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Van der Waals (vdW) heterobilayers formed by two-dimensional (2D) transition metal dichalcogenides
(TMDCs) created a promising platform for various electronic and optical properties. ab initio band
results indicate that the band offset of type-II band alignment in TMDCs vdW heterobilayer could
be tuned by introducing Janus WSSe monolayer, instead of an external electric field. On the basis
of symmetry analysis, the allowed interlayer hopping channels of TMDCs vdW heterobilayer were
determined, and a four-level k-p model was developed to obtain the interlayer hopping. Results indicate
that the interlayer coupling strength could be tuned by interlayer electric polarization featured by
various band offsets. Moreover, the difference in the formation mechanism of interlayer valley excitons
in different TMDCs vdW heterobilayers with various interlayer hopping strength was also clarified.
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1 Introduction

In recent years, two-dimensional (2D) transition metal
dichalcogenides (TMDCs) have attracted enormous atten-
tion as promising candidates for photonics, optoelectron-
ics, and valleytronics [1, 2]. In regard to 2D TMDCs, the
optical properties are characterized by tightly bound exci-
tons, assigned to which the large exciton binding energy.
In the light of inversion symmetry breaking, monolayer
TMDCs present coupled spin—valley properties, which can
be addressed by circularly polarized light excited exci-
tons [3, 4]. It is inevitable in 2D monolayers that, how-
ever, sizeable electron—hole wave function overlap results
in short (intralayer) exciton lifetimes and exchange inter-
actions causes short valley polarization lifetimes due to
the rapid valley mixing, being the major obstacles for the
application of monolayer TMDCs in optoelectronics and
valleytronics [5-8].

It is conclusive that the spin and valley degrees of free-
dom of charge carriers are associated with magnetic mo-
ments, while the layer degree of freedom in layered struc-
tures is relate to electric polarization. Therefore, com-
bining two monolayer TMDCs into van der Waals (vdW)
bilayer structures provides an unprecedented opportunity
to realize the strong coupling between spin, valley as well
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as the layer pseudospin [9, 10]. It should be pointed out
that the electronegativity difference between atomic layers
may introduce an interlayer potential energy gradient in
the TMDCs heterobilayers, which can cause appropriate
energy band shift and type-II band alignment. In TMDCs
bilayers with type-II band alignment, interlayer valley ex-
citon forms, with electrons and holes finding their energy
minima in opposite layers. In addition, large valley polar-
ization will reduce the intarlayer hopping, therefore, sup-
presses the valley mixing. Thus, TMDCs heterobilayers
present a promising platform for examining the emergent
excitonic states and valleytronics [10-14].

In the absence of interlayer electric polarization,
TMDCs vdW homobilayers usually show large interlayer
interaction, i.e., evident interlayer coupling effects, which
results in strong interlayer hybridization. In practice,
most naturally occurring TMDCs vdW bilayers are 2H
stacking, where the upper layer is 180° rotated with re-
spect to the lower layer [14]. As a result of the existed
inversion symmetry, valley optical circular dichroism and
valley Hall effect are vanishing in TMDCs vdW homobi-
layers. In this case, external electric field is usually intro-
duced to break the inversion symmetry to realize valley
polarization [15-17]. In contrast to vdW homobilayers
of 2H phase, TMDCs heterobilayers show inherent inver-
sion asymmetry, which plays a critical role in numerous
physical phenomena such as the emergence of net valley
polarization. In addition, with the formation of type-II
band alignment, TMDCs heterobilayers possess ultrafast
charge transfer and long-lived interlayer excitons (charge
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transfer excitons) under optical excitation, which is highly
desirable for light—energy conversion applications [18, 19].

Consequently, most valleytronic studies involving inter-
layer excitons have focused on TMDCs vdW heterobilay-
ers such as WSy /MoS; and MoSes /WSes, and the tunabil-
ity of the exciton lifetimes was confirmed by the external
electric field [18-23]. It should be pointed out that the in-
terlayer coupling effect is sensitive to the interlayer polar-
ization, particularly, the large band offset will suppress the
interlayer hopping. In TMDCs vdW heterobilayers, tun-
able interlayer polarization could be achieved without the
introduce of external electric field. In this case, the low-
energy exciton could be tuned from interlayer to intralayer
by increasing the strength of interlayer polarization. It is
therefore interesting to find TMDCs vdW heterobilayers
with suitable band offset and interlayer hopping beyond
the exiting systems to study the valley-selective excitonic
states, and it is fundamentally significant to unravel their
physical origin.

In this work, we systematically analyzed the sym-
metry features for interlayer coupling in three typical
TMDCs vdW heterobilayers. In accordance to the atomic-
layer sequence, these vdW heterobilayers are referred to
as SeMoSe/SeWSe (S1), SeMoSe/SWSe (S2), and Se-
MoSe/SeWS (S3). In these prototypes, experimentally
accessible TMDCs, monolayer Janus WSSe, was consid-
ered to include the dipole effects. In order to consider
the influence of interlayer polarization on band alignment
and interlayer coupling, energy dispersion relationship and
interlayer hopping of these systems are obtained by k-p
model analysis in conjunction with the first-principles cal-
culations. The formation process of interlayer exciton was
clarified for SeMoSe/SeWSe and SeMoSe/SeWS hetero-
bilayers. Our work proposes a reference for the further
study on the interlayer valley excitons in TMDCs vdW
heterobilayer systems.

2 Methods

The first-principles calculations were performed based on
the density functional theory (DFT) using Vienna ab
ingtio Simulation Package (VASP) [24]. All the calcu-
lations were carried out with Perdew—Burke—Ernzerhof
(PBE) in the framework of generalized gradient approx-
imation (GGA) [25] for the exchange—correlation func-
tional, and the projector augmented wave (PAW) [26] was
adopted for the electron—ion interactions.The spin—orbit
coupling (SOC) was considered in the calculations.In or-
der to mimic the isolated layers, a vacuum space was set
to 20 A. The cut-off kinetic energy for plane waves was
set to 500 eV. Structures were fully relaxed until the force
on each atom was less than 0.01 éV/A~! and the con-
vergence tolerance for energy was 107° eV. A Monkhorst—
Pack k-point mesh of 13x13x1 was used to sample the
Brillouin zone for geometry optimization and static elec-
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tronic structure calculations [27]. In order to include the
vdW interactions for the TMDCs heterobilayers, DFT-D2
corrections within the PBE functional were considered to
obtain more accurate results [28].

3 Results and discussion

3.1 Interlayer hopping in TMDCs vdW bilayers

In consideration that certain interlayer hopping channels
will vanish for configurations of special symmetry, the in-
terlayer hopping preserved at £K valleys for TMDCs bi-
layers with C5 rotation symmetry should be further dis-
cussed. The Bloch states at +K valley is mainly con-
tributed by transition metal d.» and % (dmz,yz + idmy)
orbitals [29], therefore, the Bloch functions at band edges
are

L _ L eiTk~R L r—
QZ}T,Q(T) - \/N % dm( R)’ (1)

1 ir"k-R’
9/,5(7’) = ﬁze degﬂ (T_R/)a (2)
R/

where the summations are over all the metal sites R in
the lower layer (L) and R’ in the upper layer (U). N is
the lattice site number of each layer, 7 and 7’ represent
the valley indexes, «, 8 = {¢, v} are the band indexes, and
m,m’ = {0,£2} are the magnetic quantum number of
atomic orbits. The origin of coordinate is set on the site
of a metal atom in the upper layer, thus R’ = {'a} +n’a},
and R = la; +naz — 7o with a} , and a, » being the unit
lattice vectors, and 7 is the interlayer translation vector.
The interlayer hopping between Bloch states at K valley
is written as

(vy 1wk
= iz ek (R-R') / drd?, (r—R') Hd: (r—R). (3)

N
R.R

tga

The interlayer hopping integral depends only on the rela-
tive position of two metals under a two-center approxima-
tion, with Fourier transformation the interlayer hopping
matrix element is denoted as [30]

]. ik- R’ m’ —ig- R
tio = 3z 2 T (e ()
R,R’/ q

— e—ik~r0 ZTv:rrlz’(K_/)eimro7 (4)

where kK = k + G, and G is the reciprocal lattice vec-
tor, T (k) is the hopping integral. For 2H stacking of
TMDCs at K point, Kk = k = K = (%,O), the global
phase factor e"*"7 can be dropped and Cs rotation sim-
plifies the hopping
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Fig. 1 (a) Nearest-neighbor interlayer hopping of metal

atoms in 2H stacked TMDCs vdW heterobilayers, atoms lo-
cated in upper (lower) layer are indicated by U (L), 1 and 72
represent Csro and C’g'ro, respectively. Schematic showing the
hybridization of electronic states between upper (< 1/)5’ ) and
lower (( ¢5 | ) layer in (b) homobilayer and (c) heterobilayer.

tﬂa :Tm/ |:eiK-T‘0 + eiégK»roei%(mfm')ﬂ'
m
+eié’§K-rge—i%(m—m/)ﬁ ) (5)

As shown in Fig. 1(a), the nearest-neighbor interlayer hop-
ping between transition atoms is considered, where only
the interlayer hopping between valences band ¢t =t,, =
3T, 2 is reserved. Such interlayer hopping in valance band
causes the hybridization of electronic states from upper
and lower layers of the vdW systems, see Figs. 1(b) and

(c).
3.2  Electronic structures of TMDCs vdW heterobilayers

Once the interlayer hopping channel of 2H stacked
TMDCs vdW heterobilayer is determined, the energy
dispersion relationship of 2H stacked TMDCs vdW het-
erobilayers will be discussed. In order to obtain type-II
band alignment and confirm whether the band offset
will influence the interlayer hopping, three TMDCs vdW
heterobilayers of 2H phase, i.e., SeMoSe/SeWSe (S1),
SeMoSe/SWSe (S2) and SeMoSe/SeWS (S3), were con-
sidered in this work. These TMDCs vdW heterobilayers
show lattice mismatch less than 2.5%, which ensures the
structure stability and easy experimental accessibility. As
shown in Fig. 2, different interlayer potential differences
lead to different interlayer electric polarization and type-II

band alignment with different band offsets.

In Figs. 3(a)—(c), band structures without SOC are
shown for of S1, S2 and S3 heterobilayers, with the color
indicating the projection of wave function onto different
layers. As expected, ab initio results confirm the type-II
band alignment for all the heterobilayers considered. In
particular, the valence band maximum (VBM) appears at
the I point for all heterobilayers, while for S1 and S2 het-
erobilayers the conduction minimum (CBM) is located at
K point and for S3 heterobilayer at a k point between K
and I'. In these heterobilayers, the SOC contribution can
be simplified from L-S which can be confirmed by the pro-
jection of spin operator §, at K/K’ point. Thus, the spin-
up and spin-down components are completely decoupled
and §, remains a good quantum number. In accordance
to the spin-resolved band structures, SOC induces verti-
cal spin splitting in VBM and the VBM shifts to K (K’)
point for S1 heterobilayer, as shown in Fig. 3(d). Since
SOC mainly contributes to K (K’) point, thus the inter-
layer hybridization at K (K’) point is stronger than that
at I' point. When SOC is considered, however, the re-
duced interlayer hybridization of S2 and S3 heterobilayers
cannot induce large enough interband repulsion at K (K’)
point, thus the VBM remains at I" point. It can be found
that spin—valley—layer coupling occurs for three heterobi-
layers. In addition, electronic wave function projection
shows that the VBM at K point is not 100% contributed
by WSes (WSSe) layer, but contributions of 8.8% (26.5%)
are from MoSey layer for S1 (S3), definitely indicating
the interlayer coupling. However, for S2 heterobilayer,
local VBM at K point is almost entirely contributed by
MoSes layer, due to the larger interlayer electric polariza-
tion Pg_ge introduced by S-Se interface than the Pw_nio
formed between atomic W and Mo layers, with Pg_g. and
Pw _no exhibiting opposite direction.

3.3 Interlayer hopping integral from k-p model

In TMDCs vdW heterobilayers, the first valence and
conduction bands near K point are dominantly con-
tributed by d,2, dgy, dg2_,2 orbitals of metal atoms.
Therefore, a four-level model near K point can be
developed for the heterobilayers by adding the inter-
layer hopping to the k-p model for monolayers [31]

€ul aty (T.ky + iky) 0 0
aty (T:ky — iky) €u 0 t
H(k) = , (6)
0 0 €1 aty (Toky — iky)
0 t at; (Tzkx + lky) €12
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Fig. 2 TMDCs vdW heterobilayers (a) SeMoSe/SeWSe
(S1), (b) SeMoSe/SWSe (S2), and (c) SeMoSe/SeWS (S3).
The blue (red) box denotes the permanent interlayer electric
polarization Pw_mo(Ps—se)-

The basis is {|d%) ,1/v2 (‘ dYs_ o) — i | dY,) )7

| di2> ,1/\/5 (| di2_y2 > +iT, | diy> )}, where the su-
perscripts u and [ denote the upper and lower layer, re-
spectively. The wave vector k is measured around K (K')
point, €,(y1 — €u@)2 is the energy gap for upper (lower)
layer, t is the interlayer hopping for holes, t,, and ¢; are the
nearest-neighbor intralayer hopping, 7, is the valley in-
dex, a is the lattice constant as shown in Fig. 1(a). These
parameters can be obtained by fitting the ab initio band
structures. In accordance to our results, the interlayer
hopping amplitude ¢ corresponds to 46, 5, and 60 meV for
S1, S2, and S3 heterobilayer, respectively. In compari-
son with previous works, in which ¢,, were calculated to
be 45, 53, and 67 meV for MoSes/WSes, MoSes/MoSes,
WSe, /WSe, bilayers, respectively [21, 31, 32], our results
are reasonable. It is an indication that interlayer electric
polarization can substantially change the interlayer hop-
ping, thus affecting the interlayer coupling effect.

In addition, the interlayer hybridization of electronic
states can be simply described by a two-level Hamiltonian

when the interband coupling is eliminated

H, (k) = (6“2 t ) (7)

t €

The two layer-hybridized eigenvectors are |<ph +>

pleu) +vle) and| e, ) =u'l¢,) +V' | @) , where,
FL/V = t/(é - A)a ,LL//I// = t/(é + A)a 20 = €u2 — €2
and A = /6% + 2 is the energy separation between
the doublet, as depicted in Figs. 1(b) and (c¢). The de-
gree of interlayer hybridization can be further defined as

Py = ‘,uz/(y2 + u?)|. From the ab initio calculation re-

sults, we determine the Py to be 91%, 1% and 73.5% for
S1, S2, and S3 heterobilayer, respectively. It therefore
further confirms that the interlayer electric polarization
can significantly affect the strength of interlayer coupling.
In other words, the strength of interlayer hybridization
can be tuned by introducing a component layer of mir-
ror asymmetry instead of a vertical gate field, that is,
replacing TMDCs layer with mirror symmetry by Janus
TMDCs.

3.4 Interlayer valley excitons in TMDCs vdW
heterobilayers

As discussed above, S1 and S3 heterobilayers exhibit type-
IT band alignment and larger interlayer hybridization than
the S2 counterpart. As SOC is taken into account, spin-
valley-layer coupling is reserved at the K point in S1 and
S3 systems [see Figs. 3(d)—(f)]. As shown in Figs. 4(a) and
(b), the split-off valence bands are labeled as V1 and V2
for WSey (WSSe) layer and V1’ and V2’ for MoSes layer
in S1 (S3) heterobilayer. Owing to the type-II band align-
ment and large SOC splitting for WSes and WSSe, V2
band is located close to the V1’ and V2’ bands of MoSes.

—_
=~

~
[\

(b)2

—
I

Energy (eV)

(c) 2 WSSe

MoSe,

Energy (eV)

~— Spin up

# 1 “4spin down
K M

Fig. 3 Layer-resolved band structures of (a) S1, (b) S2, and (c) S3, with the color-bar indicating the projection of the wave
function onto either layer where spin—orbit coupling (SOC) is not included. Spin-resolved band structure of (d) S1, (e) S2,
and (f) S3, with the color-bar denote the projection of spin direction. The Fermi level is set to zero.
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Fig. 4 Schematic showing the optical transitions of 2H stacked (a) S1 heterobilayers and (b) S3 heterobilayers at the K
valley. X3 and XX° transitions are split into two hybridized transitions X;\Z\; (purple) and X ,Ii/lio (green), respectively.

As discussed above, the symmetry of 2H stacking acquires
zero interlayer hybridization (¢.. = 0) between conduction
bands. Therefore, the interlayer coupling appears only
in the valence band when taking spin into account, see
Figs. 4(a) and (b).

On account of the spin conservation for interlayer hop-
ping, V2 band of WSey couples only to the V1’ band of
MoSes in the case of S1 heterobilayer with middle strength
of interlayer hopping. As a consequence, such a coupling
hybridizes V2 and V1’ bands into the doublet ’ Yh+ )
and | wZ* >, as depicted in Fig. 1(c). In regard to in-
terband optical transition, the hybridized valance states
(‘ wz* > and ‘ wZ* >) can be excited into the conduc-
tion bands localized on WSe; and MoSes layers, split-
ting the X3 (X)°) exciton into the doublet, as shown
in Fig. 3(d) and Fig. 4(a), the X}\]X and XV (X};/If and
X };{0) In comparison to S1 heterobilayer, S3 heterobilayer
shows stronger interlayer hopping, thus, as can be found
in Fig. 3(f) and Fig. 4(b), conspicuous hybridization leads
to the ’ w};* > state lower in energy than V2’ state. Thus,
the four species of exciton consists of electron confined in
an individual layer and a layer-hybridized hole, featuring
a large electric dipole as well as a large optical dipole.
In other words, these excitons combine the advantage of
intralayer excitons of strong light coupling and interlayer
excitons with strong dipole-dipole interactions and long
lifetimes. As a consequence of the spatial indirect nature,
the binding energy of interlayer excitons turns out to be
small.

4 Summary

In summary, band structures of TMDCs vdW heterobi-
layers demonstrate that Janus WSSe introduced particu-
lar interlayer electric polarization can effectively tune the
band offset. On the basis of the symmetric requirement of

2H stacked TMDCs vdW bilayers,allowed interlayer hop-
ping at the neighborhood of K (K’) point was obtain by
fitted ab initio band results with the four-level k-p model.
Results indicate that interlayer electric polarization will
evidently affect the interlayer hopping strength, interlayer
coupling strength can be tuned by changing the band off-
set without introducing external electric field. As a result
of different interlayer coupling effect, interlayer exciton
formation mechanism differs in heterobilayers with differ-
ent interlayer hybridization.
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