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ABSTRACT: Interlayer excitons, formed by electrical charge transfer
between layers of 2D van der Waals heterostructures, are of the utmost wu hu{f'
importance for light-detection and light-harvesting applications. In particular, = ; ‘
Janus-based ‘heterostrucﬁures are promising .platforn.ls to observe robust ‘l,Ejaﬁ; o % 8l & ”p) o 8 »
interlayer exciton dynamics due to their intrinsic electric field. Here, we carry 5 ¢ ¥ 8 ¢ ¢ o1, ¢ 9
out ground- and excited-state first-principles calculations, based on the G,W,
approach and the solution of the Bethe—Salpeter equation, to investigate the PAA AR A A AR 2 A #
energetic, electronic, and excitonic properties of MoSe,/WSSe van der Waals Q B n & Q Q &ﬁ% o Ei
heterobilayers. Our results show that the heterojunction presents features of R AR 2R A AR An AR A A
type-II band alignment and tightly bound, long-lived interlayer excitons.
Indeed, the lowest dipole-allowed excitonic state possesses an interlayer
character and a slight deviation of 12% in its binding energy compared to the lowest-energy intralayer exciton. Furthermore, the
interlayer excitons have transition rates ~SS times smaller than the intralayer ones, which translates into a longer radiative lifetime of
dozens of nanoseconds at room temperature. This is up to 2 orders of magnitude greater than that of the lowest-energy intralayer
exciton. The findings emphasize the critical role of Janus-based heterojunctions in influencing interlayer exciton radiative lifetimes,
indicating that the system possesses considerable potential for application in optoelectronic devices such as a light-emitting diode
(LED) or photodetector.
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B INTRODUCTION to the intralayer ones, have been observed.’”™*® The former
are characterized by presenting small transition rates and
longer lifetimes, when compared to the intralayer ones, due to
the relatively large electron—hole spatial separation.””*
Furthermore, previous studies’>’® have shown that the
interlayer coupling directly impacts the electron—hole pair
recombination time. Thus, as the coupling increases, the

overlap of the electron—hole wave function enhances, causing
36

The groundbreaking isolation of single-layer graphene' paved
the way to realize and explore various other two-dimensional
(2D) materials,” ¢ revealing promising candidates for different
applications in electronics,”~ optoeletronics,"”"" and photo-
. 12—16 . ce
voltaics. In particular, group VI transition metal
dichalcogenides (TMDCs) have received considerable atten-
tion due to their superior stability, tunable electronic and . e .
. . . . . 17,18 the exciton lifetime reduction.
optical properties, as well as their unique excitonic effects. When the vertical spatial symmetry of 2D TMDCs is
Indeed, due to their reduced dimensionality, 2D TMDCs b ymery

o o broken, a new class of layered material, known as Janus
exhibit enhanced excitonic effects that enable to observe other ¢ .37 . Y . ) . J

. : - . o . TMDC, arises.”’ Experimentally, this can be achieved by
quasi-particle excitations that include biexcitons, trions, and

. . . 19—21 . replacing the atoms on one of the TMDC’s chalcogen layers

the formation of interlayer excitons, some of which ; . . .
ossess robust bindine enercies and can be observed or with another chalcogen element using selective atomic epitaxy
fnanipulate dueven lat io%)m terrlierature 2223 i replacement.’® As a result of the symmetry breaking, an out-of-

. . . 1 lane intrinsic electric field is formed in the structure.”” A
One major progress achieved with 2D materials is the P
ved wi

o ; 3 . direct consequence of this effect has been studied in detail for
possibility of forming vertically stacked bilayer heterostructures
that are bound by weak van der Waals (vdW) interactions.
This approach has become the new route to engineer, for
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instance, various types of band alignments.m_26 In this regard, Revised:  February 19, 2025
type-II band alignment of TMDC-based heterobilayers Acce}’ted‘ February 20, 2025
(HBLs) has been widely studied and demonstrated to be a Published: March 3, 2025

promising candidate for optical excitation applications.””~** In
these heterobilayer structures, interlayer excitons, in addition
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MoSSe/MoS, and has enabled to observe that the interlayer
coupling can be enhanced by up to ~13% compared to the
heterobilayer formed only by MoS,.*" Furthermore, it has a
considerable impact on the dynamics of interlayer excitons and
can aid to extend the exciton radiative lifetime as
experimentally demonstrated."" This was also shown by Song
et al, who found that the carrier lifetime in Janus-based
heterobilayers can be tuned depending on the orientation of
the Janus monolayers.”” These findings underscore the
importance of Janus-based heterojunctions, especially in the
tuning of the interlayer exciton dynamics, which can be pivotal
for light-detection and light-harvesting applications.

In this work, we employ ab initio density functions and
many-body perturbation theories to investigate the structural,
energetic, as well as the electronic and excitonic properties of a
vertical vdW heterobilayer, formed by MoSe, and WSSe
monolayers. We verified that all interfaces formed are ruled by
exothermic processes and have semiconductor character (type-
II band alignment), with the bandgap being direct or indirect
depending on the stacking pattern. Furthermore, we
demonstrate that the most energetically favorable hetero-
structure presents excitons with binding energies ranging from
0.22 to 0.29 eV. In particular, the structure presents long-lived
interlayer excitons with a radiative lifetime of dozens of
nanoseconds at room temperature, which is up to 2 orders of
magnitude greater than that of the lowest-energy intralayer
exciton. The exciton lifetime determined in this study suggests
a promising material for light-emitting diodes.

B THEORY AND METHODOLOGY

Ground-state density functional theory (DFT) calculations,
considering spin—orbit coupling (SOC) and dipole correc-
tions, were carried out to study the energetics and structural
properties of MoSe,/WSSe heterostructures by using the
Quantum Espresso package.”” The exchange-correlation
energy was obtained within the generalized gradient
approximation, as proposed by Perdew, Burke, and Ernzerhof
(GGA-PBE),** while van der Waals (vdW) interactions were
included by considering the Grimme-D2 scheme.** Both the
pristine monolayers and the MoSe,/WSSe heterobilayer
systems consist of one unit cell of 21 A along the z-direction,
i.e,, between periodic images. Fully relativistic norm-conservin
pseudopotentials, obtained from the ONCV database®
(including 3d semicore states as valence electrons), were
used. The Brillouin zone was mapped onto a 9 X 9 X 1 k-point
mesh, and the Kohn—Sham orbitals were expanded on a plane-
wave basis set with an energy cutoff of 85 Ry. Two distinct
heterobilayer systems (MoSe,/SWSe and MoSe,/SeWS) were
examined, involving six alternative stacking configurations for
each one. All structures were fully relaxed to their equilibrium
positions with stresses and forces below 0.1 kbar and 2.5 X
107* eV/A, respectively.

From the Kohn—Sham eigenstates and eigenvalues, the
quasi-particle properties were computed within the GyW,
approach considering the plasmon-pole approximation for a
k-point grid of 24 X 24 X 1. The dielectric screening functions
were obtained with an energy cutoff of 60 and 16 Ry for the
exchange potential and screened interaction, respectively. We
employed the Bruneval-Gonze terminator approach’’ to
accelerate the convergence with respect to empty bands, so
that 400 bands in the self-energy and 500 bands in the
dynamical dielectric screening were enough to reach accurate
results (see Figures S1 and S2 for the convergence tests). The
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Coulomb interaction is described as a truncated potential in
slab geometry with an energy cutoff of 6 Ry to reduce spurious
interactions among periodic images along the z-direction.

The optical spectra were obtained by solving the Bethe—
Salpeter equation (BSE), which can be reduced to an
eigenvalue problem through the Hamiltonian,

exc
H vck

o
ve

= (eck - €vk)5c,c/5v,v/5kk' + (fck - ka)

2‘7 vck

V'K

- W ok

V'K

(1)

where the matrix [2\7 ek,

ve
the first term corresponds to the electron—hole exchange part
from the Hartree potential, while the second term represents
the electron—hole attraction from the screened exchange
potential. Within the Tamm—Dancoff approximation,™ the
dielectric nature of 2D systems can be described by the
imaginary part of the polarizability per unit area,

4 Vf,k,] is the BSE kernel. Here,

v’k

2

2
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where € is the polarization vector, and r is the position
operator. Here, Avsck (Qg) is the exciton eigenfunction
(eigenvalues) for the S-th exciton state, obtained from the
diagonalization of the BSE Hamiltonian. Furthermore, N, is
the number of points in the Brillouin zone, and A represents
the area of the two-dimensional unit cell.

The BSE calculations were carried out by considering a
scissor operator applied to the Kohn-Sham energies. The QP
correction for the bandgap at the k-point was obtained in a 24
X 24 X 1 grid. This simplification can be justified, as we are
interested in the lowest energy excitonic states. For all systems,
the BSE equation was solved on a finer k-grid of 36 X 36 X 1,
considering two valence (v) and two conduction (c) bands for
the pristine monolayers and four valence and four conduction
bands for the heterobilayer structure. In our calculations, we
consider light polarized parallel to the plane of the layers and
an artificial Lorentzian broadening of 0.05 eV to smear out the
optical response. All the quasiparticle calculations were
performed using the YAMBO code.” All band structures
were postprocessed using the YAMBOPY Python library
implementation.””

The exciton radiative lifetimes at finite temperature are
computed using the 2D model proposed by Chen et al,*’
which has been successfully applied to mono- and bilayer
TMDCs*>*° and also to few-layer black phosphorus.’’ Within
this approach, the radiative lifetime of the S-th exciton at a
finite temperature T is defined by the following:

3 (ZrnscszT]

Sl ===

4\ (0) (3)
where myg is the effective exciton mass, computed as mg = m, +
my, where the first and second right-hand terms are the
electron and hole masses, respectively. € is the S-th exciton

energy. Here, the recombination rate for the momentum Q =0
is defined as follows:

7 (T) = (1) = (0)™" X
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where A is the area of the unit cell, Hg = zwk ACSvkdwk are the
excitonic transition dipoles, and d,,; are the electronic dipoles
computed in the length gauge.

The electron distribution probabilities along the z-axis are
computed after the coordinates are integrated perpendicular to
the z-direction. The electronic probability in the bottom layer
(P(BL)) is obtained by numerically integrating the overlap
distribution along the z-axis up to a threshold fixed halfway
between the two layers and dividing by the result of integrating
the overlap function from 0 to L, where L, represents the
lattice parameter along the z-direction. Consequently, the
electronic probability in the top layer can be obtained as
P(TL) = 1 — P(BL).

B RESULTS AND DISCUSSION

Monolayer Janus WSSe and MoSe,. We start by
analyzing the structural and electronic properties of the
pristine WSSe and MoSe, monolayers. Their optimized
geometry, depicted in Figure la,b, presents a lattice parameter
of a = 326 A (3.32 A) for WSSe (MoSe,). The chalcogen—
chalcogen distance is 3.24 A (3.33 A) for S—Se (Se—Se), and
the bond length is 2.42 A (2.54 A) for W—S (W—Se and Mo—
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Figure 1. (a, b) The fully relaxed geometry of MoSe, and the WSSe
monolayer. W, Mo, S, and Se atoms are denoted by gray, purple,
yellow, and green spheres, respectively. (c, d) The projected quasi-
particle electronic band structure of MoSe, and WSSe monolayer. (e)
The electrostatic potential of WSSe.
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Se), respectively. These values are in agreement with the
results presented in previous works.>2 7% Figure 1c,d shows the
quasi-particle (GoW,) electronic structure of WSSe and MoSe,
monolayers, where one observes a direct bandgap energy at k
symmetry points of 2.59 and 2.38 eV, respectively. The
majority contribution to the minimum (maximum) of the
conduction (valence) band comes from the constituent
transition metal of the monolayer (indicated in red in both
cases). In addition, the averaged electrostatic potential for the
WSSe monolayer along the z-direction is shown in Figure le.
There we see a potential difference AV = 0.62 eV along the z-
direction that determines the orientation of an intrinsic electric
field within the monolayer structure. This is a direct
consequence of the symmetry breaking along that direction.
The relevant electrostatic parameters including the ionization
potential (IP), electronic affinity (EA), and work function (®)
are sungr;l;lsriszéed in Table 1 and agree with previous theoretical
studies.””>””

Table 1. Relevant Electronic and Electrostatic Properties for
Pristine WSSe and MoSe, Monolayers and the HBL AA’-
MoSe,/SeWS*

Structure IP (eV) EA (eV) ® (eV) Egowo (eV)
WSSe™ 5.58 4.17 493 2.59
MoSe,**>° 5.23 3.89 4.46 2.38
AA’-MoSe,/SeWS 4.87 3.93 4.40 1.82

“The ionization potential (IP), electronic affinity (EA), and work
function (®) are obtained at the ground-state level.

Heterobilayers (HBLSs). Next, to make the two lattices
commensurate for later stacking, we performed an ~1.8%
expansion of WSSe, which implied a reduction in its quasi-
particle bandgap of 0.28 eV compared to the pristine one
(Figure S3). From this, we constructed two different
heterobilayer systems: (i) MoSe,/SWSe and (ii) MoSe,/
SeWS. For each of these cases, we considered six different
stacking sequences between MoSe, and WSSe, as depicted in
Figure S4, and the band structure is presented in Figure SS.
The energetic stability of each one of the heterobilayers was
investigated through their formation energy (E;) (see Table
S1).”° Based on those values, it can be noted that all types of
heterobilayers are energetically favorable and an exothermic
process drives their formation. In particular, the MoSe,/SeWS
heterostructure with AA’ stacking (Figure 2a) has E= —25.9
meV/A® and is the most energetically stable geometric
configuration. These results are comparable with those for
other 2D heterobilayer systems.'®**>”*® Furthermore, the
electrostatic potential (see Figure S6) indicates an intrinsic
electric field in the interface, and the dynamical stability of the
(MoSe,/SeWS) heterostructure for the AA’ configuration was
evaluated through phonon dispersion calculations (see Figure
S7), and we noticed the absence of negative frequencies,
indicating it is stable. We have also studied a stacking
configuration in which the Janus sulfur atom points downward
(AA’-MoSe,/SWSe). The QP electronic structure and optical
absorption for this case are provided in Figure S8a,b.

Focusing on that heterobilayer arrangement, ie., the AA’-
MoSe,/SeWS interface, in Figure 2b, we show the layer-
projected electronic structure calculated with quasi-particle
corrections. It can be seen that around k symmetry point,
where the more relevant optical transitions occur, the valence
band maximum (VBM) is mostly composed of orbitals from
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Figure 2. (a) The fully relaxed geometry, (b) the layer-resolved
projected electronic band structure, and (c) the plane-averaged charge
density difference along the z-direction of MoSe,/SeWS-AA’ HBL. W,
Mo, S, and Se atoms are denoted by gray, purple, yellow, and green
spheres, respectively.

the WSSe layer, while the conduction band minimum (CBM)
is associated with MoSe, orbitals. As a consequence, the
heterobilayer structure shows a characteristic type-II band
alignment, which, in principle, allows for the photogeneration
of spatially separated electron—hole pairs with prolonged
carrier lifetimes. The isolated constituents (monolayer MoSe,
and WSSe) present a conduction band offset of 0.09 eV, which
is slightly lower than that of other similar systems.””*® In
principle, having a higher conductlon band offset implies a
higher open-circuit voltage (Voc),”” which is directly propor-
tional to the efficiency of a photovoltaic device.”” However,
having an adequate value for the conduction band offset (not
too large) is essential to have good charge separation without
creating unwanted barriers that hinder charge transport, which
can negatively impact both the short circuit current density
(Jsc) and the filling factor (FF),°" quantities that limit the
efficiency of the device.”” In addition, we verified that the
creation of the interface reduces the quasi-particle bandgap to
1.82 eV in relation to isolated systems, as expected due to
quantum confinement effects.

To better understand the charge transfer process in the
interface formation and its binding mechanism, Figure 2c
shows the planar-averaged charge density difference along the
z-direction (Ap(z)). Due to the difference in ® between
individual monolayers, when the heterostructure is formed, the
Fermi energy level realigns until equilibrium is reached. In
response to this realignment, interlayer charge transfer occurs.

5054

It is clear that charge densities are redistributed by the
formation of regions with gains (Ap > 0) and deficits (Ap < 0)
of electrons at the heterostructure interface region. From
Bader’s analysis,’> we found that the Janus monolayer loses a
charge of 9 X 107%, while the corresponding charge
accumulation is observed in MoSe,, in agreement with type-
II band alignment.

Excitonic Effects on Optical Spectra. Figure 3a displays the
optical spectra for the MoSe,/SeWS-AA’ heterobilayer (green

a) 40
30
20
10
Sl
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407 | | | | |
1.6 1.8 2.0 2.2 2.4
Photon energy(eV)
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S — S —
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Figure 3. (a) Optical spectra of the MoSe,/SeWS-AA’ (green) and
the monolayers WSSe (yellow) and MoSe, (purple), with the
respective oscillator strengths (in bars). The vertical black dashed line
indicates the value of the direct quasi-particle bandgap of the HBL.
(b) QP electronic band structure, around the k-point, where the
purple (yellow) colors indicate the MoSe, (WSSe) layer projection.
Indicate in red the bands that participate in the respective direct
optical transitions. (c) Real space distribution of the electron around
the hole position (black arrow), and their corresponding projection
along the z-axis for (c1) the dipole-allowed interlayer exciton (Xp2),
(c2) the A-exciton (X,), and (c3) the B-exciton (Xj) state. The
integrated electronic probabilities in the hole’s layer are shown on the
left panel.
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line) and its corresponding monolayers (MoSe,, purple line
and WSSe, yellow line). Hereafter, X; (with i = IX', IX? A, and
B) denotes the various excitonic states associated with the
heterobilayer. The first dipole-allowed transition, Xy, is
identified as an interlayer exciton with a binding energy of
0.22 eV and possesses a small oscillator strength—only 0.14%
of the value of the more intense peak (indicated by the green
arrow)—which originates from direct transitions from the
valence band maximum (VBM) to the conduction band
minimum (CBM) around the k-point. Accordingly, Xy arises
from direct transitions from the VBM to CBM+1 around the k-
point, with a binding energy of 0.22 eV. Its interlayer character
is easily confirmed by the layer-resolved band structure
presented in Figure 3b. Since the VBM is predominantly
composed of atomic orbitals from the Janus WSSe monolayer
and the CBM is associated with the MoSe, monolayer, this
excitation exhibits an interlayer character. This is further
confirmed by plotting the electron distribution around the hole
position and its corresponding projection along the z-axis, as
shown in Figure 3cl. Clearly, 99% of the electron distribution
is localized in the MoSe, layer, while the hole remains in the
WSSe layer. These trends are similar to those found in MoS,/
WS, heterobilayers, where these states are labeled as “gray”
excitons due to their dipole-allowed, although small, oscillator
strengths.”” The small oscillator strength of these interlayer
excitons results from the relatively large spatial separation
between the electron and the hole. This can be confirmed by
assessing their selection rules under symmetry breaking,
achieved, for instance, by changing the electric field polar-
ization. Indeed, a comparison of the oscillator strengths of
these excitons with those obtained for an out-of-plane
polarization of the electric field enables us to confirm that
their small oscillator strengths are due to the limited overlap
between the electron and hole wave functions (see Figure S9).

The second and third bright excitons, labeled as X, and X,
originate from direct transitions from VBM to CBM+3 and
VBM-1 to CBM, and they possess binding energies of 0.25
and 0.29 eV, respectively, as indicated in Figure 3b. There, it
can be noted that both optical transitions predominantly
involve carriers located in the same layer, which determine
their intralayer character. A close analysis of the electron
probability distribution of X, and Xy confirms that 93% and
99% of the overall electron distribution are concentrated
around the hole layer (see Figure 3c2,c3). Therefore, we
confirmed that X, and Xj are associated with direct transitions
within the WSSe and MoSe, layer, respectively. It is worth
mentioning that due to the reduced electron—hole separation
in intralayer excitons, the transition rate is almost SS times
greater than that of the interlayer ones. This closely matches
the findings for heterostructures based on MoSe,/WSe,.”"

For completeness, in Figure 3a, we also present the optical
spectra for each individual monolayer, i.e., MoSe, (purple line)
and WSSe (yellow line). It can be verified that, overall, the
optical spectrum of HBL is slightly red-shifted in relation to
the monolayers. This is expected due to the increase of
dielectric screening. However, the intralayer X, (Xj) exciton
presents a red (blue) shift with respect to Y, (Z,). This effect
could be ascribed to the charge transfer process occurring from
the WSSe monolayer to MoSe,.

Table 2 summarizes the relevant values associated with the
excitonic spectra of the heterobilayer system, as well as their
atomic composition. Interestingly, the system absorbs light in a
range of the electromagnetic spectrum desirable for designing
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Table 2. Spectral Exciton Position and Exciton Binding
Energy Defined as the Difference between the QP
Electronic Bandgap and the Optical Gap”

Xyt X2

MoSe,/SeWS-AA Xy Xp
Composition W-Mo W-Mo W-w Mo—Mo
Spectral position (eV) 1.60 1.62 1.68 1.78
Binding energy (eV) 0.22 0.22 0.25 0.29

“The compositions of the respective exciton are also presented.

tandem solar cells®* and presents binding energies that may
allow exciton transport at room temperature.65

Now, we focus on the analysis of the radiative exciton
lifetimes, estimated by using eq 3. Table 3 presents the

Table 3. Exciton Radiative Lifetimes for the Monolayer and
HBL Systems Indicated in Figure 3a“

MoSe, ‘WSSe HBL
2 (ps) 022 0.20 032
2 (ps) 030 029 030
20, (ps) — — 18.04
27 (ps) 20.61 825 18.51
2T (ps) 27.23 1225 27.38
2T (ns) — — 1.71
& (ns) 155 0.62 139
& (ns) 2.04 092 2.05
X (ns) — — 128.32

“1, (1) refers to the A-excitons (B-excitons) of the monolayers and
HBL, while 7y refers to the interlayer exciton. The calculations were
performed at room temperature (RT), 0 K (0), and 4 K (low
temperature (LT)).

intrinsic radiative lifetimes at 0 K (Tio) , low temperature (TiLT) )
and room temperature (TiRT). For the MoSe, and WSSe

monolayers, the intrinsic radiative lifetimes are 7y [z5] = 0.22
[0.30] and 0.20 [0.29] ps, respectively. The former result is in
excellent agreement with previous studies carried out by

Palummo et al.*”> who found values for 7§ ~ 0.24, 0.22, and
0.19 ps for the MoSe,, WSe, and WS, monolayers,
respectively. For 7,, we found radiative lifetimes between 8
and 21 ps at low temperature and values smaller than 2 ns at
room temperature.

For the interlayer exciton (Xpy2), radiative lifetimes of 18.04
ps, 1.71, and 128.32 ns were obtained for the intrinsic, low
temperature, and room temperature regime, respectively.
These results indicate that the intrinsic lifetime is ~2 times
(1.5 times) longer than heterobilayers based on MoSe,/WSe,
(MoS,/WS,).* For finite temperatures, we found longer
radiative lifetimes that are up to 1 order of magnitude longer
than that of MoSe,/WSe,.*”

More recently, Reho et al.* conducted a systematic study on
TMDC heterostructures, considering several stacking config-
urations, including a twisted WSe,/MoSe, heterobilayer. They
demonstrated that depending on the stacking, the interlayer
exciton radiative lifetimes can vary from the picosecond to the
nanosecond range. In particular, for the twisted structure, they
observed an interlayer exciton with a long-lived lifetime of 428
ns. Furthermore, for light polarized along the plane direction, it
was found that dipole-allowed interlayer excitons have lower

https://doi.org/10.1021/acsanm.4c06994
ACS Appl. Nano Mater. 2025, 8, 5051—5058


https://pubs.acs.org/doi/suppl/10.1021/acsanm.4c06994/suppl_file/an4c06994_si_001.pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.4c06994?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Nano Materials

www.acsanm.org

binding energies when compared to intralayer ones. This is
expected since the charge carriers in the interlayer exciton are
spatially separated, which reduces their binding energy.
However, there is a competition between this separation and
the weak Coulomb screening between the layers, which
prevents the binding energy of IX excitons from being much
lower than that of intralayer excitons.””

Regarding the effects of strain, Li et al.%® showed that in
TMDC heterostructures, the binding energy of both interlayer
and intralayer excitons decreases with increasing strain. This
effect can be exploited as an effective mechanism to tailor the
exciton binding energy via in-plane biaxial strain. On the other
hand, applying vertical stress to the heterostructure can also
impact the excitonic binding energy as verified by Reho et al.*®
Indeed, when varying the interlayer distance in the MoS,/WS,
HBL, it was demonstrated that the overlap of the p, orbitals
has a great influence on the optical properties of the system.
Although the system under study exhibits strain, based on the
aforementioned studies, we expect Janus-based heterobilayer
systems with minimal strain to present lower binding energies
as well as reduced oscillator strengths.

These sets of results suggest that Janus-based heterobilayers
are promising systems for designing optoelectronic devices
with longer radiative lifetimes even at room temperature. This
can be attributed to the presence of the intrinsic electric field
of Janus monolayers that helps to improve the electron—hole
spatial separation.””*> Moreover, as expected, the radiative
lifetimes of the interlayer excitons are significantly longer than
those of the intralayers X, and Xj.

Finally, it is important to highlight that our results indicate
that the formation of HBL, when compared to the constituent
monolayers, improves the lifetime of the lower energy exciton
(IX*-exciton for HBL and A-exciton for the monolayers). This
result, combined with improved manufacturing strategies that
suppress nonradiative recombination channels, is essential for
improving the efficiency of optoelectronic devices.”” %
However, when comparing the intralayer excitons of the
HBL with those of the monolayers (Y; and Z; with i = A, B), it
is observed that there were no significant changes in the
recombination times, where the HBL times are closer to the
lifetimes of the MoSe, monolayer.

B CONCLUSIONS

In summary, we explored the electronic/optical properties of
the MoSe,/SeWS heterojunctions using quasi-particle correc-
tions, where the excitonic effects were evaluated through the
BSE theory. The electronic results show that the hetero-
junction presents a semiconducting nature, where the VBM
(CBM) is associated with W (Mo) orbitals, indicating that the
band alignment is of type-II. Furthermore, we show that the
lowest dipole-allowed states (Xjy and Xiy) have an interlayer
character, presenting binding energies lower than those
observed, for example, in MoS,/WS, and MoSe,/WSe,
heterobilayers. The small oscillator strength of these excitons
(dipole-allowed excitons for in-plane polarization, despite their
small oscillator strengths of up to 1.6% of the value of the most
intense peak) is associated with small overlaps of the electron
and hole excitonic wave functions. We have verified this by
studying the effect of the out-of-plane electric field polar-
ization, which has the effect of reducing the oscillator strengths
by up to 6 orders of magnitude. This suggests that these
excitons are sensitive to symmetry breaking, which excludes
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their dipole-forbidden nature due to spin selection rules. We
also found that the interlayer exciton presents an oscillator
strength up to S5 times smaller than the intralayer exciton, a
value that is slightly higher than conventional TMDC-Se-based
HBL. Our lifetimes of the interlayer excitons are up to 2 orders
of magnitude higher than those obtained in MoS,/WS, and
MoSe,/WSe, HBLs, indicating that the system has consid-
erable potential for application as light-emitting diodes.
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