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Optical and optoelectronic properties of oxidized borophene and
oxidized borophene based van der Waals heterostructures
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In this paper, we used to carry out a predictive analysis of the possibility of controlling the optical and
optoelectronic properties of van der Waals quasi-2D heterostructures formed by buckled triangular borophene and
monolayers of graphene-like gallium nitride GaN and zinc oxide ZnO, due to the functionalization of borophene with
oxygen. The appearance of an energy gap in the band structure of the studied borophene/GaN and borophene/ZnO
van der Waals heterostructures, caused by the presence of a gap between the valence band and the conduction
band in the electronic structure of oxidized (O-) borophene, is discovered. It is shown that in the case of light
polarization in the direction perpendicular to the zigzag edge of the borophene atomic lattice, a peak with an
intensity of about 30% appears in the visible range of the absorption spectrum of heterostructures based on O-
borophene and GaN/ZnO monolayers. At the same time, for heterostructures with pure borophene, the absorption
value in the visible range was no more than 5—10%. It is revealed that the profiles of the photocurrent spectrum of
O-borophene/GaN and O-borophene/ZnO heterostructures have a similar shape to the spectra of O-borophene. It
is predicted that O-borophene/GaN and O-borophene/ZnO heterostructures may be promising as sensitive elements

of solar cells operating both on the Earth’s surface and beyond.

Keywords:
photovoltaics.

DOI: 10.61011/E0S.2024.03.58741.33-24

Introduction

The discovery of graphene and other 2D materials
with unique physical properties has caused a noticeable
surge of interest from researchers working in materials
science, condensed matter physics, and nano- and opto-
electronics [1]. The family of 2D materials has already
grown quite large and includes 2D carbon materials [2];
chalcogenides and dichalcogenides of transition metals [3,4];
carbides, nitrides, and carbonitrides of transition metals
(MXenes) [5]; perovskites [6]; metal oxides [7]; and
magnetic materials and their derivatives [8].  Vertical
stacking of monolayers of 2D materials with different
electronic, optical, and magnetic properties provides an
opportunity to fabricate heterostructures of two or more
layers with distinct physical properties that differ from the
properties of individual monolayers [9-12]. Since weak
van der Waals forces are the only ones acting between
monolayers, one may combine 2D structures with different
lattice parameters and types of crystal structure. Such
experimental techniques as alignment transfer, mechanical
exfoliation, liquid-phase exfoliation, vapor-phase deposition,
and layer-by-layer electrostatic self-assembly are used to
fabricate van der Waals 2D heterostructures [13].
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Diverse properties of van der Waals 2D heterostruc-
tures open up wide opportunities for development of
various types of devices [14-20]. In particular, these
heterostructures are used to fabricate vertical field-effect
transistors [17]. The capacity for low-power operation and
better performance due to a lower contact resistance are the
advantages of tunnel field-effect transistors based on vertical
heterostructures over conventional silicon transistors [17].
The anisotropy of electronic and optical properties of
2D materials and the potential to alter the band gap
of these materials by adjusting their thickness allow one
to design photodetectors with ultra-high sensitivity, ultra-
fast response, and high sensitivity to light polarization
(especially in the infrared range) based on van der Waals
heterostructures [18,19]. The use of layer-by-layer antifer-
romagnetic ordering in an atomically thin crystal makes
these heterostructures suitable for magnetic data storage
devices [20].

The synthesis of borophene and subsequent extensive
studies of its properties set the stage for the design
of van der Waals heterostructures based on this mate-
rial. Borophene has many attractive properties, which
include strength and flexibility, high thermal and electrical
conductivity, and optical transparency [21]. Graphene—
borophene [22] and borophene/organic van der Waals
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heterostructures [23] have already been produced in exper-
iments. Along with experimental studies of van der Waals
heterostructures based on borophene, predictive ab initio
studies, which are aimed at finding new combinations of
borophene with other 2D materials for the production of van
der Waals heterostructures for nano- and optoelectronics
applications, are developing rapidly. Using the tight binding
method and the nonequilibrium Green’s functions formal-
ism, the authors of [24] have performed predictive modeling
to construct a model of a field-effect transistor based on a
vertical graphene—boron nitride-borophene heterostructure.
In the last few years, in silico studies into the prospects of
application of borophene van der Waals heterostructures to
implement a metal-semiconductor contact with a Schottky
barrier have been carried out [25-27].

The objects examined in the present study are van
der Waals heterostructures based on buckled triangular
borophene, which features metallic conductivity, in com-
bination with semiconductor monolayers of graphene-like
gallium nitride GaN and zinc oxide ZnO. We have predicted
the existence of these heterostructures by ab initio methods
in [28]. The aim of the present study is to analyze, based
on the results of ab initio calculations, the feasibility of
controlled adjustment of the optical and optoelectronic prop-
erties of van der Waals borophene/GaN and borophene/ZnO
heterostructures through functionalization with oxygen and
to evaluate their potential for application in photovoltaics.

Research methods

The ab initio study was carried out using density
functional theory (DFT) in the generalized gradient approx-
imation (GGA) with the Perdew—Burke-Ernzerhof (PBE)
functional [29] in the SIESTA package [30]. Van der
Waals forces acting between the heterostructure layers
were taken into account by applying Grimme’s dispersion
corrections [31]. The atomic structure of supercells of van
der Waals heterostructures was optimized by minimizing
the total energy using the Broyden—Pulay algorithm [32]
and the DZP polarization functions basis set. The structure
was relaxed until the change in force acting on each atom
became less than 0.025 eV/A. In order to exclude the mutual
influence of heterostructure layers on each other in the non-
periodic direction (along axis Z), the vacuum gap was set
to 20A. The cutoff energy was set to 150 Ry. The Brillouin
zone was sampled by a 2 x 6 x 1 Monkhorst-Pack [33] k-
point grid. The LDA/GGA+U semi-empirical scheme in its
modification proposed by Dudarev et al. [34] was used to
solve the problem of underestimation of the band gap of the
material.

Absorption coefficient A was calculated within the first-
order non-stationary perturbation theory [35]:

&(w), (1)

where &;(w) is the imaginary part of complex permittivity,
N(w) is the refraction index, c is the speed of light, and w is

the electromagnetic radiation frequency. Imaginary part of
complex permittivity €, (w) was determined by the following
formula:

e’ X
&(w) = . Z/dk‘<l/)ck|e’ P|1/)vk>‘2
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X 8(Eo(K) — Ev(K) — Fw), 2)

where summation is performed over each pair of states
of the valence (filled) and the conduction (unoccupied)
bands and integration is carried out over all k-points in the
Brillouin zone; indices ¢ and v correspond to electronic
states in the conduction and valence bands, respectively; and
E(c.v)(K) and ) are the energies and eigenfunctions
of these states. The matrix element of the electronic
dipole transition is between the occupied and unoccupied
states, where € is the polarization vector and p is the
momentum operator. Optical parameters of the examined
van der Waals heterostructures were calculated for two
different directions of light polarization (vector E parallel
to axes X and Y) within the 0.2—2um wavelength range.
Optical characteristics of the studied heterostructures were
calculated with Brillouin zone sampling by a 114 x 65 x 1
k-point grid.

A photocurrent spectrum was calculated based on the
absorption spectrum. The maximum photocurrent was
determined by the following formula:

wy

Imax _ e/ a(w)Poulisrsolar(w) dw, (3)

w1

where e is the electron charge, a(w) is the absorption
coefficient, Power g, (w) is the solar radiation power, and
hv is the energy of a solar radiation quantum.

Atomic and electronic structure of
supercells of van der Waals
heterostructures based on oxidized
borophene

We have already found the equilibrium atomic configura-
tions of supercells of borophene/GaN and borophene/ZnO
heterostructures via DFT calculations in [28]. In the present
study, these configurations were modified by oxidizing
borophene that is present in both heterostructures. The
purpose of this modification was to open a gap in the
band structure of borophene and heterostructures based on
it to make them better suited for application in photovoltaic
devices. The case of functionalization of the borophene
surface with oxygen on one side of the monolayer with
the formation of a ,bridge covalent bond (ie., with one
oxygen atom bound to two boron atoms) was considered. In
was demonstrated in [36] through ab initio calculations that
this configuration of oxidized borophene (O-borophene)
features a band gap of ~ 0.2eV. The feasibility of the
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Figure 1. Atomic structure of supercells of van der Waals het-
erostructures based on oxidized borophene: @ — borophene/GaN;
b — borophene/ZnO.

borophene oxidation procedure has also been demonstrated
experimentally [37].  Figure 1 shows the equilibrium
configurations of supercells of van der Waals quasi-2D
heterostructures based on O-borophene and graphene-like
GaN and ZnO. The translation vectors of the supercell of the
O-borophene/GaN heterostructure along axes X and Y are
Lx = 3.41 A and Ly =6. 10A respectively, and the distance
between borophene and GaN monolayers is 4.99 A. The
translation vectors of the supercell of the O-borophene/ZnO
heterostructure are Ly = 3.339A and Ly = 5.817,&, and
the distance between O-borophene and ZnO monolayers
is 4.87A.

Binding energy E, was calculated to verify the ther-
modynamic stability of supercells of van der Waals O-
borophene/GaN and O-borophene/ZnO heterostructures at
room temperature. It was estimated as the difference
between the total energy of the heterostructure and total
energies of its constituent monolayers. The calculated
binding energies E, were —99meV/atom for the O-
borophene/GaN heterostructure and —192meV/atom for
the O-borophene/ZnO heterostructure.  Negative values
of the binding energy indicate that the structures are
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Figure 2. Fragments of the band structure near the Fermi level

(shifted to 0eV) of van der Waals heterostructures based on
oxidized borophene: a — borophene/GaN; b — borophene/ZnO.

energetically stable; therefore, they may actually be fabri-
cated.

The results of DFT calculations of the band structure
of O-borophene confirmed the emergence of a band gap
of ~0.22¢eV that was reported in [36]. Fragments of the
calculated band structures of supercells of van der Waals
O-borophene/GaN and O-borophene/ZnO heterostructures
are shown in Fig. 2. The Brillouin zone was a rectangle
with the chosen I'-X—S—Y—I'-S traversal trajectory. It
can be seen that the electronic structure of both het-
erostructures features a gap between the valence band and
the conduction band. The band gap width determined
from the calculated band diagrams is 0.13eV for the O-
borophene/GaN heterostructure and 0.22eV for the O-
borophene/ZnO heterostructure.
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Figure 3. Optical absorption coefficient of the van der Waals
borophene/GaN heterostructure with light polarized along the X
(solid curves) and Y (dashed curves) axes: a — with oxidized
borophene; b — with pure borophene.

Optical and optoelectronic properties of
van der Waals heterostructures based on
oxidized borophene

The optical and optoelectronic properties of the exam-
ined van der Waals heterostructures were analyzed based
on the calculated absorption spectra and photocurrent
spectra within the 0.2—2um wavelength range. The
calculated absorption spectra for O-borophene/GaN and O-
borophene/ZnO heterostructures are presented in Figs. 3
and 4, respectively. The cases of light polarization along
the X axis (perpendicular to the zigzag edge of O-
borophene) and the Y axis (along the zigzag edge of O-
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Figure 4. Optical absorption coefficient of the van der Waals
borophene/ZnO heterostructure with light polarized along the X
(solid curves) and Y (dashed curves) axes: a — with oxidized
borophene; b — with pure borophene.

borophene) were considered. Absorption spectra of the
same heterostructures with non-functionalized borophene
were also calculated (see Figs. 3 and 4) in order to establish
the influence of functionalization of borophene with oxygen
on the patterns of absorption of electromagnetic radiation
by the studied van der Waals heterostructures. These
plots demonstrate clearly that the oxidation of borophene
changed radically the profile of the absorption spectrum
of borophene/GaN and borophene/ZnO heterostructures
when light was polarized along axis X. An absorption
peak emerged in this case in the visible region with an
intensity that was the maximum one for these heterostruc-
tures (approximately 30%). With no oxygen functional-

Optics and Spectroscopy, 2024, Vol. 132, No. 3
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Figure 5. Optical absorption coefficient of oxidized borophene
with light polarized along the X (solid curves) and Y (dashed
curves) axes.

ization of borophene, the absorption for borophene/GaN
and borophene/ZnO heterostructures remained below ~ 10
and ~ 5%, respectively, within the entire examined wave-
length range. When waves are polarized along the Y axis,
the profiles of absorption spectra of borophene/GaN and
borophene/ZnO heterostructures with oxidized and non-
oxidized borophene are almost identical.

The reason for such noticeable changes in the absorp-
tion spectrum of O-borophene/GaN and O-borophene/ZnO
heterostructures occurring when light is polarized along
the X axis lies in the topology of O-borophene. Figure 1
shows clearly that ,,bridges” of covalent bonds between an
oxygen atom and neighboring boron atoms in borophene
extend along the X axis. Thus, the functionalization of
borophene with oxygen is most noticeable in the direction
of axis X. The absorption spectra of oxidized borophene
corresponding to two directions of light polarization shown
in Fig. 5 verify the validity of this claim. The presented
plot features an absorption peak with intensity ~ 30%
in the visible range that is exactly the same as the
peak found in the absorption spectra of van der Waals
O-borophene/GaN and O-borophene/ZnO heterostructures
when light is polarized along the X axis.

Photocurrent spectra were calculated based on the ob-
tained absorption spectra and solar radiation spectra on
the surface of the Earth’ (AM1.5) and outside the Earth’s
atmosphere (AMO0). AMO and AMIL.5 solar radiation
spectra were taken from the National Renewable Energy
Laboratory [38] website that lists solar spectra data in
the 280—2000nm wavelength range.  The calculated
photocurrent spectra of O-borophene and van der Waals
heterostructures based on it are shown in Fig. 6. The
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presented photocurrent values correspond to a surface area
of 1cm?. The photocurrent peak for O-borophene is located
in the visible region at a wavelength of 0.531 um, and its
height is 13.42mA-cm~2-.um~! under AMO conditions and
10.96 mA-cm~2.um~! under AM1.5 conditions. The pho-
tocurrent increases within the wavelength range from ~ 0.4
to ~ 0.65 um, which covers more than one half (62.5%) of
the visible radiation spectrum (0.38—0.78 um). Here and
elsewhere, the atmosphere causes dips in the photocurrent
in the IR region due to absorption of electromagnetic radi-
ation with its wavelengths falling within the corresponding
range. The photocurrent spectra of O-borophene/GaN and
O-borophene/ZnO heterostructures are similar in shape to
the spectra of O-borophene. The height of the photocurrent
peak at a wavelength of 0.561 um for the O-borophene/GaN
heterostructure is 14.97 mA-cm~2.um~! under AMO condi-
tions and 1236 mA-cm~2.um~! under AM1.5 conditions.
The height of the photocurrent peak (at a wavelength
of 0.524um) for the O-borophene/ZnO heterostructure
is 14.22 and 11.61 mA-cm~2.um~! under AMO and AM1.5
conditions, respectively.

The integral photocurrent (or photocurrent density) is
one of the key characteristics of photovoltaic devices. The
calculated values of integral photocurrent for the entire
solar radiation spectrum and the visible range of the solar
spectrum (380—780nm) and the maximum photocurrent
values at a wavelength of 550nm, which corresponds
to the maximum solar radiation power, are listed in the
table. It follows from these data that the functionalization
of borophene with oxygen leads to a twofold increase
in the integral photocurrent of the borophene/GaN and
borophene/ZnO heterostructures for the AMO and AM1.5
spectra. In the visible range, the integral photocurrent for
heterostructures with O-borophene is several times higher
than the integral photocurrent of heterostructures with non-
functionalized borophene. The maximum photocurrent at
a wavelength of 550 nm increases by a factor of 6 for the
O-borophene/GaN and O-borophene/ZnO heterostructures.
It should also be noted that the integral photocurrent of the
O-borophene/GaN and O-borophene/ZnO heterostructures
in the visible range correlates well with its values for
the graphene/MoS, heterostructure (~ 3mA/cm?) [39] and
multilayer WS, (4.10mA/cm?) determined in an actual
experiment [40].

Conclusion

The following conclusions may be inferred from the
results of the study. Functionalization of borophene with
oxygen with the formation of covalent bonds on one side
of a borophene monolayer opens up a gap in the band
structure of van der Waals borophene/GaN (gap width,
0.13eV) and borophene/ZnO heterostructures (0.22¢eV).
Owing to the semiconductor type of conductivity, a charac-
teristic high-intensity peak emerges in the optical absorption
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Figure 6. Spectra of photocurrent on the surface of the Earth (AM1.5, dashed curves) and outside the Earth’s atmosphere (AMO, solid
curves): a — for a monolayer of oxidized borophene; b — for a van der Waals heterostructure based on oxidized borophene and GaN;
and ¢ — for a van der Waals heterostructure based on oxidized borophene and ZnO.

and photocurrent spectra of O-borophene/GaN and O-
borophene/ZnO heterostructures in the visible range. This
is important for efficient operation of solar cells based on
these structures. The presence of oxidized borophene in
the examined heterostructures leads to a six-fold increase in
the maximum photocurrent (compared to the parameters of
heterostructures with pure borophene) at a wavelength of
550 nm. Therefore, oxygen functionalization allows one to
control the location and intensity of the optical absorption
and photocurrent peaks of borophene-based heterostruc-
tures. It is predicted that van der Waals O-borophene/GaN
and O-borophene/ZnO heterostructures may be promising
as sensitive elements of solar cells operating both on the

Earth’s surface and beyond. This notion is corroborated by
a fine agreement with the results of experiments with other
layered vertical 2D structures.
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Optoelectronic characteristics of the studied van der Waals heterostructures

Structure Integral photocurrent Photocurrent Integral photocurrent
for the entire solar maximum at a wavelength for the visible
radiation spectrum, of 550 nm, 380—80nm range,

mA/cm? mA-cm™? - ym~! mA/cm?
Solar spectrum AMO
O-borophene/GaN 4.59 13.81 240
O-borophene/ZnO 3.66 8.54 2.37
O-borophene 3.20 7.94 192
borophene/GaN 2.08 2.76 1.20
borophene/ZnO 1.51 1.46 0.64
Solar spectrum AM1.5
O-borophene/GaN 342 1142 1.95
O-borophene/ZnO 273 7.06 1.87
O-borophene 2.36 6.57 1.50
borophene/GaN 1.49 228 092
borophene/ZnO 1.07 1.21 0.46
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