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Controlling the Electronic 

Structures and Properties 
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Dichalcogenides Quantum Wells
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In-plane transition-metal dichalcogenides (TMDs) quantum wells have been studied on the basis of 

first-principles density functional calculations to reveal how to control the electronic structures and 
the properties. In collection of quantum confinement, strain and intrinsic electric field, TMD quantum 
wells offer a diverse of exciting new physics. The band gap can be continuously reduced ascribed to 
the potential drop over the embedded TMD and the strain substantially affects the band gap nature. 
The true type-II alignment forms due to the coherent lattice and strong interface coupling suggesting 
the effective separation and collection of excitons. Interestingly, two-dimensional quantum wells 
of in-plane TMD can enrich the photoluminescence properties of TMD materials. The intrinsic 

electric polarization enhances the spin-orbital coupling and demonstrates the possibility to achieve 
topological insulator state and valleytronics in TMD quantum wells. In-plane TMD quantum wells 
have opened up new possibilities of applications in next-generation devices at nanoscale.

Interest in achieving atomic thin two-dimensional materials has increased since the successful access of 
graphene1. Hereinto, a class of quasi-two-dimensional transition-metal dichalcogenides (TMDs, i.e. MX2 
with M being Mo or W, while X being S, Se and Te) has been spurring an intensive research activity 
due to their exotic physical and optical properties2–4. A diverse range of possibilities of applications in 
next-generation �exible nanodevices has been unraveled in TMDs5–8. MoS2 monolayer, for example, is 
gaining in importance as promising channel material for �eld-e�ect transistors with the on/o� ratio 
exceeding 10^89.

In 2014, in-plane TMD heterostructures have been realized experimentally10–14. As a central con-
cept in modern materials science and technology15,16, with the formation of one-dimensional interfaces, 
in-plane TMD heterostructures visualize the interfacing of two-dimensional semiconductor materials. 
It is highly interesting that the perfect match in the in-plane monolayer heterostructures of two con-
stituent TMDs marks the ultimate thickness limit for junctions between semiconducting materials up 
to now14. In contrast to the vertically stacked TMD heterobilayers17–20, which are held together by weak 
Van der Waals forces, atoms of constituent TMDs located at the heterointerfaces are linked by covalent 
bonds, due to which the in-plane TMD heterostructures ensure the epitaxial quality and thus boost 
the optical and electronic performance of the heterostructures. In in-plane heterostructures, distinct 
di�erence in electronic and optical features between the two joined TMDs gives rise to the importance 
and interest of such heterostructures. As an example, in-plane heterostructures of TMDs demonstrate 
type-II band alignment with electrons and holes con�ned at opposite sides of the interface, enabling 
e�cient separation and collection of excitons12,13. In addition, atomically sharp interfaces and coherent 
lattice could generate strongly localized photoluminescence enhancement and intrinsic p-n junctions in 
in-plane TMD heterostructures11–13. �e formation of in-plane TMD heterostructures has opened up 
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new unprecedented opportunities to engineer two-dimensional heteromaterials with exciting new phys-
ics and applications in electronics, optoelectronics, photovoltaics, as well as photocatalysts.

In this article, we extend the concept of TMD interfaces to TMD quantum wells in light of the 
advances in experiments. In principle, the quantum con�nement e�ects will add to the properties and 
o�er new phenomenon in quantum wells. In in-plane quantum wells of TMDs, in particular, the intrinsic 
polarization �led and the piezoelectric polarization induced by strain will also play an important role 
to collectively control the electronic structures. In conjunction with other ways, for example, doping 
and applying external electric �led, exciting properties concealed in diverse TMD quantum wells are 
expected to be unraveled. Aiming at revealing how these factors and the thickness of embedded TMD 
will a�ect the electronic properties, the �rst-principles density functional theory (DFT) calculations have 
been performed and the results indicate that TMD quantum wells hold great promise in a wide range 
of applications.

Results and Discussion
In comparison to the bulk counterparts, indirect-direct band gap crossover occurs in TMD monolayers 
due to the absence of inversion symmetry21. �e band structures of TMD monolayers share similar-
ities (see Figure S1, supplementary information), with the direct band gap located at the K-point of 
two-dimensional hexagonal Brillouin zone. In TMD monolayers, edge states at Γ- and K-point exhibit 
distinct behavior with respect to the interlayer interaction, strain and external electric �led due to the 
di�erent wave function characters. �is has been con�rmed, for example, by the indirect-direct band gap 
transition in MoS2/WS2 heterobilayers due to the change of valence band maximum (VBM) position at 
the Γ-point as a function of the interlayer distance22,23. As discussed later, such a similar phenomenon can 
also be found in in-plane TMD quantum wells; the position of band edge will be substantially a�ected by 
the intrinsic electric polarization, strain induced by lattice mismatch as well as the thickness of embedded 
TMD. In TMD monolayers, giant spin-splitting of VBM at the K-point caused by spin-orbital coupling 
occurs, as a consequence of the loss of inversion symmetry in the monolayer case24,25. In in-plane quan-
tum wells of TMDs, as discussed later, such a spin degeneracy of VBM is dramatically broken by intrinsic 
electric polarization. Table 1 summarizes the lattice constant a of TMD monolayers; and our results at 
PBE level of theory are in excellent agreement with previous theoretical results26.

In addition to the quantum con�nement e�ects, the lattice mismatch of constituent TMDs gives rise 
to strain in the interface region (or piezoelectric polarization), further a�ecting the electronic features of 
TMD quantum wells. It implies that

1. In the case of large compressive strain (see the lattice constant summarized in Table 1), i.e., in 
WS2/MoTe2/WS2 and WSe2/MoTe2/WSe2 quantum wells, band structures demonstrate an indirect 
band gap, with VBM at the Γ-point signi�cantly higher than that at the k-point on two-thirds way 
from the Γ- to K-point (referred to as A-point), see Figures S2(a,b), supplementary information.

2. In the case of large tensile strain, i.e., in WTe2/MoS2/WTe2 and WTe2/MoSe2/WTe2 quantum wells, 
the band structures reveal metallic characters, see Figures S2(c,d), supplementary information.

3. In the absence of strain, i.e., in MoS2/WS2/MoS2 and WS2/MoS2/WS2 quantum wells, band struc-
tures indicate direct band gap; both the conduction band minimum (CBM) and VBM locate at 
the A-point, see Figures S3(a,c), supplementary information. �e energy di�erence between VBM 
at Γ- and A-point is rather small. As discussed later, nevertheless, increasing the thickness of 
embedded WS2 or MoS2 can shi� the position of VBM at the Γ-point upward and gives rise to 
a direct-indirect band gap crossover in the MoS2/WS2/MoS2 and WS2/MoS2/WS2 quantum wells. 
�is is caused by the change in intrinsic electric polarization.

4. In the presence of relatively small compressive strain, i.e., in MoS2/WSe2/MoS2 and WS2/MoSe2/
WS2 quantum wells, band structures show direct band gap located at the A-point. �e energy 
di�erence between VBM at Γ- and A-point is relatively large, see Figures S3(b,d), supplementary 
information.

5. �e electronic structures of TMD quantum wells could be engineered by adjusting the strain.

It should be pointed out that TMD quantum wells with large compressive strain are probably unreal-
istic to realize in experiments due to the huge asymmetry in mechanical instability in two-dimensional 
structures (see below). However, we present the results in this work as extreme cases to show how the 
strain adjust the electronic properties. In other words, applying appropriate external strain (from com-
pressive to tensile) to a certain TMD quantum well can also engineer the electronic properties.

TMDs MoS2 MoSe2 MoTe2 WS2 WSe2 WTe2

a 3.18 3.32 3.55 3.18 3.32 3.55

Table 1.  Lattice constant (a, in Å) of two-dimensional TMD unit cells at DFT-PBE level of theory.
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In this work, we constructed a rectangular unit cell for the calculations, as shown in Fig. 1(a,b). In this 
model, dimension in a direction is in�nite due to the periodic bound condition, while in b direction the 
length is around 70 Å. As a consequence, the band structures should be calculated in a two-dimensional 
rectangular Brillouin zone; however, we con�rm that the band dispersion relation normal to the zigzag 
interfaces completely re�ects the decisive characters of the band structures and we show the band struc-
tures in Γ-X direction. Although the experiments suggested in-plane TMD heterointerfaces in triangular 
shape with three-fold symmetry, interfacing is along the zigzag direction10–14 and this asymmetric nature 
is not necessary to consider in our calculations. It should be pointed out that the zigzag direction of 
interfacing in TMD quantum wells corresponds to the Γ-K direction of the two-dimensional hexagonal 
Brillouin zone, as indicated in Fig. 2(a). In consideration of band folding, the K-point of the hexagonal 
Brillouin zone is folded to the A-point of the rectangular Brillouin zone. In other words, that is why the 
VBM at Γ- and A-point manifests strong sensitivity to the interaction of constituent TMDs, as found in 
TMD heterobilayers22,23,27.

In MoS2/WS2/MoS2, WS2/MoS2/WS2 and MoS2/WSe2/MoS2 quantum wells, VBM and CBM wave 
functions distribute at opposite constituents, as shown in Figures S4(a–f), supplementary information. It 
indicates, in particular, the formation of type-II alignment. In low-dimensional structures, many-body 
e�ects are highlighted with the appearance of lowest-energy bound excitons, assigned to which the large 
binding energy28,29, the excitonic e�ects dominate the optical absorption properties. In in-plane quan-
tum wells of TMDs, electrons and holes are con�ned at opposite constituent TMDs, facilitating the 
separation and collection of excitons. In particular, a type-II alignment accounts for the charge-transfer 
excitonic e�ects suggesting the possibility to realize the Bose-Einstein condensation30,31, as indicated 
theoretically in hydrogenated graphene32,33. Although the vertical TMD heterobilayers have also been 
considered to be type-II alignment34,35, a simple superposition of the optical absorption of constituent 
TMDs is responsible for the total spectrum due to the large interlayer distance35. As a consequence, 
true type-II alignment is established in in-plane TMD quantum wells ascribed to the coherent lattice 
and strong interface electronic coupling, and the monolayer-like optical properties can be expected. �e 
graphene/TMD heterobilayers are suggested as a potential candidate in constructing the Schottky barrier 

Figure 1. Atomic model representing the TMD quantum wells, the small spheres are non-metal atoms 
(S, Se and Te), while big spheres are metal atoms (Mo and W); (a) side and (b) top views of WS2/MoSe2/
WS2 quantum well with the thickness of MoSe2 n being 4 (n corresponds to the number of MoSe2 units 
in the unit cell of quantum well); in (b) the rectangle represent a unit cell of the quantum well. �e  
(c) band gap and (d) binding energy of WS2/MoSe2/WS2 quantum well as a function of the MoSe2 thickness. 
�e binding energy is calculated by subtracting the total energies of WS2 and MoSe2 from the total energy of 
the WS2/MoSe2/WS2 quantum well, de�ned as Eb =  E(WS2/MoSe2/WS2)-E(WS2)-E(MoSe2).
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solar cells36; however, the coupling between TMD and graphene is quite weak37–39. As discussed later, an 
e�ective band bending could be established in in-plane TMD quantum wells due to the charge transfer 
across interfaces. In respect to the photocatalytic water splitting of TMD40, formation of type-II align-
ment reduces the overlap of wave functions and enables e�ective separation of electrons and holes, thus 
improving the energy conversion e�ciency. In essence, TMD quantum wells conceal the yet untapped 
potential as building blocks in applications in electronics and optoelectronics.

In the case of WS2/MoSe2/WS2 quantum well, both the VBM and CBM are distributed on MoSe2, see 
Figure S4(g,h), supplementary information. Taking the formation of excitons and carriers con�nement 
e�ects into account, WS2/MoSe2/WS2 quantum wells shall enrich the photoluminescence properties of 
TMD materials. In order to get more details, we increases the width of WS2 and vary the thickness 
of MoSe2 from n =  1 to 4; while n corresponds to the number of MoSe2 units in a unit cell of the  
WS2/MoSe2/WS2 quantum well. Although the thickness of embedded MoSe2 is rather small, namely, 
when n =  1 or 2, the results for them are presented to see the change of electronic structures as a function 
of the thickness and get the main trends.

Figure 3 shows the evolution of band structure of WS2/MoSe2/WS2 quantum well with the thickness 
of MoSe2 varying from n =  1 to 4. �e band gap locates at the A-point and almost linearly decreases with 
the increasing of MoSe2 thickness, as indicated in Fig. 1(b). In Fig. 3, the arrows represent the change 

Figure 2. (a) Two-dimensional hexagonal Brillouin zone of the TMD honeycomb lattice; the K-point is 
folded at the A-point of rectangular Brillouin zone. (b) Polarization �eld formed in TMD quantum wells. 
In (b), the arrows show the direction of charge transfer; and shadow regions indicate covalent bonding. �e 
dipole moment is demonstrated by an equation of ql.

Figure 3. �e evolution of the band structure of the WS2/MoSe2/WS2 quantum wells with increased 
MoSe2 thickness from (a) n = 1 to (d) n = 4. Inset in (a) shows the rectangular Brillouin zone of WS2/
MoSe2/WS2 quantum wells. �e arrows show the change of CBM at the A-point and VBM at the Γ-point; 
the dashed horizontal lines represent the Fermi level.
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of VBM position at the Γ-point and CBM position at the A-point. As MoSe2 thickness increases, both 
VBM at the Γ-point and CBM at the A-point shi� downward; mini-bands tend to form at the bottom of 
conduction band. At the Γ-point, a gradual increase of an energy level can be traced in the band struc-
tures. It can be reasonably extrapolated that this energy level will further increase as the MoSe2 thickness 
increases, and a direct-indirect band gap crossover can be foreseen when the MoSe2 thickness is beyond 
a critical value. It should be pointed out that the band gap of the WS2/MoSe2/WS2 quantum well will 
probably approach to a constant value (on the basis of band alignment of WS2 and MoSe2) when the 
thickness of MoSe2 is su�ciently large. As the thickness of MoSe2 increases within a limitation, the elec-
tric �eld becomes stronger and the gap nature can be continuously tuned41,42. Figure 1(c) indicates the 
binding energy of forming the quantum well, de�ned as the energy di�erence between the quantum well 
and the constituent TMDs. �e binding energies of WS2/MoSe2/WS2 quantum wells are fairly negative, 
revealing the formation of covalent bonds, and rapidly to be convergent due to the e�ective screening of 
the interface interactions as the MoSe2 thickness increases.

In addition to form the covalent bonds, charge transfer occurs at the one-dimensional interfaces 
along zigzag direction. As shown in Fig. 2(b), directions of charge transfer at interfaces are identical thus, 
importantly, creating an electric �eld over the embedded TMD in the quantum wells. �e piezoelectric 
polarization induced by the strain also plays a role in promoting the charge transfer to give rise the elec-
tric �eld over the embedded TMD in the quantum wells. �e charge-transfer induced electric �eld leads 
to a potential drop over the embedded TMD, and makes the electron and hole states to separate. As the 
thickness of embedded TMD increases, electron and hole energy becomes close and thus the band gap is 
signi�cantly reduced. A similar phenomenon has also been found in GaN/InN/GaN and GaAs/Ge/GaAs 
quantum wells41,42. In TMD quantum wells studied in this work, quantum con�nement e�ects compete 
with the electric �eld to reserve the large band gap in comparison to the monolayer counterparts. In 
addition to decrease the band gap, the intrinsic electric �eld raises the VBM position at the Γ-point at 
the same time and tend to arise an indirect band gap. It can be seen that states at the Γ-point show sub-
stantial susceptibility to the strain and intrinsic electric �led. It thus provides us with a possibility to tune 
the electronic properties of TMD quantum wells by carrier doping, adjusting the strain and thickness, 
and applying external electric �eld. As demonstrated in Figure S4, the localization of VBM and CBM is 
also a result of the intrinsic electric �eld43,44.

In case of WS2/MoSe2/WS2 quantum well, both VBM and CBM are predominantly distributed on 
embedded MoSe2, as shown in Fig.  4. As the MoSe2 thickness increases, the VBM and CBM tend to 
separate each other to locate at opposite sides of MoSe2 due to the intrinsic electric �eld, reducing the 
band gap. However, the separation reduces the recombination e�ciency and thus a�ects the applica-
tion in light emitting. In addition, charge transfer gives rise to band bending in constituent TMDs and 
strain-induced piezoelectric polarization results in quantum-con�ned Stark e�ect. As a result, further 
works are in need to omit these factors by, for example, carrier doping, to well con�ne the carriers in 
the wells.

In MoTe2/WS2/MoTe2 quantum well, relatively large tensile strain is imposed on WS2. As discussed 
above, direct-indirect band gap crossover is presented due to the upward shi� of VBM at the Γ-point as 
WS2 thickness being n =  5, as shown in Figure S5. Figure 5(a) summarizes the direct and indirect band 
gap values, which are smaller than 1.0 eV. �e indirect band gap linearly decreases as the WS2 thickness 
increases to n =  4 and then tend to be convergent; the convergence of direct band gap is faster than that 
of indirect one. In comparison to WS2/MoSe2/WS2 quantum well, the behavior of band edge states show 
similar trends; however, a di�erence lies in the obviously smaller band gap of the MoTe2/WS2/MoTe2 
quantum wells. In the case of n =  4, for example, the band gap of WS2/MoSe2/WS2 quantum well is 
1.56 eV, while MoTe2/WS2/MoTe2 quantum well corresponds to a band gap of 0.61 eV. In WS2/MoSe2/WS2 
quantum well, direct-indirect band gap crossover occurs with signi�cantly larger MoSe2 thickness than 
WS2 due to the faster rise of VBM at the Γ-point in MoTe2/WS2/MoTe2 quantum wells. When n =  4, the 
density of states (DOS) plots projected on MoTe2 and WS2 are shown in Fig. 5(b), which reveals a type-I 
alignment with both VBM and CBM located on MoTe2. In contrast to the WS2/MoSe2/WS2 quantum 
well, however, the VBM and CBM are spatially separated striding the embedded WS2, see Fig. 5(c,d). In 
the presence of intrinsic electric �led, electron and hole wave functions are localized at opposite sides 
and such a localization is conducive to reduce the band gap. As a result, MoTe2/WS2/MoTe2 quantum 
wells manifest themselves to be promising candidates used in solar energy absorption and conversion. 
It is of interest and importance, fairly small band gap and physical separation of electron-hole pairs 
demonstrate the new possibility in achieving solar cells and photocatalysts within infrared or near infra-
red light region.

In GaN/InN/GaN and GaAs/Ge/GaAs quantum wells41,42, the intrinsic polarization can reduce the 
band gap and enhance the spin-orbital coupling (SOC) e�ects, driving the system to a topological insu-
lator state. In this work, we con�rm the enhanced SOC in the MoTe2/WS2/MoTe2 quantum well, see 
Figure S6, supplementary information. In TMD quantum wells, further works to realize the possibility 
of topological insulator states are worthy. In MoS2 monolayer, inversion symmetry breaking gives rise to 
the valley Hall e�ect in presence of an in-plane electric �eld45. At the end of this work, we remark that 
the emergent valleytronics and spintronics in TMD quantum wells are waiting for further exploration.
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Conclusion
In conclusion, we found that TMD quantum wells o�er exciting new physics and hold great promise 
as building blocks in applications in electronics, optoelectronics as well as photocatalysts. �e quantum 
con�nement e�ects, strain and, in particular, intrinsic electric �eld collectively control the electronic 
structures of TMD quantum wells, which can be further controlled by arti�cial means to gain the desired 
properties. Additionally to induce large spin-orbital interaction, the sizable band gap in TMD materials 
can be substantially reduced and the gap nature can be controlled. It also invites further studies to realize 
the possibility of topological insulator states and the emergent valleytronics in such TMD quantum wells.

Methods
�e �rst-principles DFT calculations were performed using the projector augmented wave (PAW) 
scheme, as implemented in the plane-wave basis code VASP (Vienna ab initio simulation package)46,47. 
�e generalized gradient approximation (GGA)48 as formulated by Perdew-Burke-Ernzerhof (PBE)49 
has been introduced for exchange and correlation contributions. A cuto� energy of 400 eV was chosen 
for the plane-wave expansion of wave functions and the Monkhorst-Pack scheme of k-point sampling 
has been adopted for the integration over the �rst Brillouin zone50: 13 ×  13 surface grid was used to 
relax the two-dimensional TMD monolayers while 8 ×  4 for TMD quantum wells, with the residual 
Hellmann-Feynman forces smaller than 0.02 eV/Å within conjugate gradient algorithm. Gaussian smear-
ing was used to address how the partial occupancies are set for each wave function. Slab models with 
vacuum spacing of 18 Å was adopted to eliminate the spurious interactions between periodic imagines. 
Figure 1(a) shows the atomic model of TMD quantum well, in which the width of sandwiching TMD 
was maintained large enough in order to eliminate the e�ects induced by the interaction of embedded 
TMDs. A�er obtaining the optimized lattice constants of TMD monolayers, we constructed a rectangular 

Figure 4. VBM and CBM at the A-point for WS2/MoSe2/WS2 quantum well with di�erent MoSe2 
thickness of n = 1–4. (a,c,e,g) represent the VBM, while (b,d,f,h) indicate the CBM. �e small spheres are 
non-metal atoms (S and Se), while big spheres are metal atoms (Mo and W).
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unit cell of enough width to build quantum well structures. In the considered TMD quantum wells, on 
account of the experimental observation10–14, interfaces between constituent TMDs were constructed 
along the zigzag direction by atom substitution followed by full atomic relaxation. In this work, the lattice 
constants of embedded TMDs were set as that of sandwiching TMD in the calculations to mimic the lat-
erally epitaxial growth of TMD and thus strain could be induced to the embedded TMDs10–14. According 
to the de�nition in a previous work51, these two-dimensional in-plane TMD A/B/A sandwich structures 
can be referred to as quantum wells, instead of superlattices. It should be pointed out that an interesting 
mechanical property of any two-dimensional layer is the existence of a huge asymmetry in mechanical 
instability induced by in-plane strain, which is always overlooked by many DFT calculations52. In our 
calculations, the compressive strain-induced structure undulation was not found due to the rather small 
size of embedded TMDs. In consideration of mechanical instability asymmetry, the electronic properties 
could be di�erent; however, results for quantum wells with signi�cantly large compressive strain induced 
on the embedded TMDs are helpful for well understanding the interfacing e�ects on the electronic 
structures. Although the hybrid functional or GW calculations can give band gaps more accurate, it is 
unrealistic to adopt for the large TMD quantum wells models considered in this work, and we con�rmed 
that PBE results can correctly give the main features and key trends.

References
1. Novoselov, K. S. et al. Electric Field E�ect in Atomically �in Carbon Films. Science 306, 666–669 (2004).
2. Geim, A. K. & Grigorieva, I. V. van der Waals Heterostructures. Nature 499, 419–425 (2013).
3. Radisavljevic, B., Radenovic, A., Brivio, J., Giacometti, V. & Kis, A. Single-Layer MoS2 Transistors. Nature Nanotech. 6, 147–150 

(2011).
4. Wang, Q. H., Kalantar-Zadeh, K., Kis, A., Coleman, J. N. & Strano, M. S. Electronics and Optoelectronics of Two-Dimensional 

Transition Metal Dichalcogenides. Nature Nanotech. 7, 699–712 (2012).
5. Britnell, L. et al. L. A. Field-E�ect Tunneling Transistor Based on Vertical Graphene Heterostructures. Science, 335, 947–950 

(2012).
6. Britnell, L. et al. Strong Light-Matter Interactions in Heterostructures of Atomically �in Films. Science 340, 1311–1314 (2013).
7. Zhang, Y., Oka, T., Suzuki, R., Ye, J. & Iwasa, Y. Electrically Switchable Chiral Light-Emitting Transistor. Science 344, 725–728 

(2014).
8. Pospischil, A., Furchi, M. M. & Mueller, T. Solar-Energy Conversion and Light Emission in an Atomic Monolayer p-n Diode. 

Nature Nanotech. 9, 257261 (2014).
9. Radisavljevic, B. & Kis, A. Mobility Engineering and a Metal-Insulator Transition in monolayer MoS2. Nature Mater. 12, 815–820 

(2013).
10. Zhang, X.-Q., Lin, C.-H., Tseng, Y.-W., Huang, K.-H. & Lee, Y.-H. Synthesis of Lateral Heterostructures of Semiconducting 

Atomic Layers. Nano Lett. 15, 410–415 (2015).

Figure 5. (a) Evolution of indirect (Γ-A) and direct (Γ) band gap of MoTe2/WS2/MoTe2 quantum wells as 
a function of the WS2 thickness n =  1–10. (b) DOS projected on WS2 and MoTe2 in the MoTe2/WS2/MoTe2 
quantum well with WS2 thickness being n =  4; the Fermi level is set to zero. (c) VBM and (d) CBM at the 
A-point for the MoTe2/WS2/MoTe2 quantum well with the thickness of MoSe2 being n =  4. �e small spheres 
are non-metal atoms (S and Te), while big spheres are metal atoms (Mo and W).



www.nature.com/scientificreports/

8Scientific RepoRts | 5:17578 | DOI: 10.1038/srep17578

11. Duan, X. et al. Lateral Epitaxial Growth of Two-Dimensional Layered Semiconductor Heterojunctions. Nature Nanotechnol. 9, 
1024–1030 (2014).

12. Huang, C. et al. Lateral Heterojunctions within Monolayer MoSe2-WSe2 Semiconductors. Nature Mater. 13, 1096–1011 (2014).
13. Gong, Y. et al. Vertical and In-Plane Heterostructures from WS2/MoS2 Monolayers. Nature Mater. 13, 1135–1142 (2014).
14. Duesberg, G. D. Heterojunctions in 2D Semiconductors: a Perfect Match. Nature Mater. 13, 1075–1076 (2014).
15. Ponomarenko, L. A. et al. Cloning of Dirac Fermions in Graphene Superlattices. Nature 497, 594–597 (2013).
16. Dean, C. R. et al. Hofstadter’s Butter�y and the Fractal Quantum Hall E�ect in Moiré Superlattices. Nature 497, 598–602 (2013).
17. Yu, W. J. et al. Highly E�cient Gate-Tunable Photocurrent Generation in Vertical Heterostructures of Layered Materials. Nature 

Nanotech. 8, 952–958 (2013).
18. Hong, X. et al. Ultrafast Charge Transfer in Atomically �in MoS2/WS2 Heterostructures. Nature Nanotech. 9, 682–686 (2014).
19. Yu, W. J. et al. Vertically Stacked Multi-Heterostructures of Layered Materials for Logic Transistors and Complementary Inverters. 

Nature Mater. 12, 246–252 (2013).
20. Jones, A. M. et al. Spin-Layer Locking E�ects in Optical Orientation of Exciton Spin in Bilayer WSe2. Nature Phys. 10, 130–134 

(2014).
21. Mak, K. F., Lee, C., Hone, J., Shan, J. & Heinz1, T. F. Atomically �in MoS2: A New Direct-Gap Semiconductor. Phys. Rev. Lett. 

105, 136805 (2010).
22. Komsa, H.-P. & Krasheninnikov, A. V. Electronic Structures and Optical Properties of Realistic Transition Metal Dichalcogenide 

Heterostructures from First Principles. Phys. Rev. B 88, 085318 (2013).
23. Tongay, S. et al. Tuning Interlayer Coupling in Large-Area Heterostructures with CVD-Grown MoS2 and WS2 Monolayers. Nano 

Lett. 14, 3185–3190 (2014).
24. Zhu, Z. Y., Cheng, Y. C. & Schwingenschögl, U. Giant Spin-Orbit-Induced Spin Splitting in Two-Dimensional Transition-Metal 

Dichalcogenide Semiconductors. Phys. Rev. B 84, 153402 (2011).
25. Molina-Sánchez, A., Sangalli, D., Hummer, K., Marini, A. & Wirtz, L. E�ect of Spin-Orbit Interaction on the Optical Spectra of 

Single-Layer, Double-layer, and Bulk MoS2. Phys. Rev. B 88, 045412 (2013).
26. Ramasubramaniam, A. Large Excitonic E�ects in Monolayers of Molybdenum and Tungsten Dichalcogenides. Phys. Rev. B 86, 

115409 (2012).
27. Kou, L., Frauenheim, T. & Chen, C. Nanoscale Multilayer Transition-Metal Dichalcogenide Heterostructures: Band Gap 

Modulation by Interfacial Strain and Spontaneous Polarization. J. Phys. Chem. Lett. 4, 1730–1736 (2013).
28. Wei, W. & Jacob, T. Electronic and Optical Properties of Fluorinated Graphene: A Many-Body Perturbation �eory Study. Phys. 

Rev. B 87, 115431 (2013).
29. Wei, W. & Jacob, T. Strong Excitonic E�ects in the Optical Properties of Graphitic Carbon Nitride g-C3N4 from First Principles. 

Phys. Rev. B 87, 085202 (2013).
30. Butov, L. V., Lai, C. W., Lvanov, A. L., Gossard, A. C. & Chemla, D. S. Towards Bose-Einstein Condensation of Excitons in 

Potential Traps. Nature 417, 47–52 (2002).
31. Snoke, D., Denev, S., Liu, Y., Pfei�er, Y. & West, K. Long-Range Transport in Excitonic Dark States in Coupled Quantum Wells. 

Nature 418, 754–757 (2002).
32. Cudazzo, P., Attaccalite, C., Tokatly, I. V. & Rubio, A. Strong Charge-Transfer Excitonic E�ects and the Bose-Einstein Exciton 

Condensate in Graphane. Phys. Rev. Lett. 104, 226804 (2010).
33. Wei, W. & Jacob, T. Strong Charge-Transfer Excitonic E�ects in C4H-Type Hydrogenated Graphene. Phys. Rev. B 86, 165444 

(2012).
34. Komsa, H.-P. & Krasheninnikov, A. V. Electronic Structures and Optical Properties of Realistic Transition Metal Dichalcogenide 

Heterostructures from First Principles. Phys. Rev. B 88, 085318 (2013).
35. Kośmider, K. & Fernández-Rossier, J. Electronic Properties of the MoS2-WS2 Heterojunction. Phys. Rev. B 87, 075451 (2013).
36. Bernardi, M., Palummo, M. & Grossman, J. C. Extraordinary Sunlight Absorption and One Nanometer �ick Photovoltaics 

Using Two-Dimensional Monolayer Materials. Nano Lett. 13, 3664–3670 (2013).
37. Ma, Y., Dai, Y., Guo, M., Niu, C. & Huang, B. Graphene Adhesion on MoS2 Monolayer: An ab initio Study. Nanoscale 3, 

3883–3887 (2011).
38. Ma, Y. et al. First-Principles Study of the Graphene@MoSe2 Heterobilayers. J. Phys. Chem. C 115, 20237–20241 (2011).
39. Ma, Y. et al. Electronic and Magnetic Properties of Perfect, Vacancy-Doped, and Nonmetal Adsorbed MoSe2, MoTe2 and WS2 

Monolayers. Phys. Chem. Chem. Phys. 13, 15546–15553 (2011).
40. Karunadasa, H. I. et al. A Molecular MoS2 Edge Site Mimic for Catalytic Hydrogen Generation. Science 335, 698–702 (2012).
41. Miao, M. S. et al. Polarization-Driven Topological Insulator Transition in a GaN/InN/GaN Quantum Well. Phys. Rev. Lett. 109, 

186803 (2012).
42. Zhang, D., Lou, W., Miao, M., Zhang, S.-C. & Chang, K. Interface-Induced Topological Insulator Transition in GaAs/Ge/GaAs 

Quantum Wells. Phys. Rev. Lett. 111, 156402 (2013).
43. Kang, J., Li, J., Li, S.-S., Xia, J.-B. & Wang, L.-W. Electronic Structural Moiré Pattern E�ects on MoS2/MoSe2 2D Heterostructures. 

Nano Lett. 13, 5485–5490 (2013). 
44. Ramasubramaniam, A., Naveh, D. & Towe, E. Tunable Band Gaps in Bilayer Transition-Metal Dichalcogenides. Phys. Rev. B 84, 

205325 (2011).
45. Xiao, D., Liu, G.-B., Feng, W., Xu, X. & Yao, W. Coupled Spin and Valley Physics in Monolayer of MoS2 and Other Group-VI 

Dichalcogenides. Phys. Rev. Lett. 108, 196802 (2012).
46. Kresse, G. & Furthmuller, J. E�cient Iterative Schemes for ab Initio Total-Energy Calculations Using a Plane-Wave Basis Set. 

Phys. Rev. B 54, 11169 (1996).
47. Kresse, G. & Joubert, J. From Ultraso� Pseudopotentials to the Projector Augmented-Wave Method. Phys. Rev. B 59, 1758 (1999).
48. Perdew, J. P. & Wang, Y. Accurate and Simple Analytic Representation of the Electron-Gas Correlation Energy. Phys. Rev. B 45, 

13244 (1992).
49. Perdew, J. P., Burke, K. & Ernzerhof, M. Generalized Gradient Approximation Made Simple. Phys. Rev. Lett. 77, 3865 (1996).
50. Monkhorst, H. J. & Pack, J. D. Special Points for Brillouin-Zone Integrations. Phys. Rev. B 13, 5188 (1976).
51. Liu, Z., Wu, J., Duan, W., Lagally, M. G. & Liu, F. Electronic Phase Diagram of Single-Element Silicon “Strain” Superlattices. Phys. 

Rev. Lett. 105, 016802 (2010).
52. Zhang, Y. & Liu, F. Maximum Asymmetry in Strain Induced Mechanical Instability of Graphene: Compression versus Tension. 

Appl. Phys. Lett. 99, 241908 (2011).

Acknowledgements
�e authors acknowledges �nancial support from the National Basic Research Program of China (973 
program, 2013CB632401), the National Science Foundation of China under grant 11374190, 21333006 



www.nature.com/scientificreports/

9Scientific RepoRts | 5:17578 | DOI: 10.1038/srep17578

and 11404187; the Taishan Scholar Programof Shandong Provice and the Fundamental Research Funds 
of Shandong University is also acknowledged.

Author Contributions
Y.D. and B.H. proposed the idea and revised the manuscript. W.W. performed the DFT calculations and 
wrote the manuscript. C.N. discussed the results.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing �nancial interests: �e authors declare no competing �nancial interests.

How to cite this article: Wei, W. et al. Controlling the Electronic Structures and Properties of in-Plane 
Transition-Metal Dichalcogenides Quantum Wells. Sci. Rep. 5, 17578; doi: 10.1038/srep17578 (2015).

�is work is licensed under a Creative Commons Attribution 4.0 International License. �e 
images or other third party material in this article are included in the article’s Creative Com-

mons license, unless indicated otherwise in the credit line; if the material is not included under the 
Creative Commons license, users will need to obtain permission from the license holder to reproduce 
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Controlling the Electronic Structures and Properties of in-Plane Transition-Metal Dichalcogenides Quantum Wells
	Results and Discussion
	Conclusion
	Methods
	Acknowledgements
	Author Contributions
	Figure 1.  Atomic model representing the TMD quantum wells, the small spheres are non-metal atoms (S, Se and Te), while big spheres are metal atoms (Mo and W) (a) side and (b) top views of WS2/MoSe2/WS2 quantum well with the thickness of MoSe2 n bei
	Figure 2.  (a) Two-dimensional hexagonal Brillouin zone of the TMD honeycomb lattice the K-point is folded at the A-point of rectangular Brillouin zone.
	Figure 3.  The evolution of the band structure of the WS2/MoSe2/WS2 quantum wells with increased MoSe2 thickness from (a) n = 1 to (d) n = 4.
	Figure 4.  VBM and CBM at the A-point for WS2/MoSe2/WS2 quantum well with different MoSe2 thickness of n = 1–4.
	Figure 5.  (a) Evolution of indirect (Γ-A) and direct (Γ) band gap of MoTe2/WS2/MoTe2 quantum wells as a function of the WS2 thickness n = 1–10.
	Table 1.   Lattice constant (a, in Å) of two-dimensional TMD unit cells at DFT-PBE level of theory.


