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Abstract

The indirect-to-direct band-gap transition in transition metal dichalcogenides

(TMDCs) from bulk to monolayer, accompanying with other unique properties

of two-dimensional materials, has endowed them great potential in optoelec-

tronic devices. The easy transferability and feasible epitaxial growth pave a

promising way to further tune the optical properties by constructing van der

Waals heterostructures. Here, we performed a systematic high-throughput

first-principles study of electronic structure and optical properties of the layer-

by-layer stacking TMDCs heterostructing superlattices, with the configuration

space of [(MX2)n (M0X0
2)10−n] (M/M0 = Cr, Mo, W; X/X0 = S, Se, Te; n = 0-

10). Our calculations involving long-range dispersive interaction show that the

indirect-to-direct band-gap transition or even semiconductor-to-metal transi-

tion can be realized by changing component compositions of superlattices.

Further analysis indicates that the indirect-to-direct band-gap transition can

be ascribed to the in-plane strain induced by lattice mismatch. The

semiconductor-to-metal transition may be attributed to the band offset among

different components that is modified by the in-plane strain. The superlattices

with direct band-gap show quite weak band-gap optical transition because of

the spacial separation of the electronic states involved. In general, the layers

stacking-order of superlattices results in a small up to 0.2 eV band gap fluctua-

tion because of the built-in potential. Our results provide useful guidance for

engineering band structure and optical properties in TMDCs heterostructing

superlattices.
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1 | INTRODUCTION

Two-dimensional (2D) transition metal dichalcogenides
(TMDCs) monolayers, with X M X triple atoms, pre-
sent extremely strong light-matter interactions due to the
direct optical band gap in the near-infrared to visible
spectral range (0.7-2.0 eV).1-4 Hence, TMDCs are highly
expected to apply in electronic transistor,5 optical
catalysis,6 and solar cell7,8 due to the suitable band gap,
high on/off ratio,5 strong photoluminescence,9-11 and
high conductivity.12 However, the optoelectric response
intensity for the direct band-gap single-layer MoS2 and
WS2 is quite low by comparing to their bulk systems. But
the bulk TMDCs exhibit indirect band-gap.

Many efforts were donated by the scientists to opti-
mize/tune the electronic band structure of single/few
layers of TMDCs, such as applying external electric
field,13-17 in-plane (uniaxial or biaxial) strain,18-29 and
constructing heterostructures.17,30-37 Lu et al reported
that the electric field induced dipole moment should be
responsible to the underlying directbandgap in hetero-
structures.26 Biaxial strain can induce the transition from
direct to indirect bandgap for monolayer TMDCs,18,19,24

but does not work in bulk TMDCs.32 Yun et al showed
that semiconducting of MoS2, MoSe2, and MoTe2 trans-
fers into metallic as the external biaxial strain is larger
than 9.8%, and the direct bandgap can just tolerate biaxial
strain within −1.3% to 5%.18 The excellent transferability
of TMDCs allows the band structures engineering via
constructing van der Waals (vdW) heterostructures.38

The heterostructures not only significantly improve the
absorption comparing to the monolayer,39 facilitate the
eletron-hole separation in different layers,30,32-37 but also
have the possibilities to inherit the direct bandgap from
monolayer, such as vdW TMDCs heterostructures,37 and
MoS2/graphene heterostructures.30 Kou et al. explained
the inner-plane strain due to lattice mismatch and the
polarization at interface can significantly tune the
bandgap values that in the few layered heterostructures
(MoX2)n(MoY2)m (X, Y = S, Se, Te).17 Especially, the
interface polarization can be sensitively tuned by excess
electric field, which can result in semiconductor-to-metal
transition but no indirect-to-direct transition. The density
of functional theory (DFT) calculations reveal that the
applied in-plane strain on MoS2 MX2 superlattices can
also widely tuned the band gap.40 However, the in-plane
strain on superlattices of MX2 are rarely studied,41

though there are intensive studies on the few layers het-
erostructures.30-37,40,42 The superlattices consist of peri-
odic stacking of very thin alternating layers of two
different TMDCs, which are distinct from the few layers
heterostructures. Note that combination of two different
2D semiconductor to form superlattices or

heterostructures, the intrinsic band offset,38 and built-in
layer-thickness43 due to different stacked order play
important roles to tune the bandgap values.44,45 The for-
mer usually leads to lower bandgap than the bandgap of
homogenous 2D semiconductor,17,42 while the later can
lead to varying of bandgap values46 though it is generally
uncontrollable in experiment.

In this work, we present a computational study of
tuning electronic band structures via constructing
TMDCs heterostructing superlattices [(A)n (B)10−n] (A,
B = MX2; M = Cr, Mo, W; X = S, Se, Te). We systemati-
cally studied three types of heterostructing superlattices
(type A: A and B with same transition metal M but differ-
ent chalcogen X, type B: A and B with same chalcogen X
but different transition metal M, type C: A and B with dif-
ferent transition metal M and chalcogen X), within
10-layer periodic unit cell (Figure 1A). The evolution of
band structures, including indirect-to-direct bandgap
transition, semiconductor-to-metal transition as the con-
tent of MX2 and M0X0

2 is revealed. A direct/indirect
bandgap fluctuation due to different built-in layer thick-
ness because of variation of the layers stacking order of
superlattices is also observed. Further analysis of the
results indicates the factors that are responsible for the
above observations including the band offset among dif-
ferent components and the in-plane strain caused by the
lattice mismatch.

2 | COMPUTATIONAL APPROACH

Our calculations are performed within the framework of
DFT using the plane-wave pseudopotential implemented
in the Vienna Ab initio Simulation Package (VASP).47,48

The electron-core interactions are described with the
frozen-core projector-augmented pseudopotential. The gen-
eralized gradient approximation formulated by Perdew,
Burke, and Ernzerhof (PBE)49 is used as the exchange cor-
rection. The equilibrium structural parameters including
the lattice constants and internal coordinates are obtained
by using total energy minimization via conjugate-gradient
algorithm. The vdW interactions are included for geometri-
cal optimization by DFT-D2 method.50 The kinetic energy
cutoff for S, Se, Te, Cr, Mo, W are set to 364, 276, 228, 295,
292, and 290 eV. The electronic configurations for S, Se,
Te, Cr, Mo, and W elements are 3s23p4, 4s24p4, 5s25p4,
3d54s1, 4d44s2, and 4d44s2. The k-point meshes with grid
spacing of 2π × 0.015 Å−1 is used for electronic Brillouin
zone integration. As shown in Table S1, the calculated lat-
tice constants of bulk 2H-MX2 agree well to the experimen-
tal values.

The electronic band structures are calculated by using
PBE functional without including the spin-orbit coupling
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(SOC) and electronic dispersion interaction among
interlayer.4,51,52 Since the SOC can result in bandgap
splitting up to 400 meV in 2H-MX2 with inversion sym-
metry.53-55 The strong excitonic effect in MX2 also con-
tributes to the red shift of band gap.27 Standard DFT
functionals show reasonable bandgap values (see
Table S1), which is due to the accidental cancellation
between the underestimation of bandgap values56 with
the standard DFT functional and SOC effect and the
actual excitonic effect captured by the experimental
optical measurements.27

The [(MX2)n (M0X0
2)10−n] heterostructing superlattices

of different TMDCs materials are optimized by using

same parameter for optimization and keeping the ini-
tial symmetry. A series of bilayer MoS2, MoSe2,
MoTe2 with continuously variable in-plane strain are
selected to only optimize internal atomic coordination
with parameter sets for superlattice optimization.
Their band edges are evaluated by PBE functional
and discussed in Section 2. Creation of calculation
workflows, management of large amounts of calcula-
tions, extraction of calculated results, and post-
processing analysis are performed by using an open-
source Python framework designed for large-scale
high-throughput energetic and property calculations,
JUMP2 (to be released soon).

FIGURE 1 A, Schematics of (in-/out-plane views and the basic unit) 10-layer unit cell to constructing heterostructing superlattice.

Band structures of, B, homogenous MoSe2 10-layered supercell, C, [(MoSe2)2 (MoTe2)8] heterostructing superlattice, and, D, homogenous

10-layered MoTe2 supercell. The “Q” points in B,D refer to the conduction band minimum (CBM) for the bulk structures. E, Direct/indirect

bandgap depends on the content (ie, n/10) of MoSe2 in [(MoSe2)n (MoTe2)10−n]. The filled areas reflect the fluctuations of band gap values

induced by stacked orders
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3 | RESULTS AND DISCUSSION

3.1 | Electronic band structure of
TMDCs heterostructing superlattices

To meet the computational cost of structural optimiza-
tion and exploring the bandgap evolution of
heterostrucuting superlattice, as shown in Figure 1A, we
used a 10-layer heterostructing superlattice [(A)n (B)10
−n] (no vacuum layer; A and B referring to the basic units
MX2; n = 0-10) as the unit cell. The most stable AB-stac-
king pattern (ie, 2H phase) that has be found experimen-
tally57-59 (see in-plane and out-plane in Figure 1A) is
adopted for all the studied systems. For each [(A)n (B)10
−n] system, there are 128 possibilities for different stacked
orders when n varies from 0 to 10. Totally, we construct
1024 configurations and group them into three types:
type A [(MX2)n (MX0

2)10−n] (3*128 = 384) with same
transition metal and different chalcogen X, type B
[(MX2)n (M0X2)10−n] (3*128 = 384) with different transi-
tion metal and same chalcogen X, and type C
[(MX2)n (M0 X 0

2)10−n] (2*128 = 256) with different transi-
tion metal M and chalcogen X. We consider monolayer
MX2 (ie, MX2 = MoS2, MoSe2, MoTe2, WS2, WSe2, WTe2,
CrS2, CrSe2, and CrTe2) as basic units to construct heter-
ostructing superlattices within 10-layer unit cell,
[(A)n (B)10−n], where n is the number of one of the units
MX2. Among the constituting basic units, the 2H-phase
MoS2, MoSe2, MoTe2, WS2, and MoSe2 have been synthe-
sized in experiment,57-59 whereas CrS2, CrSe2, CrTe2, and
WTe2 are assumed as the 2H-phase to investigate the
whole trend of electronic band structure variation in the
TMDCs heterostructing superlattices. Besides, because of
structural similarities between MoX2 and WX2, we expect
similar electronic and mechanical behaviors. All the con-
figurations are optimized (including the lattice constant
and interatomic position) by constraining to initial group
symmetry. Then we collect the band structures for all of
superlattice configurations for further analysis.

3.1.1 | Type A heterostructing
superlattices [(MX2)n (MX0

2)10 − n]

Three kind of combinations, [(MoS2)n (MoSe2)10−n],
[(MoSe2)n (MoTe2)10−n] and [(MoS2)n (MoTe2)10−n]
heterostructing superlattices are studied. The electronic
band structures of homogenous 10-layers stacked MoSe2
and MoTe2 are displayed in Figure 1B,D. The valence
band maximum (VBM) locate at Γ points, and conduc-
tion band minimum (CBM) locates at the middle of K-Γ
path, defined as Q point, revealing that both bulk MoSe2
and MoTe2 are with indirect bandgap, agreeing with

experimental observations.18 In contrast, as shown in
Figure 1C, the 10-layered [(MoSe2)2 (MoTe2)8] heter-
ostructing superlattice presents direct bandgap at K point.
This demonstrates the indirect-to-direct bandgap transi-
tion from homogeneous layered bulk materials to heter-
ostructing superlattices. As shown in Figure 1E, the
heterostructing superlattices [(MoSe2)n (MoTe2)10−n]
exhibit direct bandgaps by 0.27 and 0.32 eV when n = 1
and n = 2. Yet, the direct bandgaps are slightly higher
than the indirect band gaps for n = 0 to 3 and get closer
to each other by increasing the content (n/10) of MoSe2.
This implies that the heterostructing superlattices with
few layers of MoSe2 possess small gaps and occur indi-
rect-to-direct bandgap transition. From Figure 1E, we
find that the bandgap fluctuations up to 0.1 eV induced
by different built-in layer thickness, indicating that the
indirect-to-direct bandgap transition is not sensitive to
stacked orders.

By analyzing the projected band structure of
[(MoSe2)2 (MoTe2)8] in Figure 1C, we can find the CBM
is contributed by MoSe2 (blue dots) and the VBM is con-
tributed by MoTe2 (red dots). This implies the electron-
hole separation at band edges, which is consistent with
the previous findings in TMDCs heterostructures.30,32-37

We plot the corresponding ratio of the configurations
with direct bandgap (or metallic property) over total of
128 configurations as Rd (or Rm) in Figure 2 for each type
of superlattices. Detailed results are listed in Table S2.
For [(MoSe2)n (MoTe2)10−n] heterostructing superlattices,
Rd is equal to 18.5%, but no metallic configuration is
obtained. Though [(MoS2)n (MoSe2)10−n] heterostructing
superlattices are all with the indirect bandgap, and the
band gap values of the superlattices gradually decrease by

FIGURE 2 The crossover percentage of transitions for

indirect-to-direct bandgap (Rd, blue bars), and for semiconductor-

to-metal (Rm, gray bar). The blank areas represent no transitions
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reducing MoS2 content (Figure 3A). And all of
[(MoS2)n (MoTe2)10−n] superlattices are metallic (Figures 2
and 3C). Besides, we find Rd = 51.9% and Rm = 28.7% for
[(CrSe2)n (CrTe2)10−n] heterostructing superlattices
(Figures 2 and S1).

3.1.2 | Type B heterostructing
superlattices [(MX2)n (M0X2)10−n]

Here we consider three kinds of type B superlattices
including [(MoS2)n (WS2)10 − n], [(MoSe2)n (WSe2)10−n],
and [(MoTe2)n (WTe2)10−n], aiming to figure out the
effects of cations on band gaps. As shown in Figure 3D,
the indirect and direct bandgap values for
[(MoS2)n (WS2)10−n] heterostructing superlattices are in
the range of 0.73-0.94 and 1.30-1.41 eV, respectively,
when n = 1-9. For all of type B superlattices, their direct
bandgap values are always larger than the corresponding
indirect bandgaps, demonstrating no indirect-to-direct
bandgap transition. The corresponding indirect and
direct bandgaps are not sensitive to contents n, which is
different from type A heterostructing superlattices. By
increasing the atomic number of anions in
[(MoX2)n (WX2)10−n] heterostructing superlattices (ie, X
changes from S to Te), only the indirect bandgaps are

smaller than that in homogenous configurations, as
shown in Figure 3D,F. However, neither indirect-to-
direct bandgap transition nor semiconductor-to-metal
transition is observed in three type B heterostructing
superlattices. Moreover, in [(MoX2)n (WX2)10−n] heter-
ostructing superlattices, the VBM is at Γ point, and CBM
at Q point, which is analogous to the homogenous sta-
cked bulk MX2 (Figure 1A,C). Besides, we also calculate
the indirect and direct bandgap values of all configura-
tions of [(CrTe2)n (WTe2)10−n] heterostructing
superlattices and show them in Figure 2. We find 6.5%
configurations of [(CrTe2)n (WTe2)10−n] heterostructing
superlattices occur indirect-to-direct bandgap transition,
and 2.8% configurations of [(CrTe2)n (WTe2)10−n] heter-
ostructing superlattices are metallic compounds.

3.1.3 | Type C heterostructing
superlattice [(MX2)n (M0Y2)10−n]

Here, we only consider two kinds of type C heterostructing
superlattice in this family, i.e, [(WSe2)n (MoTe2)10−n] and
[(MoS2)n (WTe2)10−n]. As shown in Figure 2, the 2.8% con-
figurations of [(WSe2)n (MoTe2)10−n] superlattices present
indirect-to-direct bandgap transition, and 92.6% configura-
tions become metallic compounds. While except the

FIGURE 3 Band gaps of type A and type B superlattice as the function of content n (indirect bandgap: red circle lines, direct bandgap:

green square lines). The in-plane strain respect to bulk MX2 are also depicted (blue cross). The filled areas reflect the fluctuations of

bandgaps due to different stacked orders
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homogenous stacked WS2 and MoTe2, all the heter-
ostructing superlattice configurations turn to be metallic
for type C [(MoS2)n (WTe2)10−n] superlattice. Apparently,
we can conclude that the semiconductor-to-metal transi-
tion mainly depends on the differences of the anion,
though the band edges are dominated by the d orbitals of
cations.

3.2 | Physical mechanism underlying
semiconductor-metal and indirect-to-direct
bandgap transitions

3.2.1 | Band offsets leading to band gap
reduction

We define the band offset as the absolute value of the
sum of relative shift of band edges between any two
homogenous 10-layered slabs (depicted in Figure 4). The
VBM of 10-layered MoTe2 at Γ point is set to zero. The
energy level of VBM located at Γ point for other MX2

refers to the energy level of VBM of 10-layered MoTe2
slab. The CBM locates at Q point (the middle point along
K to Γ, see Figure 1A), which is consistent with bulk
MX2. As shown in Figure 4, the band offset without con-
sidering lattice mismatch are 0.30, 0.54, and 0.24 eV for
MoS2 MoSe2, MoS2 MoTe2, MoSe2 MoTe2, and 0.42,
0.35, and 0.34 eV for MoS2 WS2, MoSe2 WSe2,
MoTe2 WTe2, respectively. Note that the VBM and CBM
energy levels for MX2 in Table S3 refer to the core level
(S-1s), which also reveals consistent of band offset trends

using 10-layered or Monolayer MX2 slab. Consequently,
the band offset can induce the bandgap reduction
(Figure 3) by constructing TMDCs heterostructures.60

Note that the band offset for MoTe2 WSe2 is 0.38 eV, but
is 1.28 eV for MoS2 WTe2 (Table S4).

3.2.2 | In-plane strain caused by lattice
mismatch resulting in band edge shift

As we mentioned above, we do not consider the lattice
mismatch for all three types of superlattices. Here, we
collect the in-plane strain for type A and type B as shown
in Figure 3 (blue cross symbols). The smallest in-plane
lattice constant of the building unit is adapted as the ref-
erence. Indeed, the type A heterostructing superlattices
with significant bandgap shift exhibit large in-plane
strain (>3%). However, the in-plane strain is less than 1%
due to the similar radius of anion X in type B heter-
ostructing superlattices, which might moderately contrib-
ute to the change of band gap.

To identify the effect of in-plane strain on the elec-
tronic band structure, we firstly calculated the band
structure of bilayer MoS2 slab under positive in-plane
strain (from 1% to 8%). From Figure 5, the CBM locates
at K point, the VBM always locates at Γ point. By rising
in-plane strain, we find the bandgap values decrease and
conduction band edges at K point and Q point gradually
shift down. Note that two broaden bands at Q point
approaches to be degenerate when the applied strain
reaches to 8%. This agrees with Ellis' finding,61 in which
they suggested that the strong splitting in the conduction
band of multilayers MoS2 along K-Γ path shifts down rel-
ative to the K-point minimum, leading to an indirect
band gap respect to monolayer MoS2. And the band edges
shift is not a unique property for homogenous bilayer
MX2. In heterostructure, such as [(WSe2)n (MoS2)10−n]
can also found the VBM transition from K to Γ due to
external strain, leading to indirect gap.17,26 Therefore, we
might qualitative figure out the effect on electronic struc-
ture in heterostructing superlattices because of in-plane
strain analogous to the in-plane strain on layered slabs.

Then, as shown in Figure 6, we calculated band edges
shift respect to the vacuum level by applying in-plane
strain on bilayer MoS2, MoSe2, and MoTe2 slabs. One can
find that the valence band edges at K, M, and Q points for
bilayer MoS2, MoSe2, and MoTe2 gradually shift down as
the in-plane strain changing from −7% to +7%. The slopes
for K, M, and Q as the function of in-plane are similar,
which may originate the same M-dx2-y2 and Mo-dxy orbital
contribution (Table S5). In contrast, the valence band edge
at Γ point contributed by Mo-dz2, dxz, and dyz orbitals shifts
up (Figure 6A,C,E). The converse tendency may attribute

FIGURE 4 Relative valence band maixmum (VBM) and

conduction band minimum (CBM) energy levels of MX2 with

respect to vacuum level. The VBM of 10-layered MoTe2 slab was set

to zero. The VBM and CBM energy levels for single-layer MX2

(dash lines) with respect to 10-layer MoTe2 slab were also plotted as

references

206 ZHAO ET AL.



to the strong anti-bonding states at Γ point comparing
with the non-bonding or weak bonding states away from
Γ point (M, K, Q points). The VBM always locates at Γ
point by applying tensile strain, same as the results in
Figure 5. For the conduction band edge (Figure 6B,D,F),
the Γ, K, M, Q points gradually decrease as the in-plane
strain rising from −7% to +7%. The VBM for bilayer MoS2,
MoSe2 and MoTe2 slabs always occurs at Q point when

applying compressive strain, and the tensile strain results
in the transition from Q to K points. Overall, to achieve
the direct bandgap heterostructing superlattices, we should
combine two TMDCs with moderate in-plane strain.
Quantitively, the blue shadowed region in Figure 6 refers
to the band edges that occur at K points under in-plane
strain. The area of the shadowed region enclosed by lines
of Γ, K, M shrinks as the atomic number of S > Se > Te

FIGURE 5 Band edges shift for bilayer MoS2 slab by applying in-plane strain (ie, lattice expansion along a and b vectors) from 1% to

8%. The conduction band minimum (CBM) in the crystalline MoS2 was addressed as Q point

FIGURE 6 Band edge shifts at special k-points, that is, Γ, K, M, and Q (red/green/blue/yellow) in bilayer MoS2, A,B, MoSe2, C,D, and

MoTe2, E,F slabs against to applied biaxial in-plane strain. The blue shadowed areas refer to the valence band maximum (VBM) or

conduction band minimum (CBM) that would shift to K
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for both valence and conduction band edges. The conduc-
tion band edges can be easily tuned to K point by applying
less than 1% in-plane strain for bilayer MoX2 (X = S, Se
and Te). Note that MoSe2 and MoTe2 are the optimal
building units for achieving the VBM at K point within
applying moderate in-plane strain (less 2% compression),
comparing to MoS2. Indeed, we find that (see Figure 2)
[(MSe2)n (MTe2)10−n] heterostructing superlattices are the
optimal combination for achieving direct bandgap configu-
rations in type A and type C. Therefore, we can conclude
that the intrinsic in-plane strain due to lattice mismatch
accounts for the indirect-direct bandgap transition as well
as the semiconductor-to-metal transition.

To further confirm the in-plane strain effect on
bandgap evolution due to lattice mismatch, we select
[(CrTe2)n (WTe2)10−n] heterostructing superlattices, in
which the lattice mismatch between is larger than that in
[(MoS2)n (MoSe2)10−n] and [(MoSe2)n (MoTe2)10−n] het-
erostructing superlattices depicted in Figure 2. Both indi-
rect-to-direct bandgap and semiconductor-to-metal
transitions are found. In contrast, the absence of in-plane
strain due to lattice mismatch (<1%) between MX2 and
M0X2 would not induce indirect-to-direct bandgap transi-
tion in type B (Figure 2). The [(CrS2)n (WS2)10−n]
heteostructing superlattice shows semiconductor-to-
metal transition, which might be collaboratively affected
by large band offset and small in-plane strain. In fact, as
shown in Figure 2, type C superlattices exhibit metallic
property. Their in-plane strain is within range of 3.17% to
11.56%. This further demonstrates the band edges shift
are induced by in-plane strain effect.

3.2.3 | Different built-in potential in
heterostructing superlattices results in the
bandgap fluctuation

As shown in Figure 3A,B,D-F, the direct bandgap and
indirect bandgap values distribute in a range (ca. 0.2 eV)
for the superlattices [(A)n (B)10−n] with given n
(1 < n < 9) as well as shown in Figure S1. It is well
known that the built-in potential in heterostructures such
as graphene/WS2,

62 can be formed due to hetero-stac-
king, which can be considered as the spontaneous verti-
cal electric filed.14 Note that Liu et al find that the band
gap of the bilayer MoS2 monotonically depends on the
external vertical electric field.14 Here, given n in heter-
ostructing superlattice [(A)n (B)10−n], there are different
stacked orders, leading to different built-in potential,
which further results in variation of bandgap values. In
addition, the ubiquitous interlayer coupling effect in the
multiple layered 2D materials4,51,63-65 may also contribute
to the band gap variation. In Figure S2, we show the

averaged built-in potential along layer-stacking direction
based on two of configurations of heterostructing superla-
ttice [(MoSe2)5 (MoTe2)5] with different stacking order
(ie, ABABABABAB and AAAAABBBBB). Although the
charge mainly distributes on the MoTe2 layers
(Figure S2), the built-in potential for ABABABABAB sta-
cked configuration fluctuates in short range, the
AAAAABBBBB stacked configuration presents two
apparent ranges, which depends on the thickness of the
homogenous layers.17 Consequently, the former has
bandgap 0.72 eV, which is larger than the later (0.42 eV).

3.3 | Optical absorption spectra of the
heterostructing superlattices with direct
bandgap

We explore the optical properties of the configurations in
heterostructing superlattices with direct bandgap, includ-
ing [(CrSe2)n (CrTe2)10−n], [(CrTe2)n (WTe2)10−n],
[(MoSe2)n (MoTe2)10−n], and [(WSe2)n (MoTe2)10−n]
superlattice to study the optical absorption. From
Figure 7, we can find that optical absorption of mixed
compounds stronger than that of silicon crystalline in
range of low photonic energy, which reaches maximum
at 1.5 eV. However, [(CrSe2)n (CrTe2)10−n],
[(CrTe2)n (WTe2)10− n], [(MoSe2)n (MoTe2)10−n], and

FIGURE 7 Optical absorption spectra of selected

heterostructing superlattices with direct band gap

([(CrSe2)n (CrTe2)10−n], [(CrTe2)n (WTe2)10−n],

[(MoSe2)n (MoTe2)10−n] and [(WSe2)n (MoTe2)10−n]). The vertical

arrows refer to the direct gap of the corresponding systems in the

same color
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[(WSe2)n (MoTe2)10−n], the optical absorption is negligi-
ble at the position of direct band gap. This is because of
electron-hole spacial separation (see Figure 1C), in which
no wavefunction hybridizations between different layers.
The implication is that the exciton lifetime in heter-
ostructing superlattices with direct bandgap should be
much longer than that in homogenous MX2,

65-67 which
maybe potential materials for solar cell or charge trans-
port devices. However, these superlattice with direct
bandgap might be not good emitters due to charge special
separation, which may have low quantum yield.68

4 | CONCLUSIONS

We systematically studied the evolution of electronic struc-
tures and optical property for TMDCs heterostructing
superlattices [(MX2)n(M0X0

2)10−n] within 10-layer unit cell
(M/M0 = Cr, Mo, W; X/X0 = S, Se, Te; n = 0-10) by using
high-throughput first-principle calculations. Our calculated
results reveal that the indirect-direct bandgap transition
(Γ-Q to K-K) or even semiconductor-to-metal transition
can be realized by changing component compositions of
superlattices. The bandgap fluctuation caused by the layer
stacked orders of superlattices is small (up to 0.2 eV)
because of the built-in potential. Further analysis implies
that the indirect-direct bandgap transition is originated
from the in-plane strain induced by lattice mismatch. The
band offsets among different components that is modified
by the in-plane strain contribute to the semiconductor-to-
metal transition. Moreover, we find that the superlattices
with direct bandgap show negligible band edges optical
transition because of the spatial separation of the elec-
tronic states on different MX2 layers.

It should be pointed out that in this work we did not
consider the small lattice mismatch between the different
basic units MX2 during the construction of TMDCs heter-
ostructing superlattices. This means the two MX2 units
were forcedly compressed/stretched to form a common
lattice, where the residual forces are coherently relaxed
across the interface between two MX2 units. In the real
experiment, the weak vdW interaction among the sub-
layers of heterostructures/superlattices may not be strong
enough to form a coherence lattice. The superlattices or
heterostructures with the small lattice mismatch may
form a periodic Moiré superlattice pattern,69-71 which can
result in substantial bandgap modulation. Nevertheless,
our results give useful guidance for engineering band
structure and optical properties in TMDCs out-of-plane
heterostructing superlattices and may provide a specific
database for further studying band gap evolution of
TMDCs heterostructing superlattice by using machine
learning approach.
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