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Abstract: The creation of van der Waals heterostructures with tunable properties from various
combinations of modern 2D materials is one of the promising tasks of nanoelectronics, focused on
improving the parameters of electronic nanodevices. In this paper, using ab initio methods, we
theoretically predict the existence of new three-layer van der Waals zinc oxide /blue phosphorus/zinc
oxide (ZnO/BlueP/ZnO) heterostructure with AAA, ABA, ABC layer packing types. It is found that
AAA-, ABA-, and ABC-stacked ZnO/BlueP/ZnO heterostructures are semiconductors with a gap
of about 0.7 eV. The dynamic conductivity and absorption spectra are calculated in the wavelength
range of 200-2000 nm. It is revealed that the BlueP monolayer makes the greatest contribution
to the formation of the profiles the dynamic conductivity and absorption coefficient spectrums of
the ZnO/BlueP/ZnO heterostructure. This is indicated by the fact that, for the ZnO/BlueP/ZnO
heterostructure, conductivity anisotropy is observed at different directions of wave polarization, as
for blue phosphorus. It has been established that the absorption maximum of the heterostructure
falls in the middle ultraviolet range, and, starting from a wavelength of 700 nm, there is a complete
absence of absorption. The type of layer packing has practically no effect on the regularities in the
formation of the spectra of dynamic conductivity and the absorption coefficient, which is important
from the point of view of their application in optoelectronics.

Keywords: van der Waals heterostructures; blue phosphorus; zinc oxide; density functional theory;
band structure; dynamical conductivity; absorption coefficient

1. Introduction

The urgent problem of nanoelectronics is to improve parameters and performance
of electronic components. Solving this problem requires a careful selection of materials
to create modern electronic components based on them. Currently, preference is given
to nanostructured materials, among which the generation of new 2D materials is of the
greatest interest [1]. In comparison with traditional 3D photonic materials such as gallium
arsenide, 2D materials offer several advantages. First, due to quantum confinement in
the direction perpendicular to the base plane, 2D materials acquire new electronic and
optical properties that are absent in 3D materials [2]. Second, the natural passivation of
the surface of 2D materials makes it easy to integrate them with photonic structures such
as waveguides and resonance cavities [3,4]. Using various 2D materials, it is possible to
create vertical heterostructures without facing the traditional problem of lattice mismatch
between the materials being combined. Third, despite the atomic thickness, many 2D
materials interact intensely with light [5]. In addition, due to a wide range of electronic
properties, including the presence of a band gap ranging from a few millielectron volts to
several electron volts, depending on the type of atoms in the lattice, 2D materials can cover
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a wide range of the electromagnetic spectrum from ultraviolet, visible and near infrared (IR)
ranges up to the middle and far infrared ranges, as well as in the terahertz and microwave
ranges [6].

A new stage in the development of nanoelectronics is associated with vertical het-
erostructures, which also named as van der Waals heterostructures, since the layers in them
are held only by the action of van der Waals forces [7-9]. Van der Waals structures based
on hexagonal boron nitride, carbon (graphene), phosphorus (phosphorene), germanium
(germanene), boron (borophene), silicon (silicene), and tin (stanene) have already been
obtained [10]. The group of promising 2D materials for electronics and photonics is also
formed by representatives of transition metal dichalcogenides, including titanium disulfide,
molybdenum disulfide, and tungsten diselenide [11-16], and also by representatives of 2D
III-V semiconductors [17]. The first results of studies of van der Waals heterostructures
have shown that this field of study is promising for the development of nano- and optoelec-
tronic devices. In particular, tunnel field-effect transistors [18], thermoelectric devices [19],
light-emitting diodes [20], solar panels [21], and sensors [22] have already been devel-
oped on the basis of graphene/hexagonal boron nitride heterostructures. Experimental
and theoretical studies have been carried out on the possibility of creating Schottky bar-
riers based on graphene/MoS; [23], graphene/boron nitride [24], graphene/silicene [25],
graphene/InSe [26], MoTe; /MoS; [27], graphene/phosphorene van der Waals heterostruc-
tures and heterostructures based on phosphorene and MoSe; allotropes [28]. Layered
structures of transition metal dichalcogenides have shown themselves to be a promising
material for the creation of optoelectronic devices [29-31]. MoS, and WS; based photocells
operating in the visible range and near infrared (IF) range of the electromagnetic spectrum
have been created [32-35]. For the development of photodetectors of ultraviolet (UV)
radiation, promising materials are representatives of metal oxides, in particular zinc oxide
and titanium dioxide, as well as representatives of semiconductor nitrides of the third
group, such as gallium, aluminum, indium nitride [36]. Among modern single-element 2D
materials, borophene, which is currently being successfully synthesized, deserves special
attention [37,38]. The unique combination of such properties as mechanical strength and
flexibility, lightness, high electrical conductivity, and optical transparency make borophene
one of the most perspective candidates for nano- and optoelectronics. The emergence of
new 2D materials, in particular blue phosphorus [39], requires additional fundamental
study of the prospects for their use to create vertical heterostructures with desired proper-
ties. In particular, the attention of researchers is attracted by the possibility of combining
blue phosphorus and zinc oxide monolayers to form vertical van der Waals heterostructures.
First-principles studies of the electronic and optical properties of bilayer ZnO/BlueP 2D
heterostructures have been carried out [40-43]. Based on the results of DFT calculations, it
was found that bilayer ZnO/BlueP heterostructures are indirect semiconductors and have
optical absorption peaks in the visible and ultraviolet regions. At the same time, for the
successful application of layered van der Waals heterostructures based on ZnO and BlueP
monolayers in optoelectronics, it is necessary to consider the possibilities of controlling
their properties. In this paper, ab initio methods are used to study the possibility of topo-
logical control of the electronic and optical properties of van der Waals heterostructures
based on ZnO and BlueP monolayers by adding a third layer, namely, one more ZnO
monolayer. When considering this three-layer topological configuration ZnO/BlueP/ZnQO,
we set the following tasks: (1) to increase the thermodynamic stability of van der Waals
heterostructure; (2) to control the energy gap of the band structure; (3) control the position
of the absorption peaks in the spectrum of the absorption coefficient.

2. Computational Details

All the calculations of van der Waals heterostructures were performed using the
density functional theory (DFT) in the Siesta 4.1.5 package [44,45]. The Perdew-Burke-
Ernzerhof (PBE) generalized gradient approximation (GGA) was used to describe exchange-
correlation effects [46]. The action of van der Waals forces between layers of heterostruc-
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ture was taken into account using the exchange-correlation functional by K. Berland and
P. Hyldgaard [47]. The geometry of the structure was optimized using the split-valence dou-
ble zeta (DZ2P) basis set to converge the interatomic forces to 0.025 eV / A. The Monkhorst-
Pack scheme [48] with 12 x 6 x 1 k-point mesh was used for Brillouin zone sampling.
A vacuum layer larger than 20 A was used to avoid the interaction between layers in
neighboring supercells. The mesh cutoff was set to 300 Ry.

The frequency-dependent complex dielectric function was calculated using the first or-
der time dependent perturbation theory [49] in SIESTA package. The absorption coefficient
was calculated as follows:

a(w) =

where n(w) is the refractive index, €;(w) is the imaginary part of the complex dielectric
function, c is the speed of light. The imaginary part e(w) was determined by a summation
of possible interband transitions from occupied to unoccupied states using the equation:

v
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where E( (k) and ¢ )« are the energy and eigenfunction of unoccupied states in the

conduction band (subscript c) and occupied states in the valence band (subscript v), ? is
the momentum operator, Aiw is the photon energy, ¢é is the polarization vector, m is the
electron mass. The optical characteristics were calculated for the energy range from 0.6 eV
to 20 eV using optical broadening of 0.05 eV. Two different directions of light polarization
were considered: vector E is parallel to the X axis; vector E is perpendicular to the X axis.
The sampling of the Brillouin zone with a 114 x 65 x 1 k-points mesh was carried out
when calculating the optical characteristics.

3. Results and Discussion
3.1. Atomistic Models of van der Waals ZnO/BlueP/ZnO Heterostructure

In this paper, we considered three-layer van der Waals heterostructures based on 2D
monolayers of blue phosphorus and zinc oxide. Three types of packing of layers were
considered for zinc oxide/blue phosphorus/zinc oxide (ZnO/BlueP/ZnO) heterostructure:
(1) AAA type, in which the shift between layers is absent; (2) ABA type, in which the
second layer is offset from the first; (3) ABC type, in which the second and third layers
are shifted from the first layer. To minimize the lattice mismatch between the combined
monolayers of blue phosphorus and zinc oxide, the sizes of the unit cells of each monolayer
were increased until the difference in the parameters of the lattice vectors was no more
than 2-3%. Figure 1 shows the process of stacking up monolayers during the formation of
the ZnO/BlueP/ZnO heterostructure with AAA, ABA, and ABC stacking configurations.
Additionally, this figure demonstrates unit cell of heterostructure with translations vectors
Lx and Ly, and it indicates distance between layers along Z axis. The optimized values of
the translation vectors of the supercell for the ZnO/BlueP/ZnO heterostructure with AAA
stacking configurations were Ly = 3.438 A and Ly =5.913 A; the distance between the upper
layer of ZnO and BlueP along the Z axis was L,; = 3.330 A, between the bottom layer of
ZnO and BlueP was L, = 4.423 A. The optimized values of the translation vectors of the
supercell for the ZnO/BlueP/ZnO heterostructure with ABA stacking configurations were
Ly =3.427 A and Ly =591 A; the distance between the upper layer of ZnO and BlueP along
the Z axis was L,; = 3.881 A, between the bottom layer of ZnO and BlueP was L, = 4.331 A.
The optimized values of the translation vectors of the supercell for the ZnO/BlueP/ZnO
heterostructure with ABC stacking configurations were Ly = 3.423 A and Ly =5.920 A; the
distance between the upper layer of ZnO and BlueP along the Z axis was L,; = 3.894 A,
between the bottom layer of ZnO and BlueP was L,, = 4.096 A.
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Figure 1. The process of constructing atomistic model of van der Waals ZnO/BlueP/ZnO heterostruc-
ture with AAA (a), ABA (b), and ABC (c) stacking configurations.
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For each of the constructed unit cells, an assessment of thermodynamic stability was
carried out. Thermodynamic stability was estimated by changing the total energy of the
studied heterostructure AE in accordance with the formula

AE = (EVH - Elayers) /Natomz (3)

where Eyyp is the energy of the vertical heterostructure, Ejqyes is the total energy of the layers
that make up the heterostructure, Ny, is the number of atoms in the heterostructure. The
heterostructure was configured so that the total energy of the heterostructure in absolute
value was less than that for individual 2D monolayers. According to our calculations, the
change in energy during the formation of heterostructure was —317.23 eV /atom, which
indicates a high energy stability of the heterostructure.

3.2. Electronic and Optical Properties

The band structure was calculated to reveal the regularities of the electronic structure
of the studied layered 2D heterostructures. The structure of the first Brillouin zone was a
rectangle with points of symmetry at the vertices G-X-5-Y-G. Based on the results of the
calculation of the band structure, the distribution of the density of electronic states was
constructed. Figure 2 demonstrates the obtained calculation results. The band structures are
constructed in such a way as to represent the subbands near the Fermi level Er between all
points of symmetry of the Brillouin zone. The Fermi level is shown by a dashed horizontal
line passing through zero. It can be seen from this figure that ZnO/BlueP/ZnO heterostruc-
ture is semiconductor for all types of packing layers with an energy gap Eg = 0.70-0.75eV: Eg
=0.75 eV for AAA-stacked ZnO/BlueP/ZnO heterostructure, Eg = 0.70 eV for ABA-stacked
ZnO/BlueP/ZnO heterostructure, and Eg =0.72 eV for ABC-stacked ZnO/BlueP/ZnO het-
erostructure. The presence of an energy gap in the considered three-layer heterostructures
can be explained by the semiconducting conductivity of 2D monolayers of the zinc oxide
(Eg = 3.4 eV) [50] and blue phosphorus (Eg = 1.93 eV) [51] forming the heterostructure. It
should be noted that, near the bottom of the conduction band, the parabolic dispersion
relation is observed both in the ky (G-X, S-Y) direction and in the ky (X-S, Y-G) direction.
In this case, both the energy band profile and the DOS profile in these directions coincide
for the three considered configurations of the ZnO/BlueP/ZnO heterostructure. Near
the top of the valence band, differences in the energy dispersion between the types of
layer packing in heterostructure are noticeable in the ky (G-X, S-Y) direction, which also
manifests itself in the DOS profiles. In the X-5 direction, the energy bands that form the top
of the valence band are flat, which corresponds to a larger effective mass of charge carriers
in this direction.
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Figure 2. Band structure and DOS of van der Waals ZnO/BlueP/ZnO heterostructure with AAA (a),
ABA (b), and ABC (c) stacking configurations.

To determine the contribution of the monolayers that make up the ZnO/BlueP/ZnO
heterosturcture, Figure 3 shows fragments of the band structure near the Fermi level for
ZnO and BlueP monolayers. Comparing the band structures in Figures 2 and 3, it can be
noted that in the ky direction (G-X,5-Y), the electronic states of the BlueP monolayer make
the decisive contribution to the formation of the band structure, whereas in the ky direction
(X=5,Y-G), the decisive contribution is made by the electronic states of the ZnO monolayer.

(a) (b)

Figure 3. Band structure of BlueP (a) and ZnO (b) monolayers.

To assess the optical properties of the ZnO/BlueP/ZnO heterostructure, the dynamic
conductivity spectra were calculated in the wavelength range of 200-2000 nm. Two cases
of electromagnetic wave polarization were considered: (1) the wave is polarized along
the X axis in the plane of the 2D layer along the extended edge of the supercell; (2) the
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wave is polarized along the Y axis in the plane of the 2D layer across the extended edge
of the supercell. Figure 4 shows the calculated profiles of dynamic conductivity spectra
for van der Waals ZnO/BlueP/ZnO heterostructure with AAA, ABA, and ABC stacking
configurations. In order to reveal the regularities of the formation of the profile of the
dynamic conductivity of the ZnO/BlueP/ZnO heterostructure, the spectra of the dynamic
conductivity of individual monolayers were calculated. They are shown in Figure 5.
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Figure 4. The dynamic conductivity spectra of van der Waals ZnO/BlueP/ZnO heterostructure
with AAA (a), ABA (b), and ABC (c) stacking configurations for two cases of electromagnetic wave
polarization (along the X and Y axes).

Figures 4 and 5 show that the profile of the dynamic conductivity spectrum of the
ZnO/BlueP/ZnO heterostructure largely repeats the profiles of the spectrum of BlueP
monolayer (in both cases of polarization along the X and Y axes). The characteristic features
of this spectrum are the presence of a pronounced peak with a height of ~300¢ (0 is the
conductivity quantum) at a wavelength of about 300 nm, a stepwise decrease in conduc-
tivity in the wavelength range of 300-700 nm, and a complete absence of conductivity in
the wavelength range of 700-2000 nm. One can suggest that it is the BlueP semiconductor
monolayer that makes the greatest contribution to the formation of the dynamical con-
ductivity spectrum of ZnO/BlueP/ZnO heterostructure. This is indicated by the fact that,
for the ZnO/BlueP/ZnO heterostructure, conductivity anisotropy is observed at different
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directions of wave polarization, as well as for blue phosphorus. At the same time, in the
case of wave polarization along the X axis, the conductivity of zinc oxide is zero throughout
wavelength range 200-2000 nm. It is shown that the type of layer packing has a weak effect
on the profile of the conductivity spectrum. For the cases of AAA and ABA types of layer
packing, the spectral profiles almost completely coincide. In the case of ABC type, with
wave polarization along the Y axis, the maximum conductivity peak splits into two peaks
of equal intensity located at 240 nm and 320 nm. In the cases of AAA and ABA types, the
peak is located at a wavelength of 280 nm.
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Figure 5. The dynamic conductivity spectra of monolayers of BlueP (a) and ZnO (b) monolayers for
two cases of electromagnetic wave polarization (along the X and Y axes).

For the studied configurations of the ZnO/BlueP/ZnO heterostructure, the absorption
spectra of electromagnetic waves were calculated in the range of 200-2000 nm. It has
been established that for each configuration, the profile of the absorption spectrum repeats
the profile of the optical conductivity spectrum, both when the wave is polarized along
the X axis and when the wave is polarized along the Y axis. In all cases, the absorption
maximum (about 26%) falls at a wavelength of 280 nm (middle ultraviolet). Starting from
a wavelength of 700 nm, there is a complete absence of absorption. It is also possible to
note the isotropy of absorption for different types of wave polarization. These features
of the absorption spectrum are due to the optical properties of blue phosphorus, the
absorption spectrum of which completely repeats the profile of the absorption spectrum
of the ZnO/BlueP/ZnO heterostructure. In general, it can be noted that the type of layer
packing does not affect the absorption spectrum of the ZnO/BlueP/ZnO heterostructure;
therefore, Figure 6a shows the absorption spectrum for only one of the ZnO/BlueP/ZnO
configurations, namely, with the AAA layer packing type. Figure 6b shows the absorption
spectrum of the BlueP monolayer.
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Figure 6. The absorbance spectra of van der Waals ZnO/BlueP/ZnO heterostructure with AAA
stacking configuration (a) and BlueP monolayer (b) for two cases of electromagnetic wave polarization
(along the X and Y axes).

4. Conclusions

Thus, in this work, the possibility of creating a three-layer van der Waals heterostruc-
ture based on 2D monolayers of BlueP and ZnO was theoretically predicted. The results
of calculating the formation energy of layered 2D structures showed that the proposed
ZnO/BlueP/ZnO van der Waals heterostructure with AAA, ABA, and ABC stacking con-
figurations has high thermodynamic stability, and, therefore, can be synthesized in a real
experiment. At the same time, as compared with the known configurations of the bi-
layer ZnO/BlueP heterostructure [40-42], the thermodynamic stability of the three-layer
ZnO/BlueP/ZnO structure increased hundreds of times. An analysis of the band structure
of the constructed atomistic models showed that the ZnO/BluelP/ZnO heterostructure is
an indirect-gap semiconductor with an energy gap of ~0.7 eV. The presence of one more
ZnO monolayer made it possible to control the size of the energy gap, namely, to achieve
its narrowing by 2-3 times in comparison with bilayer ZnO/BlueP heterostructures [40,42].
Considering the high sensitivity of the dynamic conductivity and absorbance coefficient
of this structure to electromagnetic radiation in the wavelength range of 250-300 nm, it
can be assumed that van der Waals ZnO/BlueP/ZnO heterostructures are promising for
use in middle ultraviolet photodetectors as compared to bilayer ZnO/BlueP heterostruc-
tures, which have absorption peak in the visible and near ultraviolet region [41,42]. It can
be assumed that such detectors will be highly efficient, since both heterostructures are
practically insensitive to other wavelengths.
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