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            Abstract
          
        

        
          Core/shell nanowire (NW) is recognized as promising one-dimensional material for nanoelectronic and nanoelectromechanical systems. However, its mechanical properties so important for engineering applications remain largely unexplored. Based on the density functional theory (DFT), we theoretically investigate mechanical and electronic properties of the Ge-core/Si-shell NWs along the [100] direction within the cross sectional size of 1.0 nm and 1.4 nm under the axial strain. Our results show that ideal strength of Ge-core/Si-shell NWs strongly depends on wire cross sectional size compared with that of the Si and Ge NWs. Ideal strength (maximum tensile strength) of Ge-core/Si-shell NWs increases significantly when increasing thickness of the Si-shell. We found that bond lengths around interfaces between the core and the shell play a predominant role in ideal strength of Ge-core/Si-shell NWs. Additionally, band structures of NWs are modififed by applying axial strain. Band gaps of NWs decrease with increasing strain. Our results provide important insight into intrinsic mechanical behavior and electronic properties of Ge-core/Si-shell NWs, useful for the design of nanodevices with Ge-core/Si-shell NWs in future applications. 
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      1. Introduction
      Silicon (Si) and germanium (Ge) NWs are among the most important one-dimensional (1D) semiconductors for nanoelectronic and nanoelectromechanical systems because of their availability and attractive physical properties.1-3 Their potential nanoelectronic applications involve large deformation such as flexible electronics devices and bio-nano sensors and it shows a high demand on NW elasticity, in which the elastic modulus, ideal strength and ideal strain are important parameters. For the Si NWs, the experiments showed that NWs with diameters between 15 and 60 nm can be stretched up to 7% tensile strain, with maximum fracture strengths of 12 GPa.4 The Young’s modulus of the Si NWs with a diameter less than 10 nm was measured to be 18 ± 2 GPa using an atomic force micrometer (AFM).5 For the Ge NWs, Lee et al.6 investigated that Young’s modulus of hydrogenpassivated Ge NWs depends on their crystal orientation and diameter by using ab initio calculations. Based on several empirical potentials, Kang and Cai7 has used the molecular dynamics (MD) simulation to investigate the brittle and ductile fracture of the Si and Ge NWs. Recently, the core-shell NWs by using Si and Ge have attracted considerable attention in nanodevices, due to their superior properties such as better conductance and higher mobility of charge carriage8,9 compared with that of the Si and Ge NWs. The core-shell NWs thus have potential applications in the nanoelectronic and photon devices.10-12 Experimentally, the Ge/Si NWs have been synthesized using chemical vapor deposition method successfully.13 In another experiment, the Si/Ge core-shell NWs with the <111> orientation have also fabricated.14 Theoretically, Peng et al.15 reported the effect of strain on the electronic properties of Si/Ge (Ge/Si) NWs at the level of the density functional theory (DFT). The width of the band gap in the Ge/Si NWs investigated by the DFT calculations can be tuned by the strain.16 Musin and Wang17 also studied the composition and size dependent the band gaps of the Ge/Si (Si/Ge) NWs. Liu et al.18 performed MD simulation to examine the composition-dependent Young’s modulus for the Ge/Si (Si/Ge) NWs. In addition, the thermal stress and the buckling instability in the Si/Ge (Ge/Si) NWs were investigated by Das et al..19 Although many studies have focused on synthesis, physical and electronic properties of the Si/Ge (Ge/Si) NWs,15-20 their mechanical properties have not been clarified yet. Moreover, understanding the electronic properties of Ge-core/Si-shell NWs under strain is necessary for Ge-core/Si-shell NWs design of nanostructured materials. 

      In this study, the DFT calculations is used to investigate the ideal strength of the Si, Ge and Ge-core/Si-shell NWs with the cross sectional sizes of 1.0 and 1.4 nm under uniaxial tension. The ideal strength of the NWs increase with increasing of the wire cross sectional size, in which the ideal strength of Ge-core/Si-shell NWs increases significantly compared with that of the Si and Ge NWs. Furthermore, the effects of strain on the energy band structure of Ge-core/Si-shell NWs has also been discussed as well. 

    

    

  
    
      2. Methodology
      First-principles DFT calculations are used to investigate the mechanical and electronic properties of the Si, Ge and Ge-core/Si-shell NWs. Quantum-ESPRESSO (QE) package21 is used for the firstprinciple calculations, which is a full DFT simulation package using a plane-wave basic set with pseudopotentials. The ultrasoft pseudopotentials22 with the cutoff energy of plane wave of 45 Ry is used, and the exchange-correlation energy is evaluated by the general-gradient approximation using the Perdew-Burke-Ernzerhof23 function. 

      The atomic structures of the Si, Ge and Ge/Si core-shell NWs for DFT are shown in Fig. 1, in which the Si and Ge atoms are initially positioned at their bulk lattice sites with the lattice constants of 5.42 A and 5.63 A respectively and the surfaces of wires are passivated by hydrogen. The cross sectional size, D, in unit of nanometer is defined as the distance between two outer shell atoms. The cross sectional size of Ge core is 0.4 nm. All systems are set by a vacuum space of 12 A in the direction perpendicular to the wire axis to avoid virtual interactions from the neighboring nanowires under the periodic boundary condition. The k-point grids in the Brillouin-zone selected according to the Monkhorst-Pack method24 is 1 × 1 × 8 and 1 × 1 × 6 for the cross sectional size D of 1.0 and 1.4 nm, respectively. 

      
        
        

        Fig. 1 
				
        

        
          (Color online) Snapshots of the Si, Ge, and Ge/Si core-shell NWs are viewed from the cross section. The core atoms are Ge, the shell atoms are Si, and pink balls on the surface are H atoms. The cross sectional sizes of wires are (a) 1.0 and (b) 1.4 nm, respectively. The cross sectional size of Ge core is 0.4 nm. Blue, yellow, and pink balls represent the Si, Ge, and H atoms, respectively
        
        

        

      

      To simulate the effect of tensile strain in the Si, Ge and Ge/Si NWs, first, the atomic positions and the cell dimensions in the z direction of all models are relaxed by using the Broyden Fretcher-Goldfarb-Shanno (BFGS) minimization method until all the Hellmann–Feynman forces and the normal component of the stress are less than 0.0005 Ry/a.u. and 0.05 GPa, respectively. Then, the loading strain is applied to the models by elongating the cell along the z direction with an increment of 0.02. The strain is refined with a very small increment of 0.005 at locations near the fracture point, and the atomic structure is fully relaxed under fixed cell dimensions after each increment of the strain. Here, the tensile strain is defined as εzz = ΔL/L0, where L0 is the length of the unit cell at geometry optimization and ΔL is the increment of the length under tension. In the energy band structure calculations, the number of k-points are scanned along the reciprocal direction from Γ to X of 50. 

    

    

  
    
      3. Results and Discussion
      Table 1 lists the diameters D0 and the lengths L0 of the relaxed structure of the Si, Ge and Ge-core/Si-shell NWs, in which the structures are locally stables at the local minimum of the total energy. The most basic mechanical property of the NWs is the Young’s modulus, E, which is defined as follows.25

      
        Table 1 
				
        

        
          Equilibrium configurations including number of atom in unit cell N, length D0, diameter L0, Young’s modulus E, Poisson’s ratio ν, ideal strains εzz, and ideal strength σzz for different Si, Ge, and Ge-core/Si-shell NWs
        
        

      

      
        
          
            	NWs
            	Atoms (Si, Ge, H)
            	D0 (nm)
            	L0 (nm)
            	E (GPa)
            	ν
            	
              εzz
            
            	σzz(GPa)
          

        
        
          	Si
          	25Si, 20H
          	1.01
          	0.547
          	55.22
          	0.207
          	0.415
          	21.29
        

        
          	Ge
          	25Ge, 20H
          	1.06
          	0.558
          	41.78
          	0.198
          	0.385
          	14.02
        

        
          	Ge/Si
          	16Si, 9Ge, 20H
          	1.04
          	0.561
          	49.50
          	0.196
          	0.390
          	15.90
        

        
          	Si
          	49Si, 28H
          	1.42
          	0.546
          	70.15
          	0.304
          	0.365
          	22.83
        

        
          	Ge
          	49Ge, 28H
          	1.40
          	0.562
          	45.98
          	0.337
          	0.360
          	14.37
        

        
          	Ge/Si
          	40Si, 9Ge, 20H
          	1.47
          	0.555
          	64.99
          	0.330
          	0.345
          	20.36
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      where U is the strain energy, V0 is the equilibrium volume and εzz is the uniaxial strain. The small strains (± 0.005; ± 0.01; ± 0.015; ± 0.02) was applied, which stay in the harmonic regime. The total energy and the atomic positions as a function of the axial strain imposed on the nanowire are obtained, since the Young’s modulus can be calculated by fitting a second degree polynomial to U(ε). E of the Si, Ge and Ge-core/Si-shell NWs are listed in Table 1. These results agree reasonably well with the previously reported DFT results for Si NWs,26 Ge NWs6 and Ge-core/Si-shell NWs.15 E of all Si, Ge and Ge/Si NWs increases with increasing the wire cross sectional size D. Moreover, E of Ge-core/Si-shell NWs is smaller than that of Si NWs, but it is higher than that of Ge NWs with the same wire sizes, which is attributed to the Si component in the Ge-core/Si-shell NWs. It is well-know that E in bulk Ge is smaller than that in bulk Si,15 thus the Young’s modulus of Si NWs investigated is higher than that of Ge and Ge-core/Si-shell NWs at the same wire cross sectional size. 

      In Fig. 2, we show the stress-strain curves of the Si, Ge, and Ge-core/Si-shell NWs under the tensile strain. The stress computed from QE package21 is automatically evaluated over the entire supercell volume Vcell. Therefore, the supercell stress by Vcell/V0 is rescaled to obtain the stress of the nanowires.25,27 The obtained results show that the ideal strength of the Si, Ge and Ge-core/Si-shell NWs increases with increasing the wire cross sectional size. In particular, the ideal strength of Ge-core/Si-shell NWs strongly depends on the wire cross sectional size compared with the ideal strength of Si and Ge NWs. The ideal strength of Ge/Si NWs increases by 28% comparing with 7.23% and 2.5% of Si and Ge NWs, respectively. In order to understand these behavious, the detailed deformation and failure mechanisms of the structures and bonds of the NWs are investigated, as shown in Fig. 3. The atomic positions and the typical bond lengths under different tensile strains are extracted to reveal the tensile deformation mechanism of the Si, Ge, and Ge-core/Si-shell NWs. 

      
        
        

        Fig. 2 
				
        

        
          (Color online) Tensile stress along axial direction of different NWs plotted as a function of strain
        
        

        

      

      
        
        

        Fig. 3 
				
        

        
          (Color online) Perspective view of the atomic structures at unstrain (εzz = 0) and ideal strains (εzz = 0.37 for Si and Ge NWs, and εzz = 0.345 for Ge-core/Si-shell NWs) with the bond lengths: (a) (Si1-Si2, Si2-Si3, Si3-Si4) in Si NW, (b) (Ge1-Ge2, Ge2-Ge3, Ge3-Ge4) in Ge NW, and (c) (Ge1-Ge2, Ge2-Si3, Si3-Si4) in Ge-core/Si-shell NW. Blue, yellow, and pink balls represent the Si, Ge, and H atoms, respectively
        
        

        

      

      In Fig. 3, we show the atomic positions of 1.4 nm Si, Ge and Ge/Si NWs at the unstrain (ε = 0) and the ideal strains (ε = 0.37 for the Si and Ge NWs, and ε = 0.345 for Ge/Si NWs cases). In the unstrain case (ε = 0), the bond lengths in the Si NW (Si1-Si2, Si2-Si3 and Si3-Si4) and the Ge NW (Ge1-Ge2, Ge2-Ge3 and Ge3-Ge4) are approximated by 0.2360 nm and 0.247 nm, respectively. On the other hand, the bond lengths of the Ge-core/Si-shell NWs (Ge1-Ge2, Ge2-Si3 and Si3-Si4) are different around the interface between the Ge-core and the Si-shell. The results show that the Ge1-Ge2 bond length of the Ge-core/Si-shell NW (0.245 nm) is smaller than that of the Ge NW (0.247 nm), while the Si3-Si4 bond length of Ge-core/Si-shell NW (0.2364 nm) is higher than that of the Si NW (0.2360 nm). This could be explained that the interface atoms of Ge-core in the Ge-core/Si-shell NW are compressively strained by the Si-shell, meanwhile the Si-shell atoms are tensibly strained by the Ge-core. Therefore, the Ge2-Si3 bond length (0.241 nm) is smaller than that of Si3-Si4 bond length and higher than that of Ge1-Ge2 bond length. The bond lengths in the Si, Ge and Ge-core/Si-shell NWs increase as a function of tensile strain. The Ge1-Ge2 bond length in the Ge-core/Si-shell NW increases of 9.9% compared with 8.76% of the Ge1-Ge2 in the Ge NW. In addition, the Si3-Si4 bond length in the Ge-core/Si-shell NW increases of 8.86% compared with 8.4% of the Si3-Si4 in the Si NW. The different deformation of the bond lengths around the interface between the Ge-core and Si-shell will contribute to the mechanical properties of the Ge-core/Si-shell NWs. Furthermore, by decreasing the wire cross sectional size, the atoms around the interface will contribute significantly to the mechanical properties of the core-shell NWs, which leads to the ideal strength of the Ge-core/Si-shell NWs strongly depends on the wire cross sectional size compared with that of the Si and Ge NWs. 

      To understand the electronic properties of NWs under strain, we calculate the energy band structures of the Si, Ge and Ge/Si NWs with diameter of 1.0 nm at the different uniaxial strain. It is well-known that the band gap of the NWs is defined by the energy different between the conduction band edge (CBE) and the valance band edge (VBE).15 As shown in the Figs. 4(a)-4(c), the electronic structures of the Si, Ge and Ge-core/Si-shell NWs are calculated at the unstrain (εzz = 0), strain (εzz = 0.2) and ideal strain (εzz = 0.42, 0.405 and 0.39) for the Si, Ge and Ge-core/Si-shell NWs, respectively. It can be seen that the band structure of the NWs are significantly modulated by strain, which is in good agreement with previous studies.15 At the unstrain (εzz = 0), the Si and Ge/Si NWs are direct-gap semiconductors with the band gap of 2.60 eV and 2.59 eV, respectively, while Ge NW is indirect-gap semiconductor with band gap of 2.53 eV. It is interesting to note that the band gap of the Ge-core/Si-shell NW is smaller than that of the Si NW, while it is higher than that of Ge NW at the same wire sizes because of the composition effect in the Ge-core/Si-shell NW. When the strain is applied and gradually increases, the band structure of the NWs is substantially modified. At the strain of εzz = 0.2, Si, Ge and Ge-core/Si-shell NWs are indirect-gap semiconductor with band gap of 1.8 eV, 1.52 eV and 1.51 eV, respectively. At the ideal strain, Si, Ge and Ge-core/Si-shell NWs are direct-gap semiconductor with band gap of 0.32 eV, 0.10 eV and 0.23 eV, respectively. These results suggest that not only band gap but also direct-/indirect-gaps of the NWs can be controlled by applying strain. As shown in Fig. 5, the band gaps of Si, Ge and Ge-core/Si-shell NWs with the diameter of 1.0 nm are plotted as a function of the strain, in which the band gaps of the NWs decrease with increasing strain. This trend is also observed in previous studies for the Si28and Ge6,29, and Ge-core/Si-shell NWs.15,16

      
        
        

        Fig. 4 
				
        

        
          (Color online) Energy band structure of the (a) Si NW, (b) Ge NW, and (c) Ge-core/Si-shell NW with diameter of 1.0 nm in the [100] direction at the different uniaxial strain
        
        

        

      

      
        
        

        Fig. 5 
				
        

        
          (Color online) Band gap of the Si, Ge and Ge-core/Si-shell NWs with diameter of 1.0 nm as a function of the uniaxial strain
        
        

        

      

    

    

  
    
      4. Conclusion
      In summary, the ideal strength and the energy band structure of the Si, Ge and Ge-core/Si-shell NWs under tensile strain are evaluated by using the first-principles DFT calculations. The results obtained show that the ideal strength of the Ge-core/Si-shell NWs strongly depends on the wire cross sectional size compared with that of the Si and Ge NWs. This phenomenon originates from the different of bond lengths around the interfaces between the Ge-core and Si-shell. Furthermore, the band structure of NWs can be modulated by using the external uniaxial strain. The band gap of the NWs decreases with increasing strain. Based on the results of this study, it is possible to better understand the mechanical and electronic properties of the Ge-core/Si-shellNWs, which are useful for the design and fabrication of nanoelectromechanical devices with the Ge-core/Si-shell NWs. 
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