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ABSTRACT

Construction of van der Waals heterostructures (vdWHs) from layered materials may form new types of optoelectronic devices with
better performance compared to individual layers. Here, we investigate theoretically the structural stability, electronic properties, charge-
transport mechanisms, and optical properties of two-dimensional (2D) MoSi,N4/Cs3Bi,Iy vdWHs by using the first-principles calcula-
tions. Our results demonstrate that the 2D MoSi,N,/Cs;Bilo vdWHs possess a direct bandgap and type-II band alignment due to the
built-in electric field induced by the electron transfer from MoSi,N, to Cs;Bi,Iy layer, which can prevent photoinduced electrons and
holes from recombination and thus enhance the carrier lifetime. Furthermore, the optical absorption of the heterostructure is enhanced
in the visible and ultraviolet region, and its electronic property is tunable under in-plane strains with a clear metal-semiconductor transi-
tion. Finally, we explore more A;B,Xo/MA,Z, vdWHs with A = Cs; B=1In, Sb, Bi; and X =Cl, Br, I in A;B,Xy and M = Cr, Mo, Ti; A =Sj;
and Z=N, P in MA,Z,, and we find all three types of band alignments (type-I, type-II, and type-III). Our study provides a comprehen-
sive theoretical understanding of the electronic and optical properties of perovskite-based heterostructures and indicates its potential
applications in optoelectronic devices.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0080224

I. INTRODUCTION

In recent years, organic-inorganic lead-based halide perovskites
(MAPbX;, X =Cl, Br, I) arose due to their extraordinary electronic
properties, especially the excellent light-harvesting capacity,” ™ and
outstanding performance in photovoltaic facilities,”™'” such as
tunable bandgap,'"'” long carrier diffusion lengths, and low
synthesis cost.'”™'? A variety of ascendant properties make MAPbX;
the most serviceable materials for fabricating perovskite solar cells.”’
However, MAPDX; are still far beyond the commercial applications
due to their toxicity and instability.>*"** By comparison, the inor-
ganic halide perovskite such as CsPbX; exhibit much better
stability.””~*" Therefore, the dominating challenge may be resolved
by substituting or reducing the amount of lead in perovskite with a
disparate and less toxic element. However, many investigations indi-
cate that replacing Pb with nontoxic elements, such as Ge and Sn,
may degrade the superior photovoltaic properties and stabilities of

13,14

Pb-based halide perovskites. On the other hand, the two-
dimensional (2D) trivalent metal-based ternary halide perovskite
A3B,Xo (A=MA, Cs; B=Bi, Sb; X=Cl, Br, I)""" is regarded as a
new promising material for high performance photovoltaic
applications.” ™" In addition, Bi-based perovskites exhibit better
stability and more extensive photovoltaic applications.”>*® The
Bi-based ternary perovskites have larger lattice sizes caused by the
presence of two metal ions, which is beneficial to enhance the tena-
bility feature of these materials for the easy ion replacement possi-
bilities. The A3;B,Xy compounds have two typical structures: the 0D
dimer form composed of isolated [B,X,]>~ octahedra and the 2D
layered perovskite. The preferential formation of two competing
structures depends on the selection of A, B, and X ions.””®
Considering that the 0D structure is difficult to form a monolayer
and has poor photovoltaic performance,”” we chose the 2D layered
perovskite to construct our heterostructure. The 2D ultrathin few-
layer (2-4 layers) nanoplates of Cs;Bi,Io have been synthesized in
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experiments and show high photostability.”” Previous investiga-
tions reported that solar cells fabricated using the Cs;Bi,ly perov-
skite material showed maximum power conversion efficiency
(PCE) is 0.17% for Cs;Bilo, with an open-circuit voltage of
0.37 eV, short-circuit current density of 1.43 mA/cm?® and fill
factor of 32%."'*° However, the inferior photovoltaic peculiari-
ties of Cs;Bily perovskite result in its poor manifestation in
perovskite solar cell applications,’ for example, high bandgap,
low dielectric constant, and high effective mass.

Much effort has been made to improve the properties of
Cs3Bi,ly perovskite solar cells."™"” In recent studies, constructing
vertical vdWHs*** is found to be an effective method to improve
the properties and extend the application range of optoelectronic
materials.”””" Because of the weak vdW forces, the vdWHs usually
preserve the property of each individual component and may form
new structures with better physical and chemical properties for
device applications.” ™’

On the other hand, with the rapid advances of experimental
techniques, a lot of stable 2D materials with different electronic and
optical properties have been realized, such as monolayer MoSi,Ny,
which is successfully synthesized very recently using the chemical
vapor deposition (CVD) method.”® MoSi,Ny is an indirect bandgap
semiconductor, which has extraordinary ambient air stability, high
electronic and hole mobility, and high strength.””

In this manuscript, we construct for the first time, a vdWH con-
sisting of Cs3Bily and MoSi,N4 monolayers and study its properties
with first-principles calculations using the density functional theory.
Based on the most stable configuration, we study its electronic struc-
tures and charge-transport mechanisms of MoSi,N,/Cs;Bi,Io vdWH
to investigate its photovoltaic performance. Particularly, we check the
regulation of the band structure via applying vertical and in-plane
biaxial strain. Then, we calculate the spectrum of optical absorption,
which is found to be enhanced drastically in the heterostructure.
Finally, we explore more heterostructures of A;B,X¢o/MA,Z, with
A=Cs, B=1In, Sb, Bi and X=Cl, Br, I in A3;B,X, and M = Cr, Mo,
Ti, A=Si,and Z=N, P in MA,Z, and will show that the band align-
ment (type-I, type-II, and type-III) can be changed from one to
another by adjusting the components in the heterostructures. Our
study provides a comprehensive theoretical understanding of the elec-
tronic and optical properties of perovskite-based heterostructures and
indicates its potential applications in optoelectronic devices besides
the pristine perovskite.

Il. CALCULATION METHODS

All structural optimizations and energy calculations are per-
formed by density functional theory (DFT) in a Vienna ab initio
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simulation package (VASP)*** with the projector augmented-wave
(PAW) method.” For the exchange-correlation function, the gen-
eralized gradient approximation (GGA) within the Perdew-Burke-
Ernzerhof (PBE) is applied for structural relaxation.”’ Due to the
interference of spin-orbital-coupling (SOC) to heavy atoms, we
consider it when calculating the band structure and charge trans-
fer. A kinetic energy cutoff of 520 eV is selected for the plane wave
basis set for all calculations, and a 3 x3 x1 Monkhorst-Pack k
point mesh for the first Brillouin zone integration are utilized to
fully optimize geometric structure. The energy convergence thresh-
old is 1.0x 10™*eV and the criteria for the convergence of the
Hellmann-Feynman forces on each atom is 0.05eV/A. The vdW
interaction, as the main component of long-range contribution,
has been investigated widely. We use the popular DFT-D3 func-
tional to describe the vdW interaction. To avoid the interactions
between the adjacent slabs, a vacuum region along the z axis is set
to 20 A in our calculations.

lll. RESULTS AND DISCUSSION

To verify the reliability of our results, we first analyze the
geometries and electronic structures of monolayer MoSi,N, and
Cs3BiJo. The optimized lattice constant of hexagonal MoSi,N,
(Cs3Biyly) is 2.90 (8.65) A in Table I, which agrees well with the
value of 2.91 (8.4) A in previous reports.””°” In order to minimize
the lattice mismatch of the heterostructure, we adopt a supercell,
consisting of 1 x 1 Cs3Bi,ly unit cell and 3 x 3 MoSi,N, primitive
cells to construct the MoSi,N4/Cs;Bi,Iy heterojunction as shown in
Figs. 1(a) and 1(b). The lattice mismatch in this vdWH is only
0.227%, which is too small to affect the atomic and electronic structure
of the constructed MoSi,N,/Cs;BiIs heterojunction. Therefore, the
results of the designed MoSi,N4/Cs3Bi, I, heterojunction are reliable.

In order to find the most stable configuration rather than a
local stable system, in Fig. 1(c), we study the evolution of the
binding energy (E;) as a function of the interlayer distance (d)
between MoSi,N, and Cs;Bi,lo. The binding energy (E;) is calcu-
lated by the equation E, = (Egeter — Emosi,N, — EcsBiyl,)/n, Where
Etteter> Emosi,n,» and Ecy,i,1, represent the total energies of MoSi,N,/
Cs3Biyly  heterostructure, monolayer MoSi;Ny, and monolayer
Cs3Biyly, respectively, and # is the number of MoSi,N, primitive
cells.”” First, for various interlayer distance, the E; values are nega-
tive, indicating that the vdWH can be synthesized in the experiment.
Furthermore, when the interlayer distance reaches 3.55 A, the E,
values is lowest. This equilibrium interlayer distance of vdWHs
is similar with 3.60 A in the CsPbBrs/MoS, heterostructure’ and
3.35 A (Pb-I terminated) in the Cs,Pbl,/black-phosphorus hetero-
structure.”* The equilibrium d suggests a weak vdW interaction

TABLE I. The geometric parameters, total energy (Eioa), binding energy (Ey), bandgap (Eg), work function (Wr) and effective mass of Cs3Bi,lg and MoSi,N4 monolayers and

the heterostructure.

a (d) b (A) Ejotal (V) Ey, (eV) Eg (eV) Wk (eV) m, m.* my my*
Cs3Biy I, 8.65 8.65 —40.26 1.38 5.50 0.440 0.421 0.888 0.835
MoSi,Ny 2.90 2.90 —562.78 1.79 5.11 0.451 0.625 1.128 1.168
Heter 8.66 8.66 —606.70 —0.41 091 4.88 0.298 0.300 1.538 1.547
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FIG. 1. Atomic structure of side view (a) and top view (b) of the MoSi,N,/Cs3Bi.lg heterojunction. The Cs, Bi, I, Mo, Si, and N atoms are shown as green, purple, brown,
pink, blue, and argent balls, respectively. (c) The variation of binding energy with the interlayer distance of the MoSi;N4/Cs3Bi,lg heterostructure.

between the MoSi,N, and Cs;Bi,I layers, which may manifest the
electronic properties of the individual layer in the heterostructure.
Compared with the bilayer MoSi,N,, our heterostructure possess
direct bandgap and type-II band alignment.”*

The electronic band structures of 3 x 3 MoSi,N, supercell, iso-
lated Cs;Bi,ly primitive cell, and MoSi,N,/Cs;Bi,ly heterostructure
are shown in Fig. 2. In the adopted 3 x3 MoSi,N, supercell in
Fig. 2(a), compared with the primitive cell, the CBM (VBM) located
at the K (I') point of the primitive cell is folded onto the I' (I')
point, because of the BZ folding. This leads to the quasi-direct
bandgap in the supercell. However, the BZ folding does not affect
the bandgap value of 1.79 eV (see Table I), which is consistent
with previous results.”” In Fig. 2(b), monolayer Cs;BiIo has a

Energy (eV)

FIG. 2. Band structures of (a) isolated MoSi;N,, (b) isolated Cs3Bislg, and
(c) projected band structures of the MoSi;N4/Cs3Bislg heterostructure. The
red and blue lines represent the electronic orbital contributions of Cs3Bislg and
MoSiyNy, respectively. The fermi level is set to zero.

direct bandgap (1.38 eV) at the I point, strong electron disper-
sion at the CBM, but much weak hole dispersion at VBM.®* The
corresponding large hole effective mass is not an ideal condition
for solar cell applications.

When the two monolayers are overlaid vertically, we present
the projected band structure of the MoSi,N,/Cs3Bi,ly heterostruc-
ture to analyze the changes. On one hand, the band structure of
the heterojunction can be regarded as a simple overlay of the band
structures of the individual components, which results from the
weak interlayer vdW interaction. On the other hand, MoSi,N,/
Cs3Bi,ly heterostructure is a direct-bandgap semiconductor, with a
bandgap of 0.91 eV at the I" point. The VBM and CBM are contrib-
uted by MoSi,N, and Cs;Bi,lo, respectively. Therefore, the direct
bandgap is not caused by the BZ folding, confirming the robust
direct feature of vdWHs. The desired direct-bandgap feature is dif-
ferent from the indirect bandgap of pristine monolayer MoSi,N,.
Furthermore, the separate VBM and CBM in Fig. 2(c) suggest the
desired type-II heterostructure. For type-II heterostructures, the
electrons and holes can be separated in different materials, thereby
decreasing the recombination of electron-hole. Typically, type-II
band alignment is formed at the interface, with tunable interlayer
coupling and ultrafast charge transfer, which provide an ideal plat-
form for promoting the effective separation of photogenerated car-
riers and facilitating the quantum efficiency.””""

In order to know the interfacial charge transfer, we calcu-
late the charge density difference of the heterostructure, as
shown in Figs. 3(a) and 3(b). The three-dimensional charge
density difference along the z direction Ap(z) is defined as
AP(Z) = p(z)Heter - p(z)MOSizN4 - p(Z)C53Bi219) where p(z)Heter)
P(@)rosi,n,» and p(z)cy,pi,1, are charge densities of heterostruc-
ture, isolated MoSi,N,, and isolated Cs;Bi,ly, respectively. We can
notice that the charge depletion and accumulation are mainly con-
centrated near the interface area, and the MoSi,N, layer is sur-
rounded by the positive charges; meanwhile, the Cs;Bi,ly layer is
surrounded by negative charges. This means that electrons migrate
from the MoSi,N, layer to the Cs;Bi,I, layer through the interfacial
area. The electron flow direction is consistent with the result from
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the type-II band structure analysis. To further clarify the charge
redistribution, we plot the plane-averaged charge density difference
Ap along the vertical direction (z axis) for the heterostructure in
Fig. 3(b). Here, Ap is obtained by the plane-averaged charge density
difference between the heterostructure and two noninteracting com-
ponents. It is observed that there is a negative Ap near the MoSi,N,
surface, but a positive Ap near the Cs;Bi,Iy surface. This clearly sug-
gests that the charges deplete at the MoSi,N, monolayer and accu-
mulate at Cs;Bi,Io monolayer. Because the charges transfer from
MoSi,N, to Cs3Biy]y in the heterojunction, causing the separa-
tion of electron-hole pairs, an internal electronic field is gener-
ated, which efficiently keeps photoinduced electrons and holes
from recombining and extends the lifetime of the carriers in the
MoSi,N,/Cs3Bi, I heterostructure.

Energy level shift is a critical parameter to describe the interfa-
cial characteristics, which can further help us to understand the
origin of the charge transfer mechanism at the heterostructure
interface. We thus plot the energy level of the band edge for the
vdWH in Fig. 3(c), using the vacuum level as the energy reference
(Evac = 0). In the pre-contact state, the values of CBM and VBM in
MoSi,N, are lower than those in Cs;Bi,Io. When they contact with
each other, the electrons spontaneously move from MoSi,N, to
Cs3Biylo, and the holes flow in the opposite direction. Therefore,
the electrons accumulate in the Cs;Bi,ly interface and the holes
accumulate in the MoSi,N, interface, which leads to the decrease
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(increase) in the interface electric potential in the interface. This
confirms the charge transfer path in Figs. 3(a) and 3(b) again. The
electron flow is driven by the work function, and the work function
of isolated MoSi,Ny, isolated Cs;Bi,lo, and MoSi,N,/Cs;Bi,Is heter-
ostructure are calculated to be 5.11, 5.50, and 4.88 eV, respectively
(as shown in Table T). When two semiconductors contact to form a
heterojunction, the work function in the different monolayers must
be consistent. Because the work function of Cs;Bi,l, is higher than
that of MoSi;Ny, the positive-charges attach to MoSi,N,, while the
negative-charges accumulate in Cs;Bi,lo, generating a build-in elec-
tric field pointing from the MoSi,N, layer to the Cs;BiIy layer.
The electrons and holes drift in the internal electric field as
opposed to the diffusion action, ultimately the diffusion and drift
of carriers come up to a dynamic balance. In type-II MoSi,N,/
Cs3BiyIy heterostructure, the electrons and holes are separated in
different layers, and the recombination of electrons and holes is
reduced, which is more suitable for photodetectors and solar cells.
Applying vertical strain is an effective approach to modify the
electronic properties of layered heterostructures. The vertical stain
can be realized by hydrostatic pressure,”’ nanomechanical pressures,
or via inserting layered insulators.”” In our model, the vertical strain
is implemented by changing interlayer distance from 2.55 to 8.35 A.
Figure 4(a) exhibits the variation of the bandgap of MoSi,N,/
Cs3Bily heterostructure as a function of the interlayer distance.
When the interlayer distance is larger than the equilibrium distance,

Before contact After contact

-3.56 eV

A\

FIG. 3. (a) The 3D charge density difference of MoSi,N4/Cs3Bislg. The yellow and cyan regions represent the charge accumulation and depletion in the space, respec-
tively. (b) The planar-averaged charge density difference Ap of the MoSi;N4/Cs3Bi,lg heterojunction. (c) Schematic energy level diagrams of the MoSi;N4/Cs3Bislg hetero-
structure in the pre-contact and after-contact states. Here, “Before-contact” and “After-contact” refer to the band energies in the individual layers and heterostructure,
respectively, and the vacuum energy is set to zero. The top and bottom of the rectangles represent the values of VBM and CBM. The blue and red rectangles represent

the energy levels of MoSi,N, and Cs3Bi,lg, respectively.

J. Appl. Phys. 131, 163102 (2022); doi: 10.1063/5.0080224
Published under an exclusive license by AIP Publishing

131, 163102-4


https://aip.scitation.org/journal/jap

Journal of

Applied Physics

ARTICLE scitation.org/journalljap

(a) 1.0 (b) -4.0 (C) 15 | 1 | 3.55
[ 1 ] -
09 = | 5 or SR —
~ 0.8 -— @ N Q 5 A i —6.55
- ~
207 L 091 eV %;-45 - T@ 0 oy —
06 [ 5 = vv
o lor m r Z Sr !
el [ g a I 1
0.5 9]
§ i g -5.0 < -10 - h :
- N r 1 |
04 £ 15k : |
03 L - I 220 L L 1 AR 1 .
o2 bt L L 1 P B R [ T R 10 15 20 25 30
2 3 4 5 6 7 8 9 2 3 5 6 7 8 9

Interlayer Distance (A)

Interlayer Distance (A)

Z(A)

FIG. 4. (a) Variation of bandgap with the interlayer distance of the MoSi,N,/Cs3Bi,lg heterostructure. (b) The band edge alignments of the MoSi;N,/Cs3Bislg heterostruc-
ture with different interlayer distances. The vacuum energy is set to zero. (c) The differential charge density of the MoSi,N,/Cs3Bi,lg heterostructure at difference interlayer

distances.

the bandgap keeps almost the same, indicating that the interlayer
interaction is too weak to affect the electronic properties. While
the interlayer distance is smaller than the equilibrium distance,
the bandgap first increases sharply and then decreases. The
largest direct bandgap is 0.93eV for the case of d=3.35A.
Moreover, when d is smaller than 2.55 A, the direct bandgap
turns into an indirect one, and the indirect-direct bandgap tran-
sition of the heterostructure may be contributed to the orbital
overlap and interlayer coupling. Therefore, the bandgap value
and feature can be modified efficiently by applying vertical strain.
Figure 4(b) exhibits the band edge alignments of the MoSi,N,/
Cs;3Bi,]o heterostructure with different interlayer distances. With
the increase in interlayer distance, both the CBM and VBM
are driven continuously toward or off the Fermi level, leading to
the diminution or enlargement of bandgap. But for 2.95
A <d<3.95 A, the decrease of bandgap is caused by CBM shift-
ing off Fermi level and VBM shifting toward the Fermi level.
Furthermore, when the interlayer distance is more than 4.55 A,
the CBM keeps pace with VBM with the variation of interlayer
distance. The calculated band edge energy levels provide guid-
ance for constructing heterojunction and matching with electron
transport layer and hole transport layer in solar cell devices.

To comprehensively investigate the effects of vertical strain on
the electronic structure in the MoSi,N4/Cs;Bi,ls heterostructure,
Fig. 4(c) presents the plane-averaged charge density difference Ap
of the heterojunction at different interlayer distances, indicating
that the charge redistribution in the interface region sensitively
depends on the interlayer distance. The smaller the interlayer dis-
tance is, the larger the change transfer is between interfaces. Ap of
the equilibrium distance is nearly zero for the whole z coordinate
in comparison with narrowing interlayer distances, indicating that
there is almost no charge transfer between MoSi,N4 and Cs;Bi,Io
layers. This is also consistent with the observed very weak interlayer
vdW interaction in the MoSi,N,/Cs3Bi,Iy heterostructure. For nar-
rowed interlayer distances of the MoSi,N4/Cs;Bi,ly heterostructure,
a charge transfer of 107> ¢/A magnitude is observed, which demon-
strates that the photo-generated electrons and holes can easily

transfer across the hetero-interface, resulting in a stronger interac-
tion between MoSi,N, and Cs;Bi,], layers.

Besides vertical strain, in-plane mechanical strain is also a
powerful tool to modulate the electronic and transport properties
of heterostructures, which has been verified in many previous
reports.”’* Therefore, we investigate the effect of biaxial strain
on the MoSi,N,/Cs;Bi,Iy heterostructure via altering the lattice
constant of X axis and Y axis simultaneously. The biaxial strain €

a—ag

is defined as € = [;—0] x 100%, where a and ay represent the

lattice constants of the hetero-bilayer with and without strain,
respectively. Therefore, the positive value (¢ > 0) signifies tensile
strain, and the negative value (& < 0) represents compressive
strain. To make sure that the applied biaxial strains are under the
elastic response range, we also calculate the strain energies of per
atom as E; = 7(53"“"““’_f““""‘”“”"), where Egrained and Eynstrained repre-
sent the total energies with and without biaxial strain, and # is
the total atom number of hetero-bilayer.

Figure 5 shows the variation of strain energies of the
MoSi,N,/Cs;Bi,Iy heterostructure with the biaxial strains. For both
compressive and tensile strain, the strain energy increases monoto-
nously with the enhancement of biaxial strain. Moreover, the
biaxial strain is in a perfect quadratic function with the strain
energy, indicating that the geometric structure of the heterostruc-
ture is not destroyed under biaxial strain. Thus, the system is flexi-
ble. The process is completely reversible and all the strains
considered are within the elastic limit.”” On the other hand, with
the enhancement of tensile (compressive) strain strength, the
bandgap increases first to a maximum value of 0.997 eV (1.387 V)
at £=3% (e=—7%). If we continuously increase the biaxial
strain, the direct bandgap turns into indirect, and an electronic
phase transition from a semiconductor to metal is observed when
£ = —12% with a positive binding energy. The supercell of the het-
erostructure contains 77 electrons, which is computationally too
large for the phonon spectrum calculation. It is possible that the
P-3m1 structure with 10% strain may not be in the ground state,
but the stability of the structure can be increased by choosing a
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FIG. 5. The variation of bandgap and strain energy of the MoSioN4/Cs3Bi,lg het-
erostructure as a function of the biaxial strain.

proper substrate. For example, although bilayer borophene is not
stable,”® it can be fabricated on the Cu (111) surface’” or Au (111)
surface.”” We postpone the theoretical study of substrate-induced
stabilization in future. The diminution of bandgap is owing to the

Energy (eV)

Energy (eV)

ARTICLE scitation.org/journalljap

increasing charge amount passing through the interface between
MoSi,N, and Cs;Biylg layers. Obviously, the bandgap of the
MoSi,N4/Cs;BisIo heterostructure can be efficiently tuned by apply-
ing moderate biaxial strain.

Furthermore, to comprehensively investigate the semiconduc-
tor-metal phase transition and the effect of biaxial strain of the
heterostructure, we calculate corresponding projected band struc-
tures of the MoSi,N,/Cs;Bi Iy heterostructure at different biaxial
strain strengths in Figs. 6(a)-6(f). With the enhancement of com-
pressive strain, the CBM (contributed by MoSi,N,) goes downward,
and the VBM (contributed by Cs;Bils) goes upward, leading to
the reduction of bandgap. However, for tensile strain, the band
alignment changed from type-II to type-I; moreover, the CBM and
VBM (both contributed by MoSi,N,) approach the Fermi level
simultaneously and finally causing the semiconductor-metal phase
transition. In other words, the contribution of band edges can be
regulated and controlled by tensile strain, and maintain type-I
band alignment at the same time. By the reason of foregoing,
applying biaxial strain is a significant strategy for modifying the
characteristic of the MoSi,N,/Cs;Bi,Iy heterojunction in practical
applications, which plays a momentous part in high performance
electronic and optoelectronic apparatus.

In order to analyze the optical properties of MoSi,N; and
Cs3Bi, Iy combination, we calculate the optical absorptions of mono-
layer MoSi,N,4, monolayer Cs;Bilo, and MoSi,N,/Cs;Bi,Iy hetero-
structure in Fig. 7. The absorption coefficient a(w) is defined as

FIG. 6. Projected band structures of MoSi,N4/Cs3Bi,lg heterostructure at representative biaxial strains of (a) 6%, (b) —9%, (c) 12%, (d) —3%, (e) —9%, and (f) —12%,
respectively. The red and blue lines represent the electronic orbital contributions of Cs3Bi,lg and MoSioNy, respectively. The fermi level is set to zero.
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FIG. 7. Calculated absorption coefficients of monolayer MoSi;N,, monolayer
Cs3Bislo, and MoSi,N4/Cs3Bislg heterostructure.

the following formula: a(w) = V20 [\/ £1(0)* + &, (0)* — sl(w)} 7,

where £;(w) and &;(w) are the real and imaginary parts of the
dielectric function, respectively, depending on the optical frequency
o. It can be clearly seen from Fig. 7 that the light abilities of
Cs3Bi,l are effectively enhanced by the vdWH, especially in the
ultraviolet region. The MoSi,N4/Cs;Bi,Io heterojunction has a wide
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FIG. 8. Band diagrams of perovskites-A;B,Xg (A =Cs; B =1In, Sb, Bi; X=Cl, Br,
1) and MA,Z4 (M = Cr, Mo, Ti; A=Si; Z=N, P). The vacuum level is set to zero.
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absorption range and the optical absorption magnitude can reach
10° cm™", which is much higher than that of the CsPbI;/MS, heter-
ostructure.”” The increase of absorption of the MoSi,N,/Cs;Bi,l,
heterojunction, compared with monolayer MoSi,N, and monolayer
Cs3Bi,lo, is due to the electron transition from MoSi,Ny, to Cs;Bi,lo.
Hence, it is an efficient way to strengthen optical absorption and
obtain excellent photovoltaic properties by building vdWHs.
Furthermore, the MoSi,N,/Cs;Bi,Is heterojunction can harvest solar
energy effectively, due to its outstanding photocatalytic performance
in the visible light region.

To get a general conclusion, we summarize the band energy
levels of perovskites A;B,Xy (A =Cs; B=1In, Sb, Bi; X=Cl, Br, I)
and MA,Z, (M =Cr, Mo, Ti; A=Si; Z=N, P) in Fig. 8. It is shown
that type-I, type-II, and type-III A3B,Xo/MA,Z, can be formed.
For example, CrSi,N,; and MoSi,P, tend to form a type-I band
alignment for all A;B,X,, while type-II band alignment dominates
in the vdWHs between A3;B,X, and MoSi,N, and TiSi,N,; more-
over, CrSi,P, can form type-III band alignment. Generally, type-I
band alignments are most widely utilized in optical devices, such as
light-emitting diodes and in lasers as they provide a means to spa-
tially confine electrons and holes so that efficient recombination
can occur, and type-II band alignments are very useful for unipolar
electronic device applications since they allow larger offsets on one
side, thus allowing extremely strong carrier confinement. Type-II
and type-III heterostructures are also useful to engineer the con-
duction to valence band transition energy. This is particularly
important in tunneling field effect transistors in order to enhance
the tunneling current density, as well as in infrared intersubband
superlattice lasers and wavelength photodetectors. Therefore,
vdWHs A;B,Xo/MA,Z, can satisty all the requirements for differ-
ent band alignment types. Furthermore, some A;B,Xo/MA,Z,
vdWHs exhibit VBM lower than the redox potential of O,/H,0O
(—5.67 V), and CBM higher than the redox potential of H'/H,
(—4.44 eV), suggesting that the overall water splitting can be
achieved in the vdWHSs photocatalyst under visible-light irradia-
tion. Finally, we have to point out that the electronic structures of
all the constructed A;B,Xo/MA,Z, vdWHs can be regulated effec-
tively by vertical and in-plane biaxial strains, such as bandgaps and
charge densities.

IV. CONCLUSIONS

In this work, we theoretically investigate the geometric struc-
ture, charge transfer, electronic, and optical properties of the
MoSi,N4/Cs3Bi ]y vdWH based on first-principles calculations.
The negative binding energy indicates that the MoSi,N4/Cs;Bi,Io
heterojunction can be experimentally prepared. Furthermore, the
heterostructure is a semiconductor with a direct bandgap of
0.91 eV at the I point possessing a type-II band alignment, which
can promote spatial effective separation of photo-generated carrier
pairs. Accordingly, the electrons transfer from MoSi,N, layer to
Cs;3Bi, ] layer, generating a built-in electric field, preventing photo-
induced electrons and holes from recombination, and enhancing
the lifetime of the carriers. More significantly, both vertical strain
and in-plane biaxial strain can efficiently modulate the electronic
properties of the MoSi,N,/Cs;Bi,ly heterostructure. In addition,
the optical absorption (10°cm™) of the heterostructure is
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enhanced in the visible and ultraviolet region. Finally, by adjusting
the components of heterostructures, type-I, type-II, and type-III
AsB,Xo/MA,Z, vdWHs (A=Cs; B=1In, Sb, By X=Cl Br, [
M =Cr, Mo, Ti; A=Si; Z=N, P) can be formed, satisfying all the
requirements for different applications. The current work con-
cludes with a MoSi,N,/Cs;Bi,ly heterostructure with a stable struc-
ture and excellent photoelectric properties, and it provides some
guidance for the design of photoelectric devices, heterojunction
devices, and infrared light conversion and detection.
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