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Abstract: Quantum Spin Hall (QSH) has potential applications in low energy consuming spintronic
devices and has become a researching hotspot recently. It benefits from insulators feature edge states,
topologically protected from backscattering by time-reversal symmetry. The properties of methyl
functionalized silicene (SiCH3) have been investigated using first-principles calculations, which show
QSH effect under reasonable strain. The origin of the topological characteristic of SiCH3, is mainly
associated with the s-pxy orbitals band inversion at Γ point, whilst the band gap appears under
the effect of spin-orbital coupling (SOC). The QSH phase of SiCH3 is confirmed by the topological
invariant Z2 = 1, as well as helical edge states. The SiCH3 supported by hexagonal boron nitride (BN)
film makes it possible to observe its non-trivial topological phase experimentally, due to the weak
interlayer interaction. The results of this work provide a new potential candidate for two-dimensional
honeycomb lattice spintronic devices in spintronics.
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1. Introduction

Two-dimensional (2D) topological insulators (TIs) or Quantum Spin Hall (QSH) insulators are
characterized by insulating bulk and metallic edge states [1–6]. Its gapless edge state is protected
by time-reversal symmetry (TRS) [3,6]. Kane and Mele first presented the initial concept of the QSH
insulator for grapheme [3,4], in which the effect of SOC opened a band gap at the Dirac point, but
its bulk gap was too small (~10−3 meV) due to its rather weak SOC [3,7], resulting in the QSH effect
observed only at extremely low temperature. In addition, various principles have been applied to
silicone [8], germanene [9], stanene [10], plumbene [11], and III-V bilayer [12], and these 2D TIs have
a similar honeycomb lattice to graphene. HgTe/CdTe and InAs/GaSb quantum wells (QWs) are a
well-established system, their quantized conductance in the QSH effect have only been experimentally
detected at the ultralow temperature, which greatly obstructs their potential application in quantum
devices and spintronics [13–16].

Finding large bulk gap topological insulators for observing the spin transport at room temperature,
as well as finding materials that are convenient to synthesize in experiments, is a trend in current
topology development [17]. In addition, compatibility with current silicon-based electronic technology
is also indispensable [18]. An effective way to achieve the QSH effect is starting from the atomic level
and tuning the chemical bonding to induce the band inversion by SOC. New 2D TIs with a strong
SOC, which are generally composed of relatively heavy elements, As [19], Bi [20], Sb [21], additionally,
the group V films and group III-V materials GaAs and GaBi, have also been reported to be large-gap
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QSH insulators [22–24]. Recently, methyl-functionalized germanene (GeCH3) has been certified to be
large-gap QSH insulators [18].

Furthermore, 2D SnCH3 films have been proposed to realize TIs with a band gap larger than
340 meV [25]. The orbital filtering effect (OFE) can be applied to design a QSH insulator, which is an
effective way to enhance the bulk band gap of 2D materials [26–28]. Kaloni et al. proposed that the
adsorption of small organic molecules can alter the electronic structure of silicone [29].

Silicon (Si) atom, the counterpart of group-IV carbon, is known for its unique electronic properties
and prospects for future application. Here, based on first-principles calculations, we predicated a
new QSH insulator in Si, by functionalized organic molecule group methyl. Our results revealed
that the structural stability of SiCH3, can be confirmed by phonon spectrum. The external strains can
tune the band gap of SiCH3 effectively, in which the s-p band inversion occurs and realizes a QSH
insulator. In addition, we found that the SiCH3 on BN film makes it possible to support the non-trivial
topological phase, due to the weak interlayer interaction. These results may provide a new candidate
for designing large-gap QSH insulators, which is necessary for device applications in spintronics.

2. Computational Details and Methods

All density functional theory (DFT) [30] calculations were performed using the Vienna ab initio
Simulation Package (VASP) [31]. Specifically, the Perdew-Burke-Ernzerhof (PBE) of generalized
gradient approximation (GGA) was used to describe the exchange correlation energy [32,33], which
was developed to calculate surface systems. The projector augmented wave (PAW) methods, processing
the ion-electron interactions with the vdW interaction, were considered using the dispersion-correction
functional of DFT-D3 [34,35]. The energy cutoff of the plane wave basis set was 500 eV, and the
convergence criterion was 10−6 eV between our self-consistent calculation steps. A 7 × 7 × 1
Monkhorst-Pack uniform k-grid was used in the 2D Brillouin zone, for geometry optimizations
and electronic calculations, as described in Reference [36]. The SOC was included in calculations.
The vacuum region was set to 20 Å, to eliminate any artificial interaction between neighboring
slabs, as explained in References [37,38]. The phonon spectra were calculated along high symmetry
lines, using a density functional perturbation theory method, implemented in PHONOpy code [39].
In addition, all atomic positions and the size of the unit cell were optimized using the conjugate gradient
method until the atomic forces were less than −0.01 eV Å−1. To further evaluate thermal stability,
we used a 5 × 5 × 1 supercell to perform the ab initio molecular dynamics (AIMD) simulations.

3. Results and Discussions

3.1. Electronic Structure

Figure 1a,b proposes a schematic diagram of the structure of a methyl double-sided functionalized
silicone, each cell containing two Si atoms and two methyl groups. The decoration of the chemical
functional groups provides more possibilities, and the methyl modified silicone makes a strong bond
between the Si atom and CH3. As for SiCH3, a large buckle height (h = 0.78 Å) is the main feature
distinct from the planer grapheme [40,41]. The buckle enhances the p-p coupling between p-orbitals of
Si atoms, in coexistence with certain overlap between p and σ orbitals. The buckle height plays an
extremely important role in the engineering of electronic properties. In addition, the structure belongs
to the P3 layer group with optimized lattice constants a = b = 3.90 Å, the Si–Si and Si–C being 2.39 and
1.92 Å, respectively.

In order to prove the stability of SiCH3 monolayer, its formation energy has been computed
defined by:

∆E = E(SiCH3)− E(Silicene)−E(CH 3) (1)

where E(SiCH3) and E(Silicene) are the total energies of functionalized silicene and pristine silicene,
respectively, whilst E(CH3) is the chemical energy of methyl. The formation energy ∆E was calculated
and it was −5.35 eV/atom for SiCH3, indicating there was no phase separation in this system.
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To further confirm the structural stability, the phonon spectrum along the highly symmetric directions
was calculated, as shown in Figure 1c. There was no mode with imaginary frequencies in the Brillouin
zone, which indicated that SiCH3 was stable. Furthermore, the thermal stability of SiCH3 was evaluated
by performing the ab initio molecular dynamics (AIMD) simulations. Here, the SiCH3 monolayer was
subjected to the molecular dynamics (MD) simulations, at a setting temperature of 300 K. We plotted
the snapshots of SiCH3 monolayer at 2000, 3000, and 5000 fs for these simulations, as shown in Figure 2.
In short, when the temperature reached 300 K, the honeycomb skeleton of SiCH3 monolayer had almost
no distortion and no bond breaking arose. The above results revealed that the SiCH3 monolayer has
very good thermal stability and maintains its structural integrity at room-temperature environment,
providing a possibility for experimental preparation and application.

Figure 1. (a) Top and (b) side views of the schematic structures of silicene (SiCH3) monolayer;
(c) Phonon spectrum and (d) the area of Brilioun zone of SiCH3 monolayer.

Figure 2. (a) Variations of the free energy from 2000 to 5000 fs, during ab initio molecular dynamics
simulations (AIMD) at the temperature of 300 K for SiCH3; (b–d) indicated the snapshot of molecular
dynamics (MD)simulation of the structure in 2000, 3000, and 5000 fs, respectively.

The band structures without SOC and with SOC were calculated for SiCH3 monolayer and shown
in Figure 3, where the red and blue color represents the s and pxy orbital. Different from the Silicene
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without methyl modification, the decorated chemical functional group strongly hybridized with the
dangling bonds of the pz orbital in silicene, which led the pz orbital to move away from the Fermi
level. It was more conducive to our regulation of the electronic properties of the material. In the
absence of SOC (Figure 3a), the band structure exhibits a semiconductor character with a direct band
gap of 1.59 eV at Γ point. By projecting the energy bands onto different atomic orbitals, we found
that the energy band was mainly composed of the s and pxy orbitals of Si atoms near the Fermi level.
The valence band maximum (VBM) at Γ point was mainly contributed by the pxy orbitals of Si atoms
with the characteristic of the bonding state, whereas the conduction band minimum (CBM) was mainly
contributed by the s orbital of Si atoms and was the anti-bonding state. When SOC was included,
the energy degeneracy of pxy orbits at Γ point lifted significantly, and the degenerate level was split
by a gap of 11 meV (Figure 3a). The energy degeneracy at the Γ point could be clearly seen through
the enlarged view. There was no inverted band order in SiCH3 (ε = 0%), suggesting that it was a
trivial insulator.

Figure 3. The orbital–resolved band structures of SiCH3 monolayer structures without and with
spin-orbital coupling (SOC) (a) 0% and (b) 25% strain; (c) Schematic diagram of the evolution from the
atomic s and pxy orbitals of Si at Γ point. The Fermi level is indicated by horizontal dashed lines.

3.2. Strain Properties

After obtaining the structure of SiCH3, mechanical strain changes the chemical bond strength and
thus affects the energy band inversion. Here, various biaxial strains were applied to the SiCH3 lattices,
and we defined the biaxial strain ε = (a − a0)/a0, where a and a0 were the tensile and equilibrium
strained lattice constant. Additionally, a negative ε presents the compressive strain, whilst a positive
value indicates the tensile stress. Figure 4 gives a function of strain ε from −19–25% about the band
gap and energy of SiCH3. In this range, SiCH3 can be summarized with some few interesting features.
One can see clearly that the energy of the SiCH3 presents continuous variation with the change of the
strain, confirming that the applied strain was elastic, which could be attributed to the field of elastic
strain engineering (ESE) [42,43]. In addition, the band gap decreases monotonically with the lattice
constant increasing, which is inconsistent with the case of graphene monolayer [44]. When the strain is
large enough, the band gap is closed; continue to increase the strength of the stress, and a small band
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gap occurs, suggesting a transition from trivial semiconductor to topological phase, and it shows that
the strain can modulate the topological properties.

Figure 4. The energy and the band gap calculated for a SiCH3 monolayer, as a function of external strain.

3.3. Topological Properties

To conduct a preliminary analysis of the topological properties of the material, we took the
corresponding band structures of SiCH3 (ε = 25%) monolayer as an example. This is schematically
illustrated in two stages in Figure 3b. Without SOC, the band structure turns to the gapless states with
the Fermi level crossing two degenerated pxy orbitals, and compared with pxy orbitals, the s orbital has
a lower energy. When the SOC is included, the degeneracy of pxy orbitals are lifted with opening of a
gap of 26 meV. The band gap change is relatively easy to observe from the enlarged view. An inverted
order of s orbital and pxy orbitals appeared, which indicated the possibility of a topological phase
transition. This inversion mechanism is the similar to some of the topological materials that have been
reported, such as the HgTe quantum well. In short, the s-p type band inversion can be experienced
under the mechanical strain, and hence lead to a non-trivial TI state.

To demonstrate the topological properties of SiCH3 monolayer, we calculated the Z2 invariants ν,
based on the scheme proposed by Fu-Kane’s [45], the equation can be expressed by

δ(Ki) =
N

∏
m=1

ξ i
2m, (−1)ν =

4

∏
i=1

δ(Ki) = δ(Γ)δ(M)3 (2)

where δ is the product of parity eigenvalues at four time reversal invariant momentum (TRIM), ν is the
number of the occupied bands, and ξ = ±1 are the parity eigenvalues. According to the Z2 classification,
ν = 1 represents a topologically non-trivial phase and ν = 0 shows trivial band topology. We calculated
the Z2 topological invariant ν at four TRIM points Ki, involved one Γ point, and three M points in
the Brillouin zone (BZ), as shown in Table 1. When ε = 25%, the δ at these three symmetry points:
M1 (0.5, 0.0), M2 (0.0, 0.5), and M3 (0.5, 0.5) are both −1, whilst at the Γ (0.0, 0.0) they show +1, yielding
a Z2 of SiCH3 (ε = 25%) monolayer of 1 [46]. This means that it is a topological insulator.

A notable feature of the QSH insulator is the presence of a one-dimensional helical in the bulk
band gap, with the spin momentum locked. The opening gap and band inversion caused by the
SOC near the fermi level, means that there is a possibility of the QSH effect, which has gapless edge
states protected by TRS. To see the helical edge states explicitly, their edge states of SiCH3 were
calculated using the Wannier90 package, with the maximally Localized Wannier functions (MLWFs),
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as described in Reference [47]. Figure 5a shows the band structures calculated by DFT and MLWF
with 25% tensile strain, respectively. They were well matched to each other, which indicated the
reliability of the MLWF calculation. The total edge density of states (DOS) were plotted in Figure 5c.
We could clearly see two one-dimensional gapless edge states, connecting the conduction band and
valence band of SiCH3 (ε = 25%). To analyze the origin of the dangling bond state, we took SiCH3

with the external strain ε = 25% by introducing a zigzag-shaped and sufficiently wide nanoribbon
to introduce edges on the silicon; the interaction between the edge states of both sides is avoided,
as shown in Figure 5b. The dangling bonds were eliminated by passivating all edges of the Si atoms
with hydrogen atoms. The calculated band structure of the nanoribbon is displayed in Figure 5d.
We could clearly observe that the same edges led to two obviously degenerate Dirac cones, located at
the opposite edges. The gapless edge states (red lines) appear in the gap and cross linearly at the Γ
point, the Dirac point at the Γ point is located in the band gap with a high velocity of ~1.0 × 105 m/s,
and the HgTe/CdTe [13,14] quantum well possesses a higher velocity of 5.5 × 105 m/s, than that
of the InAs/GeSb [15,16] quantum well (3.0 × 104 m/s). These results indicated that SiCH3 is an
ideal 2D TI and provide new candidate materials for novel quantum electronic devices with low
energy dissipation.

Table 1. Parities of occupied spin-degenerate bands at the time reversal invariant momentum (TRIM)
Points for silicene (SiCH3). Here, we show the parities of 11 occupied spin-degenerate bands for SiCH3

(ε = 0% and ε = 25%). Positive and negative signs denote even and odd parities, respectively.

Γi Parity of ζ2n of Occupied Bands δi Γi Parity of ζ2n of Occupied Bands δi

(0.0, 0.0) + − + − + + − − − + + − (0.0, 0.0) + − + − + + + − − + + +
(0.5, 0.0) + − + − + − + − − + + − (0.5, 0.0) + − + − + − + − − + + −
(0.0, 0.5) + − + − + − + − − + + − (0.0, 0.5) + − + − + − + − − + + −
(0.5, 0.5) + − + − + − + − − + + − (0.5, 0.5) + − + − + − + − − + + −
ε = 0% Z2 topological invariant ν = 0 ε = 25% Z2 topological invariant ν = 1

Figure 5. Electronic structure and its corresponding edge state of SiCH3 with 25% tensile biaxial strain.
(a) Comparison of band structures for SiC density functional theory (DFT) H3, calculated by DFT (red
lines) and Wannier functions method (blue dots); (c) Show the Dirac edge states. The Fermi level is set
to zero; (b,d) the model and spectrum of a finite slab of SiCH3. The red and black horizontal arrows
represent the spin-up and spin-down polarized currents in the opposite direction.
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To get a clear understanding of the origin of topological non-triviality, we presented the methodical
band evolution at Γ point for SiCH3 in Figure 3c. Near the Fermi level, the Si-s and Si-pxy states
dominate the relevant bands. Under the effect of crystal field splitting, the chemical bonding between
Si-Si atoms forms bonding states and anti-bonding states for the s and pxy orbitals, which we denote
as |s±> and |pxy

±>, with the superscript + and − representing the parities of corresponding states,
respectively. As displayed in Figure 3c, the bands are near the Fermi level due to the |s−> and |pxy

+>,
and the |pxy

+> is below |s−> under the effect of crystal field. At a strain of ε = 25%, the |pxy
+>

level shifts above the |s−>, which leads to the s-p type band inversion. When the SOC is turned on,
the degeneracy of the level splits into |p, ±3/2> states with a total angular momentum j = 3/2 and |p,
±1/2> with a total angular momentum j = 1/2, creating an energy gap at the Γ point. A remarkable
feature of the band component is that the SOC is only to open a band gap but does not induce the
band inversion. The conclusion above, is that the SiCH3 monolayer with ε = 25% is a QSH insulator.

3.4. Si/BN Heterostructures

From an experimental point of view, the growth of 2D materials is the ultimate goal. The mechanical
exfoliation and molecular beam epitaxy (MBE) are relatively mature. The synthesis of silicone
were reported using MBE. The substrate materials are indispensable for experimental preparation.
Hexagonal boron nitride is a 2D large gap insulator with high dielectric constant, we chose BN-2 × 2
(5.06 Å) as the substrate to support the SiCH3 single layer [48,49]. In this work, it was exhibited as
an acceptable lattice mismatch (~3.6%), showing that it was possible for SiCH3 to grow on the h-BN
substrate. We used the DFT method (optB88-vdw) to describe 2D HTS (heterostructure), to avoid
erroneous estimation of van der Waals (vdW) interactions [50]. The expected band structure with
SOC is shown in Figure 6. In these weakly coupled QW structures, the SiCH3 monolayer remained
semiconducting, whilst the distance between adjacent layers was 3.52 Å. The binding energy was
obtained to be −10.54 meV per unit cell, indicating a weak interaction between SiCH3 and BN sheet,
and demonstrating a typical 2D vdW HTS. Bader charge analysis indicated that the Fermi levels were
dominantly attributed to the SiCH3 monolayer. The differences were little between them, compared
to SiCH3 without substrate. It is obvious that SiCH3 is a robust QSH insulator and the topological
properties are not affected by the substrate. This work may provide new candidates for the design and
manufacture of QSH insulators, based on 2D cellular lattices in spintronics.

Figure 6. (a) Top and (b) side views of the epitaxial growth SiCH3 on 2 × 2 BN substrate;
(c) The corresponding energy band structure with SOC.
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4. Conclusions

In this work, we predicted SiCH3 monolayer to a new 2D QSH insulator, based on first-principle
calculations. It was found that the external strain can induce a topological phase transition in SiCH3

monolayer. The origin of topological characteristics of SiCH3 is mainly associated with the s-pxy

orbitals band inversion of Si atoms, and it opened a band gap with the effect of SOC, rather than
change the band order. Moreover, the Z2 invariant and topologically protected edge states confirmed
the topological characteristic of the SiCH3 monolayer. The SiCH3 supported by BN film makes
it possible to observe its non-trivial topological phase experimentally, due to the weak interlayer
interaction. The results of this work provide new potential candidates for two-dimensional honeycomb
lattice spintronic devices in spintronics.

Author Contributions: C.-W.Z. and P.-J.W. conceived the idea and designed the calculated model. C.-C.R. carried
out the electronic structure calculations and data analysis. W.-X.J., S.-F.Z. and P.L. performed the analysis method
of the properties. All authors have given approval to the final version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (Grant Nos.
61571210, 61172028 and 11434006), and Shandong Provincial Natural Science Foundation of China (Grant
No. ZR2018QA006).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Yan, B.; Zhang, S.C. Topological Materials. Rep. Prog. Phys. 2012, 75, 096501. [CrossRef] [PubMed]
2. Moore, J.E. The birth of topological insulators. Nature 2010, 464, 194–198. [CrossRef] [PubMed]
3. Kane, C.L.; Mele, E.J. Z2 topological order and the Quantum Spin Hall effect. Phys. Rev. Lett. 2005, 95, 14–30.
4. Kane, C.L.; Mele, E.J. Quantum Spin Hall effect in graphene. Phys. Rev. Lett. 2006, 96, 22–25.
5. Murakami, S. Quantum Spin Hall effect and enhanced magnetic response by spinorbit coupling.

Phys. Rev. Lett. 2006, 97, 236805. [CrossRef] [PubMed]
6. Franz, M.; Hasan, Z.; Moore, J. Topological Insulators and Superconductors. Med. Phys. 2013, 40, 1057.

[CrossRef]
7. Zhang, R.W.; Ji, W.X.; Zhang, C.W.; Li, S.S.; Li, P. New family of room temperature quantum spin Hall

insulators in two-dimensional germanene films. J. Mater. Chem. C 2016, 4, 2088–2094. [CrossRef]
8. Lin, C.L.; Arafune, R.; Kawahara, K.; Tsukahara, N.; Minamitani, E. Structure of Silicene Grown on Ag(111).

Appl. Phys. Express 2012, 5, 045802. [CrossRef]
9. Liu, C.C.; Feng, W.; Yao, Y. Quantum Spin Hall effect in silicene and two-dimensional germanium.

Phys. Rev. Lett. 2011, 107, 2989–2996. [CrossRef] [PubMed]
10. Wang, Y.; Ji, W.; Zhang, C.; Li, P.; Li., F. Large-gap quantum spin Hall state in functionalized dumbbell

stanene. Appl. Phys. Lett. 2016, 108, 073104. [CrossRef]
11. Zhao, H.; Zhang, C.W.; Ji, W.X.; Zhang, R.W.; Li, S.S. Unexpected Giant-Gap Quantum Spin Hall Insulator in

Chemically Decorated Plumbene Monolayer. Sci. Rep. 2016, 6, 20152. [CrossRef] [PubMed]
12. Crisostomo, C.P.; Chuang, F.C.; Yao, L.Z.; Huang, Z.Q. Prediction of Large-Gap Two-Dimensional Topological

Insulators Consisting of Hydrogenated Bilayers of Group III Elements with Bi. Nano. Lett. 2014, 14,
2505–2508.

13. Zhang, S.C.; Bernevig, B.A.; Hughes, T. Quantum Spin Hall Effect and Topological Phase Transition in HgTe
Quantum Wells. Science 2006, 314, 1757–1761.

14. Konig, M.; Wiedmann, S.; Brüne, C.; Roth, A.; Buhmann, H.; Molenkamp, L.W.; Qi, X.L.; Zhang, S.C.
Quantum Spin Hall Insulator State in HgTe Quantum Wells. Science 2007, 318, 766–770. [CrossRef] [PubMed]

15. Fu, L.; Kane, C.L.; Becker, C.R.; Latussek, V.; Li, M. Robust Helical Edge Transport in Gated InAs/GaSb
Bilayers. Phys. Rev. Lett. 2015, 114, 096802.

16. Liu, C.X.; Taylor, L.; Hughes, X.L.; Qi, K.; Wang, S.; Zhang, C. Quantum Spin Hall Effect in Inverted Type-II
Semiconductors. Phys. Rev. Lett. 2008, 100, 236601. [CrossRef] [PubMed]

17. Yao, Y.; Ye, F.; Qi, X.L.; Zhang, S.C.; Fang, Z. Spin-orbit gap of graphene: First-principles calculations.
Phys. Rev. B 2007, 75, 041401. [CrossRef]

http://dx.doi.org/10.1088/0034-4885/75/9/096501
http://www.ncbi.nlm.nih.gov/pubmed/22907264
http://dx.doi.org/10.1038/nature08916
http://www.ncbi.nlm.nih.gov/pubmed/20220837
http://dx.doi.org/10.1103/PhysRevLett.97.236805
http://www.ncbi.nlm.nih.gov/pubmed/17280226
http://dx.doi.org/10.1103/RevModPhys.83.1057
http://dx.doi.org/10.1039/C6TC00160B
http://dx.doi.org/10.1143/APEX.5.045802
http://dx.doi.org/10.1103/PhysRevLett.107.076802
http://www.ncbi.nlm.nih.gov/pubmed/21902414
http://dx.doi.org/10.1063/1.4942380
http://dx.doi.org/10.1038/srep20152
http://www.ncbi.nlm.nih.gov/pubmed/26833133
http://dx.doi.org/10.1126/science.1148047
http://www.ncbi.nlm.nih.gov/pubmed/17885096
http://dx.doi.org/10.1103/PhysRevLett.100.236601
http://www.ncbi.nlm.nih.gov/pubmed/18643529
http://dx.doi.org/10.1103/PhysRevB.75.041401


Nanomaterials 2018, 8, 698 9 of 10

18. Ma, Y.D.; Dai, Y.; Wei, W.; Huang, B.B.; Whangbo, M.H. Strain-induced quantum spin Hall effect in
methyl-subsitituted germanene Germanane GeCH3. Sci. Rep. 2013, 4, 7297. [CrossRef] [PubMed]

19. Liu, C.C.; Guan, S.; Song, Z.G.; Yang, S.Y.; Yang, J.B.; Yao, Y.G. Low-energy effective Hamiltonian for giant-gap
quantum spin Hall insulators in honeycomb X-hydride/halide (X = N–Bi) monolayers. Phys. Rev. B 2014, 90,
085431. [CrossRef]

20. Jin, K.H.; Jhi, S.H. Quantum anomalous Hall and quantum spin-Hall phases in flattened Bi and Sb bilayers.
Sci. Rep. 2015, 5, 8426. [CrossRef] [PubMed]

21. Song, Z.G.; Liu, C.C.; Yang, J.B.; Han, J.Z.; Han, M.; Fu, B.T.; Yang, Y.C.; Niu, Q.; Niu, J.; Yao, Y.G. Quantum
spin Hall insulators and quantum valley Hall insulators of BiX|[sol]|SbX (X|[equals]|H, F, Cl and Br)
monolayers with a record bulk band gap. NPG Asia Mater. 2014, 6, e147. [CrossRef]

22. Liu, C.C.; Zhou, J.J.; Yao, Y. Topological Phase Transitions in Half-hydrogenated Bi Honeycomb Monolayers.
Phys. Rev. B 2014, 90, 085431. [CrossRef]

23. Li, L.; Zhang, X.; Chen, X.; Zhao, M. Giant Topological Nontrivial Band Gaps in Chloridized Gallium
Bismuthide. Nano. Lett. 2015, 15, 1296–1301. [CrossRef] [PubMed]

24. Zhao, M.; Chen, X.; Li, L.; Zhang, X. Driving a GaAs Film to a Large-gap Topological Insulator by Tensile
Strain. Sci. Rep. 2015, 5, 8441. [CrossRef] [PubMed]

25. Zhao, H.; Ji, W.X.; Zhang, C.W.; Li, P.; Zhang, S.F.; Li, F.; Wang, P.J. Prediction of Tunable Quantum Spin Hall
Effect in Methyl-functionalized Tin Film. J. Mater. Chem. A 2017, 5, 2656–2661. [CrossRef]

26. Zhou, M.; Ming, W.M.; Ming, Z.; Wang, Z.F.; Li, P.; Liu, F. Epitaxial growth of large-gap quantum spin Hall
insulator on semiconductor surface. Proc. Natl. Acad. Sci. USA 2014, 111, 14378–14381. [CrossRef] [PubMed]

27. Zhou, M.; Ming, W.M.; Liu, Z.; Wang, Z.F.; Yao, Y.G.; Liu, F. Formation of quantum spin Hall state on Si
surface and energy gap scaling with strength of spin orbit coupling. Sci. Rep. 2014, 4, 7102. [CrossRef]
[PubMed]

28. Zhang, R.W.; Zhang, C.W.; Ji, W.X.; Hu, S.J. Silicane as an Inert Substrate of Silicene: A Promising Candidate
for FET. J. Phys. Chem. C 2016, 118, 25278–25283. [CrossRef]

29. Kaloni, T.P.; Singh, N.U. Schwingenschlögl. Prediction of a quantum anomalous Hall state in Co decorated
silicene. Phys. Rev. B 2013, 89, 208–220.

30. Houssa, M.; van den Broek, B.E.; Scalise, G.; Pourtois, V.; Afanas’ev, V.; Stesmans, A. An electric field tunable
energy band gap at silicene/(0001) ZnS interfaces. Phys. Chem. Chem. Phys. 2013, 15, 3702–3705. [CrossRef]
[PubMed]

31. Kresse, G.; Furthmuller, J. Efficient iterative schemes for ab initio total-energy calculations using a plane-wave
basis set. Phys. Rev. B 1996, 54, 11169–11186. [CrossRef]

32. Perdew, J.P.; Burke, K.; Ernzerhof, M. Generalized Gradient Approximation Made Simple. Phys. Rev. Lett.
1996, 77, 3865. [CrossRef] [PubMed]

33. Perdew, J.P.; Ruzsinszky, A.; Csonka, G.I.; Vydrov, O.A.; Scuseria, G.E. Restoring the Density-Gradient
Expansion for Exchange in Solids and Surfaces. Phys. Rev. Lett. 2008, 100, 136406. [CrossRef] [PubMed]

34. Kresse, G.; Joubert, D. From ultrasoft pseudopotential to the projector augmented-wave method. Phys. Rev. B
1999, 59, 1758–1775. [CrossRef]

35. Grimme, S.J. Semiempirical GGA-type density functional constructed with a long-range dispersion correction.
J. Comput. Chem. 2006, 27, 1787–1799. [CrossRef] [PubMed]

36. Monkhorst, H.J.; Pack, J.D. Special points for Brillouin-zone integrations. Phys. Rev. B 1976, 13, 5188–5192.
[CrossRef]

37. Sohier, T.; Calandra, M.; Park, C.; Bonini, N.; Marzari, N.; Mauri, F. Phonon-limited resistivity of graphene
by first-principles calculations: Electron-phonon interactions, strain-induced gauge field, and Boltzmann
equation. Phys. Rev. B 2014, 90, 125414. [CrossRef]

38. Sohier, T.; Calandra, M.; Park, C.; Bonini, N.; Marzari, N.; Mauri, F. Density functional perturbation theory
for gated two-dimensional heterostructures: Theoretical developments and application to flexural phonons
in graphene. Phys. Rev. B 2017, 96, 075448. [CrossRef]

39. Parlinski, K.; Li, Z.Q.; Kawazoe, Y. First-Principles Determination of the Soft Mode in Cubic ZrO2.
Phys. Rev. Lett. 1997, 78, 4063–4066. [CrossRef]

40. Stankovich, S.; Dikin, D.A.; Dommett, G.H.B.; Kohlhaas, K.M. Graphene-based composite materials. Nature
2006, 442, 282–286. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/srep07297
http://www.ncbi.nlm.nih.gov/pubmed/25465887
http://dx.doi.org/10.1103/PhysRevB.90.085431
http://dx.doi.org/10.1038/srep08426
http://www.ncbi.nlm.nih.gov/pubmed/25672932
http://dx.doi.org/10.1038/am.2014.113
http://dx.doi.org/10.1103/PhysRevB.90.085431
http://dx.doi.org/10.1021/nl504493d
http://www.ncbi.nlm.nih.gov/pubmed/25625786
http://dx.doi.org/10.1038/srep08441
http://www.ncbi.nlm.nih.gov/pubmed/25676173
http://dx.doi.org/10.1039/C7TC00153C
http://dx.doi.org/10.1073/pnas.1409701111
http://www.ncbi.nlm.nih.gov/pubmed/25246584
http://dx.doi.org/10.1038/srep07102
http://www.ncbi.nlm.nih.gov/pubmed/25407432
http://dx.doi.org/10.1021/jp508253x
http://dx.doi.org/10.1039/c3cp50391g
http://www.ncbi.nlm.nih.gov/pubmed/23403806
http://dx.doi.org/10.1103/PhysRevB.54.11169
http://dx.doi.org/10.1103/PhysRevLett.77.3865
http://www.ncbi.nlm.nih.gov/pubmed/10062328
http://dx.doi.org/10.1103/PhysRevLett.100.136406
http://www.ncbi.nlm.nih.gov/pubmed/18517979
http://dx.doi.org/10.1103/PhysRevB.59.1758
http://dx.doi.org/10.1002/jcc.20495
http://www.ncbi.nlm.nih.gov/pubmed/16955487
http://dx.doi.org/10.1103/PhysRevB.13.5188
http://dx.doi.org/10.1103/PhysRevB.90.125414
http://dx.doi.org/10.1103/PhysRevB.96.075448
http://dx.doi.org/10.1103/PhysRevLett.78.4063
http://dx.doi.org/10.1038/nature04969
http://www.ncbi.nlm.nih.gov/pubmed/16855586


Nanomaterials 2018, 8, 698 10 of 10

41. Meng, L.Y.; Wang, L.; Zhang, L.Z.S.; Du, X.; Wu, R.T. Buckled silicene formation on Ir(111). Nano Lett. 2013,
13, 685–690. [CrossRef] [PubMed]

42. Ren, C.C.; Ji, W.X.; Zhang, C.W.; Li, P.; Wang, P.J. The effects of biaxial strain and electric field on the electronic
properties in stanene. Mater. Res. Express 2016, 3, 105008. [CrossRef]

43. Houssa, M.G.; Pourtois, V.V.; Afanas’Ev, A. Stesmans. Electronic properties of two-dimensional hexagonal
germanium. Appl. Phys. Lett. 2010, 96, 082111. [CrossRef]

44. Guinea, F.; Katsnelson, M.I.; Geim, A.K. Energy gaps and a zero-field quantum Hall effect in graphene by
strain engineering. Nat. Phys. 2009, 6, 30–33. [CrossRef]

45. Fu, L.; Kane, C.L. Topological insulators with inversion symmetry. Phys. Rev. B 2007, 76, 045302. [CrossRef]
46. Castro Neto, A.H.; Guinea, F. Impurity-induced spin-orbit coupling in graphene. Phys. Rev. Lett. 2009, 103,

026804. [CrossRef] [PubMed]
47. Mostofi, A.A.; Yates, J.R.; Lee, Y.S.; Souza, I.; Vanderbilt, D.; Marzari, N. wannier90: A tool for obtaining

maximally-localised Wannier functions. Comput. Phys. Commun. 2008, 178, 685. [CrossRef]
48. Kahn, S.; Velasco, J., Jr.; Ju, L.; Hwang, E.; Kahn, S.; Nosiglia, C.; Tsai, H.; Yang, W.; Zhang, G.; Taniguchi, T.;

et al. Photo-induced Modulation Doping in Graphene/Boron Nitride Heterostructures. In Proceedings of
the APS March Meeting 2016, Baltimore, MD, USA, 14–18 March 2016.

49. Britnell, L.; Gorbachev, R.V.; Jalil, R.; Belle, B.D.; Schedin, F.; Mishchenko, A.; Georgiou, T.; Katsnelson, M.I.;
Eaves, L.; Morozov, S.V.; et al. Field-effect tunneling transistor based on vertical graphene heterostructures.
Science 2012, 335, 947–950. [CrossRef] [PubMed]

50. Klimes, J.; Bowler, D.; Michaelides, A. Van der Waals density functionals applied to solids. Phys. Rev. B 2011,
83, 195131. [CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1021/nl304347w
http://www.ncbi.nlm.nih.gov/pubmed/23330602
http://dx.doi.org/10.1088/2053-1591/3/10/105008
http://dx.doi.org/10.1063/1.3332588
http://dx.doi.org/10.1038/nphys1420
http://dx.doi.org/10.1103/PhysRevB.76.045302
http://dx.doi.org/10.1103/PhysRevLett.103.026804
http://www.ncbi.nlm.nih.gov/pubmed/19659232
http://dx.doi.org/10.1016/j.cpc.2007.11.016
http://dx.doi.org/10.1126/science.1218461
http://www.ncbi.nlm.nih.gov/pubmed/22300848
http://dx.doi.org/10.1103/PhysRevB.83.195131
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Computational Details and Methods 
	Results and Discussions 
	Electronic Structure 
	Strain Properties 
	Topological Properties 
	Si/BN Heterostructures 

	Conclusions 
	References

