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Abstract

Study of heterostructured bilayer systems is an essential prerequisite for developing two-
dimensional nano-electronic devices. Using ab initio density functional theory calculations,
we investigated the atomic and electronic properties of hetero-bilayers composed of silicene
and germanene layers with monolayer MoS2. Our results show that both Silicene-MoS: and
Germanene-MoS2 hetero-bilayers are direct band gap semiconductors. The band gaps of
silicene and germanene in hetero-bilayers are opened due to the sublattice symmetry breaking
induced by the introduction of the MoS2 monolayer, indicating that the monolayer MoS:2
makes a good complement to silicene and germanene. Moreover, tunable band gaps in
silicene and germanene can be realized by changing the interlayer distance or employing in-
plane compressing/stretching. Especially, through compressing or stretching, the Germanene-
MoS: bilayers realize a transformation from an indirect band gap semiconductor to a direct
band gap semiconductor, while the Silicene-MoS: bilayers can keep the direct band gaps.
Our results in this work provide a new way for designing applications in future MoS2-based
nano devices with controllable band gaps.
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Introduction

Since the experimental realization of graphene,! the two dimensional (2D) materials
have attracted tremendous attention from researchers due to their excellent physical and
chemical properties.>” Among these graphene-like 2D materials, silicene and germanene
(graphene analog of silicon and germanium, respectively) are especially extensively studied
from both theoretical and experimental views.®*? This is due to the fact that C, Si and Ge
atoms all have four electrons in the valence band, which makes the properties of silicene and
germanene are very similar to those of graphene.!*'” Moreover, compared to graphene,
silicene and germanene are more preferable in present novel functional electronic devices
such as room temperature field effect transistor.® Being null gap semiconductors, silicene
and germanene fall short of the basic requirement for their possible use in future
nanoelectronic and optoelectronic devices. This issue can be solved by introducing a
substrate to support silicene or germanene.®1%-2! However, the single atomic layer grown on
metal surface could lead to a significant reduction of its high carrier mobility because of the
strong interaction between the 2D material and substrate.32224 Thus, it is significant to find
an ideal substrate for silicene and germanene to not only bring tunable band gaps but also
preserve their intrinsic properties.

As is well known, Molybdenum disulfide (MoS2) is stacked by the S—-Mo-S sheets
through van der Waals (vdW) interaction.?® Bulk MoS: is an indirect band gap
semiconductor, while the 2D MoS2 monolayer is a direct band gap semiconductor.232627 In
addition, the high quality monolayer MoS2 with the scalable size and excellent electronic
properties has been successfully synthesized recently by chemical methods in experiments.?®
3 All these excellent properties make MoS2 monolayer a potential substrate to support
silicene and germanene. Indeed, the electronic and optical properties of heterostructured

bilayer systems, which are composed of silicene (or germanene) and other semiconducting
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2D materials, have been extensively investigated via first-principles calculations
recently.'®203+41 For instance, At room temperature, multiple phases of single crystalline
silicene and germanene with different orientations could coexist in silicene/graphene and
germanene/graphene bilayer systems.'® By applying an in-plane homogeneous biaxial strain,
the tunable band-gap and quasiparticle effective mass are realizable in graphene/BN bilayer.3*
Optically, optical adsorption of hybrid silicene and graphene nanocomposite is enhanced
compared with simplex silicene and graphene.?® The type-1l band offset,”33 j.e., the
conduction band minimum and valence band maximum come from different 2D materials, is
also found in hybrid bilayers, which is composed of transition-metal dichalcogenides
monolayer and MXene.® Hence, the studies of hetero-bilayer systems should be important
for further research and possible applications of 2D materials.

In this work, we systematically investigate the atomic and electronic properties of
hetero-bilayers composed of silicene and germanene layers with monolayer MoS: (labeled as
Silicene-MoS2 and Germanene-MoS:2, respectively) by using density functional theory
calculations. Our results show that, unlike the MoS: bilayer which is an indirect bandgap
semiconductor,*? the free-standing Silicene-MoS2 and Germanene-MoS: bilayers are both
direct band gap semiconductors. The band gaps of silicene and germanene in hetero-bilayers
are opened due to the sublattice symmetry breaking induced by the introduction of the MoS:
monolayer. The two components of heterostructured bilayers could complement each other.
On one hand, the band gaps of silicene and germanene in hetero-bilayers are opened due to
the introduction of the MoS2 monolayer. On the other hand, the addition of silicene and
germanene significantly increases the electronic conductivity of MoS:2-based heterostructures.
In this way, all their different advantages of 2D materials are properly utilized. In addition, a
tunable band gap in silicene and germanene can be realized by changing the interlayer

distance or employing in-plane compressing/stretching. Our results not only make a
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complement explanation to the experimental studies but also suggest a new way to develop

the future MoS2-based nanodevices.

2. Methods

First-principles calculations are performed based on projector-augmented wave (PAW)
representations*® within density functional theory (DFT) as implemented in the Vienna ab
initio simulation package (VASP).** Local density approximation (LDA)* was employed
to describe the exchange—correlation interactions. DFT-LDA provides a good approximation
for the band structures characters.>2>2% In addition, for layered materials (such as transition
metal dichalcogenides and graphite) the lattice constants experimental values exhibit good
agreement with the LDA approach.** Considering the better consistency between LDA
calculations and experimental observations, 37252641 gl calculations presented in this work
are performed by using the LDA. The plane waves are expanded with energy cut of 420 eV.
Brillouin-zone integrations are approximated by using the special k-point sampling of
Monkhorst-Pack scheme #” with a I'-centered 6x6x3 grid. A supercell with a vacuum of 25 A
in the z direction (direction perpendicular to the plane of hetero-bilayer) was set in the present
work so that the interaction between two adjacent hetero-bilayers in the periodic arrangement
is negligible. The cell parameters and the atomic coordinates of the free hetero-bilayer
models are fully relaxed until the force for each atom is lower than 1072 eV/A
(Supplementary Information I1). It should be noted that, during the process of changing
interlayer distance to control band gaps, the in-plane lattice constants (a) were fixed at the
equilibrium value of free hetero-bilayers. And for compressed/stretched hetero-bilayers, the
lattice parameters were fixed at the compressed/stretched values. The spin-polarized
calculations are performed at first, but the results indicate that the hetero-bilayers considered

in this work do not exhibit magnetism at their ground states.
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3. Results and Discussion
3.1 Atomic Properties

MoS2, a member of semiconducting layered transition metal dichalcogenides family, is
consisted of weakly bonded S-Mo-S single layers (Fig. S1). Within each layer, one Mo atom
layer sandwiched between two S layers as shown in Fig. 1 (a). The interaction between Mo-S
bonds within each S-Mo-S monolayer is covalent bonding. The symmetry space group of
bulk MoS: is P3m1 (point group Den), while the space group of single layer MoS:z is P6m2
with the reduced crystal symmetry D3n.*349 Bulk MoS: is an indirect band gap semiconductor,
while the 2D MoS2 monolayer is a semiconductor with a direct band gap of 1.9 eV, which is
in agreement with the previous theoretical results >3°2527 and the experimental value ” (about
1.8 eV). For the free-standing monolayer MoS, the calculated lattice constant is 3.120 A,
which agrees well with the previous values.?3’ In order to set up a proper unit cell for the
MoS:2-based hetero-bilayer systems, we first calculate the electronic properties of pristine
silicene and germanene. Based on plane wave pseudopotential method, the optimized lattice
parameters of silicene and germanene are 3.830 A and 3.970 A, respectively. The buckling
height (A) is the distance between two sublayers in the z-direction, as shown in Fig. 1 (a).
Graphene is a one-atom-thick flat sheet,® while the most stable isolated silicene and
germanene are predicted to have a geometry with low-buckled honeycomb structure for their
most stable structures.®*2 The corresponding buckling of silicene and germanene are A =
0.437 A and 0.647 A, respectively (Table 1). These structural parameters are in good
agreement with previous works.2'% The buckling heights increase along the row C, Si, Ge.
Compared to graphene, silicene and germanene have a preference towards sp® hybridization
than sp? hybridization.>! The increasing buckling amplitude indicates the transformation from

the pure sp? bonding to the mixed sp?>-sp® bonding. Thus, the sp® character also increases
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with the increasing buckling height. The lattice constant of silicene (germanene) is 23% (27%)
larger than that of monolayer MoSz. Thus, in order to obtain reasonable results for bilayer
systems, low mismatch with a small amount of strain is necessary. Here we imposed a
commensurable supercell, in which a 4x4 lateral periodicity of the silicene (or germanene)
and 5x5 lateral periodicity of the MoS2 were employed in the x-y plane (Fig. 1(b)). In this
condition, the lattice mismatches for silicene-MoS2 bilayers and germanene-MoS: bilayers
are only 1.8%. The present lattice mismatch values are very small by comparison with the
previous work.2°#%* At first we took the lattice parameter of 5x5 MoS2 monolayer Say,s, =
15.600 A for the structure optimization, which means the silicene (or germanene) was set to
lattice match the MoS2 monolayer. Then the hetero-bilayers are fully relaxed for both the
atomic geometry and the lattice constants. Since the total energies of hetero-bilayer systems
are not sensitive to the adsorption site,%2° we only studied the bilayer heterostructures with
one Si (or Ge) atom on top of the Mo or S atom. The fully optimized geometric structures of
hetero-bilayers are shown in Fig. 1(a) and (b).

To evaluate the interlayer interactions between two layers, the binding energy Eb in the
hetero-bilayer system is defined as Ej, = —[Epiiayer — (Esit/cer + Emos,)|/Mmo, Where Egijayer,
Esu/cer and Ep,s, are the total energies in the same supercell for hetero-bilayer, free-standing
silicene or germanene sheet and isolated MoS2 monolayer, respectively. The factor n,, in the
equation corresponds to the number of molybdenum atoms in the supercell, thus, Eb is the
interlayer binding energy per MoSz. The interlayer binding energies per MoS: are presented
in Table 1. The binding energies between two layers of the hetero-bilayer are 0.127 eV/MoS:2
and 0.141 eV/MoS: for the Silicene-MoS2 and Germanene-MoS: bilayers, respectively. The
values of binding energy are in the range of physical adsorption, suggesting weak vdwW
interactions between the atomic layers. The binding energy of Germanene-MoS: bilayer is

shown to be larger than that of the Silicene-MoS: bilayer, suggesting that Germanene-MoS:
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bilayer is more stable than Silicene-MoS: bilayer. Germanene structure is more buckled than
silicene, which indicates that the interlayer bindings become stronger with an increase in sp®
hybridization. Within the LDA calculations, the equilibrium separation for the free Silicene-
MoS2 and Germanene-MoS: bilayers are 3.056 A and 3.033 A, respectively. To examine the
optimum spacing between two adjacent atomic layers, we also calculated the binding
energies of hetero-bilayer systems with different interlayer distances (Fig. 1(c)). The
optimum interlayer distances consistent with the calculated value, which confirms the
correctness of our calculation. The interlayer interaction between MoS: layer and Silicene (or
Germanene) is stronger at shorter interlayer spacing. This again shows that Germanene-MoS:2
bilayer is more stable than Silicene-MoS2 bilayer. The most stable isolated silicene and
germanene are predicted to have a low-buckled honeycomb structure. The amplitudes of the
buckling are slightly increased after the introduction of MoS: layer and the buckling values
in different parts of silicene (or germanene) are different. Furthermore, the buckling
increment is influenced by the interlayer distance between MoS: sheet and silicone (or
germanene), i.e., the buckling amplitude decreases with an increasing interlayer distance (Fig.
S3 and Table S1, Supplementary Information Ill1). The buckling values of silicene and
germanene in hetero-bilayers increased by 3%~21% (from 0.437 A to 0.451~0.527 A) and
5%~15% (from 0.647 A to 0.678~0.744 A), respectively. The increase in the value of
buckling promotes sp® hybridization in Si/Ge atoms of silicone (or germanene) in hetero-
bilayer systems. Our results show that both Silicene-MoS2 and Germanene-MoS: bilayers
preserve their original hexagonal atomic networks. The calculated lattice parameters of
Silicene-MoS2 and Germanene-MoS: hetero-bilayers are 15530 A and 15.703 A,
respectively. Compared with the corresponding pristine 2D sheet, the atomic layers in the
hetero-bilayers are more or less compressed or expanded. As shown in Table 1, for Silicene-

MoS: bilayer, the silicene is expanded by 1.4% (from 3.830 A to 3.883 A), while the MoS:
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sheet is compressed by 0.4% (from 3.120 A to 3.106 A). In the Germanene-MoS: bilayer, on
the contrary, the germanene sheet is compressed by 1.1% (from 3.970 A to 3.926 A), while
the MoS: sheet is stretched by 0.7% (from 3.120 A to 3.141 A). Thus, the Si-Si bond lengths
(dsisi) of 2.282 A to 2.294 A in the bilayer are all larger than that of the isolated silicene,
whereas the Ge-Ge bond lengths (dce-ce) of 2.371 A to 2.380 A in the bilayer are all shorter
than that of the free-standing germanene. As shown in Table 1, the lattice constant of
Silicene-MoS2 is smaller than that of Germanene-MoS2, while the sheet thickness of
Silicene-MoS: is bigger than that of Germanene-MoS2. Therefore, although the Silicene-
MoS:2 and Germanene-MoS2 are two different materials, the atomic bond lengths of Mo-S
within the hetero-bilayers are almost the same as that of free-standing MoS2 monolayer

(Supplementary Information V).

3.2 Band Structures

The band structures of isolated graphene, silicene, germanene and monolayer MoS: are
depicted in Fig. 2 (a)-(d). Considering the fact that Ge, Si and C have similar electronic
configurations, their corresponding 2D materials all have linear dispersion around the Dirac
points. The electronic band structures of hetero-bilayers are also presented in Fig. 2 (e)-(f).
To help comprehend the band structures of the systems, the contributions of each atomic
layer are shown in the same graph. The contributions of silicene, germanene and MoS: to the
band structures are marked with blue, green and pink dots (where the size of dots are
proportional to the contributions), respectively. As shown in Fig. 2(b)-(c), both silicene and
germanene are gapless semiconductors with linear dispersions at K point, whereas small band
gaps (57.3 meV for Silicene-MoS2 and 75.5 meV for Germanene-MoS:2) are found in both
hetero-bilayer systems. Unlike the superlattices which are metals, the hetero-bilayer systems

are semiconductors with direct band gap.®? In addition, the electronic bands around the Fermi

Page 8 of 24



Page 9 of 24

Journal of Materials Chemistry C

level mainly came from silicene/germanene layers, indicating that the gaps opened for the
superlattices are due to the interactions between silicene/germanene layers only. These gap
values are significantly larger than that of graphene-MoS: bilayers (2 meV).>® Since the
conventional DFT generally underestimates the energy gap for semiconductors,>®°" our

calculated values just give a lower bound on the real band gaps of hetero-bilayer systems.

3.3 Charge Density Differences

In order to gain further insight into the bonding nature and interlayer interaction of the
hetero-bilayer systems, the charge density differences (Ap) of planes parallel to and
perpendicular to the atomic layers are shown in Fig. 3. The deformation charge density (Ap)
is defined as the difference between the total charge density of the hetero-bilayers and the
superposition of independent atomic charge densities placed at the atomic sites of the same
hetero-bilayers, i.e., Ap(¥) = p(¥) — Xy Patom (T — I_fu) , Where I_i’” are the atomic positions. The
charge density differences of each atomic layers in hetero-bilayers are presented in Fig. 3 (a)-
(d). The electron accumulation has been depicted by positive contours (solid orange lines),
while the electron depletion represented by negative contours (dashed blue lines). For pristine
monolayer MoS: (Fig. 3 (e)), it is obviously exhibiting that both Mo and S atoms lose
electrons, while there is an electron accumulation of charge density in the bonding region
between the Mo and S atoms. This indicates that Mo-S bond is covalent bond. Like Mo-S
bond, Si-Si and Ge-Ge bonds in isolated silicene and germanene also behave clear covalent
bonding characters (Fig. 3 (f) and (g)). We also find that, within each atomic layer, the atomic
bonding of Mo-S, Ge-Ge and Si-Si in both hetero-bilayers are still covalent bonds, indicating
that the interactions within each 2D material in hetero-bilayer systems are not affected
significantly by the introduction of foreign atomic layers. On the other hand, the charge

density differences (Ap) of planes perpendicular to the atomic layers and passing through Mo-
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S, Ge-Ge or Si-Si bonds in the hetero-bilayers are shown in Fig. 3 (h)-(i). For the sake of
contrast, the charge density differences of the same plane of free-standing silicene,
germanene and monolayer MoS: are also presented (Fig. 3 (e)-(g)). As presented in Fig. 3
(h)-(1), for inter-layers interactions, except the regions where the Ge/Si atoms are closed to its
nearest neighboring S atom, there is no significant charge transfer or charge redistributions in

the hetero-bilayers.

3.4 Superlattice versus Hetero-bilayer

We compare all the results with that of the corresponding hybrid superlattices.>? As for
the geometric structures, we find that the value of the buckling of silicene/germanene in
hetero-bilayers is less than that in the superlattices.®® This suggests that the interaction in
hetero-bilayers is much weaker than that in superlattice systems. The interlayer distance (d),
i.e., the Si-S and Ge-S atomic distances in the Silicene-MoS2 and Germanene-MoS2 hetero-
bilayers are 3.056 A and 3.033 A, respectively. By contrast, the Si-S and Ge-S atomic
distances in the Silicene/MoS2 and Germanene/MoS: superlattices are 2.906 A and 2.891
A 52 respectively. This again indicates that the decline of interlayer interactions between two
layers in hetero-bilayers as compared to that in the corresponding superlattices. On the other
hand, the deformation charge density distribution in the 2D hetero-bilayers and 3D

superlattices are very similar to each other. This means that the interaction type between two
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stacking sheets in the hybrid systems is not influenced by the number of the 2D atomic layers.

We also make a comparative study of their band structures. For both hybrid systems, we find
that the electronic bands around the Fermi level are mainly contributed by silicene or
germanene layers rather than MoS:2 layers. However, unlike the superlattice counterparts
which are metals, the hetero-bilayer systems are semiconductors with direct band gaps. This

result shows that the direct bandgap monolayer MoS: is a good complement to the null gap
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silicene and germanene, which makes monolayer MoS:2 an ideal substrate for silicene and
germanene. It is important to point out that although the gaps are also opened in superlattices,
the small gap openings of silicene and germanene are not at the Fermi level. Thus, the small
gaps of superlattices may have no important significance for real applications, and the
importance should be only in the theoretical respect. However, for Silicene-MoS: and
Germanene-MoS: hetero-bilayers, the Fermi level lies between the valence band maximum
and the conduction band minimum, which makes MoSz-based hetero-bilayers promising

candidates for future nanodevices.

3.5 Band Gap Controlling

As mentioned above, to minimize the lattice mismatch between the stacking sheets, for
heterostructured bilayer systems, we employed a supercells consisting of and 5x5 unit cells
of MoS2 monolayer and 4x4 unit cells of silicene (and germanene). Although the lattice
mismatch values are very small, both layers still have to be compressed or stretched to match
each other. Thus, it is significant to investigate the electronic properties of compressed or
stretched hetero-bilayers. We carried out studies on the electronic band structures of
compressed (with —1.5% decreases in lattice parameters) and stretched (with +1.5% increases
in lattice parameters) hetero-bilayers, which are given in Fig. 4 and Table 2. The band
structures of unstrained Silicene-MoS2 and Germanene-MoS:2 hetero-bilayers are also
depicted in the middle of Fig. 4 for comparisons. It can be seen that both magnitude and type
of band gaps can be varied by compressing or stretching the lattice constants. In both bilayer
systems, at the K point, the value of band gaps decrease monotonically with increase in
lattice parameters. The size of strain-induced band gap of Silicene-MoS2 and Germanene-
MoS: hetero-bilayers are in the range of 49.5~68.0 meV and 67.2~84.6 meV, respectively.

For Silicene-MoS2 hetero-bilayers, the compressed or stretched systems are still
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semiconductors with direct band gaps at the K point in BZ. However, this result is not valid
for Germanene-MoS:2 hetero-bilayers. In the case of Germanene-MoS: bilayer system, as the
lattice constant is increased, the bands (at I' point) move towards the deeper energy level.
Hence, through compressing or stretching, the hetero-bilayers realize the transformation of
semiconductor from an indirect band gap to a direct one.

Except for compressing and stretching methods, the band gaps of heterostructures can
also be affected by the interlayer distance between two adjacent layers.>>°® Therefore, we
calculate the band gap values of the hybrid bilayer system with various interlayer spacing. It
can be seen from Table 3, when the interlayer distance is shorter than the equilibrium value
(3.06 A for Silicene-MoS2 hetero-bilayer and 3.03 A for Germanene-MoS: hetero-bilayer),
the band gap increases with the increasing interlayer distance. Then the gaps reached its
maximum value at the equilibrium state. After that, the band gap decreases with the
increasing interlayer spacing, due to an increased interaction between the adjacent layers. The
magnitude of tunable band gap of Silicene-MoS2 and Germanene-MoS: hetero-bilayers are
in the range of 1.4~57.3 meV and 10.5~75.5 meV, respectively. In the process of changing
the interlayer distance, both hetero-bilayers maintain their direct band gap semiconductor
properties. These results offer a convenient way to control the band gaps of heterostructured

bilayers.

4. Conclusion

In conclusion, by employing ab initio calculations, we investigated the structural and
electronic properties of Silicene-MoS2 and Germanene-MoS2 bilayer heterostructures. The
band gaps of silicene and germanene are both opened at the K-point due to the sublattice
symmetry broken caused by the introduction of monolayer MoS2. Thus, the silicene (or

germanene) adsorbed on the MoS2 monolayer is no longer metal but semiconductor with
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finite direct band gap. Moreover, the values of band gap could be controlled by changing the
interlayer distance or by in-plane compressing/stretching. The band gap size of Silicene-
MoS:2 and Germanene-MoS2 hetero-bilayers are in the range of 1.4~68.0 meV and 10.5~84.6
meV, respectively. The tunable band structures make Silicene-MoS2 and Germanene-MoS:2

hetero-bilayers promising candidates for future MoS2-based nanodevices.
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Table

Table 1. Binding energy (Eb), lattice constants (a,b), averaged interlayer distance (d), buckling (  Zbnd

lengths (dsi-si, de-ce, dmo-s) and MoS; sheet thickness (hs.s) of hetero-bilayer systems.

Eb(per

a=b d Asil AGer dsi-si dee-ce dmo-s hs-s
System MoS
y (ev)2 ) A) A) A) A) A) A) A) A)
Silicene-
MoS5» 0.127 15530 3.056 0.451~0.527 / 2.282~2.294 / 2.373~2.394 3.126~3.139
Gerl\r/lngg‘z”e' 0.141 15.703  3.033 / 0.678~0.744 / 2.371~2.380 2.380~2.400 3.110~3.115
Silicene / 15.320 / 0.437 / 2.251 / / /
Germanene / 15.880 / / 0.647 / 2.381 / /
Monolayer / 15600  / / / / / 2.382 3.114
MoS>
Table 2. Lattice parameters and band gap at K-point for compressed/stretched hetero-bilayers.
a=b () Band gap at K-point (meV)
hetero-bilayer Compressed (- . Stretched Compressed . Stretched
Unstrained Unstrained
1.5%) (+1.5%) (-1.5%) (+1.5%)
Silicene-MoS2 15.297 15.530 15.763 68.0 57.3 495
Germanene-MoS:2 15.467 15.703 15.938 84.6 75.5 67.2

Table 3. Band gaps for hetero-bilayer systems with different interlayer spacing.

Interlayer spacing Band gap (meV)
(A) Silicene-MoS:2 Germanene-MoS:
25 14 10.5
2.75 30.6 49.5
3.06%3.03° 57.3 75.5
3.25 42.3 57.9
35 33.6 45.5

equilibrium interlayer distance for Silicene-MoS2 hetero-bilayer;

bequilibrium interlayer distance for Germanene-MoS2 hetero-bilayer.
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Fig 1. (Color online). (a) Side and (b) top views of hetero-bilayer systems. (c) Binding
energies of hetero-bilayer systems as a function of the interlayer spacing between the Sulfur

layer of monolayer MoS: and its nearest Germanium (green) and Silicon (blue) layers.
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Fig 2. (Color online). Band structures of (a) graphene, (b) low-buckled silicene, (c) low-

buckled germanene, (d) MoS2 monolayer, (e) Silicene-MoS2 hetero-bilayer and (f)
Germanene-MoS: hetero-bilayer. Contribution from silicene, germanene and MoS: layers to
the band structures of the bilayers are shown with blue, green and pink circle dots,

respectively. Red dashed lines represent the Fermi level.
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Fig 3. (Color online). Deformation charge density (Ap) for hetero-bilayer systems. Ap of

planes passing through (a) Mo-, (b) S- (c) Si- and (d) Ge-layers in the bilayers. (e)-(g) Ap of
planes perpendicular to the atomic layers and passing through Mo-S, Si-Si and Ge-Ge bonds
in the pristine 2D materials. (h) and (i) are Ap of planes perpendicular to the atomic layers
and passing through Mo-S, Ge-Ge or Si-Si bonds in the hetero-bilayers. Orange and blue

lines correspond to Ap > 0 and Ap < 0, respectively.
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Fig 4. (Color online). Electronic band structures of the (a) and (d) compressed, (b) and (e)

free, and (c) and (f) stretched hetero-bilayer systems.
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Tunable band gaps of MoS;-based hetero-bilayers can be realized by changing the interlayer

spacing or employing in-plane compressing/stretching.

Silicene-MoS2 bilayers

Germanene-MoS2 bilayers‘ R

Energy(eV)




