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Spin character of interlayer excitons in tungsten dichalcogenide
heterostructures: GW-BSE calculations
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Interlayer excitons (IXs) have become an ideal platform for studying exciton condensation, single-photon
emission, and other quantum phenomena. Two-dimensional transition metal dichalcogenide (TMD) heterostruc-
tures, with type-II band alignment features, provide a simple framework for the formation of IXs. The intrinsic
electric field of Janus TMDs can be introduced to tune the type-II band energies. In this paper, we perform
GW-BSE calculations to explore how the Janus layers affect the interlayer excitations in WSSe/WS,-based
heterostructures by tuning the spin states. Our results reveal that the parallel-arranged intrinsic electric field
structure with the S/Se interface mixes more spin-singlet state into the spin-triplet states, and hence, the lowest
IX has a shorter radiative lifetime than other Janus WSSe @ WS, heterostructures. We also find the S/Se interface
makes the energy band more staggered and thus has no bound bright IXs. For S/S interface heterostructures in
which the electric field points away from the interface, the strong band hybridization mixes 49% spin-singlet into
the spin-triplet states, and therefore, the radiative lifetime of the lowest-energy bright IX is as short as 10713 s
at 0 K. Our explorations show that strong spin-orbit coupling plays a key role in the spin-singlet-triplet mixture

in Janus WSSe structures by arranging the direction of the intrinsic electric field.
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I. INTRODUCTION

Monolayer transition metal dichalcogenides (TMDs) and
their heterostructures have attracted attention due to their
direct band gap, large exciton binding energy [1-5], and
effective interlayer energy transfer [6]. The nanometer thick-
ness of two-dimensional (2D) materials limits the electrons
in the structure within the 2D range, enhances the quantum
confinement effect, and brings various physical and chemical
properties to the 2D materials [7-13]. In recent years, the ex-
ploration of 2D materials has not stopped, and one of them is
the construction of van der Waals (vdW) heterojunctions using
different 2D materials [14]. No need to consider the lattice
mismatch caused by constituent monolayers in vdW hetero-
junctions allows for the combination of multiple materials that
meet the requirements [15]. Two-dimensional heterojunctions
are an essential platform for exploring the properties of charge
transfer or interlayer excitons (IXs). That is because vdW
TMD heterojunctions can easily establish typical type-II band
alignments, which are more conducive to the formation of IXs
than most other materials [4,5,16—18]. The electrons and holes
in IXs reside in different layers, which significantly increases
the exciton lifetime [11,19] and generates a repulsive nonzero
electric dipole moment [20-28].

Since single-layer MoSSe was synthesized [29-33], Zheng
et al. [34] have experimentally and theoretically demonstrated
that the enhanced electron-phonon interaction in MoSSe re-
sults in an exciton recombination rate ~30% faster than that
in MoS,. Trivedi et al. [29] have successfully synthesized
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MoSSe/WSSe heterojunctions at room temperature through
the selective epitaxial atom substitution method. These find-
ings open an area for the study of the interaction between
light and matter. The transition from MX, to MXY introduces
broken mirror symmetry and an out-of-plane intrinsic dipole
moment due to the different electronegativities of X and Y
elements. Recently, high-performance IX devices have been
experimentally verified as basic candidate devices for building
IX information processing circuits [35-39].

Janus heterojunctions are composed of Janus monolayer
materials, with one side having different chemical and phys-
ical properties than the other. This intrinsic electric dipole
moment plays a key role in the electronic, optical, and even
chemical properties of 2D Janus heterojunctions. Authors of
recent studies have shown that the built-in dipole field can be
used to separate carriers and thus extend their recombination
lifetimes [40]. Likewise, it has been found experimentally
[41] that, in Janus vdW heterojunctions, the charge transfer
from Janus to regular TMD single layer strongly depends
on the direction of the charge current relative to the Janus
field direction. These results suggest that Janus TMDs can
serve as a platform for controlling oriented charge transfer
characteristics in 2D heterostructures.

Based on the successful fabrication of regular@Janus
TMD heterostructures [29,41,42], herein, we investigate the
exciton-related optoelectronic properties of heterojunctions
composed of WSSe and/or WS, monolayers, using first-
principles and many-body perturbation theory. We demon-
strate that the intrinsic dipole moment plays a key role in
tuning the radiative lifetimes of IXs, through mixing the
spin-allowed and spin-forbidden states with different stacking
sequences.
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II. THEORIES AND METHODS

The ground-state properties are calculated using the QUAN-
TUM ESPRESSO package [43,44]. Perdew-Burke-Ernzerhof
functionals and optimized norm-conserving pseudopotentials
are used [45], and the full relativistic effects are consid-
ered when describing spin-orbit coupling (SOC). The vdW
correction is considered using the DFT-D3 scheme, with a
plane-wave cutoff energy of 70 Ry. The vacuum layer is set
to 20 A to prevent interactions in the nonperiodic direction. A
41 x 41 x 1 k-point grid is chosen to ensure convergence of
the results to 100 meV. The quasiparticle energy is calculated
using the GoW, approximation, with a response function of
15 Ry. Convergence of the GyW, band gap is achieved by
using 300 empty bands plus an extrapolar correction scheme
[46]. The optical absorption spectrum of the system is ob-
tained by solving the Bethe-Salpeter equation. Since we focus
on low-energy excitons, only four valence bands (VBs) and
four conduction bands (CBs) are considered. The excited
states properties are calculated using the YAMBO code [47,48].
The convergence tests are shown in Figs. S1 and S2 in the
Supplemental Material [49].

The calculation of the radiative exciton lifetime is done
using the Fermi golden rule [50,51]. At O K, the exciton
lifetime is obtained by
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where /i is the reduced Planck constant, c is the speed of light,
E5(0) is the exciton excitation energy, A is the area of the unit
cell, and pg is the transition dipole moment of the exciton. At
nonzero temperature, the exciton lifetime is obtained by
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where kg is the Boltzmann constant, and My is the effective

mass of the exciton, which is the sum of the effective masses

of the corresponding electron and hole in the quasiparticle
band energies.
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III. RESULTS AND DISCUSSION

The four AB vertical stacking configurations of Janus het-
erostructures of WSSe and/or WS, considered here are shown
in Fig. 1. The calculated phonon spectra (Fig. S3 in the
Supplemental Material [49]) indicate that all the structures
herein are dynamically stable. We classify the four stacking
configurations as WSSe-WSSe (1-SeS), WS,-WSeS (2-SSe),
WS,-WSSe (3-SS), and WS,-WS, (4-SS). For 1-SeS, both
monolayer constituent WSSe’s share the same orientations of
the out-of-plane intrinsic electric field, pointing from the Se
to the S atom. For 2-SSe and 3-SS, the electric field direc-
tion points toward and away from the interface, respectively.
There is no electric field in 4-SS due to the homogeneity
of chalcogen. Clearly, 1-SeS and 2-SSe possess the S/Se in-
terface, whereas 3-SS and 4-SS have the S/S interface. The
different interface results in the interlayer distance between
the neighboring S/Se and S/S atoms being 3.21, 3.19, 3.14,
and 3.16 A for the four configurations 1-SeS, 2-SSe, 3-SS, and
4-SS, respectively. The distance is defined by the magnitude
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FIG. 1. Top and side views of four stacking configurations of
Janus heterostructures of WSSe and/or WS,. (a) WSSe@WSSe (1-
SeS), (b) WS, @WSeS (2-SSe), (c) WS,@WSSe (3-SS), and (d)
WS, @WS; (4-SS). S/Se atoms are represented here by yellow/green
balls.

and electronegativity of atoms S and Se in the adjacent lay-
ers. Additionally, the S/S interface exhibits stronger interlayer
coupling than the S/Se interface, as demonstrated by the low-
frequency Raman spectra [52].

The spin-resolved quasiparticle band structures, including
the SOC of the four structures, are displayed in Fig. 2. Since
we focus on the low-energy direct transitions, only the band
structures in the vicinity of the K point are presented here.
The calculated GoW, band gap at the K point of the four
structures is 1.89, 1.87, 2.47, and 2.55 eV, respectively. Addi-
tionally, as shown in the insets, all four structures have type-II
band alignment, which is advantageous for producing IXs.
As seen in Fig. 2, the 1-SeS and 2-SSe band structures are
staggered, while the band structures of 3-SS and 4-SS are
extensively overlapped because of the unique S/Se and S/S
interfaces. The S/Se and S/S interfaces introduce different
electrostatic potential drops AV between the two constituent
monolayers and further alter the band alignments. We classify
the band states as [VB(CB) % i, U(L), 1(])), where i is the
band index counted from the band edge, U(L) is the charge
distribution of the band state in the upper (lower) layer, and
1({) means spin-up (down) projected in the direction of the
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FIG. 2. Spin-resolved quasiparticle band structures of the four
heterostructures around the K point. The insets show the charge
distributions of the top four valence (VB to VB—3) and bottom four
(CB to CB+3) conduction bands at the K point. The energy of the
top VB at the K point is set to zero. The spin-up (down) is denoted
by the red (violet) color projected along the z axis.
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FIG. 3. The planar averaged electrostatic potentials. The intrinsic
electric field within the WSSe monolayer is indicated as E. The Z
direction points from the lower to the upper layer.

z axis. For 1-SeS, both VB (|[VB, U, 1)) and VB-1 (|[VB-1,
U, |)) are contributed by the upper WSSe layer with opposite
spin direction. On the contrary, VB (|VB, L, 1)) and VB-1
(JVB-1, L, |)) are from the lower WSSe layer for 2-SSe. A
similar situation also occurs in the CBs. This depicts how
the band sequence of 1-SeS compared with that of 2-SSe is
reversed by the WS, monolayer replacement for WSSe. The
3-SS heterostructure has the same constituents as 2-SSe, but
the intrinsic electric field in the WSSe monolayer is reversed
with respect to 2-SSe. Here, 4-SS has similar band structures
to 3-SS but with reversed VB and CB as well.

To investigate the causes of the various band structures in
more detail, we computed the planar averaged electrostatic
potentials of the four heterostructures as indicated in Fig. 3.
The electrostatic potential drop AV (the potential increases
along the +z direction) is as large as 1.46 eV, the largest
of the four structures, in the case of the 1-SeS because the
out-of-plane dipole moments in both WSSe layers have the
same orientation. The huge AV introduces a strong electric
field in the out-of-plane direction and would further influence
the dissociation and recombination processes of interlayer
electron-hole pairs. Due to the dipole moment appearing just
in the WSSe layer, 2-SSe and 3-SS have relatively small AV,
measuring 0.63 and 0.80 eV, respectively, in comparison with
1-SeS. In 2-SSe, the potential decreases in the direction of
+z, which is opposite to 1-SeS. This opposite potential drop
changing trend in the case of the S/Se interface leads to the CB
and VB shifting in opposite directions, and consequently, in
1-SeS and 2-SSe, the band sequences are reversed, as shown
in Fig. 2. In 3-SS, the potential increases in the direction of +z
as in 1-SeS but with a drop value much smaller than 1-SeS.
The smaller potential drop in 3-SS is insufficient to reverse
the VB and CB in contrast with 1-SeS, causing the bands from
the WSSe and WS, layers to just exhibit a strong degeneracy
around the K point, as shown in Fig. 2(c). Here, 4-SS is a
homobilayer WS, with negligible potential drop between the
two constituent layers, and the incomplete band degeneracy
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FIG. 4. Optical absorption spectra. The lowest-energy interlayer
exciton (IX) is indicated as IX, and the lowest-energy bright IX is
IXg. The vertical solid (blue) lines are the oscillator strengths, and
the dashed (red) lines represent the quasiparticle energy gap at the K
point.

originates from the Davydov splitting due to the identical WS,
layers [53]. The optical excitation properties, spatial distribu-
tions of the exciton wave functions, and radiative lifetimes of
IXs would be strongly impacted by the varied band alignments
of the four heterostructures due to the different potential drops
arising from the intrinsic electric field, as indicated in the
following text.

On top of the quasiparticle band structures, we compute the
optical absorption properties, including the excitonic effect, as
shown in Fig. 4. The lowest-energy IX is indicated as IX(, and
the lowest-energy bright IX is IXp, both of which are doubly
degenerate because of the energy degeneracy at the K and
—K points in the Brillouin zone. According to analysis of the
excitonic spin configurations in 1-SeS, we find that IX, (also
the lowest-energy exciton) located at 1.44 eV with binding
energy of 0.45 eV comes predominantly from the transition
of [VB, U, 1) to |CB, L, |) but also mixes in 5.3% of the
spin-allowed transition [VB, U, 1) to [CB+1, L, 1). As shown
in Table I, the total spin (S) is 0.964 in 1-SeS, meaning that
the spin-forbidden excitation of IXj, in which the | = 1,
M = —1) component accounts for 89.1%. The total spin (S) of
IX is also less than that of the other three structures, which is
evidence of a strong mixture state of the singlet and triplet due
to the strong SOC effect and the exchange interaction [54-56].
The radiative lifetime of IX; is if 8.43 x 107'° s at 0 K due
to the dark characteristic (the lifetimes at 300 K are shown in
Table SI in the Supplemental Material [49]).

In 2-SSe, IX (also the lowest-energy exciton) is at 1.41 eV
with the binding energy of 0.46 eV, attributed to the transition
of |[VB, L, 1) to |CB, U, |), and primarily originates from
the triplet component of |S = 1, M = —1). The total spin (S)
(0.988) in the case of 2-SSe is larger than that of 1-SeS, and
the triplet states account for 98.1%, indicating that the singlet-
triplet mixture is weaker than in 1-SeS. The more triplet state
component in 2-SSe causes a long lifetime of IXj if 8.0 x
108 s at 0 K, which is two orders longer than that in 1-SeS.
There are no bound bright excitons in 1-SeS or 2-SSe.
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TABLE I. Excitonic spin configurations: expectation value (S) and the projections along the singlet state and along the triplet state.

(S) IS =0,M=0) [S=1,M=-1) [S=1,M=0) S=1,M=1)

1-SeS

IX, 0.964 0.053 0.891 0.053 0.003
2-SSe

X, 0.988 0.019 0.951 0.018 0.012
3-SS

1Xq 0.987 0.020 0.479 0.020 0.481
IX3 0.624 0.493 0.001 0.490 0.016
4-SS

1Xq 0.984 0.025 0.950 0.024 0.001
X 0.674 0.436 0.001 0.435 0.128

In the case of 3-SS, IXj, with a binding energy of 0.55 eV,
is located at 1.92 eV higher than the lowest-energy intralayer
exciton. Due to the strong overlap of the VB and VB-1 at
the K point, IXy here is ascribed to the mixed transitions of
|[VB, U+L, 1) to |CB, U, |) and [VB-1, U+L, 1) to |CB, U,
1), which accounts for 40.8% and 58.3%, respectively. The
triplet components of |S = 1, M = £1) dominates the mixed
transitions in 3-SS. The radiative lifetime of Xy is 1.1 x 10™*
s at 0 K. Furthermore, we find a bright IX, IXg, at 1.96 eV
with a binding energy of 0.51 eV. The spin-allowed mixed
transitions of |[VB, U+L, 1) to |CB+1, U, 1) and |[VB-1, U+L,

) to [CB+1, U, 1), which accounts for 44.8% and 52.7%,
respectively, dominate this excitation. Clearly, the total spin
(S) of IXg is <« 1, and the linear combination of |S = 0,
M = 0) (49.3%) and |S = 1, M = 0) (49%) governs this
process because of the strong SOC effect. At 0 K, the lifetime
of IXg is as short as 5.39 x 1073 s.

In 4-SS, IX, is located at 2.09 eV with a radiative lifetime
3.21 x 10710 5, higher than the lowest-energy intralayer exci-
ton as well. The singlet component accounts for 2.5%, which
is greater than that of 2-SSe and 3-SS but less than half of
1-SeS. One of the factors contributing to the shorter lifetime
of IX than that of 2-SSe and 3-SS and IX, being comparable
with that of 1-SeS is the substantial singlet component in
4-SS. The lowest-energy bright exciton IXg is at 2.18 eV,
originating from the transitions of [VB, U, 1) to [CB+1, L,
1) and |[VB—1, U, 1) to |CB+1, L, 1), which account for 88.5
and 10.6%, respectively. The lifetime of 1.02 x 107'° s here
for IXp is three orders longer than that of 3-SS, which can
be ascribed to the different dipole transition matrix elements
according to the dipole selection rules. For all four structures,
the parallel arrangement of the dipole moments of 1-SeS re-
markably alters the ratio of the singlet component, leading to
the smallest total spin (S) and thus shorter lifetime of IXj.

The radiative lifetime of exciton is also dependent on the
distributions of exciton wave functions. We give the real-space
distributions of exciton wave functions for IX, and IXg as
shown in Fig. 5. The fixed hole position is determined by
the band orbital character involving transitions. For 1-SeS,
the hole is fixed around the W atom of the upper WSSe
layer, whereas the electrons are totally distributed in the lower
WSSe layer, as shown in Fig. 1(a) and the one-dimensional
wave functions. The complete spatial separation of electron
and hole in IX) is affected by the direction of the intrinsic elec-
tric field. The photoexcited electrons of IXj in 1-SeS transfer

from the upper to the lower layer, which is in both directions
of the two WSSe constituents, consequently promoting the
transitions [41]. In the case of 2-SSe and 3-SS, both holes are
fixed in the lower layer. The electric field in 2-SSe points away
from the interface and promotes the transition of electrons
from the lower to the upper layer, the process in which the
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FIG. 5. Top and side views of exciton wave functions for X,
and IXg. The black dots indicate the hole positions, and the insets in

the side views (blue on line) are the one-dimensional exciton wave
functions in the out-of-plane direction.
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potential of the electrons is decreased, as shown in Fig. 3(b).
For 3-SS, the electric field prevents a similar process due to
the opposite electric field direction. Moreover, 2-SSe has a
significant overlap between electron and hole wave functions
for IXy, whereas in 3-SS, the electron is well confined in
the upper layer. Therefore, the very different lifetimes of IX
for both spin-forbidden excitations in 2-SSe and 3-SS appear
[according to Eq. (1), the radiative lifetime is inversely pro-
portional to the excitation energy E;, but here, the IXy’s we
considered have the same order of magnitude as E;, so we
neglect this factor]. In 4-SS, IXj is a hybrid exciton in which
the electron wave function extends both in the upper (11.7%)
and lower (88.3%) layers. The strong overlap of electron and
hole wave functions, together with the smaller S/S distance,
gives rise to IXy having a lifetime comparable with that of
1-SeS.

Finally, we discuss the dipole selection rules for the four
structures. The VB and CB are mainly contributed by the
orbitals of dy, + d,2_,» and d» of the W atoms (Table SII in
the Supplemental Material [49]), and for all the structures, the
point group of the bands at the K point is C3. According to the
corresponding character table, the irreducible representations
of W — d,» is A, while other d orbitals are E, and both the in-
plane x- and y-axis transforms are E. According to the dipole
selection rules, W(dyy, +dp_y2) > W(dp2) > EQAQE =
2A 4+ E, implying that all the VB to CB transitions satisfy

the dipole selection rule. As a result, the darkness of the
lowest-energy IXy’s in the four structures is dominated by the
spin-forbidden process.

In summary, we have investigated the interlayer excitations
of the Janus WSSe structures using the GW/BSE method. Our
results reveal that the intrinsic electric field strongly alters
the quasiparticle band structures and the exciton states. For
the heterostructures with S/Se interfaces, there are no bound
bright IXs, whereas for the heterostructures with S/S inter-
faces, we find both dark and bright IXs. Moreover, 1-SeS with
the parallel electric field mixes more spin-singlet states into
the spin-triplet states than the other three structures and thus
has a relatively short radiative lifetime of IXy. Due to the
strong hybridization, the 3-SS structure has a bright IXg with
the radiative lifetime as short as 5.39 x 10713 s at 0 K. Our
findings suggest that the direction of the electric field in the
monolayer Janus structure can be used to tune the lifetime of
the IX in the heterostructures.
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