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Recent studies have revealed that Janus structures and heterobilayers made from them might have prop-
erties superior to those of two-dimensional (2D) materials. We construct 2D monolayer boron phosphide
(MBP)/MoSSe and MoSSe/MBP heterobilayers and describe comprehensively their optoelectronic prop-
erties in the presence of biaxial in-plane and uniaxial out-of-plane strain and the effects of electric fields
using first-principles methods. The electronic bands of both MBP/MoSSe and MoSSe/MBP heterobilayers
display a peculiarity in the direct gap, with different band-gap values in the pristine forms. Remarkably, it
is shown that different varieties of band alignments are induced for different orders of the van der Waals
(vdW) heterobilayers. Electric fields and in-plane and out-of-plane strain give rise to important changes
in the electronic and optical properties. The band alignments can transform from type I to type II under
the influence of an electric field and strain. The main absorption peaks of pristine forms of both heter-
obilayers have in the visible region (approximately 2.67 eV), while in the presence of biaxial strain are
redshifted. Since the absorption peaks of the pristine forms of the heterobilayers are in the visible region,
the heterobilayers recommended here can be used in photovoltaic applications, and the presence of effects

of external electric fields and strain promises functional optoelectronic devices.
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I. INTRODUCTION

Two-dimensional (2D) materials are of extensive inter-
est due to their extraordinary optoelectronic properties
when used in electronic devices [1-8]. Graphene [9],
which pioneered 2D materials, has had limited electronic
applications due to its zero band gap. Therefore, 2D mate-
rials such as transition-metal dichalcogenides (TMDCs)
[4,8,10—12], phosphorene [13—17], and lateral heterostruc-
tures [18] have been extensively studied. For instance,
the band gaps of TMDCs are adjustable in the 1-3-eV
range, providing flexibility in optoelectronic applications.
In addition, 2D van der Waals (vdW) heterobilayers [19]
based on these 2D materials have also been studied both
theoretically and experimentally. These vdW heterobi-
layers are obtained by vertically stacking two distinct
2D materials via the vdW interaction, and they exhibit
diverse functional properties compared with their con-
stituent monolayers; e.g., 2D phosphorene/SnS,(SnSe,)
heterobilayers can be used in tunnel field-effect transis-
tors [20]. Furthermore, hexagonal boron nitride (4-BN),
a group III-V compound, is an insulator that has a band
gap around 6 eV with high thermal and chemical stability
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[21-27]. Monolayer boron phosphide (MBP), with a car-
rier mobility of over 10* cm? V! s71)[28-30], has a direct
band gap and can be used in nanoscale semiconductors for
electronic devices [25,31-35]. In addition, MBP can be
synthesized on silicon carbide (SiC) substrates using the
chemical vapor deposition (CVD) method [36].
Moreover, MoS; has been demonstrated as another prac-
ticable material for applications in optoelectronic devices
due to its moderate band gap (approximately 1.57 eV)
[4,5,8,37]. Its electronic structure is dependent on the
strain in the layers and the carrier mobility [38,39].
Changing the planar symmetry of TMDCs is an effec-
tive approach to obtaining better physical and chemical
properties for use in transistor and sensor devices made
from 2D materials, for example by constructing Janus
MXY structures [40,41]. The Janus MoSSe structure is
constructed by breaking the out-of-plane symmetry of the
MoS, monolayer and replacing a S atom with a Se atom.
Thus, breaking the out-of-plane symmetry results in an
intrinsic electric field. When two-dimensional Janus mate-
rials are synthesized, theoretical and experimental applica-
tions are envisioned in different fields. Very recently, Janus
MoSSe has been fabricated on sapphire substrates by using
the CVD method [42]. Janus MXY structures have differ-
ent features compared with MX, structures. For example,
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TABLE I. Lattice constant (ag), interlayer distance (A), bind-
ing energy (E}), and electronic band gap (E).

ao (A) A (A) E,(eV) EFPBE (eV) EWSES (V)

MBP 3212 — — 0.907 1.362
MoSSe 3249 - 1.558 2.018
MBP/MoSSe 3.227 3.196 -1 033 0.814 1.271
MoSSe/MBP 3.228 3.432 —1.028  0.949 1.322

a MoSSe monolayer can be used for photocatalytic water
splitting as a consequence of the intrinsic electric field
[43—46]. However, similarly to MoS, and MoSe,, the
low electron mobility (approximately 50 cm? V~! s71)
[45], high recombination rate, and short lifetime of photo-
generated electron-hole pairs limit the practical electronic
applications of MoSSe monolayers. Peng and cowork-
ers [47] have proposed that doping Cr or V into Janus
MoSSe can induce valley polarization, which allows val-
leytronics applications. WSeTe monolayers can be used in
applications of out-of-plane piezoelectricity and in spin-
tronics applications due to Rashba splitting induced by the
effect of spin-orbit coupling. Zhang et al. [48] proposed
that Janus VSSe monolayers have potential applications
in nanoelectronics, optoelectronics, and valleytronics due
to combining ferromagnetism, ferroelasticity, piezoelec-
tricity, and valley polarization. In the literature, there are
many studies of different vdW 2D heterobilayers [49-55].
It is important to consider the band alignments to specify
the fields of application of vdW heterobilayers [56]. In
general, vdW heterobilayers present three different band
alignments, which are type I (straddling), type II (stag-
gered), and type III (broken-gap). Type-I heterobilayers
are used in optoelectronic devices such as light-emitting
diodes [57—61] and quantum-well lasers [62,63] as a
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TABLE II. Binding energies of MBP (MoSSe)/MoSSe (MBP)
heterobilayers for the AA1, AA2, ABI, AB2, AB3, and AB4
stacking patterns.

MBP/MoSSe (eV) MoSSe/MBP (eV)
AALl —0.9741 —0.9968
AA2 —1.0332 —1.0277
ABI —0.9456 —0.9604
AB2 —0.9539 —0.9706
AB3 —1.0008 —1.0002
AB4 —0.9606 —0.9769

consequence of efficient electron-hole recombination due
to the spatial confinement of electrons and holes. In type-II
heterobilayers, the undesired recombination rate of photo-
generated carriers [64] is reduced due to spatial separation
of the electron-hole pairs. Besides, type-II alignment plays
an important role in photovoltaic [65—67] and photocat-
alytic [68—70] applications, as it modulates the properties
of the constituent 2D materials. Type-III band alignment
is used in tunnel field-effect transistors [71] and wave-
length photodetectors [72], since it facilitates transitions
from the conduction to the valence band. Thus, a stronger
energy transition enhances the magnetic proximity effect
and thereby intensifies the valley splitting [73]. Shang
et al. [74] stated that bilayer MoSSe has a type-II band
alignment due to an intrinsic dipole, which makes it a good
candidate for optoelectronic applications. In a study of a
blue phosphorus/MoSSe [49] vdW heterobilayer, it was
shown that the electronic band structure could be mod-
ulated by an external electric field and in-plane strain.
In addition, it was shown that type-I and type-II band
alignments were obtained by the replacement of S and Se
atoms, respectively, in the MoSSe structure. The variation
of the electronic and optical properties of different types of
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Stacking patterns considered for the MBP (MoSSe)/MoSSe (MBP) heterostructures.
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similar heterobilayers under electric fields and strain was
studied by Mogulkoc et al. [28,41], Jappor et al. [75], and
Caglayan et al. [76].

In this paper, the optoelectronic properties of MBP/
MoSSe and MoSSe/MBP vdW heterobilayers under
external influences such as electric fields, biaxial in-
plane strains, and wuniaxial out-of-plane strains are
comprehensively investigated by first-principles methods.
Six possible stacking patterns are considered for both het-
erobilayers. All stacking patterns are examined both ener-
getically and dynamically to determine the most favorable
pattern. Subsequently, to identify the band alignments, the
electronic band structures and interlayer charge transfers in
pristine heterobilayers are examined. The variation of the
band alignment in the heterobilayers under the influence
of an external electric field and in-plane and out-of-plane
strain is studied. Finally, since these MBP/MoSSe and
MoSSe/MBP heterobilayers have not yet been synthesized,
some experimental steps to achieve this are proposed in the
Appendix.

II. METHOD

First-principles calculations based on density-functional
theory are performed using the projected-augmented-wave
method [77] implemented in the Vienna ab initio simu-
lation package (VASP) [78—81]. The exchange-correlation

functional is approximated by the generalized gradient
approximation formulated by Perdew, Burke, and Ernz-
erhof (PBE) [82]. The conjugate gradient method is
used to optimize atomic positions and lattice constant.
The cutoff energy of the plane wave is set to 700 eV.
The Brillouin-zone integration is performed using the
gamma-centered Monkhorst-Pack method [83] with 16 x
16 x 1 k-points. The DFT-D2 method [84] proposed by
Grimme is employed to describe the effect of vdW inter-
actions between the MBP and MoSSe. In the geometri-
cal optimization, the maximum Hellmann-Feynman force
acting on each atom is less than 0.05 eV/A. The con-
vergence criterion for the energy between consecutive
steps is taken to be 107® eV. The vacuum layer along
the z direction to prevent interactions between neighbor-
ing slabs is 20 A thick. The Heyd-Scuseria-Ernzerhof
(HSEO06) [85,86] screened hybrid functional is applied to
correct the underestimated band-gap values. The Bader
charge analysis developed by Tang et al. [87], Sanville
et al. [88], and Henkelman et al. [89] is performed to
investigate the charge transfer between the two layers.
The phonon frequencies are calculated using the PHONOPY
[90] code based on density-functional perturbation theory.
All phonon calculations are done employing a 3 x 3 x 1
supercell approximation.

Finally, the dielectric functions of the heterobilayers are
calculated by using the random-phase approximation [91]
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FIG. 2.

(a),(b) Top and side views of stable atomic configurations, (c),(d) electronic band structures, and (e),(f) phonon dispersion

curves for the optimized MBP/MoSSe and MoSSe/MBP heterobilayers.

024001-3



MOGULKOC, CAGLAYAN, and CIFTCI

PHYS. REV. APPLIED 16, 024001 (2021)

—33.4 L T 1 T T T T T T
—33.99225F o ‘—o— MBP/MoSSe|| | 3300008k ‘—0— MoSSe/MBP
\ [ .
-335F -33993001 % 1 ~33.99040 | \
- *
—33.99375 | \. 11 _33.99072 | \0 |
—33.6 | L 3
[« —33.99450 | 17
% r . | —33.99104 | e ]
g ® 33.99525 \0 - ® /
@—33.7 - -33. \°~.—°/. - \ —33.99136 * ]
g - 310 315 320 325 X 3.399 3432 3.465
Mgk '\ ir \ .
<
\ [ \ ]
-339 | \. — \‘
L . . ]
—o—® 9 o
\o\ ./o/' ° L 0o i
° —0—
340 4 0 o1 |\,_’—9'? P P P B [ IR SRRPUR PR SPU SRR SRR SRR R |

24 26 28 30 32 34 36 38 40
Interlayer distance (A) (A)

FIG. 3.

on top of the PBE functional with local field effects for
sampling at 57 x 57 x 1 k-points. The linear response of a
system due to external electromagnetic radiation is defined
by the complex dielectric function ¢(w) = ¢;(w) + iez(w).
The imaginary part &;(w) of the dielectric function due
to direct interband transitions is given by an expression
derived from the momentum matrix elements between the
occupied and unoccupied wave functions as follows [92]:
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Variation of total energy of MBP (MoSSe)/MoSSe (MBP) heterobilayers as a function of interlayer distance.

where ¢ and v correspond to conduction- and valence-band
states, respectively, and u.y is the cell-periodic part of the
orbitals at the k-point k.

III. RESULTS AND DISCUSSION

A. Structural and electronic properties

We examine the structural parameters of pristine
MBP and Janus MoSSe before investigating the MBP
(MoSSe)/MoSSe (MBP) heterobilayers. As can be seen
from Table I, the calculated lattice parameters of MBP
and MoSSe are 3.212 [28,93] and 3.249 A [43,52], respec-
tively, which are compatible with previous reports. Stack-
ing two different monolayers can present a significant
challenge because of the lattice mismatch, which can cause

FIG. 4. Electronic band
structures of (a) pristine

Energy (eV)

MBP and (b) Janus MoSSe
from PBE method (solid
lines) and HSEO06 method
(dashed lines).
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Layer-dependent projected electronic band structures for (a) MBP/MoSSe and (b) MoSSe/MBP heterobilayers.

(c) Schematic representation of band alignments of heterobilayers. £r and E,, represent the Fermi and vacuum energies, respectively.

a strain effect in the unit cell. Besides, the lattice mismatch
creates alterations in the optoelectronic properties and may
even influence the dynamical stability of the heterobilayer.
In the condition where MBP (MoSSe) and MoSSe (MBP)
are stacked, this results in a rather small lattice mismatch of
around 1.13%. Because of the broken out-of-plane symme-
try of MoSSe, two distinct types of heterobilayer, formed
by placing the MBP above and below the MoSSe, are
considered. Also, six possible stacking patterns, called
AAl, AA2, ABI1, AB2, AB3, and AB4, are considered
for each heterobilayer (see Fig. 1). A convenient stack-
ing pattern is found with the binding energy expressed
by Ejp = EMBP(MosSe)MosSe(MBP) — EMBP — EMosse, Where
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FIG. 6. (a),(b) Band-decomposed charge-density differences
and (c),(d) in-plane average electrostatic potential in MBP
(MoSSe)/MoSSe (MBP) heterobilayers. The blue and yellow
colors represent charge-depletion and accumulation regions,
respectively. The isosurface value is set to 0.0002 ¢ A~3.

EMBPMosSeyMosse(MBP), £mBp, and Eyosse stand for the total
energies of the heterobilayers (see Table II). Illustrations
of both of the stable heterobilayers are given in Figs. 2(a)
and 2(b). The lattice parameters of the MBP/MoSSe and
MoSSe/MBP heterobilayers are found to be 3.227 and
3.228 A, respectively, as can also be seen in Table I. The
binding energies of both heterobilayers are around —1 eV.
Hence, it can be assumed that there is energetically favor-
able and relatively strong vdW bonding between the MBP
and MoSSe. Also, the interlayer distances (A) of both het-
erobilayers are investigated from 2.5 to 4 A (see Fig. 3) and
are found to be about 3 A, which is a typical equilibrium
distance for vdW heterobilayers [76].

The dynamical stability of the heterobilayers is exam-
ined by use of phonon spectra. Both heterobilayers are
vibrationally stable with optimized lattice parameters
due to their positive phonon branches, as depicted in
Figs. 2(e) and 2(f). The electronic band structures of
pristine MBP and MoSSe are presented in Fig. 4. MBP
and MoSSe are direct semiconductors, with band-gap val-
ues of 0.907 (1.362) and 1.558 eV (2.018 eV), respec-
tively, for the PBE (HSE06) method. The conduction-band
minimum (CBM) and valence-band maximum (VBM)
are at the K point in the Brillouin zone. As pointed
out in Figs. 2(c) and 2(d), the electronic band struc-
ture of the MBP/MoSSe heterobilayer has a direct semi-
conducting behavior for both the PBE and the HSE06
methods. As expected, the HSE06 method increases the
band gap by lifting the CBM without changing the trend
of the band structure. However, the MoSSe/MBP het-
erobilayer exhibits indirect semiconducting behavior for
the PBE method only. In addition, the MoSSe/MBP

TABLE III. Bader charge analysis and dipole moment (u).
MBP (Je|) MoSSe (le|) u(eA)

MBP/MoSSe 0.018 —0.018 0.027

MoSSe/MBP 0.011 —0.011 0.041
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FIG. 7. Variation of (a) dipole moment, (b) electronic band gap, and (c) interlayer charge transfer in the presence of an external

electric field. Variation of (d) total energy, (e) electronic band gap, and (f) interlayer charge transfer as a function of biaxial strain in
MBP (MoSSe)/MoSSe (MBP) heterobilayers. Variation of (g) total energy, (h) electronic band gap, and (i) interlayer charge transfer
as a function of out-of-plane strain in MBP (MoSSe)/MoSSe (MBP) heterobilayers.

heterobilayer has a Mexican-hat-like valence-band struc-
ture due to the band degeneracy at the VBM. For the
HSEO06 method, the band gap increases, with shifting both
of the CBM upward and of the VBM downward. Thus the
degeneracy in the VBM is split.

The layer-dependent projected electronic band struc-
tures and corresponding band alignments of the MBP/
MoSSe and MoSSe/MBP heterobilayers are presented in
Fig. 5. As can be seen from Figs. 5(a) and 5(b), for the
MBP/MoSSe heterobilayer, the contributions to the CBM

and VBM originate from the MBP layer. When the layer
order of the two-dimensional structure is changed, i.e., a
MoSSe/MBP heterobilayer is formed, the VBM has con-
tributions from by both the MoSSe and the MBP, but the
MoSSe layer is dominant. Also, the band edges of all
structures belonging to the heterobilayers are presented
in Fig. 5(c), where the band alignments are set to the
energy of a stable electron within the vacuum level. The
work function of the structures is considered by use of
the formula ®,, = E,. — Er. Here, E,,. and Er denote
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the vacuum and Fermi energies, respectively. The work
functions of freestanding monolayer boron phosphide and
monolayer Janus MoSSe are found to be 4.522 and 5.521
eV, respectively, which are comparable with reported
values for monolayer boron phosphide (4.66 eV) [28] and
MoSSe (5.24 eV) [94]. The band alignments of vdW heter-
obilayers are determined by the contributions of the layers
to the conduction and valence bands. In this case, for
the MBP/MoSSe heterobilayer, the contributions to the
conduction and valence bands are provided by the mono-
layer boron phosphide, which leads to a type-I band
alignment at the interface. On the other hand, for the
MoSSe/MBP heterobilayer, the contributions to the con-
duction and valence bands are provide by the monolayer
boron phosphide and the MoSSe, respectively, which leads
to a type-II band alignment at the interface of the heterobi-
layer. These results are consistent with the previous stud-
ies of MX; /MBP (M = Mo, W; X =S, Se) heterobilayers
[56,93].

The charge-density differences of the heterobilayers are
presented in Figs. 6(a) and 6(b). The band-decomposed
charge density refers to the valence-band maximum and
the conduction-band minimum in the band structure, as
shown in Figs. 5(a) and 5(b). Figure 6(a) shows that
the VBM is mainly located at the sulfur atoms for the

j:03V/A

K M

Energy-band spectra of (a)+(e) MBP/MoSSe and (f)<j) MoSSe/MBP heterobilayers under the influence of a perpendicular

MBP/MoSSe heterobilayer and refers to the free electron
pairs at boron atoms. Figure 5(b) exhibits the VBMs at the
K point for the band structures of both MBP and MoSSe,
which are consistent with the decomposed charge density
in Fig. 6(b). Also, the amount of charge transfer between
the interlayers of monolayers in each heterobilayer is given
in Table III. It is clear that charge is transferred from the
MBP to the MoSSe layer and a higher charge transfer
occurs in the MBP/MoSSe heterobilayer, which is compat-
ible with the lower interlayer distance and lower binding
energy. Furthermore, we examine the electrostatic poten-
tials, as shown in Figs. 6(c) and 6(d). MBP has a deeper
potential than MoSSe, from which it can be concluded that
charge is transferred from MBP to MoSSe. This result is
also consistent with the Bader charge analysis. As men-
tioned, MoSSe has an intrinsic electric field, which results
from a broken out-of-plane symmetry. This broken sym-
metry constitutes an intrinsic dipole in monolayer MoSSe.
Accordingly, the out-of-plane dipole moment of pristine
MoSSe is found to be 0.181 debye, which is compati-
ble with previous reports [74,95]. In addition, an intrinsic
dipole exists in the interlayer of a vdW heterobilayer,
which creates an intrinsic electric field. For this situa-
tion, the dipole moment of MBP (MoSSe)/MoSSe (MBP)
is found to be 0.027 (0.041) eA (0.123 (0.197) Debye),
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FIG. 9. Layer-dependent electronic band structures of (a}{(k) MBP/MoSSe and (1) +(w) MoSSe/MBP in the presence of an external

perpendicular electric field.

as also stated in Table III. The electrostatic potential dif-
ference between the two constituent monolayers of the
MBP/MoSSe and MoSSe/MBP heterobilayers is approx-
imately 6.8 and 7.3 eV, respectively. Consequently, a large
electrostatic potential difference imposes a strong electric
field across the interfacial region of the heterobilayers.

In general, applying external electric fields and strains
to vdW heterobilayers plays an effective role in modu-
lating the electronic properties and thereby diversifying
the application range. Thus, we examine the effects of an
external perpendicular electric field and biaxial strain on
the MBP (MoSSe)/MoSSe (MBP) heterobilayers. As pre-
sented in the inset of Fig. 7(b), the electric field is applied
perpendicular to the surface of the heterobilayer and is
directed from the MBP (MoSSe) to the MoSSe (MBP)
for the MoSSe (MBP)/MBP (MoSSe) heterobilayers. The
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electronic band structures and the band-gap variations for
both heterobilayers under the influence of the external
electric field are presented in Figs. 7(b) and 8, respectively.
As indicated in Fig. 7(b), the band gap of the MBP/MoSSe
heterobilayer increases between —0.5 VA-! (0.673 eV)
and 0.5 VA~! (0.838 eV) with preservation of the
direct-band-gap feature. For the MoSSe/MBP heterobi-
layer, with the transition from a direct to an indirect
gap, the band gap increases linearly between —0.5 VA™!
(0.538 eV) and 0.1 VA~! (0.883 eV) and decreases
indistinctly between 0.2 VA~! (0.880 eV) and 0.5
VA~! (0.865 V). The evolution of the dipole moments
with respect to the applied electric field is presented
in Fig. 7(a). The variation of the dipole moments
of both heterobilayers depends on the direction and
magnitude of the electric field. The intrinsic electric
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FIG. 10. Variation of the band alignments of (a){k) MBP/MoSSe and (1){(w) MoSSe/MBP in the presence of an external electric

field.
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field is directed from the S atoms to the MBP for
the MBP/MoSSe heterobilayer. Nonetheless, an applied
electric field in the positive direction strengthens the intrin-
sic electric field and decreases the charge transfer between
the MBP and MoSSe layers. Hence, the band gap is
enhanced with decreasing charge transfer. On the other
hand, for the negative direction of the external electric
field applied to the MBP/MoSSe heterobilayer, the direc-
tions of the intrinsic electric field and the external per-
pendicular electric field differ from each other. Because
of this, these two electric fields compensate each other
and increase the charge transfer [see Fig. 7(c)], and cor-
respondingly the band gap decreases. In the MoSSe/MBP
heterobilayer, similarly to the MBP/MoSSe heterobilayer,
the intrinsic electric field is directed from the Se atoms to
the MBP layer, i.e., from the MoSSe layer to the MBP
layer. When the external electric field is in the positive
direction and the intrinsic electric field is in the opposite
direction, these two fields quench each other. Therefore,
as presented in Fig. 7(c), as the magnitude of the electric
field increases in the positive region, the charge trans-
fer between the layers increases, and consequently the
band gap decreases. Interestingly, in the MoSSe/MBP
heterobilayer, with an increasing magnitude of the external
electric field in the negative region, the band gap decreases,
and a direct-indirect band-gap transition occurs. This can
be explained by the variations of the dipole moments of

(a) (c) (d)

~9% (b) _6% ~3%

TABLE IV. Variation of band alignments in the presence of an
external electric field.

Electric field (V A~") MBP/MoSSe MoSSe/MBP
—-0.5 Type 11 Type 11
—-0.4 Type II Type II
-0.3 Type 1 Type II
—-0.2 Type | Type 11
—0.1 Type I Type 11
0.0 Type 1 Type II
0.1 Type | Type 11
0.2 Type I Type I
0.3 Type I Type I
0.4 Type | Type I
0.5 Type I Type I

both heterobilayers, which are compatible with the influ-
ence of the external electric field. Moreover, to observe
the evolution of the band alignments of the heterobilay-
ers, the layer-dependent projected electronic bands are
considered, and these are exhibited in Fig. 9. As can be
seen from Figs. 9 and 10, as the magnitude of the applied
electric field is increased in the positive region, the VBM
of the MoSSe moves toward the Fermi level, while the
CBM shifts upward. However, the VBM and CBM of the
MBP are scarcely changed by the positive electric field,
which indicates that the MBP/MoSSe heterobilayer has
(e)
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Electronic band spectra of (a){g) MBP/MoSSe and (h){(n) MoSSe/MBP under the influence of biaxial strain.
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not changed its band alignment and retains a type-I align-
ment in the positive-electric-field region. In the negative
region of the electric field, the VBM of the MoSSe shifts
below the Fermi level, while its CBM shifts toward the
Fermi level, and the MBP behaves similarly to the way
it behaves in the positive region. In addition, the MoSSe
contributes significantly to the CBM at —0.4 and —0.5
V A~!. The MBP/MoSSe heterobilayer transitions from
a type-I to a type-II band alignment due to the MoSSe
having a lower CBM and VBM than the MBP. On the
other hand, in the MoSSe/MBP heterobilayer, the VBM
and the CBM of the MBP shift upward between —0.5
and 0.5 VA~!. At the same time, the VBM and CBM of
the MoSSe slide downward indistinctly. Also, as exhib-
ited in Fig. 10 and Table 1V, the type-II alignment of the
MoSSe/MBP heterobilayer is preserved between —0.5 and
0.1 VA~! because the MoSSe and MBP contribute to the
VBM and CBM, respectively. Since the MBP contributes
to the VBM between 0.2 and 0.5 V A‘l, a transition of the
band alignment from type II to type I occurs.
Furthermore, to demonstrate tunability of the electronic
structures of both heterobilayers under compressive and
tensile effects, an in-plane biaxial strain is considered. A
biaxial strain from —9% to 9% with strain intervals of
3% is applied. A negative sign expresses a compressive
strain, and a positive sign expresses a tensile strain. A

graph of the total energy versus the biaxial strain indicates
that the pristine heterobilayers are energetically favorable,
which is indicated in Fig. 7(d) [the inset of Fig. 7(d) rep-
resents the MoSSe/MBP heterobilayer]. The biaxial strain
is defined as (a — ag)/ag, where a and q, are the lattice
constants of the strained and the pristine heterobilayer,
respectively. The variation of the band gap and the elec-
tronic band structure of both heterobilayers under biaxial
strain is shown in Figs. 7(e) and 11, respectively. In the
pristine condition, the CBM and VBM are located at the
K point for the MBP (MoSSe)/MoSSe (MBP) hetero-
bilayers. To describe precisely the electronic structures
under a biaxial strain condition, we calculate the orbital-
projected electronic band structures for both heterobilay-
ers. As seen in Fig. 12, contributions to the CBM and
VBM of the MBP/MoSSe heterobilayer are provided by
the p orbitals of B and P atoms, respectively. The CBM
of the MoSSe/MBP heterobilayer is contributed to by the
p orbitals of the B atoms similarly to the MBP/MoSSe
heterobilayer, while the (d,2_,2) orbitals of Mo and the p
orbitals of the P atoms contribute to the VBM. It is obvious
from Fig. 7(e) that the band gap decreases for both heter-
obilayers with increasing tensile and compressive strain.
In particular, as shown in Table V, with increasing tensile
strain for the MBP (MoSSe)/MoSSe (MBP) heterobilay-
ers, while the Se-Mo-S and B-P bond lengths increase, the

TABLE V. Change of bond lengths as a function of biaxial strain for MBP/MoSSe and MoSSe/MBP heterobilayers.

MBP/MoSSe MoSSe/MBP
dMo—S (A) dMo—Se (A) dB-P (A) dMo—S (A) dMo—Se (A) dB—P (A)
—9% 2.361 2.496 1.725 2.361 2.496 1.732
—6% 2.375 2.503 1.751 2.377 2.505 1.758
—3% 2.393 2.513 1.807 2.393 2.514 1.808
0% 2.414 2.528 1.863 2.413 2.529 1.863
3% 2.438 2.548 1.919 2.438 2.549 1.920
6% 2.464 2.570 1.975 2.465 2.571 1.976
9% 2.490 2.597 2.031 2.492 2.597 2.032
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FIG. 13. Layer-dependent projected electronic band structures of MBP/MoSSe and MoSSe/MBP heterobilayers under the effect of

biaxial strain.

bond angles reduce accordingly. With the reduction of the
bond angles, while the coupling of the p and d_» orbitals
weakens, the coupling between the p and d,2_» orbitals
strengthens. Because of the alterations in orbital cou-
pling, the K point of the conduction band and the I point
of the valence band shift toward the Fermi level. When
the tensile strain reaches 6% (3%), the electronic bands
become indirect, with a decreasing band gap for the MBP
(MoSSe)/MoSSe (MBP) heterobilayers. In contrast to the
case of tensile strain, with increasing compressive strain,
the Se-Mo-S and B-P bond lengths decrease for both heter-
obilayers (see Table V), and the bond angles consequently
increase. Because of the increased bond angles, while the
coupling between the d,>_,» and p orbitals weakens, the
coupling between the p and d,» orbitals strengthens. There-
fore, the valence band at the M point and the conduction
band between the I' and K points are shifted toward the
Fermi level. In addition, as also presented in Fig. 13, the
CBM of the MoSSe is moved upward with increasing
compressive strain due to the d,» orbitals. The direct-
band-gap feature is preserved for all compressive-strain
values for both heterobilayers except for the value of —9%
for the MoSSe/MBP heterobilayer. Further, the evolution
of the interlayer charge transfer as a function of biaxial
strain is considered [Fig. 7(f)]. Predictably, the interlayer
charge transfer varies insignificantly in the presence of
biaxial strain due to the small changes in the interlayer
distances of the heterobilayers. Furthermore, the evolu-
tion of the band alignments of the heterobilayers under
biaxial strain is displayed in Fig. 14 and Table VI. As
mentioned earlier, the biaxial strain induces weakening or
strengthening of the coupling of the orbitals. Therefore, the

alterations of the orbitals are a reason for modifications
of the electronic band structure that can directly change
the band alignments of the heterobilayers. One can see in
Fig. 14 that the band gap of the MoSSe in the presence
of biaxial strain is higher than that of the MBP except
for tensile strains of 6% and 9% for both heterobilayers.
Hence, for a type-I band alignment, photogenerated elec-
trons and holes migrate from MoSSe to MBP, leading to
recombination. On the other hand, for a type-II band align-
ment, photogenerated electrons are transferred from the
CBM of the MoSSe to the CBM of the MBP layer, while
photogenerated holes are transferred from the VBM of the
MBP layer to the VBM of the MoSSe layer.

Additionally, out-of-plane strain is considered for both
heterobilayers. An out-of-plane strain from 0.2% to —0.2%
is applied with strain intervals of 0.1%. The positive
and negative signs denote tensile and compressive strains,
respectively. From Figs. 7(g) and 3, a graph of the
total energy versus the out-of-plane strain shows that
the energetically favorable interlayer distance of MBP

TABLE VI. Variation of band alignments in the presence of
biaxial strain.

Strain (%) MBP/MoSSe MoSSe/MBP
-9 Type I Type II

—6 Type I Type II

-3 Type | Type 11

0 Type I Type II

3 Type 11 Type 11

6 Type | Type I

9 Type I Type 1
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(MoSSe)/MoSSe (MBP) is approximately 3.20 (3.43) A.  in the presence of out-of-plane strain is shown in Fig. 7(h)
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FIG. 15. Electronic band structure of (a){e) MBP/MoSSe and (f)—(j) MoSSe/MBP in the presence of out-of-plane strain.
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FIG. 16. Evolution of dipole moments of MBP/MoSSe and
MoSSe/MBP heterobilayers in the presence of out-of-plane
strain.

factors that can change the band gaps of heterobilayers:
variation of the interlayer distances and of the dipole
moments. The influence of the dipole moment on both het-
erobilayers is also studied, and is presented in Fig. 16. As
shown in Figs. 7(h), 7(1), and 16, with increasing interlayer

distance and dipole moment, the charge transfer tends
to diminish. Therefore, the electronic band gaps widen,
and, meanwhile, the direct band gap is retained. In addi-
tion, it can be seen in Fig. 7(i) that the interlayer charge
transfer between the MBP and MoSSe layers decreases
when the tensile strain in the MoSSe/MBP heterobilayer
reaches 0.2%. It can be said that this is a limit value at
which the two monolayers begin to separate. Therefore,
the contributions of both MBP and MoSSe to the elec-
tronic band are almost the same as in the case of the
pristine form [see Fig. 17(j)]. It is also clearly seen that
the interlayer distances in the MBP/MoSSe heterobilayer
under an out-of-plane strain are narrower than those in the
MoSSe/MBP heterobilayer. Therefore, the charge transfer
is rather high in the MBP/MoSSe heterobilayer compared
with the MoSSe/MBP heterobilayer. From Fig. 12, one
can see that the CBM is contributed by the B atoms. As
presented in Fig. 17, for the MBP/MoSSe heterobilayer,
with increasing interlayer distance, the amount of charge
transfer from the B atoms decreases, resulting in the CBM
shifting upward from the Fermi level. On the other hand,
in the MoSSe/MBP heterobilayer, the charge transfer from
the B atoms increases with increasing compressive strain,
and the CBM shifts to the Fermi level. As presented in
Fig. 18 and Table VII, in the MBP/MoSSe heterobilayer,
variation occurs in the electronic band structure in the
presence of out-of-plane strain, yet the band alignment

Energy (eV)

Energy (eV)

FIG. 17.

Layer-dependent projected electronic band spectra under the effect of (a) —0.2%, (b) —0.1%, (c) 0.0%, (d) 0.1%, and (e)

0.2% out-of-plane strain for MBP/MoSSe heterobilayer and (f) —0.2%, (g) —0.1%, (h) 0.0%, (i) 0.1%, and (j) 0.2% out-of-plane strain

for MoSSe/MBP heterobilayer.
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is not affected. For the MoSSe/MBP heterobilayer, both
the electronic band structure and the band alignment are
modified under the influence of out-of-plane strain.

B. Optical properties

In order to examine the effect of the layer order, external
electric fields, and biaxial strain on the optical properties
of MBP (MoSSe)/MoSSe (MBP) heterobilayers, the vari-
ation of the imaginary part of the dielectric function is
calculated (Fig. 19). The imaginary part of the dielec-

TABLE VII. Variation of band alignments in the presence of
out-of-plane strain.

Strain (%) MBP/MoSSe MoSSe/MBP
—-0.2 Type I Type II
—0.1 Type 1 Type I
0 Type I Type II
0.1 Type I Typel
0.2 Type 1 Type I
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Variation of band alignments of MBP/MoSSe and MoSSe/MBP heterobilayers under the effect of out-of-plane strain.
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Heterobilayer

FIG. 20. Schematic representation of a MoSSe/MBP heterobi-
layer solar cell.

tric function is concerned with photon absorption, as
mentioned in Sec. II. Since both heterobilayers have an
anisotropy in the z direction, the imaginary part of the
dielectric functions is considered in the in-plane (x-y) and
out-of-plane (z) directions. The absorption onsets in the
in-plane (out-of-plane) direction for pristine MBP/MoSSe
and MoSSe/MBP are found to be 0.756 (1.096) and
0.877eV (1.536 eV), respectively, which are compatible
with the electronic band gaps. In the in-plane direction,
there are three main absorption peaks situated in the vis-
ible and UV regions that are observed, at 2.51 (blue), 2.91

(violet), and 6.42 eV (UV) for the MBP/MoSSe heterobi-
layer, and at 2.48 (green), 2.94 (violet), and 6.43 eV (UV)
for the MoSSe/MBP heterobilayer. The absorption in the
visible light region observed along the in-plane direction
implies high efficiency when the heterobilayers are utilized
for solar energy conversion, which we illustrate in Fig. 20
for a MoSSe/MBP heterobilayer. Further, the imaginary
part of the dielectric function of the MBP (MoSSe)/MoSSe
(MBP) heterobilayers is investigated in the presence of an
external electric field, as shown in Fig. 21. In the inset
of Fig. 21, it can be observed that for both heterobilay-
ers, while the intensity of the absorption peak at positive
electric field values increases, it decreases at negative field
values. Further, the imaginary parts of the dielectric func-
tion of the MBP (MoSSe)/MoSSe (MBP) heterobilayers
versus the energy of the incident photons for compres-
sive and tensile strains are presented in Fig. 22. The onset
values for the MBP/MoSSe heterobilayer behave with
respect to the values for MoSSe/MBP like those for
the pristine states, and this result is also compati-
ble with the strain-dependent band structures. When
the tensile (compressive) strain is increased, a redshift
(blueshift) occurs in the in-plane direction for both
heterobilayers, with an increasing (decreasing) intensity
of the main absorption peaks. Remarkably, the main
out-of-plane absorption intensity for the imaginary part
of the dielectric function decreases as the tensile strain
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increases, while it increases when the compressive strain
increases.

Furthermore, the evolution of the imaginary part of the
dielectric function under the influence of an out-of-plane
strain is investigated and is displayed in Fig. 23. In the
presence of an out-of-plane strain, it is observed that the
imaginary part of the dielectric function in the in-plane
direction for both the MBP/MoSSe and the MoSSe/MBP
heterobilayers is altered only slightly compared with the
results for an in-plane biaxial strain.

IV. CONCLUSION

In summary, we study heterobilayers made from MBP
and Janus MoSSe under the effects of strain and electric
fields. Six possible stackings of the heterobilayers are
considered for each heterobilayer. Two stable MBP
(MoSSe)/MoSSe (MBP) heterobilayers with minimum

2 4 6
Photon energy (eV)

energy also have a direct band gap. To describe the intrin-
sic electric field created in the interlayer of the heterobi-
layer, the dipole moments and electrostatic potentials are
considered. Moreover, considering the results of Bader
analysis for both heterobilayers, it is seen that charge is
transferred from the single-layer boron phosphide to the
Janus MoSSe. Thus, it is indicated that the intrinsic elec-
tric field is directed from the MoSSe layer to the MBP layer
for both heterobilayers. While the MBP/MoSSe bilayer is
type I without the application of an electric field or strain,
it is type II when these are applied. It is observed that
the band alignments of the MBP/MoSSe and MoSSe/MBP
heterobilayers in the presence of an external perpendic-
ular electric field are changed between —0.4 and —0.5
V A~! and between 0.1 and 0.5 V A, respectively. Under
in-plane and out-of-plane strains, the band alignment of
the MBP/MoSSe heterobilayer is preserved. On the other
hand, the band alignment of the MoSSe/MBP heterobi-
layer is preserved except for values of 6% and 9% of
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the in-plane strain. Moreover, the band alignment of the
MoSSe/MBP heterobilayer is altered under out-of-plane
strain. Preserving band alignments under the influence of
external electric fields and strain provides freedom in the
design of optoelectronic devices.
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APPENDIX: PROPOSED EXPERIMENTAL
PROCEDURE FOR MBP/MoSSe
HETEROBILAYERS

Similarly to the process for MoS,/WS, [96] heterobi-
layers proposed by Yuan and coworkers, the liquid-transfer
technique can be used to synthesize MBP (MoSSe)/MoSSe
(MBP) heterobilayers. The procedure for synthesis of
the proposed heterobilayers is illustrated step by step in
Fig. 24. To synthesize a MBP (MoSSe)/MoSSe (MBP)
heterobilayer, firstly, MBP is grown on a SiC substrate
and MoSSe on a sapphire substrate by the CVD method.
A spin-coating process is applied to the surfaces of
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FIG. 24. Schematic representation of the synthesis of MBP (MoSSe)/MoSSe (MBP) heterobilayers using the proposed liquid-

transfer technique.

024001-17



MOGULKOC, CAGLAYAN, and CIFTCI

PHYS. REV. APPLIED 16, 024001 (2021)

the materials to stack the MBP and MoSSe monolay-
ers produced by the CVD method. To coat the two
monolayers, poly(methyl methacrylate) (PMMA) is used.
Then, NaOH solution is used as an etchant to remove
the MoSSe monolayer from substrate 2. The removed
sample is transferred to substrate 3. After transporta-
tion of the MoSSe monolayer to substrate 3, the PMMA
coating is removed with a solvent such as dimethylfor-
mamide (DMF). The remaining residues are annealed
under pressure. In addition, similarly to the MoSSe mono-
layer, the MBP is coated with PMMA and etched with
NaOH solution from substrate 1. Then the MBP is stacked
on monolayer MoSSe on substrate 3. After removing the
PMMA with DMF, the remaining residues are completely
removed from the heterobilayer by a second annealing
process.
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