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Abstract 

Quantum spin Hall (QSH) insulators exhibit a bulk insulting gap and metallic edge states 

characterized by nontrivial topology. Here, we used first-principles calculations to 

investigate the electronic and topological properties of halogenated silicon germanide (X2-

SiGe, with X = F, Cl, and Br) monolayers, which we found to be trivial semiconductors 

with energy band gaps ranging from 500 meV to 900 meV. Interestingly, we found that 

under 8% strain, X2-SiGe monolayers behave as QSH insulators with global band gaps 

between 53 meV and 123 meV. The underlying mechanism of the topological phase 

transition is the strain-induced s-p band inversion. The nontrivial topological features for 

the strained X2-SiGe monolayers were further confirmed by the presence of topologically 

protected edge states that form a single Dirac cone in the middle of the bulk band gaps. 

Therefore, our results reveal that this new family of QSH insulators is promising for room 

temperature applications in spintronics and quantum computation devices.  
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Introduction 

Topological insulators (TIs) is a term used to describe those materials that are characterized 

by a bulk band gap and metallic surface or edge states.1–4 Two-dimensional (2D) systems 

that display this phenomenon are known as quantum spin Hall (QSH) insulators. In QSH 

insulators, the spin of the electrons, rather than the electric charge, is responsible for 

carrying the electronic information. Therefore, this new class of unconventional materials 

holds a promising potential for applications in quantum electronic devices and 

spintronics.5,6 The QSH effect was firstly predicted in graphene.4 However, soon after, it 

was found that the spin orbit coupling (SOC) in graphene is too weak (4 meV) to produce 

an observable QSH effect under realistic conditions.7 Up to date, only a few QSH insulators 

have been observed experimentally, namely, HgTe/CdTe8 and InAS/GaSb9 quantum wells, 

and Bi thin films.10–16 However, the great majority of these QSH insulators operate only 

under very low temperature (below 100 K) due to their small band gaps. Therefore, in the 

last years an extensive effort has been devoted to search for new QSH insulators with large 

bulk band gaps. Examples include pure or functionalized bismuth,17–20 antimony,20 lead,20 

and tin21 films, gemanene,21–25 silicene,21,23 and transition metal dichalcogenides.26 Among 

them, QSH insulators that contain elements from the Group 14, such as germanene and 

stanene, have the advantage that they can be easily integrated into Si-based nanoelectronics, 

which makes them promising candidates for constructing novel spintronic devices.27 On the 

other hand, pure Ge-and Sn-monolayers are unstable under ambient conditions due to the 4-

fold coordination of these elements that tends to adsorb foreign atoms or molecules. This is 

the reason why only functionalized germanene and substrate-supported (i.e., no free-

standing) stanene have been synthesized so far.28–31  Recently, Zhou et. al.,32 have proposed 

that the stability of germanene can be improved by incorporating Si into the structure. 

Using first-principles calculations, the authors predicted the dynamical stability of isolated 

SiGe (silicon gemanide) monolayer. They calculated the electronic band structure of this 

new 2D SiGe material,  which was found to be characterized by Dirac cones at K point.32 

Moreover, it has been proposed that, as in the case of silicene and germanene,33,34 the 

electronic band structure of this binary SiGe compound can be strategically tune by 

hydrogenation.32 Based on this idea, we studied the electronic band structure of 

functionalized silicon germanide (SiGe) honeycomb films. We principally focused on 
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halogenated X2-SiGe monolayers in which X = F, Cl or Br. The X2-SiGe systems with X = 

H and X = I were also studied and the results are reported in the supporting information 

(SI). We found that functionalizing the SiGe monolayer with halogen (and H) atoms 

increases significantly its stability. Moreover, the formation of the X-Si and X-Ge bonds 

breaks the degeneracy of the π-π* interactions predicted for the bare SiGe monolayer, 

which results in an opening of a direct band gap at the Γ point. Interestingly, we found that 

this band gap is tunable by applying mechanical strain. A SOC-induced global band gap 

between 53-123 meV closes and then reopens for all X2-SiGe systems under reasonable 

strain. Moreover, the typical s-p band inversion was obtained for all the strained systems. In 

addition, the existence of conducting edge states connecting the conduction and valence 

band by a unique Dirac point was confirmed, which demonstrate a topological phase 

transition in the strained 2D X2-SiGe materials. Furthermore, the SOC-induced nontrivial 

band gaps in these systems are significantly larger than kBT at room temperature, which 

opens the possibility to use these materials in the creation of spintronics and quantum 

computation devices6 operating at practical conditions. 

Methods 

First-principles calculations were carried out using the generalized gradient approximation 

(GGA) to the density functional theory (DFT)35–37 within the projector-augmented-wave 

(PAW) method38 as implemented in the Vienna Ab-Initio Simulation Package (VASP).38,39 

For the X2-SiGe ground state structures, the atomic positions and lattice vectors were fully 

optimized until the residual forces were less than 10-2 eV Å-1. The kinetic energy cutoff was 

set to 450 eV with a self-consistency convergence criterion of 10-5 eV. The effect of the 

SOC was included in the self-consistent electronic structure calculations. A Monkhorst-

Pack grid40 of 8 x 8 x 1 was used. The vacuum space between neighboring slabs was set to 

be > 20 Å. Phonon calculations were performed using the Quantum Espresso code41 with 

the PAW potentials that consider 4, 14, and 7 valence electrons for Si, Ge and X ( with X = 

F, Cl, Br) respectively. 
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Results and Discussion 

The optimization of the four-member hexagonal X2-SiGe lattice results into a buckled 

structures with a relative vertical displacement between Si and Ge (δ) of about 0.7 Å (see 

Figure 1). In these 2D X2-SiGe materials, one halogen atom is bonded to Ge with a 

distance of 1.79 Å (F-Ge), 2.19 Å (Cl-Ge) and 2.35 Å (Br-Ge), while, on the opposite side, 

a second one is bonded to Si with bond length of 1.63 Å (F-Si), 2.08 Å (Cl-Si) and 2.25 Å 

(Br-Si) (see Figure 1 and Table 1). For all the cases, the Si-Ge atoms are sandwiched 

between the two halogen elements, and the Si-Ge bond distance is ~2.45 Å. The optimized 

lattice parameters are a=b= 4.099 Å, a=b= 4.068 Å, and a=b= 4.089 Å, for F2-SiGe, Cl2-

SiGe and Br2-SiGe respectively. The optimization of I2-SiGe and H2-SiGe was also 

carried out and the results are shown in SI.  

 

Figure 1. Schematic representation of (a) top and (b) side views of X2-SiGe (X = F, Cl, 

Br) monolayers. δ indicates the relative displacement of Si with respect to Ge along the z-

axis. 

Table 1. Si-X and Ge-X bond distances (in Å), lattice parameters a and b (in Å), and 

formation energy, ∆E (in eV per unit cell) of X2-SiGe monolayers. ∆E is calculated for the 

SiGe + X2�X2-SiGe reaction.  
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 X = F X = Cl X = Br 

Si-X 1.63 2.08 2.25 

Ge-X 1.79 2.19 2.35 

a=b 4.099 4.068 4.089 

∆E -7.324 -3.728 -3.050 

The buckled shape of the honeycomb SiGe structure results from the sp3–hybridization 

tendency of the Si and Ge elements, and it is responsible for the high reactivity of the 

silicon germanide monolayer towards chemical functionalization.32,42,43 We found that the 

incorporation of halogen atoms further stabilizes the SiGe monolayer. In Table 1, we report 

the formation energy per unit cell of the halogenated X2-SiGe systems that was calculated 

with respect to SiGe and X2. We obtained that the halogenated X2-SiGe monolayers are 

between -3.0 eV and -7.3 eV  more stable than the separated SiGe and X2 species 

(formation energy for H2-SiGe was calculated to be -7.667 eV). In Figure 2, we show the 

calculated phonon dispersion band structures for the X2-SiGe systems. Near the Γ point we 

predicted a branch with imaginary frequencies of about -2 cm-1. This small instability is due 

to the difficulty to achieve numerical convergence when using first-principles calculations 

for 2D materials. Even larger imaginary frequencies have been reported for the 1T´-MY2  

(M = Mo, W; Y = S, Se, Te)44 and In2Y2 (Y = S, Se, Te) monolayers.45 Thus, the dynamical 

stability of the 2D X2-SiGe materials is confirmed. 

 

Figure 2. Phonon spectra of (a) F2-SiGe, (b) Cl2-SiGe, and (c) Br2-SiGe monolayers.   

The electronic band structures of F2-SiGe, Cl2-SiGe and Br2-SiGe monolayers with and 

without SOC are plotted in Figures 3-5. At the ground state without including SOC, F2-
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SiGe, Cl2-SiGe and Br2-SiGe have a trivial direct band gap of 0.696 eV, 0.923 eV, and 

0.691 eV, respectively, which is located at the Γ point. When SOC is turned on, the band 

gaps are reduced by 0.05-0.1 eV. For the pristine (i.e., 0% strained) X2-SiGe monolayers, 

the top of the valence band (VB) is characterized by the contribution of the px and py 

orbitals (named hereafter as pxy, and represented in the plots by dark blue color), while the 

bottom of the conduction band (CB) is dominated by the contribution of the s orbital, with 

only small contribution of pz (contributions from s orbital are represented in the plots by the 

red color). Under external strain without SOC, we found that the band gap of the X2-SiGe 

materials decreases monotonously until it becomes zero for 8% strain. The strain 

percentage is calculated with respect to the values of the lattice parameters at the 

equilibrium. Furthermore, in the 8%-strained cases, the s orbital at the Γ point is located 

below two p orbitals. It is known that for typical Group-4 elements based semiconductors, 

the s orbital should lie above the two p orbitals. This inversion between the s and p orbitals 

obtained for all the strained X2-SiGe systems, is a strong indication of the existence of a 

topological phase transition. This phenomenon was also reported earlier for distorted 

germanane.25 The s-pxy band inversion predicted for the strained X2-SiGe monolayers, is 

due to the weakening of the Si-Ge bonding that entails to reduce the difference between the 

energy of bonding and antibonding atomic orbitals and, consequently, leads to the shift of 

the s orbital to the occupied states below the pxy orbitals. After including SOC, the 

degeneracy of the p orbitals at the Γ points is lifted and a global band gap of 53 meV, 56 

meV and 123 meV is obtained for the 8%-strained F2-SiGe, Cl2-SiGe, and Br2-SiGe, 

respectively. In the case of H2-SiGe, this phenomenon was observed only under very high 

strain (> 15%) (see Figure S1 in SI). For the I2-SiGe system, we found that the optimized 

structure differs from the rest of the halogenated X2-SiGe monolayers. Additionally, this 

material is not a semiconductor (see Figure S2 in SI).  
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Figure 3. Evolution of the band structure of a F2-SiGe monolayer under strain. The band 

structures are calculated without (upper) and with (lower) SOC. The zoomed-in of the 

closest bands to the Fermi level for the 8%-strained F2-SiGe monolayer are shown right-

most plots. ∆ stands for the band gap at each percentage of strain. The color gradient 

indicates the contribution of the s, px, and py orbitals to each of the bands along the k-path – 

red for s, and dark blue for px, and py. 
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Figure 4. Evolution of the band structure of a Cl2-SiGe monolayer under strain. The band 

structures are calculated without (upper) and with (lower) SOC. The zoomed-in of the 

closest bands to the Fermi level for the 8%-strained Cl2-SiGe monolayer are shown right-

most plots. ∆ stands for the band gap at each percentage of strain. The color gradient 

indicates the contribution of the s, px, and py orbitals to each of the bands along the k-path – 

red for s, and dark blue for px, and py. 
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Figure 5. Evolution of the band structure of a Br2-SiGe monolayer under strain. The band 

structures are calculated without (upper) and with (lower) SOC. The zoomed-in of the 

closest bands to the Fermi level for the 8%-strained Br2-SiGe monolayer are shown right-

most plots. ∆ stands for the band gap at each percentage of strain. The color gradient 

indicates the contribution of the s, px, and py orbitals to each of the bands along the k-path – 

red for s, and dark blue for px, and py. 

To firmly confirm the existence of topological properties in the X2-SiGe systems, we 

investigated the edge states of 8%-strained X2-SiGe. To this end, we used armchair 

nanoribbons. In these 1D models, the edges were passivated by hydrogen atoms to 

eliminate the dangling bonds (see Figure 4b). The widths of the three different nanoribbons 

were set to 93.25 Å (F2-SiGe), 92.56 Å (Cl2-SiGe) and 93.03 Å (Br2-SiGe), large enough 

to avoid the interaction between the edges. We confirm the existence of conducting edge 

states connecting the conduction and valence bands by a Dirac point situated at the middle 

of the 2D band gap (see Figure 4a). The placement of the Dirac point at the center of the 

band gap is desirable to avoid backscattering from the bulk bands, which is an important 
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requirement for topological insulators used in nanoelectronic devices.6 Thus, the presence 

of topological edges indicate that these strained X2-SiGe monolayers are indeed 2D TIs.  

 

Figure 4. (a) Calculated edges states for strained X2-SiGe (X=F, Cl, Br) nanoribbons. (b) 

Armchair nanoribbon model used in the edge calculations. Zero of the energy is set at 

Fermi level. x and y indicate the width and periodicity direction of the nanoribbon, 

respectively. 

Conclusions 

Using first-principles calculations we found that functionalizing the SiGe monolayer with 

halogen atoms alternated on both sides of the plane, increases its stability by more than 3 

eV. We found that, except for the I2-SiGe system, all the halogenated X2-SiGe monolayers 

are normal semiconductors with trivial band gaps that goes from 500 meV to 900 meV. 

Moreover, tensile strain ≥ 8% leads to TI phase transition that convert the X2-SiGe 

semiconductors to nontrivial topological insulators with bad gap ranging from 53 meV to 

123 meV. These large SOC-induced band gaps found in the X2-SiGe systems are 
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promising for using these materials in spintronic and magnetoelectronic devices that 

operate under room temperature conditions. Interestingly, we found that the H2-SiGe 

monolayer also behaves as QSH insulator, but the amount of strain that has to be applied in 

order to observed the QSH effect is rather large (> 15%).  
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