Schottky barrier
of PG-based metal-semiconductor junction, suggesting that
PG has potential applications in electronic devices. These
ﬁndings would further stimulate more experimental studies to
synthesize PG and its applications.
For the potential application of the vdW heterostructure
in electronic devices, the schematic view of a PG/P-BN2
heterostructure-based ﬁeld effect transistor (FET) is plotted
in Fig. 3(a). There are two paths for charge carriers transferring from the electrode to the channel:45 one is from the
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FIG. 2. (a) Variation of the binding
energy with the interlayer distance
between PG and P-BN2. (b) Variation
of the total potential energy of the heterostructure with simulation time
during AIMD at 500 K. The insets are
the top and side views of the geometrical structure at the end of the simulation. (c) The projected electronic band
structures (the contributions from
P-BN2 and PG are colored in red and
blue, respectively), and total and
PDOS of the heterostructure.

metal to the semiconductor vertically with a Schottky barrier
ΦSB, and the other is from the heterostructure region to
the freestanding channel material with a band bending ΔEF.
The Schottky barriers of electron and hole are deﬁned as

FIG. 3. (a) Schematic view of a P-BN2/PG heterostructure based ﬁeld-effect
transistor. (b) Band alignment of the heterostructure and freestanding PG
monolayer. Evac is the vacuum level, Whetero and WPG are the work functions
of the heterostructure and PG, and Φe and Φh represent electron and hole
Schottky barriers, respectively.

Φe = ECBM − EF, Φh = EF − EVBM, where EF is the Fermi
level, and ECBM and EVBM are the energy levels of the conduction band minimum (CBM) and the valence band
maximum (VBM) of PG in the heterostructure, respectively. The band bending ΔEF is deﬁned by the difference
of the Fermi levels of the heterostructure (EF-hetero) and PG
(EF-PG).
To show the charge transfer in the heterostructure-based
FET, the band alignments of the vdW heterostructure and
freestanding PG monolayer are plotted in Fig. 3(b). The left
part is for the PG/P-BN2 vdW heterostructure, and the right
part is for the PG monolayer. The Schottky barriers for electron (Φe) and hole (Φh) are calculated to be 1.06 and 1.16
eV, respectively, while the band bending (ΔEF) is −1.00 eV,
indicating that electrons can transfer from the heterostructure
region to the channel region (the PG monolayer), thus
leading to an n-type channel similar to the situation in PG/G
heterostructure.32
In order to visualize the charge redistribution in the vdW
heterostructure, the plane average charge density difference
and the 3D charge density difference are plotted in Figs. 4(a)
and 4(b), respectively. The charge density difference is calculated by using the formula: Δρ = ρH − ρPG − ρBN, where ρH,
ρPG, and ρBN represent the charge density of the heterostructure, PG, and P-BN2, respectively. From Fig. 4(a), one can
see that the charge redistribution is signiﬁcant at the interface
of the heterostructure. Figure 4(b) shows that electrons
mainly accumulate on the lowest carbon atoms in PG,
and the topmost nitrogen atoms in P-BN2, unlike the case
of graphene/h-BN heterostructure in which the electrons
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D. Modulation of Schottky barrier

FIG. 4. (a) Plane-average charge density difference of the heterostructure.
The inset is the geometrical structure, and the red dashed lines represent the
positions of the lowest carbon atoms in PG and the topmost nitrogen atoms
in P-BN2. (b) 3D charge density difference of the heterostructure. Blue and
red isosurfaces represent depletion and accumulation of charge, respectively.

accumulate along the C-C and B-N bonds.46 It is obvious
that the charge redistribution is asymmetric between the two
layers, resulting in the formation of the interface dipole
moment leading to the inter-layer vdW interaction.

Strain is widely used to tune the electronic properties of
heterostructures.31,47–50 Due to the outstanding mechanical
properties of PG and P-BN2,10,19 we respectively apply uniaxial and biaxial strains in the x-y-plane varying from −5%
to 5% to tune the electronic structures of the heterostructure,
as shown in Fig. 5. The strain ε is deﬁned as ε = (a − a0)/a0,
where a and a0 are the lattice constants with and without
stain, respectively. Figure 5(a) shows the effect of biaxial
strain on the band structure of the heterostructure, where the
contribution from PG is colored in blue, and the red and
black dots represent the VBM and the CBM, respectively.
We ﬁnd that the VBM of PG in heterostructure lies at the
path of Γ to X when stretching, which is same as the original
heterostructure without strain, but locates at the Γ point with
compressing from 0% to −3%, and at the M point with compression larger than −4%, whereas the CBM is located at the
path of M to Γ all the time. To explain the phenomena, we
study the effects of applying strains on monolayer pentagraphene whose VBM has several sudden changes with the
increase of strain, which are in good agreement with previous

FIG. 5. (a) Band structures under different biaxial strains. Variations of the Schottky barrier with (b) biaxial and (c) uniaxial strains, respectively.
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FIG. 6. Variation of (a) the energy
level of Fermi, VBM, and CBM, and
(b) the Schottky barrier heights with
the interlayer distance between PG and
P-BN2.

work51 and conforming to the results in heterostructure
because of the vdW interaction. Under tensile strain, the
CBM of PG shifts upward slightly, while both the Fermi
level and VBM move downward, and the latter drops off
faster than the former. Therefore, both Φe and Φh exhibit an
increasing trend, and Φe is more sensitive to the strain. On
the contrary, when compressing the heterostructure, the
Fermi level and VBM move upward, leading to a decreasing
trend of Φe. We also note that Φh decreases overall with
slight oscillations under the compressing strain in the range
from 0% to −5%, as shown in Figs. 5(b) and 5(c).
Besides the in-plane strain, another way can be used to
tune the Schottky barrier of the vdW heterostructure. We
change the interlayer distance between the PG and P-BN2
monolayers from 1.98 to 3.48 Å and ﬁnd that the Fermi level
decreases when the interlayer distance deviates from its equilibrium position of 2.48 Å. While both the VBM and CBM
show opposing trends, the energy level increases when the
interlayer distance is enlarged or reduced [see Fig. 6(a)].
Therefore, Φh and Φe, respectively, reach the maximum and
minimum values at the equilibrium interlayer distance.
Moreover, the variations of Schottky barrier heights for electrons and holes with the interlayer distance are plotted in
Fig. 6(b). A p-type heterostructure forms when the distance
is in the range of 1.98 to 2.28 Å because of Φh < Φe, while it
becomes an n-type contact when the distance is in the range
of 2.28 to 3.18 Å due to Φe < Φh, and it returns to a p-type
when the distance is larger than 3.18 Å. In short, the interlayer distance can effectively tune the Schottky barrier
height, realizing the transformation of Schottky barrier from
n-type to p-type.
IV. CONCLUSIONS

In summary, we have studied a vdW heterostructure
composed of the PG and P-BN2 monolayers by using DFT
with a vdW correction functional of DFT-D2. The most energetically favorable structure is found to be an AA stacking
pattern with a lattice mismatch less than 0.3%. Different
from the previously reported PG/graphene heterostructure,
PG/P-BN2 heterostructure has less lattice strain and is thermally more stable, and can withstand a temperature up to
500 K. Due to the outstanding mechanical properties of PG
and P-BN2, the Schottky barriers of electron and hole (Φe
and Φh) can be effectively tuned by applying uniaxial and

biaxial strains, where Φe shows an increasing tendency when
external strain changes from −5% to 5%, and Φh is largely
affected by the CBM of PG when compressing the heterostructure. In addition, the Schottky barrier can be tuned from
n-type to p-type by varying the interlayer distance between
the PG and P-BN2 monolayers, showing a ﬂexible modulation of the contact properties in the PG/P-BN2 heterostructure. Our study provides information on the design and
fabrication of PG-based electronic devices.
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