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In this work, we construct the BlueP/ZrSSe heterostructure and explore systematically its electronic char-
acteristics and interface features in the framework of first principles calculations. The stacking and electric
field effects on the interface characters of BlueP/ZrSSe heterostructure are also considered. We find that
the BlueP layer interacts with Janus ZrSSe layer via the weak van der Waals forces, which keeps the
BlueP/ZrSSe heterostructure feasible. Both the BlueP/SZrSe and BlueP/SeZrS heterostructures possess indirect

semiconductor and exhibits type-I band alignment. Furthermore, electric field can tune the band alignment and
switch the BlueP/ZrSSe heterostructure from semiconductor to metal. These findings could provide a helpful
guidance for using BlueP/ZrSSe heterostructure in practical applications of nanoelectronics and optoelectronics.

1. Introduction

Last decade, the development of nanoscience and nanomaterials
has motivated scientific community to search for novel materials with
many intriguing properties. Owing to excellent electro-optical proper-
ties [1-3], graphene has been emerged a lot of considerable interest
and opened up a new chapter for thin film two-dimensional (2D)
materials, which can be considered as promising candidate for vari-
ous applications, including optoelectronic, photocatalyst, gas sensors,
light-emitting diodes [4-7]. To now, there are many 2D materials,
including hexagonal boron nitride (hBN) [8,9], phosphorene [10,11],
transition metal dichalcogenides (TMDCs) [12-16] and graphitic car-
bon nitrides [17,18] and others [19-22]. However, the most of 2D
materials in their freestanding monolayers have a drawback that may
hinder their applications in high-efficient devices. For instance, the lack
of an electronic band gap in graphene makes it incompatible with high-
speed logic circuit devices [23]. Molybdenum disulfide (MoS,) is one
of the most famous TMDCs, it exhibits a semiconducting nature with a
suitable band gap of about 2 eV for semiconductor energy devices [24].
Unfortunately, due to a small carrier mobility of about 200 cm?/Vs,
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MoS, monolayer is incompatible with high-performance nanoelectronic
devices [25]. Therefore, along with the design and synthesis of new 2D
materials, one of the most important tasks for research on 2D materials
is how to tune the properties and extend the range of applications of
these 2D materials.

More recently, an another method that has currently been inves-
tigated is constructing layered heterostructures between two or more
different 2DMs. Layers of 2DMs are stacked together result in the
formation of a large electric field, originating from the difference
in their work functions. Both theoretical and experimental studies
demonstrated that these layered heterostructures are bonded via the
long-range forces, which are kept the systems feasible and they can
easily fabricate in practical applications [26-29]. Nowadays, there have
been many different heterostructures have been created by stacking
2DMs above on top of others, such as graphene/2DMs [30-35], TMDCs
heterostructures [36-43]. and others [44]. All these above studies
demonstrate that layered heterostructures based on two or more 2DMs
are promising candidate for novel high-efficiency optoelectronics and
nanoelectronics.
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Fig. 1. (a) Band structure, (b) atomic structure and (c) phonon dispersion curves of (i) BlueP and (b) Janus ZrSSe monolayer, respectively. The dashed black line in the band

structures represent the Fermi level, which is set to be zero energy.

Very recently, a new type of 2DM phosphorus, namely blue phos-
phorene (BlueP), and TMDCs, namely Janus TMDCs have been
successfully fabricated in recent experiments [45,46]. BlueP has a
similar structure as silicene, which possesses the puckered hexagonal
structure. Whereas, Janus TMDCs exhibit an intrinsic dipole moment
because of the out-of-plane symmetry breaking. The electronic and
optical properties of BlueP and TMDCs are very sensitive to other
conditions, such as strain [47-50], functionalization [51-53], stack-
ing layers [54-56]. Especially, the layered heterostructures between
BlueP and different types of Janus TMDCs have been constructed and
investigated [57,58]. For instance, Chen et al. [57] demonstrated that
the BlueP/MoSSe exhibits type-I or type-II band alignment, depending
on the stacking configurations. Moreover, the strain and electric field
can tune both the electronic features and interface characteristics of
such heterostructures, making them suitable material for various appli-
cations. However, to our best knowledge, the electronic and interface
characteristics of BlueP/Janus ZrSSe heterostructure have not yet been
investigated previously. It should be noted that Janus ZrSSe monolayer
has not yet been synthesized experimentally. However, the Janus TMD
monolayer MoSSe has been successfully synthesized by sulfurization
of monolayer MoSe, [59] or by selenization of monolayer MoS, [46].
Additionally, single layer ZrS, has been successfully synthesized experi-
mentally through an electrochemical lithiation process [60]. Therefore,
we believe that Janus ZrSSe monolayer can also be synthesized in the
near future by senelization of monolayer ZrS,.

Therefore, in this work, we construct the BlueP/ZrSSe heterostruc-
ture and examine its electronic and interface characteristics using first
principles calculations. We find that the BlueP/Janus ZrSSe heterostruc-
tures exhibit type-I band alignment and display the indirect band gap
nature of semiconductor at the equilibrium state. The interface proper-
ties of such heterostructure can be modulated by applying electric field.
The semiconducting character of such heterostructure can be converted
into metallic one, making it acceptable for various applications of
nanoelectronics and optoelectronics.

2. Computational methods

The calculations of the geometric structure and electronic character-
istics of materials are performed by means of density functional theory
(DFT) within Quantum Espresso [61,62]. To obtain the equilibrium
geometric structures of considered systems, we use the generalized gra-
dient approximation (GGA) from Perdew, Burke, and Ernzerhof (PBE)
functional and projected augmented wave. For describing correctly the
weak forces in layered systems of heterostructures, we use the long-
range Grimme-D2 method [63]. A cut-off energy of 410 eV is used
for the expansion of the plane-wave method. The force and energy
convergence are set to be 0.001 eV/A and 1076 eV, respectively. A
vacuum of 35 A is applied along the z direction of heterostructure to
avoid all unphysical interactions. A 9 x 9 x 1 k-point mesh is sampled
in the Monkhorst-Pack scheme of the Brillouin zone (BZ). The phonon
dispersion curves of the constituent monolayers are calculated by using
density functional perturbation theory with 27 x 27 x 1 k-point mesh.
It should be noted that the accuracy of the lattice parameter of Blue
P and Janus ZrSSe monolayers strongly depends on the chosen k-point
mesh and cut-off energy. Thus, before constructing the heterostructure,
we checked the accuracy of the obtained results by calculating the
convergence of the total energy of both BlueP and Janus ZrSSe mono-
layers as a function of k-point mesh and cut-off energy. Our results
demonstrate that the total energy of these 2D materials is converged at
the cut-off energy of 410 eV and k-point mesh of (9 x 9 x 1). It indicates
that the lattice constant does not show significant change (only of the
order of + 0.92%) when increasing the cut-off energy and k-point mesh,
confirming the reliability of the computational parameters used in this
work.

3. Results and discussion

We first examine and investigate the atomic structures and elec-
tronic characteristics of BlueP (BP) and Janus ZrSSe (JZ). The atomic
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Fig. 2. (a, ¢) Top view and (b, d) side view of the relaxed atomic structure of (a, b) BP/SJZ and (c, d) BP/SeJZ heterostructures.

(@  BlueP (b) ZrSSe

BlueP/SZrSe (d) BlueP/SeZrS

(c)

| ¢

=

A0
A7

Energy, eV
o

A

-2

o | X

Y

N
<
20

N

r ™M K I'r ™M K

—

K T

_J
<

K I'T M

Fig. 3. Band structures of (a) monolayer BP, (b) monolayer Janus ZrSSe, (c) BP/SJZ and (d) BP/SeJZ heterostructures.

structure, electronic band structures as well as the phonon dispersion
curves of both BP and JZ monolayers are described in Fig. 1. First, our
results show that both the BP and JZ monolayers possess a hexagonal
unit cell with the lattice parameters of 3.27 A and 3.74 A, respectively.
These values are comparable with previous measurements [64,65],
which confirm the reliability of our computational methods. Moreover,
one can find from Fig. 1(b-i) that the atomic structure BP is charac-
terized by the puckered hexagonal crystal structure. Whereas, the JZ
monolayer exhibit a layered crystal structure, in which one Zr atom
is sandwiched between two different S and Se atoms in both sides, as
depicted in Fig. 1(b-ii). At the ground state, we can see that both BP and
JZ monolayers displays an indirect band gap nature of semiconductor
with the band gap values of 1.97 eV and 0.96 eV, respectively. The
conduction band minimum (CB) and valence band maximum (VB) of
JZ monolayer are located at K and I" point, respectively. Whereas, the
CB and VB of BP monolayer are located along the K-I" path and I'-M
path. Furthermore, it should be noted that traditional DFT approaches,
including GGA—PBE are known to underestimate the band gap values
of materials, but they can well predict the correct trends and physical
mechanism of materials. The phonon dispersion curves of both BP and
JZ monolayers, as depicted in Fig. 1(c). The phonon spectra of both

BlueP and Janus ZrSSe show that no imaginary vibrational frequency is
observed in the first Brillouin zone, suggesting that monolayers BlueP
and Janus ZrSSe are dynamically stable.

We now construct the heterostructures by stacking BP above on top
of JZ monolayers. Due to different chalcogen elements S and Se in
both sides of JZ monolayer, there are two possible stacking patterns,
namely BP/Janus SZrSe (BP/SJZ) and BP/Janus SeZrS (BP/SeJZ), as
depicted in Fig. 2. All heterostructures are fully relaxed to obtain the
equilibrium interlayer distances Dp_g and Dp_g. for BP/SJZ and BP/SeJZ
heterostructures, which are calculated to be 3.44 A and 3.46 A, re-
spectively. These values are comparable with those in other BP-based
heterostructures [66-68] and Janus-based heterostructures [57,69],
which are typical vdW heterostructures. These findings predict that
the BP/JZ heterostructures are mainly characterized by the weak vdW
interactions. The weak interactions in these heterostructures keep them
feasible and thus, they can easily fabricate in practical applications.

We also check the structural stability of such composed heterostruc-
tures by calculating the binding energy as follows:

— EH_EBP_EJZ
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Fig. 4. Projected density of states of (a) BP/SJZ and (c) BP/SeJZ heterostructures.
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Fig. 5. The electrostatic potential of (a) BP/SJZ and (b) BP/SeJZ heterostructures at the equilibrium state. The inset in Fig. 5(a) and (b) represent the difference in the charge
densities. The yellow and cyan regions display the charge accumulation and depletion, respectively. (For interpretation of the references to color in this figure legend, the reader

is referred to the web version of this article.)

Here, Ey, Egp and E;, are the total energies of composed het-
erostructures, isolated BlueP and ZrSSe monolayers, respectively. S, is
the in-plane surface area of heterostructure. At the equilibrium state,
the binding energies of BP/SJZ and BP/SeJZ heterostructures are ,
respectively. The — sign of the binding energies

The electronic band structures of two possible stacking configura-
tions of BP/SJZ and BP/SeJZ heterostructures are presented in Fig. 3
along with those of the isolated constituent BP and Janus ZrSSe su-
percell. It can be seen that the electronic band structures of BP/SJZ
and BP/SeJZ heterostructures are different. Both BP/SJZ and BP/SeJZ
heterostructures display the semiconducting character with indirect
band gap. However, the CB of the BP/SJZ heterostructure is getting
closer to the Fermi level than that of the BP/SeJZ heterostructure.
Whereas, the VB of BP/SJZ heterostructure is located far from the Fermi
level than that of BP/SeJZ heterostructure. Furthermore, as compared
to the band structures of isolated BlueP and ZrSSe supercell, we can
find that both the BP/SJZ and BP/SeJZ heterostructures form the type-
I band alignment. Both the VB and CB in such heterostructures are
contributed by the ZrSSe layer. The type-I band alignment in these
heterostructures make them promising candidate for optoelectronic
nanodevices such as light-emitting diodes. To confirm the contributions
of BlueP and ZrSSe layers in the composed heterostructures, we further
calculate and plot the projected density of states (PDOS) of all atoms.
These results are depicted in Fig. 4. It can be seen from Fig. 4(a) and
Fig. 4(b) that both the VB and CB of the BP/SJZ and (d) BP/SeJZ
heterostructures near the Fermi level are contributed mainly by the
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Fig. 6. The variation of the band gap and band alignment of the BP/SeJZ
heterostructure under electric field.

ZrSSe layer, confirming the formation of type-I band alignment in these
heterostructures.

Furthermore, to check the mechanism of the charge transfer be-
tween two layers at the interface, we calculate the difference in charger
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Fig. 7. Band structures of BP/SeJZ heterostructure under different strengths of applied electric field (a).

density as: Ap = py — ppp — Pzrsse> Where py, ppp and pz.ss., respectively,
are the charge densities of composed heterostructure, isolated supercell
of BlueP and ZrSSe monolayers. The electrostatic potential and the
difference in the charge densities of both BP/SJZ and (d) BP/SeJZ het-
erostructures are illustrated in Fig. 5. In both heterostructures, we can
observe that the ZrSSe monolayer has a large potential that the BlueP,
resulting in the formation of a large potential drop. Such potential drop
demonstrates that a strong electrostatic field may occur in the interface,
where BlueP can play a role as an electrode. Moreover, this strong field
can affect the dynamics and injection of charge carrier. The difference
in charge densities for both cases of heterostructures is depicted in
the inset of Fig. 5. One can observe that in both cases of BP/ZrSSe
heterostructures, as depicted in the inset of Fig. 5(a) and (b), the yellow
region is mainly visualized in the ZrSSe layer, whereas the cyan area is
visualized in the BlueP layer. It also demonstrates that the charges are
mainly accumulated in the ZrSSe layer, whereas they mainly depleted
in the BlueP layer, indicating that the charges are transferred from
the BlueP to ZrSSe layer. Our Bader charge calculations also predict
that there are only small amount of about 0.032 ¢ and 0.054 e of
charges, transferring from BlueP to the ZrSSe layer in the BP/SZJ
and BP/SeZJ heterostructures, respectively. Such small charge transfers
confirm that the BlueP layer is bonded to the ZrSSe layer via the
weak vdW forces. It is interesting that the charge transfer, charge
distribution and interface dipole can result in the variation of band gap
and band alignment of BlueP/ZrSSe heterostructure. These phenomena
have also been confirmed experimentally [70,71]

Furthermore, we investigate the effect of electric field (Eap;) on
the electronic properties and interface characteristics of BP/ZrSSe het-
erostructures. As above-discussed, the binding energy of BP/SeJZ het-
erostructure is smaller than that of BP/SJZ heterostructure, indicating
that the BP/SeJZ heterostructure is more energetically favorable stack-
ing configuration. Therefore, the BP/SeJZ heterostructure is examined
for all our discussions. The dependence of the band gap and band
alignment of such heterostructure under the E,p; is plotted in Fig. 6.
We can find that the positions of both the VB (4 3) and CB (4.p) of
such heterostructure under electric field are changed linearly. At the
equilibrium state, the 4,5 and A, are calculated to be 0.45 eV and
0.41 eV, respectively. Under the positive pp;, the 4, increases up to
0.83 eV at the Epp, = +0.2 V/A, whereas the 4. decreases down to
0.04 eV. With further increasing the positive E,p;, the A3 is continu-
ously decreases to be approximately zero, exhibiting the semiconductor
to metal transition. On the other hand, under the negative E,p;, the
Ay, p decreases, whereas the A increases linearly. The transition from
semiconductor to metal can achieve in such heterostructure under the
negative E,p; of —0.23 V/A.

The electronic band structures of such heterostructure under differ-
ent E,p; are illustrated in Fig. 7. One can find that with increasing the
Eppy, from —0.2 V/A to +0.2 V/A, the CB tends to downshift towards the
Fermi level, while the VB moves downwards far from the Fermi level.
It indicates that the band gap of such heterostructure under electric

field is almost unchanged. However, the electric field can tune the
positions of VB and CB relative to the Fermi level. When the strength of
applied electric field is about 0.23 V/f\, one of the band edges of such
heterostructure crosses the Fermi level, resulting in a conversion from
semiconductor to metal.

4. Conclusions

We have constructed the BlueP/ZrSSe heterostructure and explored
the stacking and electric field effects on the electronic and interface fea-
tures of such heterostructures. Our results show that the BlueP/Janus
ZrSSe heterostructures exhibit type-I band alignment and possess the
indirect band gap nature of semiconductor at the equilibrium state. The
stacking configurations affect strongly the band alignment of the het-
erostructure. Furthermore, the interface properties of such heterostruc-
ture can be modulated by applying electric field. The semiconducting
character of such heterostructure can be converted into metallic one,
making it acceptable for various applications of nanoelectronics and
optoelectronics.
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