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Role of Anderson Rule in Determining Electronic,
Optical and Transport Properties of Transition-metal
Dichalcogenides Heterostructures

Ke Xu1, Yuanfeng Xu1, Hao Zhang1†, Bo Peng1, Hezhu Shao2‡, Gang Ni1, Jing Li1,
Mingyuan Yao1, Hongliang Lu3, Heyuan Zhu1¶ and Costas M. Soukoulis4,5

Two-dimensional (2D) transition-metal dichalcogenide (TMD) MX2 (M = Mo, W; X= S, Se, Te)
possess unique properties and novel applications in optoelectronics, valleytronics and quantum
computation. In this work, we performed first-principles calculations to investigate the electronic,
optical and transport properties of the van der Waals (vdW) stacked MX2 heterostructures formed
by two individual MX2 monolayers. We found that the so-called Anderson’s rule can effectively
classify the bandstructures of heterostructures to be three types: straddling, staggered and broken
gap. The broken gap is gapless, while the other two types possess direct (straddling, staggered)
or indirect (staggered) band gaps. The indirect band gaps are formed by the relatively higher
energy level of Te-d orbitals, or the interlayer couplings of M or X atoms. For a large part of the
formed MX2 heterostructures, the conduction band maximum (CBM) and valence band minimum
(VBM) reside in two separate monolayers, thus the electron-hole pairs are spatially separated,
which may lead to bound excitons with extended lifetime. The carrier mobilities, which depend on
three competitive factors, i.e. elastic modulus, effective mass and deformation potential constant,
show larger values for electron of MX2 heterostructures compared to their constituent monolayers.
Finally, the calculated optical properties reveal strong absorption in the ultraviolet region.

1 INTRODUCTION
The family of two-dimensional (2D) materials has grown rapidly
for their unique properties different from their 3D counterparts.
A wide range of 2D materials, e.g. graphene1,2, BN3,4, transition
metal dichalcogenides (TMDs)5,6, black phosphorus7–9, and etc,
have been proposed and under intense investigations. Among
these, transition metal dichalcogenides, with the formula MX2

(where M is a transition metal and X is a chalcogen), are promi-
nent due to their finite direct band gaps, with strong optoelec-
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tronic responses10, large on-off ratios and high carrier mobili-
ties11,12. Furthermore, a spin-orbit driven splitting of the valence
band was found in the 2H monolayer TMDs due to the lack of
inversion symmetry, which ultimately allows for valley-selective
excitation of carriers13–15. In addition, the electronic properties
of TMDs can be tuned by strain16, multilayers17, nanostructur-
ing18, and electrostatic gating19, or by combining individual 2D
monolayers into van der Waals (vdW) stacked heterostructures20.
The vdW heterostructures can be obtained by transfer or direct
epitaxial growth21,22. The interface of the heterostructures is
atomically sharp, with two-atomic thick junction region21, and
the interlayer coupling intensity can be further tuned then. Thus,
the vdW heterostructures opens up many possibilities for creating
new TMD material systems with rich functionalities and novel
physical properties23. When two different atomically thin layers
are stacked and binded by van der Waals forces to form MX2 het-
erostructures, electronic properties of the formed vdW MX2 het-
erostructures will be significantly affected by the band alignment
of the monolayer MX2, forming various band structures different
from the monolayer counterpart, which can be direct- or indirect-
bandgap, or metallic materials24.

Moreover, as we show here, a large part of vdW MX2 het-
erostructures possess the band structures with the conduction
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band maximum (CBM) and valence band minimum (VBM) re-
siding in different monolayers. Due to the separate spatial loca-
tions of CBM and VBM, the photon-generated electron-hole pairs
are therefore spatially separated, resulting in much longer exciton
lifetime and the possible existence of the interlayer exciton con-
densation25, which might help develop two-dimensional lasers,
light-emitting diodes and photovoltaic devices26,27. The strong
interlayer coupling between the two individual monolayer MX2 in
MoS2-WSe2 hetero-bilayer was shown to lead to a new photolumi-
nescence (PL) mode28. Hong et al have also investigated the ul-
trafast charge transfer in MoS2-WS2 heterostructure29 and found
the charge-transfer time is in femtosecond scale, much smaller
than that in monolayer MoS2 or WS2. Furthermore, the recombi-
nation times of interlayer charge transition are tunable for differ-
ent stacking orders of MoS2-WS2 heterostructure, being 39 ps for
the one obtained by vertical epitaxial growth and 1.5 ns for the
randomly-stacked bilayer, respectively30.Finally, Tunneling tran-
sistors31 and photovoltaic detector32 based on MoS2/MoTe2 het-
erostructure show excellent performance.

Untill now, most researches on MX2 heterostructures focus
on the S and Se systems.For example, the indirect-to-direct
bandgap transition and semiconductor-to-metal transition in
MoS2/MX2(M = Mo, Cr, W, Fe, V; X = S, Se) heterobilayers can
be realized by tensile strain or external electrical field33. Hetero-
layered TMD (MoS2,MoSe2,WS2,WSe2) with different stacking
modes exhibit tunable direct band gaps24. Furthermore, Kang et
al calculated the band offsets of MX2 heterostructures and found
that the MoX2-WX2(X = S, Se) heterostructures have type-II band
alignment34. However, a systemmatic study on vdW MX2 het-
erostructures including Te system is still lacking. In this paper,
by using first-principles calculations, we theoretically investigate
the electronic, mechanical, transport and optical properties of the
vdW MX2 (M = Mo, W; X= S, Se, Te) heterostructures with differ-
ent stacking modes. The band alignment and interlayer coupling
can result in much smaller bandgaps of MX2 heterostructures
compared to those of the constituent MX2 monolayers, and the
direct to indirect bandgap transition may occur. The excellent me-
chanical properties show the structural stability of the optimized
vdW MX2 heterostructures. The theoretical values of the trans-
port properties are predicted based on the deformation-potential
theory. Furthermore, to demonstrate the contribution from mono-
layer MX2, the relative relation between MX2 heterostructures
and the constituent monolayers, in respect of elastic modulus,
deformation-potential constants and effective masses, is studied
in details. Finally, we also point out the strong optical absorption
of the vdW MX2 heterostructures in the ultraviolet region.

2 METHODOLOGY
All the calculations are performed using the Vienna ab-initio
simulation package (VASP) based on density functional theory
(DFT)35. The exchange-correlation energy is described by the
generalized gradient approximation (GGA) in the Perdew-Burke-
Ernzerhof (PBE) parametrization. We choose the DFT-D2/D3 ap-
proach to involve the long-distance van der Waals (vdW) interac-
tions36–39. The calculation is carried out by using the projector-
augmented-wave (PAW) pseudopotential method with a plane-

wave basis set with a kinetic energy cutoff of 600 eV. A 15×15×1
Γ-centered k-mesh is used during structural relaxation for the
unit cell until the energy differences are converged within 10−6

eV, with a Hellman-Feynman force convergence threshold of 10−4

eV/Å. The vacuum size is larger than 25 Å between two adjacent
atomic layers to eliminate artificial interactions between them.
The electronic bandstructures of the vdW layered heterostruc-
tures are further verified by the calculations using hybrid Heyd-
Scuseria-Ernzerhof (HSE06) functional40,41, which improves the
precision of bandstructures by reducing the localization and delo-
calization errors of PBE and Hartree-Fock (HF) functionals. Here
the mixing ratio is 25% for the short-range HF exchange. The
screening parameter is 0.2 Å−1.

As we know, the electron-phonon scatterings play an impor-
tant role in determining the intrinsic carrier mobility µ of 2D
vdW MX2 heterostructures, in which the scattering intensities by
acoustic phonons are much stronger than those by optic phonons
in two-dimensional materials42. Therefore, the deformation po-
tential theory for semiconductors, which considers only longitu-
dinal acoustic phonon scattering process in the long-wavelength
limit43–46, and was originally proposed by Bardeen and Shock-
ley47, can be used to calculate the intrinsic carrier mobility of 2D
materials. In the long-wavelength limit, the carrier mobility of 2D
semiconductors can be written as46,48,49:

µ =
2eh̄3C

3kBT |m∗|2D2
l
, (1)

where e is the electron charge, h̄ is the reduced Planck’s con-
stant, T is the temperature equal to 300 K throughout the paper.
C is the elastic modulus of a uniformly deformed crystal by strains
and derived from C = [∂ 2E/∂ 2(∆l/l0)]/S0, in which E is the total
energy, ∆l represents the change of lattice constant l0 along the
strain direction, and S0 is the lattice area at equilibrium for a 2D
system. m∗ is the effective mass given by m∗ = h̄2(∂ 2E(k)/∂k2)

−1

(k is wave-vector, and E(k) is the energy).And the spacing of the
kmesh we used to calculate the effective masses is 0.02 [Å−1]. In
addition, Dl is the deformation potential (DP) constant defined
by De(h)

l = ∆ECBM(V BM)/(∆l/l0), where ∆ECBM(V BM) is the energy
shift of the band edge with respect to the vacuum level under a
small dilation ∆l of the lattice constant l0.

3 Results and discussion

3.1 Geometric structures of hetero-bilayer MX2

Generally, the MX2 crystals have four stable lattice structures, i.e.,
2H, 1T, 1T’ and 3R50, with the first being the dominating one
in nature at room temperature. Most MX2 crystals, like MoS2

and WSe2 with a stable 2H phase (1H for monolayer), have been
studied widely51. For 2H-phase MX2 crystals, the M atoms and
X atoms are located in different layers respectively, which can be
described by the point group D3h. While for the 3R-phase unit
cell shown as Fig. 1(b,d), one M atom is eclipsed by the X atoms
above and the other one is located in the hexagonal center, lead-
ing to the AB Bernal stacking. In fact, the electronic structure of
the MX2 heterostructure is sensitive to the stacking modes, due
to the different interlayer interactions, and AA and AB stacking
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structures possess the weakest and strongest interlayer electronic
coupling, respectively52. For simplicity, we only consider these
two stacking modes. However, some interesting properties, e.g.
the relatively constant change in both electronic and mechanical
couplings at twist angles between 0◦ (AA stacking) and 60◦ (AB
stacking) found in twisted MoS2 bilayer53, and so on, may not be
captured by these two modes, which is beyond the scope of our
work. One stacking type can be geometrically transformed to the
other by horizontal sliding or by the rotation around the verti-
cal axis. For MX2 heterostructures with two different constituent
monolayer MX2 crystals, both AA and AB stacking crystals pos-
sess a lower symmetry of C3v point group, with the symmetry
operations of C3 and vertical mirror reflection σv

54 rather than
the mirror reflection operation σh in the horizontal plane.

To determine the energetically stable structure before geometry
optimization, an interlayer-distance optimization algorithm is im-
plemented to reach an optimized d1 (defined in the Fig. 1(a)) us-
ing the Universal Binding Energy Relation (UBER) method, which
provides a simple unverisal form for the relation between binding
energy and atomic separation55,56. The optimized interlayer dis-
tance is predicted from a series of unrelaxed models with different
d1 (from 5 to 8 Å), and then we calculate the surface adhesion en-
ergy Wad for all 30 types of 2D vdW MX2 heterostructures under
investigations here (e.g. MoS2/WSe2 hetero-bilayer),

Wad =
EMoS2 +EWSe2 −EMoS2/WSe2

A
, (2)

where A is the interface area and EMoS2 , EWSe2 , EMoS2/WSe2
are the

total energies of the monolayer MoS2, WSe2 and the MoS2/WSe2

heterostructure, respectively. The optimal interlayer distances
d1 can be obtained by maximizing the value of Wad . Then the
further structure optimizations are implemented without any ex-
ternal constraints. Furthermore, the formation energy E (E =

EAB−EA−EB) has been listed in TABLE S2. The negative values
of the formation energies also confirm the stability of our struc-
tures, and for most MX2 heterostructures AA stacking is more en-
ergetically favorable.

The calculated lattice constant a and interlayer distance d for
the above-mentioned 30 types of 2D MX2 heterostructures are
summarized in the TABLE 1, which are in good consistence with
previous theoretical and experimental results57–60. As shown in
TABLE 1, the optimized interlayer distances of AA stacking struc-
tures are larger than those of the corresponding AB stacking struc-
tures, which is due to the fact that, in AB structures, the X atoms
are not aligned along the vertical axis and a shorter interlayer dis-
tance leads to a smaller total energy. Furthermore, the change of
stacking type of heterostructures will affect the interlayer interac-
tions of M or X atoms.

3.2 Electronic band structure of hetero-bilayer MX2

Previous studies have revealed that the monolayer MX2 possesses
direct band gap, and both the CBM and VBM located at K point in
the first Brillouin zone17,34,63,64. Owing to the lack of inversion
symmetry and the strong spin-orbit coupling (SOC), the valence
bands possess a significant spin-orbit splitting at K valleys65. And

the band alignment for MX2 shows the following trends (see from
Fig. 2(b)): 1) For common-X system, the band gap of MoX2 are
larger than that of WX2, and the CBM and VBM of WX2 are higher
than those of MoX2; 2) For common-M system, an increase of the
atomic number of X results in a shallower anion p orbital and
thus a shift of the VBM to higher energy levels, finally leading to
decreased band gaps66. To understand these two trends in band
alignment, the atomic orbital composition of the states should be
taken into consideration. Taking MoS2 as an example, the CBM of
MoS2 is mainly composed by the dz2 orbital of Mo and the px and
py orbitals of S, whereas the VBM mostly consists of the dx2−y2

and dxy orbitals of Mo.
For the hetero-bilayer MX2 crystals constructed by two mono-

layer MX2, the formation of their band structures can be un-
derstood by the so-called Anderson’s rule, which provides the
scheme of the construction of energy band diagrams for the het-
erostructure consisting of two semiconductor materials67. Ac-
cording to the Anderson’s rule, the vacuum energy levels of the
two constituent semiconductors on either side of the heterostruc-
ture should be aligned at the same energy68, and there are three
types of possible bandedge lineups: straddling, staggered and
broken gap, as shown in Fig. 2(a). For type I heterostructure, the
CBM and the VBM mainly consist of the orbitals of semiconductor
B, which possesses a smaller band gap compared to semiconduc-
tor A. Thus, the band type of the heterostructure is consistent
with the smaller-gap material. For type II heterostructure, the
VBM and the CBM around the Fermi level reside in two separate
semiconductors, and the formed heterostructure still possesses a
small direct or indirect band gap. As for type III heterostructure,
the locations of CBM and VBM are similar to those of type II het-
erostructure, but there does not exist band gap, and the formed
heterostructure is a semimetal. It should be noted that, for type II
and type III heterostructures, since the CBM and VBM may locate
in different semiconductors, the photon-generated excitons are
thus spatially separated, which will suppress the recombination
of electron-hole pairs and extend the exciton lifetime compared
with the corresponding individual semicondutors26,27,34,69–71.

The band structures for the vdW MX2 heterostructures are cal-
culated by the PBE and HSE06 method and the results, i.e., band
types and bandgaps, are shown in TABLE 1. The direct band gap
at K point for monolayer MX2 is transformed into three types of
band gaps when a hetero-bilayer MX2 crystal is formed, i.e., di-
rect, indirect (M−K,Γ−K,K−Q) and zero bandgap or overlap-
ping bands, according to the calculated results shown in TABLE 1
and the above-mentioned analyses based on the Anderson’s rule.
The formation types of the band gap for the vdW MX2 heterostruc-
tures categorized according to the Anderson’rule are also shown
in TABLE 1. The classification of the band types according to the
Anderson’s rule is called as Anderson band type hereafter. It is
shown in TABLE 1 that, the Anderson band types for the vdW
MX2 are determined by the constituent monolayer MX2 irrespec-
tive of the stacking manner, which is probably due to the fact
that the VBM/CBM of hetero-bilayer structure is attributed to the
d/p−obitals of M/X atoms, and the weak vdW interactions will
not change the charge distribution of the constituent monolay-
ers significantly, thus the relative CBM/VBM energies of the con-
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Fig. 1 Atomic structure of AA stacking and AB stacking hetero-bilayer MX2 in a 3×3×1 supercell from side view (upper panel) and top view (lower
panel), respectively. Large and small spheres represent the M and X atoms, respectively. A color coding is used to distinguish the different atomic
species. d1 and d2 are the interlayer distance (M1-M2) and the bond length of X1-X2.

stituent monolayers will not change.
For simpilicity, we first consider the Anderson band type I het-

erostructure, e.g. band structures for WTe2-WSe2 and MoTe2-
WSe2 hetero-bilayer shown as Fig. 3(a,b). Generally, as we men-
tioned above, two monolayer MX2 crystals with identical M atoms
but different X atoms possess different CBM/VBM energy levels,
and the crystal with the X atoms with a larger atomic number
has a higher energy level of CBM or VBM. However, as shown
in Fig. 2(b), the CBM energy level of WTe2 is lower than that of
WSe2, although the atomic number of Te is larger than Se. Such
a deviation can be understood by the fact that the bond length
dW−Te of WTe2 is the largest one among those of the monolayer
MX2 crystals, which leads to a small overlap integral V between d
orbitals of M atoms and p orbitals of X atoms for the formation of
CBM due to V ∝ 1/d2

W−Te
72,73, and thus counteracts the increase

of CBM energy level from Se with a swallower p orbitals com-
pared to Te34. The smaller CBM energy level of WTe2 ultimately
results in the Anderson band type-I alignment of band edges in
WTe2-WSe2 hetero-bilayer, leading to a direct bandgap at K point
for both AA and AB stacking manners, as shown in Fig. 3(a).

According to TABLE 1, most of the hetero-bilayer MX2 crystals
belong to Anderson band type II heterostructures, e.g., hetero-
bilayer MoS2-WSe2 and MoTe2-WTe2. Fig. 3(c) shows the energy
band structures of the AA and AB stacking MoS2-WSe2 hetero-
bilayers, exhibiting direct bandgaps of 0.60eV and 0.75eV for AA
and AB stacking type, respectively, which are consistent with the

previous results33. The CBM locates in the MoS2 layer and the
VBM locates on the WSe2 layer, resulting in the formation of
spatially separated electron-hole pairs. Experiments on hetero-
bilayer MoS2-WSe2 revealed the dramatically quenching of the
photoluminescence (PL) intensities28, and the extended exciton
lifetime27.

As for the formation of indirect band gaps for type-II het-
erostructures, there are three types of such indirect band gaps,
i.e. M−K, Γ−K and K−Q, resulting from the relatively higher
energy level of Te-5p orbital, the relatively stronger pz− pz bonds
of X atoms in different monolayers, and the hybridization of M-d
and X-p orbitals, respectively.

As shown in Fig. 3, the valence band at the M point is attributed
to the px and py orbitals of X atoms, and the corresponding energy
level for hetero-bilayer MX2 crystals containing Te atoms is larger
than those only containing Se or S atoms, since the atomic num-
ber of Te is the largest one. Therefore, for hetero-bilayer MTe2-
MX2, the valence band energies at M point significantly increase
compared with the hetero-bilayer MSe2-MX2 (X6=Te) or MS2-MX2

(X6=Te), which subsequently leads to the formation of the M−K
indirect band gap, e.g. hetero-bilayer MoTe2-WSe2, as shown in
Fig. 3(b).

The valence band at the Γ point can be attributed to the inter-
layer overlap integral of pz orbitals of X atoms belonging to differ-
ent monolayers at Γ point, as shown in Fig. 3. For hetero-bilayer
MX2 considered here, the distance between X atoms in different
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Table 1 Hetero-bilayer system and band alignment type, optimized lattice constant a (Å), interlayer distance d1 (Å) and the atmoic distance d2 (Å)
between the adjacent anion in different layers, band gap of MX2 heterostructure (PBE/HSE/SOC).Other theoretical data are also listed in parentheses
for comparison

System (Anderson) Stacking type a(Å) d1(Å) d2(Å) Band type EPBE
g /EHSE

g /ESOC
g (eV)

MoS2-WSe2 (II) AA 3.214 (3.22 61) 6.828 3.573 Direct 0.60(0.57 62)/1.19/0.37
AB 3.215 6.164 3.455 Direct 0.75/1.33/0.53

MoS2-WS2 (II) AA 3.183 (3.18 57) 6.758 (6.8 58) 4.826 Indirect 1.29(1.16 62)/1.93/1.22
AB 3.187 6.137 (6.3 58) 3.535 Indirect 1.08/1.70/1.06

WS2-WSe2 (II) AA 3.213 (3.204 24) 6.864 4.808 Direct 0.93(1.007 24)/1.43/0.67
AB 3.212 6.229 3.503 Direct 1.05/1.56/0.80

MoSe2-WS2 (II) AA 3.211 (3.210 24) 6.877 4.820 Direct 1.13 (1.154 24)/1.53/1.00
AB 3.212 6.295 3.570 Direct 1.09 /1.48/0.97

MoSe2-WSe2 (II) AA 3.279 (3.277 24) 7.019 (6.62 59) 4.913 Indirect 1.30 (1.330 24)/1.86/1.03
AB 3.279 6.362(6.48 59) 3.554 Indirect 1.28/1.77/1.09

MoS2-MoSe2 (II) AA 3.250 (3.26 62) 6.972 4.940 Direct 0.98(0.74 62)/1.10/0.56
AB 3.254 6.350 3.655 Direct 0.65/1.09/0.56

MoTe2-MoS2 (II) AA 3.328 7.267 5.058 – –/0.45/–
AB 3.347 6.575 3.736 – –/0.47/–

MoTe2-MoSe2 (II) AA 3.413 7.421 5.177 Indirect 0.49/0.95/0.19
AB 3.413 6.784 3.853 Indirect 0.51/0.95/0.21

MoTe2-WS2 (II) AA 3.347 7.170 4.984 – –/0.43/–
AB 3.350 6.576 3.757 – –/0.42/–

MoTe2-WSe2 (I) AA 3.425 7.354 5.136 Indirect 0.69/1.05/0.60
AB 3.423 6.725 3.811 Indirect 0.64/1.00/0.53

MoTe2-WTe2 (II) AA 3.538(3.56 60) 7.646 5.348 Direct 0.95/1.44/0.67
AB 3.543 6.954 3.923 Indirect 0.93/1.46/0.74

WTe2-MoS2 (III) AA 3.354 7.204 5.018 – –/0.46/–
AB 3.358 6.584 3.751 – –/0.37/–

WTe2-MoSe2 (II) AA 3.423 7.358 5.128 Direct 0.33/0.85/0.10
AB 3.429 6.740 3.833 Direct 0.35/0.84/0.11

WTe2-WS2 (III) AA 3.360 7.114 4.963 – –/0.41/–
AB 3.365 6.516 3.717 – –/0.40/–

WTe2-WSe2 (I) AA 3.422 7.288 5.092 Direct 0.51/0.93/0.24
AB 3.447 6.679 3.781 Direct 0.45/0.86/0.17

monolayers for the AB stacking hetero-bilayer, i.e. d2 shown in
Fig. 1(a,b), is smaller than the corresponding AA stacking hetero-
bilayer, as shown in TABLE 1, thus the energy level of the va-
lence band at the Γ point for the former is the higher one, due
to Vpz−pz ∝ 1/d2

2 . The increase of the energy level of the valence
band at Γ points sometimes leads to the formation of Γ−K indi-
rect band gap with AB stacking, e.g. AB-stacking MoTe2-WTe2 as
shown in Fig. 3(d).

Another indirect band gap (K−Q), .e.g MoSe2-WSe2 shown as
Fig. S2, is formed by VBM located at K point and CBM located at
Q point between Γ and K. According to the analysis on the atomic
orbitals, the energy level of the valence band at Q point is formed
by the strong hybridization between the Mo-d orbitals and W-d
orbitals, which lowers the energy level at Q point and ultimately
leads to the shift of CBM from K to Q point74. However, the CBM
and VBM at K are insignificantly hybridized, due to the higher
symmetry and a larger bond length dMo−W compared to those at
Q point57, thus the VBM is fixed at K point.

The extreme state of staggering is the formation of broken
bandgaps, which is also called as the Anderson band type III align-
ment, as shown in Fig. 2(a). For example, the CBMs of MoS2 and
WS2 are much lower than that of other monolayer MX2 and the
WTe2 possess the highest VBM, as shown in Fig. 2(b), the band
alignment in hetero-bilayer WTe2-MoS2 and WTe2-WS2 thus can
be approximately considered as the Anderson band type III align-
ment, as shown in Fig. 3(e,f). The band overlaps at K point,
changing the heterostructures into metallic phase.

The bandgaps of the hetero-bilayer MX2 crystals based on the
HSE06 and SOC calculations are also provided in TABLE 1. The
negative SOC effects decrease the band gap and the HSE calcula-
tions increase the band gap by 0.4-0.6 eV, compared to PBE calcu-
lations. It should be noted that the metallic phases of the hetero-

bilayer MX2 crystals, i.e. the Anderson band type III heterostruc-
tures, e.g. hetero-bilayer WTe2-MoS2 and WTe2-WS2 crystals as
shown in Fig. 3(e,f), are replaced by direct band gap based on
HSE calculations, which means that the hetero-bilayer MX2 crys-
tals considered here does not possess the Anderson band type III
alignment.

In summary, the CBM state at K point is weakly localized and
not affected by the stacking types usually. While the VBM may
shift from K to Γ point in regard to different stacking types due to
the interlayer electronic coupling. And Kang et al have stated that
the interlayer coupling strength of AB configuration at Γ point is
the strongest among the heterostructures with arbitrary in-plane
angular rotations to push the band energy at Γ point up to a
highest level75. In contrast, the interlayer coupling strength of
AA configuration (0 degree) is the weakest. And this argument
can be proved by the Moiré pattern of these heterostructures to
demonstrate that the pattern becomes smaller and more com-
plex with the rotation angle θ increasing. Moreover, this Moiré
pattern-induced wave function localization of VBM will signifi-
cantly affect the carrier mobilities of MX2 heterostructures, as it
will be discussed in the next section.

3.3 Mechanical properties and transport properties of
hetero-bilayer MX2

Since the MX2 heterostructures under considerations here pos-
sess C3v symmetry, the number of independent second-order elas-
tic coefficients ci j is five and c11 = c22

76. The calculated elastic
coefficients of all MX2 heterostructures are shown in TABLE S2,
and all the vdW MX2 heterostructures are mechanically stable,
according to the Born criteria77,

C11−C12 > 0,C11 +2C12 > 0,C44 > 0 (3)
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Table 2 Hetero-bilayer system and band alignment type, Young’s modulus Y (GPa) and Poisson’s ratio v , electron and hole effective masses along
armchair direction, deformation potential constants for CBM and VBM, elastic modulus, electron and hole mobilities along armchair direction.

System (Anderson) Stacking type Y (N/m) v m∗e (m0) m∗h(m0) De
l Dh

l C ( N/m ) µe(cm2/(V·s)) µh (cm2/(V·s))
MoS2-WSe2 (II) AA 217.58 0.25 0.47 0.47 3.05 3.26 139.55 961.16 875.94

AB 211.03 0.27 0.48 0.46 4.05 2.43 152.92 573.03 1808.89
MoS2-WS2 (II) AA 241.46 0.25 0.46 1.70 6.01 5.70 127.81 256.46 18.04

AB 242.03 0.24 0.46 0.92 6.28 5.03 121.19 318.08 76.70
WS2-WSe2 (II) AA 229.08 0.26 0.30 0.47 3.44 3.60 149.27 1990.11 770.94

AB 226.75 0.26 0.26 0.45 4.85 2.38 151.14 1345.29 1947.10
MoSe2-WS2 (II) AA 261.16 0.31 0.28 0.62 3.26 3.38 152.12 2575.74 511.18

AB 272.66 0.32 0.29 0.58 5.09 1.87 92.47 600.18 1158.73
MoSe2-WSe2 (II) AA 218.88 0.27 0.67 0.45 4.29 1.59 130.84 224.10 3752.36

AB 212.42 0.28 0.61 1.12 1.93 2.84 122.16 1239.06 177.56
MoS2-MoSe2 (II) AA 232.78 0.26 0.42 0.71 2.87 2.78 125.83 1321.55 454.69

AB 230.26 0.27 0.42 0.71 3.07 4.50 114.86 758.03 359.04
MoTe2-MoS2 (II) AA 196.82 0.36

AB 196.87 0.34
MoTe2-MoSe2 (II) AA 184.77 0.31 0.46 1.37 4.40 3.74 113.18 532.75 45.79

AB 200.46 0.25 0.46 1.37 4.07 3.75 110.81 532.75 45.79
MoTe2-WS2 (II) AA 206.17 0.28

AB 195.86 0.31
MoTe2-WSe2 (I) AA 183.70 0.28 0.30 1.33 3.95 3.83 109.1 515.87 52.52

AB 194.71 0.24 0.30 1.25 4.41 4.14 114.79 1191.02 58.76
MoTe2-WTe2 (II) AA 136.33 0.39 0.57 0.42 1.61 1.38 101.62 1023.61 55.76

AB 171.83 0.22 0.58 3.46 4.32 3.30 99.43 2315.94 3285.72
WTe2-MoS2 (III) AA 169.33 0.20

AB 189.09 0.28
WTe2-MoSe2 (II) AA 183.83 0.27 0.45 0.48 2.65 2.85 109.47 382.87 6.58

AB 196.41 0.22 0.45 0.48 2.70 2.85 102.26 912.5 987.31
WTe2-WS2 (III) AA 189.00 0.20

AB 233.27 0.29
WTe2-WSe2 (I) AA 168.36 0.33 0.30 0.46 2.95 2.97 113.4 912.5 987.31

AB 197.77 0.22 0.30 0.45 2.79 3.08 115.65 875.3 918.66

The 2D Young’s modulus of all MX2 heterostructures, given by
Y 2D =

c11c22−c2
12

c11
78, are listed in TABLE 2. The 2D Young’s mod-

ulus for monolayer MX2 crystals decrease from MS2 to MSe2 to
MTe2

79, which is due to the fact that, the strength of dxy,yz,zx− p-
orbital coupling, which forms M-X bonding, becomes weaker with
an increase of the atomic number of chalcogen80. The calcu-
lated 2D Young’s modulus for monolayer MX2 crystals are shown
in TABLE S1. The contributions to the mechanical properties of
MX2 heterostructures can be roughly considered from constituent
monolayer MX2 crystals and the weak interlayer bonding.

The Young’s modulus of the MTe2-MX2 heterostructures are
lower than others due to the weakest Y 2D of monolayer MTe2

among the monolayer MX2 crystals considered here. Meanwhile,
the Young’s modulus of the MX2 heterostructures are a little lower
than the sum of those of the constituent monolayer MX2 crystals,
which means that the contribution from the interlayer bonding to

the total Young’s modulus is negative. The Poisson’s ratios given
by v2D = c12

c22
78, which describes the lateral deformation when ap-

plying uniaxial strains, are calculated and shown in TABLE 2.
Generally materials with high Poisson’s ratio possess good plas-
ticity. The Poisson’s ratios for the MX2 heterostructures are nu-
merically close to each other except WTe2-MX2, due to the low-
est Poisson’s ratio of 0.20 of monolayer WTe2 crystal among the
monolayer MX2 crystals (see TABLE S1).

The effective masses for electrons m∗e and holes m∗h of vdW MX2

heterostructures along armchair and zigzag directions are calcu-
lated respectively, and the results along armchair direction are
shown in TABLE 2. The values of m∗e for AA-stacking MX2 het-
erostructures are close to those of the corresponding AB-stacking
ones, however, the values of m∗h for AA-stacking heterostructures
are deviated obviously from those of AB-stacking ones, e.g. MoS2-
WS2 and MoTe2-WTe2 heterostructures, especially when the band
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types for AA and AB stackings are different (direct vs indirect),
as shown in TABLE 1 and 2. Such phenomena can be understood
by the fixed CBM (electrons) at K or Q point for all the MX2 het-
erostructures, and the transition of VBM (holes) from K point to
M or Γ point for MX2 heterostructures with an indirect band gap.

As mentioned above, the bandstructures of MX2 heterostruc-
tures can be roughly decomposed into those of the constituent
monolayer MX2 crystals, according to the Anderson’s rule, which
also leads to the formation of the effective masses of electrons
and holes for MX2 heterostructures. Fig. 5 shows the effective
masses of electrons and holes for MX2 heterostructures and the
corresponding constituent monolayer MX2 crystals along all di-
rections, taking WTe2-WSe2 and MoS2-WSe2 hetero-bilayer as ex-
amples without loss of generality.

The WTe2-WSe2 hetero-bilayer belongs to the Anderson band
type I and the CBM and VBM are attributed to those of mono-
layer WTe2 crystal. It is shown in Fig. 5(a,b) that the effective
masses of electrons and holes for the WTe2-WSe2 hetero-bilayer
are close to those of monolayer WTe2 crystals, respectively. How-
ever, for MoS2-WSe2 hetero-bilayer (Anderson band type II), since
the CBM is attributed to that of monolayer MoS2 crystal and VBM
is attributed to that of monolayer WSe2 crystal, therefore, the
m∗e for MoS2-WSe2 hetero-bilayer is similar to that of monolayer
MoS2 and the m∗h is similar to that of monolayer WSe2, as shown
in Fig. 5(c,d).

According to Eq. (1), the third factor determining carrier mo-
bilites µ is the deformation potential constants, De,h

l , which de-
scribes the scatterings of electrons/holes by longitudinal acoustic
phonons. The calculated De,h

l for MX2 heterostructures and mono-
layer MX2 crystals are shown in TABLE 2 and TABLE S1, respec-
tively. By comparison, it is found that, the deformation potential
constants of MX2 heterostructures are overally larger than those
of constituent monolayer MX2, which means that, the formation
of the vdW MX2 heterostructures increases the electron-acoustic
phonon coupling, leading to the increase of deformation potential
constant Dl , especially for MoS2-WS2 heterostructures.

Since the CBM and VBM of the MX2 heterostructures can be
attributed to the respective band structures of the constituent
monolayer MX2, according to the Anderson rule, the shift of VBM
from K point to Γ/M point will result in dramatic change of
the deformation potential constants and hole effective masses for
MX2 heterostructures with indirect bandgaps, e.g. MoTe2-WTe2.

In order to figure out the exact contributions from the three
factors, i.e. effective masses m∗e,h, deformation potential constants

De,h
l and elastic modulus C, to the carrier mobilities µ, compared

to the constituent monolayer MX2 crystals, we plot the values of
the three factors for constituent monolayer crystals and hetero-
bilayer structures in Fig. S4. It is clear that the elastic modu-
lus of hetro-bilayer structures is nearly twice of the constituent
monolayer MX2 crystals, while the deformation potential con-
stants of hetro-bilayer structures are overally larger or close to
the constituent monolayer MX2 crystals. Moreover, the effective
masses of hetro-bilayer structures mostly determined by the con-
stituent monolayer cystals, are thus close to those of constituent
monolayer cystals, except some hetro-bilayer structures with VBM

points shifted from K to Γ/M, e.g. MoTe2-WTe2. Finally, the car-
rier mobility of electrons and holes along armchair and zigzag
directions for the MX2 hetero-bilayer can be calculated accord-
ing to Eq.(1), as shown in Fig. 6. Fig. 6(a-b) and (c-d) show
electron/hole mobilities along armchair and zigzag directions re-
spectively. The mobilities for monolayer MX2 as a contrast are
shown as color blocks in the diagonal direction, and the color
blocks in the lower/upper triangular part correspond to the cases
of AA/AB-stacking types. For example, the red block of the 1st row
and 4th column in Fig.6(a) corresponds to the electron mobilities
along armchair direction of AB-stacking MoS2-WSe2 heterostruc-
ture, i.e. µ = 573 cm2/(V·s). The electron mobilities of hetro-
bilayer structures are overally larger than those of constituent
monolayer MX2 crystals, and the same situation takes place for
the holes mobilities of hetro-bilayer structures with VBM located
at K point. However, the holes mobilities of hetro-bilayer struc-
tures with VBM located at Γ/M point are smaller than those of
constituent monolayer MX2 crystals.

The AA stacked MoTe2-MoSe2 heterostructure possesses the
highest electron mobility along zigzag direction, i.e. 3658
cm2/(V·s), and the AA stacked MoSe2-WSe2 heterostructure pos-
sesses the highest hole mobility along the armchair direction, i.e.
3752 cm2/(V·s).

3.4 Optical properties of hetero-bilayer MX2

The optical properties of the vdW MX2 heterostructures are de-
scribed by the complex dielectric function, i.e. ε(ω) = ε1(ω) +

iε2(ω). The imaginary part of dielectric tensor ε2(ω) is deter-
mined by a summation over empty band states as follows81,82,

ε2(ω) =
2πe2

Ωε0
∑

k,v,c
δ (Ec

k −Ev
k − h̄ω)

∣∣∣∣∣〈Ψc
k
∣∣u · r∣∣Ψv

k〉

∣∣∣∣∣
2

, (4)

where Ω is the crystal volume, ε0 is the vacuum dielectric con-
stant, h̄ω represents the photon energy, v and c mean the valence
and conduction bands respectively, u is the polarization vector in
the incident electric field, u·r is the momentum operator, Ψk is
the wave function at the k point. The real part of dielectric tensor
ε1(ω) is obtained by the well-known Kramers-Kronig relation83,

ε1(ω) = 1+
2
π

P
∫

∞

0

ε2(ω
′)ω ′

ω ′2−ω2 + iη
dω
′, (5)

where P denotes the principle value. Based on the complex di-
electric function, the absorption coefficient α(ω) is given by84,85

α(ω) =

√
2ω

c

{[
ε

2
1 (ω)+ ε

2
2 (ω)

]1/2− ε1(ω)
} 1

2
, (6)

In 2D semiconductor materials, the band gap obtained by
HSE06 is usually close to the real optical band gap due to the
underestimation of band gap by neglecting excitonic effects86.
Thus, we only performed HSE06 calculations to obtain optical
properties for the hetero-bilayer MX2 under considerations here,
which show that all of them are semiconductors with a finite band
gap, as shown in TABLE 1. All the optical constants are calculated
for incident radiations with the electric field vector E polarized
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along the a and b directions87 shown in Fig. 1(c).
Due to the C3 symmetry of hexagonal structure of the hetero-

bilayer MX2, the dielectric function ε(ω) possesses the same re-
sults along the a and b directions. And the ε(ω) results for AA
and AB stacking type are also close to each other, as shown in
Fig. 7(a,b) and Fig. S4, irrrespective of the corresponding Ander-
son band type. The similarity in ε(ω) results between AA and AB
stacking hetero-bilayer MX2 can be understood by the fact that,
the bandstructure of the hetero-bilayer MX2 can be roughly de-
composed into the respective bandstructures of the constituent
monolayer MX2 according to the Anderson’rule, thus the contri-
bution to the total optical response, i.e. ε2(ω), from absorption
of an incident photon h̄ω and then transition from Ψc

k to Ψv
k can

be traced back to the behaviors of electrons located within the
constituent monolayer MX2. Therefore, the ε2(ω) results for AA
and AB stacking hetero-bilayer MX2 probably are similar since
they contain identical constituent monolayer MX2, according to
Eq. (4).

The optical properties of hetero-bilayer MX2, e.g. WTe2-WSe2,
MoS2-WSe2 and WTe2-MoS2, are shown in Fig. 7. The main ab-
sorption peaks of these three hetero-bilayer MX2 locate in the
range of 3.0 to 5.0 eV, i.e. the ultraviolet region, with a refractive
range from 2.80 to 4.27 in this region.

4 Conclusion
In this work, we have investigated the structure, electronic, me-
chanical, transport and optical properties of the vdW MX2 het-
erostructures using first-principles calculations. The AA and AB
stacked hetero-bilayer MX2 exhibit three types of band alignment
according to Anderson’s rule, with a wide band gap range be-
tween 0 and 2 eV. The main differences between AA and AB
stacked hetero-bilayer MX2 lie in the band structure and mechan-
ical properties due to the interlayer coupling such as the indirect
Γ−K bandgap. The band structure of the MTe2-MX2 will pos-
sesses a higher valance band at M point due to the high band
energy of 5px,y orbitals of Te. The type II band alignment of
the vdW hetero-bilayer MX2 make interlayer transitions possible,
leading to spatially separated excitons. The transport properties
of the vdW MX2 heterostructures are consistent with the sym-
metry of the geometric structures. It should be noted that the
carrier mobilities of the hetero-bilayer MX2 are often higher than
those of monolayer MX2, attributed to the higher elastic modu-
lus for the hetero-bilayer MX2, while the hetero-bilayer MX2 with
indirect bandgap possess much lower hole mobilities due to the
increased effective masses and deformation potential constants.
Furthermore, the calculated optical properties show strong opti-
cal absorption for vdW MX2 heterostructures, enabling the novel
applications in optoelectronics from visible to ultraviolet region,
such as photodetectors, light-emitting diodes, and photovoltaics.
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