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The effect of a MoS, substrate on the structural and electronic properties of stanene were systematically
investigated by first-principles calculations. The Brillouin zone of isolated stanene has a Dirac cone at the
K point. MoS; helps to open an energy gap at the K point, whereas contributes no additional transport
channels near the Fermi level. Our results suggest that the carrier mobility remains large, which makes
the stanene/MoS, heterostructure a competitive material for electronic applications. Subsequently, strain
engineering study by changing the interlayer spacing between stanene and MoS, layer and changing
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Accepted 18th January 2017 lattice constants indicates that the energy gap at K point can be effectively tuned to meet the demands
of experiments and device design in nanoelectronics. Moreover, a large enough strain leads to a metal—

DOI: 10.1038/c6ra26165h semiconductor phase transition to make the intrinsic semiconductor turn into self-doping phase. Our

rsc.li/rsc-advances study indicates that MoS; is a good substrate to promote the development of Sn-based nanoelectronics.

. Introduction

Graphene, a two-dimensional (2D) honeycomb-like carbon
network, has attracted significant interest since its discovery,
leading to a boom in the development of 2D materials.’ In the
low-energy regime, the excited carriers can be described as
massless Dirac fermions, which lead to various remarkable
electronic properties.™ One unique property is the high carrier
mobility (200 000 cm® V™' s71),%” which allows the electrons to
freely move while experiencing low scattering from the defects
and impurities. However, graphene still faces many challenges,
such as toxicity, incompatibility with the current silicon-based
electronic technology, and the lack of an intrinsic band gap,
which impedes its application in electric devices.® Hence, great
efforts have been devoted to either opening an appropriate band
gap in graphene or searching for other 2D materials that have
honeycomb-like structures similar to that of graphene but with
buckled structure to open an energy gap.*'®

Stanene is a honeycomb-like monolayer of tin atoms. It may
be a competitive candidate of graphene because of the high
conductivity of stanene;' moreover, its electric structure can be
easily tuned."” Recently, it is commonly used to tune graphene-
like structure by applying electric field, strain or extra functional
group. In the case of stanene, external strain tends to open an
energy gap, as predicted by M. Modarresi.” Li et al.** tuned the
electronic structure and magnetic properties of 2D stanene by
hydrogenation. Ethynyl derivative-functionalized stanene
(SnCyX: X = H, F, Br, and I) has been studied by Zhang et al.*®
Recently, it was found that the strong interaction with the
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substrate can disturb the Dirac cones.'® The H-BN'” and Ge (1 1
1) substrates'® will induce a band gap in stanene, transforming
it into a quantum spin Hall phase.

In this study, the properties of stanene on a MoS, monolayer
substrate with an interlayer spacing of —1.0 to 1.0 A and applied
strain of —6 to 6% were investigated by first-principles calcu-
lations. Our results revealed that MoS, is a good substrate and
induces a band gap in stanene, whereas contributes no addi-
tional transport channels near the Fermi level. The interlayer
spacing and extra strain were found to effectively tune the band
gap. These findings indicate that the stanene/MoS, hetero-
structure is a good platform to realize the Sn-based nano-
electronic device design.

Il. Methods

All calculations were performed by the density functional theory
(DFT) method as implemented in the Vienna ab initio Simula-
tion Package (VASP).'®* We applied the Perdew-Burke-Ern-
zerhof (PBE)* and generalized gradient approximation
(GGA)*®** functional to describe the exchange correlation
energy. A plane-wave basis with a kinetic energy cut-off of 500 eV
was employed and a supercell with a 20 A vacuum layer was
used to simulate the isolated sheet. In addition, the electron—
ion interactions were represented by the projector augmented
wave (PAW) method.”” The van der Waals (vdW) interactions
were properly considered, which have been demonstrated to
reliably describe the 2D heterostructures (HTSs). With the
optimized structure, the more sophisticated HSE06 hybrid
functional**** was used to check the corresponding results for
the systems. The Brillouin zone was sampled usinga 9 x 9 x 1
gamma-centered Monkhorst-Pack (MP)** grid. Herein, the
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convergence criterion of self-consistent calculations for ionic
relaxations was 10™> eV between two consecutive steps. Using
the conjugate gradient method, all atomic positions and the
size of the unit cell were optimized until the atomic forces were
less than 0.01 eV A~ m.

In this study, we selected MoS, as the substrate to form a sta-
nene/MoS, heterostructure (HTS). The relaxed lattice constants
were 9.36 and 9.48 for 2 x 2 lateral periodicity of stanene and 3
x 3 lateral periodicity of MoS,, respectively.’®*” In this study, it
exhibited a small lattice mismatch (~1.28%), showing that it
was feasible to grow stanene on the MoS, substrate and
completely achieve the required preparation conditions. Sta-
nene and MoS, all exhibit hexagonal honeycomb structure,****
as shown in Fig. 1. Herein, we considered three patterns for the
arrangement of stanene on the MoS, substrate: (I) reference Sn
atoms in the centre of MoS, hexagon (hollow) [Fig. 1(a)]; (II)
reference Sn atoms on top of one of the Mo atoms (Mo)
[Fig. 1(b)]; and (III) reference Sn atoms on top of one of the S
atoms (S) [Fig. 1(c)].

The electronic properties of the isolated stanene and MoS,
monolayers have been discussed. Fig. 2(a) shows the energy
band structure of stanene. There is a Dirac cone at the K point
and an optical gap at the I" point, consistent with the results
obtained by Wang et al.*® and Zhu et al.* It is clear that stanene
is a gapless semiconductor and it has a large carrier mobility
due to the Dirac cone, which is beneficial for potential appli-
cations in electric devices. However, for practical applications,
a good substrate is necessary. Moreover, further orbital analyses
suggest that the energy bands at the K point are composed of
5P, hybrid orbitals of the Sn atoms, which ensures the stability
of stanene by forming m-bonding. Fig. 2(b) shows the energy
band structure of MoS,. MoS, exhibits a semiconducting
behavior with a direct band gap of 1.74 eV, which agrees well
with previous studies,® and the gap nearly covers the Dirac cone
region of stanene. We expected that MoS, may be an ideal
substrate to tune the electric structure of stanene while
contributing no additional transport channels near the Fermi
surface. Based on these considerations, we investigated the
electric properties of the stanene/MoS, heterostructure in this
study.

Results and discussion
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Fig. 2 Band structure of (a) 2D stanene and (b) MoS, monolayer.

To determine the stabilities for the three patterns of stanene/
MoS, HTSs, we calculated the binding energy, which is defined
as follows:

E,, = [E(stanene/MoS;) — E(stanene) — E(MoS,)]|/N,

where E(stanene/MoS,), E(stanene), and E(MoS,) are the ener-
gies of the stanene/MoS, HTS, isolated stanene, and MoS,
monolayer, respectively. N is the number of Sn atoms for sta-
nene. These values are listed in Table 1. The binding energy
values are —39.63 meV, —39.38 meV, and —39.75 meV for the
hollow, Mo, and S patterns, respectively, indicating weak
physical interactions in the HTS interface. To further ensure the
stability of the structure, we also investigated the interlayer
spacing for all patterns. The interlayer spacing was 3.12, 3.21,
and 3.20 A for the hollow, Mo, and S patterns, respectively.
These results are clearly consistent with those obtained by the
Grimme's method and the values are appropriate for realizing
the HTS, which suggests that our results are reliable and the
stanene/MoS, HTS is feasible.

To explore how the electronic structure of stanene can be
affected by the MoS, substrate, we examined the band struc-
tures of the stanene/MoS, HTSs, as shown in Fig. 3. For the
hollow pattern, due to the strong interaction between stanene
and the MoS, substrate, the high symmetry of the honeycomb-
like structure of stanene is broken, and stanene undergoes
a slight deformation that leads to opening a 76.5 meV band gap
at the K point. However, the linear Dirac dispersion is nearly
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Fig.1 Side and top views of the three patterns of stanene/MoS, HTS: (a) hollow pattern, (b) Mo pattern, and (c) S pattern. The blue, pink-purple,

and yellow spheres represent Sn, Mo, and S atoms, respectively.
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Table 1 Detailed structural and electronic information for stanene/MoS,, including binding energies (Ey,) (per Sn atoms), optical band gap (E;),
interlayer distance (d), as well as the effective masses of electrons (m,) and holes (m,) for the three configurations at the K point along the K-M

and K-T directions. Herein, mg is the free electron mass

Configuration Ey, (meV) Ey (meV) d (&) m™ m&" my* ™ my*"
Stanene/hollow —39.63 76.5 3.26 0.0517m, 0.0566m, 0.0517m, 0.0568m,
Stanene/Mo —39.38 71.9 3.36 0.0481m, 0.0531m, 0.0479m, 0.0531m,
Stanene/S —39.75 73.2 3.34 0.0506m, 0.0554m, 0.0506m, 0.0555m,
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Fig. 3 Band structures of stanene/MoS, HTSs: (a) hollow pattern, (b) Mo pattern, and (c) S pattern. The red dots represent the contribution from
Sn atoms, the blue dots represent the contribution from MoS, and the black line represents the band structure of stanene/MoS,.

well-preserved, slightly away from the K point, suggesting that
there is still a high carrier mobility for stanene grown on the
MosS, substrate. On the other hand, the binding energy of sta-
nene/MoS, (hollow) is —39.63 meV, as shown in Table 1.
Therefore, it was easy to prepare stanene on a MoS, substrate
via the existing fabrication process such as high-speed centri-
fugation. It provides a possible way to prepare semiconductors
with high carrier mobility for electronic applications.
Compared with the hollow pattern, the Mo and S patterns
presented similar results. Therefore, MoS, is a good substrate
for all three patterns considered herein.

The spin-orbit coupling (SOC) opened a band gap at the
Dirac point, however, the associated gap due to rather weak
second-order effective SOC was too small (~10~* meV), which
makes the quantum spin Hall (QSH) effect in silicene and ger-
manene only appear at an unrealistically low temperature.****
In addition, the GGA method usually underestimates the band
gap. Therefore, we conducted calculations based on the hybrid
HSEO06 functional to assess the robustness of the results ob-
tained herein with the PBE functional. Fig. 4(a) shows the DFT-
and HSE-fitted band structures with SOC. It can be observed
that the effect of SOC can change the value of the band gap but
can not induce a band gap inversion in all systems. The band
structure calculation at the PBE level reports a band gap of 11.9
meV, and HSEO06 calculated results are essentially identical to
the PBE results except for the increased band gap of 20.1 meV.
We took the hollow pattern as an example to analyze the orbital
components of the energy bands near the Fermi level. As shown
in Fig. 4(b) and (d), we can find that the band gap at the K point
is mainly due to the stanene layer, whereas orbitals due to MoS,
are mainly distributed in the energy region from 0.6 eV to

9178 | RSC Adv., 2017, 7, 9176-9181

1.0 eV. As shown in Fig. 4(c), to further analyze the orbit
components, we extracted and plotted the orbitals due to sta-
nene by projecting the bands on different atomic orbitals. We
found that the valence band maximum (VBM) and the
conduction band minimum (CBM) near the Fermi level was two-
fold degenerated with the features of binding states of P,
orbitals from the Sn atoms. At the I" point, the VBM is formed by
the P, and P, orbitals of the Sn atoms, whereas the CBM
contains the anti-bonding state features of P, orbital. Overall,
for the band structure, the main feature is the P, orbital from
the Sn atoms, which is similar to the band structure of isolated
stanene. In isolated stanene, the Dirac point is protected by
crystal symmetry. However, the match between stanene and the
MoS, substrate will break this symmetry, leading to the opening
of a direct band gap. However, the MoS, orbitals do not
hybridize with the stanene orbitals at the K point near the Fermi
level, and the only effect of the substrate is to tune the electronic
structure at the K point, which suggests that MoS, is an ideal
substrate and electric carriers will transport through the sta-
nene layer only.

A high carrier mobility is essential for practical applications
in field-effect-transistors.** We estimated the carrier mobility of
the stanene/MoS, HTS by calculating the effective mass of
electrons (m.) and holes (my,) in the valence and conduction
bands at the Dirac point of stanene/MoS, for the three patterns
of the HTSs, respectively. The effective particle mass is
expressed as follows:**?¢

g {dzE(k)} *1’

d*k

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Band structure for the hollow pattern of the stanene/MoS, HTS:
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(a) electronic band structure obtained based on PBE/HSEQ6 functional

for the hollow-pattern stanene/MoS, HTS including SOC; (b) orbital-resolved band structure for stanene/MoS,; (c) orbital-resolved band
structure for stanene; and (d) orbital-resolved band structure for MoS,. The red dots represent the contribution from Sn atoms, the blue dots
represent the contribution from MoS,, and the black line represents the band structure of stanene/MoS,.

where k is the wave vector, 7 is the reduced Planck constant, and
E(k) is the dispersion relation. Table 1 lists m. and my, along the
K-M and K-T directions. The calculated effective mass of elec-
trons (m.) and holes (my,) were found to be very small, in the
range of 0.0479-0.0568m.. These values are higher than the
previously reported values for graphene and silicene HTSs.?”**
Based on the relationship between carrier mobility (x) and
effective mass, the carrier mobility can be calculated as u = et/
m, where 7 is the scattering time.*>*? Assuming that stanene has
the same scattering time as graphene or silicene (~10~"* 5),3%%
the carrier mobility of the HTS is estimated to be of the order of
~10% em® V! 57, which is similar to that of germanene as
obtained by organic molecule adsorption (~10°> cm* V™' s71)*
and silicene (~10° cm® V™' s7').* In addition, the carrier
mobility is larger than that observed for pristine stanene.* As is
known, carrier mobility can affect the conductivity of transistor
and the working efficiency of the device.** These results
demonstrate that this HTS is an ideal material for FETs, with
a high carrier mobility and tunable band gap (the band gap
opening in stanene/MoS, can be effectively modulated by
applying an external strain and changing the interlayer spacing,
as has been described hereinafter). In addition, these results
also shed light on its experimental applications.

By studying the structural stability, electric structure and
carrier mobility, we found that MoS, is an ideal substrate for
stanene since it opens a band gap at the original Dirac point of
isolated stanene and contributes no additional transport
channels near the Fermi level. The band gap makes stanene/
MoS, HTS exhibit a large mobility and opening a band gap in
this HTS will provide an ideal platform for potential applica-
tions in experiments and electronic devices. As it is known,
external strain is a common method in the industry to tune the
electric structure in semiconductors. In our material, we were
tuned the interlayer spacing and the in-plane lattice constants
of stanene and MoS, by applying an external strain. In the
following section, we showed how these two parameters tune
the energy gap at the K point.

First, we investigated the effect of the interlayer distance on
the electronic structure of stanene/MoS,. Our calculations
indicate that there will always be an energy gap at the K point,
which will maintain HTS as a semiconductor. In Fig. 5, we

This journal is © The Royal Society of Chemistry 2017

displayed the energy gap with respect to the spacing between
the stanene and MoS, layers for the hollow, Mo, and S patterns.
One can observe that the gap size will decrease upon increasing
the interlayer spacing. This is due to the effect of the MoS,
substrate on stanene layer that becomes weaker as the interlayer
spacing increases, leading to the separation of two Sn-P, bands
from each other at the Fermi level. With respect to symmetry, as
the interlayer spacing changes, the size of the induced band gap
in stanene is related to symmetry breaking of the two stanene
sublattices, which is due to the substrate (MoS,) effect and the
stanene layer tends to recover the original symmetry,**** which
preserves the Dirac point at the K point. In addition, with the
decrease of interlayer spacing, the interactions between the
stanene and MoS, monolayers become stronger due to
a symmetry breaking potential, thus leading to a decrease in the
energy gap, as we can see in Fig. 5. Remarkably, for the distance
of —0.2 A, the largest gap about 77.4 meV, 73.0 meV, and 75.4
meV for hollow, Mo, and S patterns, respectively, was observed.
The stanene/MoS, still retains the semiconductor properties
and the linear Dirac dispersion is nearly well-preserved, slightly
away from the K point. The two layers would separate from each
other when the interlayer spacing changes, which can cause
a shift of the energy levels and thus a change in the band gap.

Elastic strain engineering is another route to continuously
tune the energy gap. External strain will change the lattice
constants measured by ¢ = (@ — a,)/a,, where a (a,) is the lattice
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Fig. 5 Band gap for the hollow, Mo, and S patterns, respectively, as
a function of the spacing between the stanene and MoS, monolayer.
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Fig. 6 Changes in the band gap of the HTSs as a function of strain for the (a) hollow pattern, (b) Mo pattern, and (c) S pattern.

constant with (without) strain and ¢ denotes the strength of the
strain. Fig. 6 presents the variation in the band gap of stanene/
MosS, for all three patterns under external strain ¢. The strain
has dramatic effects on the electronic properties of stanene/
MoS,. If we observe the hollow pattern [Fig. 6(a)], we can see
that increasing the lattice constant will continuously decrease
the energy gap. A straightforward explanation is that the
hopping strength or bonding energy is weakened, leading to
a narrower energy range. Upon increasing the strain applied on
stanene/MoS,, the lattice relaxes, the interactions between sta-
nene and MoS, are weakened, and the Sn-Sn bonds are
stretched, thus weakening m-bonding between Sn atoms,
leading to a smaller band gap. This result is similar to the
results obtained in previous studies with a tight-binding
model.**** Another effect of strain is to tune the Fermi level,
with a metal-semiconductor phase transition occurring under
a large enough strain. At a large enough tensile (compressive)
strain, self-hole-doping (self-electron-doping) regime with hole
(electron) carriers was observed.

Herein, it is demonstrated that strain can cause a metal-
semiconductor phase transition, which is consistent with the
common pressure-induced metal-insulator phase transitions in
three-dimensional materials. The stanene/MoS, hetero-
structure of Mo and S patterns under strain share properties
qualitatively consistent with those of the hollow pattern and
therefore a similar analysis applies as well, which has not been
discussed herein. Our results show that the band gap in the
stanene/MoS, HTS can be conveniently tuned by external strain,
making it a promising platform for applications in experiments
and electronic devices.

9180 | RSC Adv., 2017, 7, 9176-9181

IV. Conclusion

In summary, we systematically investigated the electronic
properties of the stanene/MoS, heterostructure by first-
principles calculations. We calculated and determined the
electronic structure for three different patterns of the free het-
erostructure, and then focused on the effect of an external
strain, which would change the interlayer spacing and lattice
constants in both the stanene and MoS, layers. The MoS,
substrate induces an energy gap at the K point in stanene and
preserves the linear Dirac dispersion slightly away from the K
point while contributing no additional transport channels near
the Fermi level. Our calculations suggest that the stanene/MoS,
heterostructure has a high carrier mobility, which is beneficial
for electronic applications. Our results indicate that the band
gap of all these HTSs can be continuously modulated by
external strain to meet the demands in experiments and device
design. In our opinion, the MoS, substrate makes stanene
a feasible platform to realize Sn-based nanostructures for
applications in experiments and nanoelectronics.
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