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Si and Ge based metallic core/shell 
nanowires for nano-electronic 
device applications
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One dimensional heterostructure nanowires (NWs) have attracted a large attention due to the 
possibility of easily tuning their energy gap, a useful property for application to next generation 
electronic devices. In this work, we propose new core/shell NW systems where Ge and Si shells are built 
around very thin As and Sb cores. The modification in the electronic properties arises due to the induced 
compressive strain experienced by the metal core region which is attributed to the lattice-mismatch 
with the shell region. As/Ge and As/Si nanowires undergo a semiconducting-to-metal transition on 
increasing the diameter of the shell. The current-voltage (I-V) characteristics of the nanowires show a 
negative differential conductance (NDC) effect for small diameters that could lead to their application in 
atomic scale device(s) for fast switching. In addition, an ohmic behavior and upto 300% increment of the 
current value is achieved on just doubling the shell region. The resistivity of nanowires decreases with 
the increase in diameter. These characteristics make these NWs suitable candidates for application as 
electron connectors in nanoelectronic devices.

Since the synthesis of carbon nanotubes (CNTs) in the beginning of 1990s1, one dimensional (1D) nanostruc-
tures have attracted a huge interest in the last three decades. CNTs were believed to be among the most impor-
tant building blocks for the next generation electronic devices. After decades of progress in nanotechnology, 
both theoretically and experimentally, nanowires have opened up substantial opportunities for the development 
of nanoelectronic and optoelectronic devices. Therefore, several studies have demonstrated the application of 
nanowires (NWs) in the field of electron devices2–9, logic gates2,10,11, optoelectronics12–14, photonics15,16, chemical 
and biological sensing devices10,17–20, non-volatile memories21 etc. Likewise, 1D heterostructure NWs have been 
extensively studied for next-generation device applications22,23.

Recently, extensive efforts have been devoted to grow and study core/shell NWs consisting of semiconductor/
semiconductor24,25, semiconductor/metal26, metal/metal oxide27,28, metal oxide/metal oxide29–32, metal/metal33,34 
heterostructure(s). Particularly, semiconductor core/shell NWs such as SiGe, have gained much attention due to 
their remarkable transport and optical properties22 which are attributed to the spatial localization of electrons 
and holes. The electronic properties of these NWs have a strong dependence on their size, shape and chemical 
composition35. For example, Amato et al. have shown that the geometry and composition of Si/Ge core/shell 
NWs strongly influence their thermodynamic stability and electronic properties. Peng et al.36 have shown that the 
intrinsic strain between Ge and Si layers is responsible for the reduction of the band gap in Si/Ge core/shell NWs 
from their pristine counterparts. In addition, external strain can be used to tune the band gap of the NWs, and 
promote a direct-to-indirect (or vice-versa) band gap transition. It has also been reported that Si/Ge NW quan-
tum dot FET shows a superior performance over the Si nanowire FET due to a gate field induced switching mech-
anism37. Recently, synthesized Si/SiC core/shell NWs paved the way to biocompatible nanowire based sensors due 
to the chemically inertness and hydrophilic surface of SiC38. This semiconducting core/shell NWs have obtained 
enormous applications in the field of FET, IC circuits, logic gates, solar cells in nanoelectronic devices22,37,39,40.  
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The versatile electronic, transport and optical properties of core/shell NWs which depend on the configuration 
and composition of the core and shell of the NWs have motivated us to go beyond IV-IV and III-V nanowire sys-
tems and study the electronic and transport properties of core/shell NWs with a different composition.

Both Sb and As have gained a very high interest as 2D materials, known as antimonene and arsenene. The 
puckered structure of antimonene and arsenene has shown dynamical stability41,42 and possesses an indirect 
bandgap. Experimentally, monolayers and nanoribbons of these structures have been successfully synthesized43,44. 
Antimonene has also shown possible applications in microelectronics and optoelectronics nanodevices and solar 
cell applications45. Similarly, it has been reported that arsenene could find applications as photodiodes, light 
emitting diodes and in the field of solar cells42. Moreover, GeSb-NWs of diameter 40–100 nm have been achieved 
experimentally and applied in memory devices46. In addition multi-layered and few-layered GeAs has also been 
grown in the laboratory and studied for applications in optical devices23,47. The synthesized nanowires with these 
combinations motivate us to study their core/shell structural properties. Growth of pure As and Sb nanowires 
was reported48. Thus, it is very possible that also (GeSi)/(AsSb) core-shell nanowires can be synthesized deposit-
ing Si or Ge after the growth of the pure metallic nanowires and adapting the growth conditions to avoid specie 
intermixing.

In the light of these results, it can be interesting to study the electronic structure of Sb and As when the dimen-
sion is reduced from 2D to 1D and, further, when the systems are subjected to the additional confinement due to 
the presence of the shell. Thus, our work considers Si and Ge based nanowire geometries with a As and Sb core 
that can very well be fabricated in the near future.

In this work, we have focused on Si or Ge based metallic As- and Sb- core/shell nanowires and studied their 
morphology and transport properties. Finding the appropriate strain imposed on the core, we can tune the metal-
lic properties of the NWs. Diameter dependent IV- characteristics are also simulated in order to provide a picture 
as comprehensive as possible. We have investigated the suitability of these nanowires as electron connectors for 
nano-electronic devices and other technological applications.

Model and Methodology
Geometry relaxations and electronic structure calculations are performed by using the SIESTA simulation pack-
age49. We have used numerical atomic orbitals basis with double zeta polarization (DZP) throughout the calcu-
lations. Troullier Martin norm conserving pseudopotential is used to treat the electron ion interactions50. The 
exchange and correlation energies for electron-electron interactions are treated within the generalized gradient 
approximation using Perdew- Burke-Ernzerhof (PBE) parametrization51. A vacuum of 20 Å along the x and y 
directions is considered to ensure that no interactions occur between the neighboring nanowire’s images. The 
NWs are optimized until the forces on each atom are lower than 0.01 eV/Å by using a conjugate gradients (CG) 
method. The Brillouin zone is sampled with a 1 × 1 × 12 Monkhorst Pack grid. We have calculated the bands in 
30 K-points along the Γ-Z direction for the electronic band structure calculation.

We have considered two different cores of arsenic (As) and antimony (Sb), which are wrapped by 1 and 2 mon-
olayers (ML) of germanium (Ge) and silicon (Si). The dangling bonds on the surface of the NWs are saturated by 
hydrogen atoms. For the Sbcore/Geshell NW, the core consists of 6 atoms for a diameter 3.64 Å. The NW, wrapped by 
1 ML has 40 atoms (6 Sb atoms, 18 Ge atoms and 16 H atoms) in a unit cell with a diameter 14.61 Å (1.46 nm). The 
thickness of the NW is increased to 22.79 Å (2.28 nm) with 78 atoms (6 Sb atoms, 48 Ge atoms and 24 H atoms) 
per unit cell when 2Si/Ge MLs wrap the As/Sb cores. Techniques for the growth of NWs with always smaller 
radii are constantly being devised and the fabrication of tiny NWs has been reported by a number of researchers. 
Christopher Koenigsmann et al. have synthesized experimentally Pd/Pt core/shell nanowires with a diameter 
of 2.0 ± 0.5 nm and shown their application as catalysts for oxygen reduction reactions52. Recently, ReS2-NW 
with 0.65 nm diameter has been synthesized experimentally by using a chemical vapor deposition process53. 
Furthermore, K. B. Dhungana et al. have studied ultrathin boron nanowire structure with diameter 1.5–1.7 Å. 
They have reported the dynamical stability of 1D boron NW(s) from phonon analysis of the structures37.

The electronic transport properties are studied by the non-equilibrium Green’s function (NEGF) techniques, 
within the Keldysh formalism, based on the density functional theory as implemented in the TranSIESTA module 
within the SIESTA package54. A two probe system is designed to study the transport properties of the considered 
core/shell nanowire confined in a central scattering region (SR) in contact with semi-infinite left electrode (LE) 
and right electrode (RE) as shown in Fig. 1(c). We have considered both the electrodes and the SR made of the 
same material. The total length of the central scattering region is 12 Å, which consists of three primitive cells. The 
current passing through the scattering region is calculated by using the Landauer-Buttiker formula55,

∫=
μ

μ
I V G T E V dE( ) ( , )

(1)b b0
R

L

where, G0 = 2(e2/h) is the unit of quantum conductance and T(E, Vbias) is the transmission probability of an 
electron incident at an energy E through the device under the bias voltage Vbias. The bias voltage between the 
two electrodes of different electrochemical potential μL(left) and μR (right) is given by eVbias = μL − μR. We have 
increased the applied bias voltage (Vb) in steps of 0.1 V. The solution of the converged density matrix is used as the 
initial input for the Green’s functions in the self-consistent cycle of the next step.

Results and Discussions
Structural Properties. First, we have optimized the pure As-, Sb-, Ge- and Si- NWs having 40 atoms and the 
axial parameters are calculated to be 4.96 Å, 4.35 Å, 4.17 Å and 3.92 Å, respectively. The pristine nanowires of Ge, 
Sb and Si show a semiconducting behavior, while the As-NW shows metallic behavior. We show the electronic 
band structures of pure Sb and As nanowires (ESI, Fig. S1). The band gaps of Ge, Sb and Si NWs are calculated to 
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be 1.50 eV, 0.09 eV and 1.80 eV, respectively. The pristine Sb-NW, which shows a band gap of 0.09 eV, undergoes 
a transition from semi-metallic to metallic behavior when the NW is wrapped by 1 ML (monolayer) -Ge and -Si 
shell. On the contrary, the pristine As-NW shows a metallic behaviour and undergoes a transition from metallic 
to semi-metallic behavior when the NW is wrapped by 1 ML -Ge and -Si shell. The lattice constants of the core/
shell nanowires with different diameters are smaller than their pristine NW counterparts. It is found that both the 
core and shell components of the NWs experience a compressive strain in all the considered NWs except for the 
Sb/Si (R) and As/Ge (2 R) NWs, due to the lattice mismatch at the interface (Table 1).

Electronic Transport Properties. In Figs 2 and 3, the band structures of the As/Ge, As/Si, Sb/Ge and Sb/Si 
core/shell NWs with different diameters are shown. The As/Ge (R) and As/Si (R) NWs are semiconducting with 
indirect band gaps 0.36 eV and 0.65 eV, respectively. However, both the nanowires undergo a semiconducting 
to metal transition on increasing the diameters (Fig. 3(a,b)). The As core wrapped with 2 ML Ge or Si shows a 
quantum ballistic conductance of 3G0 and 4G0, respectively. Note, that the band lines crossing the Fermi level 
can be attributed to quantum conductance in the units of G0 = 2e2/h, where, e is the electron charge and h is the 
Planck’s constant56. The quantum conductance gives information about the electron transport in the NW without 
electron-electron or electron-phonon scattering. The nanowires with the Sb-core and diameter R show metallic 
behavior with a quantum conductance of 2G0 which increases to 4G0 for Sb/Ge and 5G0 for Sb/Si NWs.

The calculated zero-bias transmission spectrum is shown with the corresponding band structure. The spike 
peaks in the spectrum are related to the available conductance channels due to the presence of bands. Sb/Ge 
(R) and Sb/Si (R) NWs show 2G0 conductance at the Fermi energy that are consistent with the electronic band 
structure since two band lines are crossing the Fermi level. The As/Ge (R)-NW shows zero conductance at the 
Fermi level, which is in accordance with a band gap energy in its band structure. In the case of As/Si (R)-NW, zero 
conductance without a Van Hove singularity is consistent with the corresponding semiconducting nature of the 
band structure.

The conductance values of the 2 R NWs from the transmission spectra are also consistent with the corre-
sponding band structures (Figs 2 and 3). In order to get a further insight into the electronic properties of the con-
sidered core-shell nanowires, the orbital contribution near the Fermi level is extracted by calculating the partial 
density of states (PDOS) for all the core/shell NWs (ESI, Figs S2–S5). It is found that both valence and conduction 

Figure 1. (a) and (b) Front views of the optimized structures of Sb/Ge core shell nanowires. (a) Sb/Ge NW with 
Sb core, wrapped by 1 ML Ge-shell, denoted Sb/Ge (R). (b) Sb-core wrapped by 2 ML Ge-shell having the total 
diameter of 22.83 Å, denoted Sb/Ge (2 R). Similar structures have been considered for As/Ge, As/Si and Sb/Si. 
(c) Schematic view of the two-probes core/shell NW system having 5 primitive cells along the z-axis. The central 
scattering region, left electrode and right electrode are indicated.

Core/shell NW
Axial lattice 
constant, az (Å)

Strain to core 
(%)

Strain to 
shell (%)

As/Ge (R) 4.12 −12.3 −1.30

As/Si (R) 3.91 −16.6 −0.35

Sb/Ge (R) 4.16 −4.52 −0.22

Sb/Si (R) 4.03 −7.46 +2.68

As/Ge (2 R) 4.18 −10.8 +0.34

As/Si (2 R) 3.90 −16.8 −0.60

Sb/Ge (2 R) 4.13 −5.14 −0.87

Sb/Si (2 R) 3.91 −10.26 −0.43

Table 1. Equilibrium lattice parameters and equivalent strain experienced by the cores and the shells for the 
considered core/shell NWs.
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bands around the Fermi energy are mainly dominated by the As-p orbitals for the As/Ge (R) and As/Si (R) NWs. 
A minor contributions from the shell Si and Ge p orbitals are also present around the Fermi level, whereas for all 
the NWs structures, the valence and conduction bands are totally dominated by the Si-p or Ge-p orbitals. The 
metallic behavior of the Sb/Ge and Sb/Si NWs is due to the contribution of the Sb-p orbitals. It has also observed 
that the contribution of the As-p orbitals is also large at the Fermi level for the As/Ge and As/Si NWs of higher 
diameter. Similarly, for Sb/Ge and Sb/Si NWs, the Fermi level is dominated by a core contribution.

In order to get a deeper insight into the electronic behavior of the NWs, we have considered the application 
of an external mechanical strain to pristine As and Sb NWs. Note that the core part experiences an intrinsic 
strain in the given core/shell NW, e.g., the As core experiences a 12.3% (16.6%) compressive strain when the 
core is wrapped by 1 ML Ge-shell (Si-shell). Figure 4(a) presents the electronic structure of pristine As-NW as a 
function of uniaxial strain. Interestingly, the opening of a band gap is induced by applying a mechanical strain. 
However, the calculated energy gap of pure As-NW at 12.3% strain is smaller than the gap of the As/Ge-NW. This 
could be due to the neglecting of the strain experienced by the Ge-shell. The energy gap of the As-NW widens 
up at 16.6% strain and shows consistency with that of the As/Si NW. The Sb-core, wrapped by 1 ML Ge-shell 
experiences an intrinsic 4.25% strain, while the core wrapped by 1 ML Si-shell experiences an intrinsic 7.46% 
strain. The band structure of the pure Sb-NW is presented in Fig. 4(b) as a function of the uniaxial strain. The 
pure unstrained Sb-NW behaves as a semiconducting material with an indirect band gap of 0.09 eV. However it 
undergoes a semiconducting-to-metallic transition at 4.52% compressive strain. The conduction band minimum 
(CBM) moves down to the Fermi level and crosses it at Z point while the valence band maximum (VBM) crosses 
the Fermi energy along the Γ-Z direction. The Sb-NW at 4.52% strain shows a quantum conductance of 2G0 
which is in accordance with the result obtained for the Sb/Ge core/shell NW. A similar behavior is also observed 
for the Sb-NW at 7.46% strain. The VBM moves up and crosses the Fermi energy level at two different points 
along the Γ-Z direction hence enhancing the quantum conductance to 2G0. This analysis shows that the change 
in the band structures and electronic transport properties are closely related to the intrinsic strain experienced 
by the core/shell NWs. Note that Amato et al. have also observed metallic behavior in Si/SiC core/shell NWs at a 
given diameter due to the intrinsic strain induced on the core region38.

We have observed that the As/Si and As/Ge nanowire undergoes a semiconducting-to-metallic transition as 
the diameter increases from 1.1 nm to 2.0 nm with no significant difference in the strain to core. Looking at their 
band structures, we notice that the main structures in the valence and conduction bands are still very similar, only 

Figure 2. Electronic band structures of (a) As/Ge (R) (b) As/Si (R) (c) Sb/Ge (R) and (d) Sb/Si (R) core/shell 
nanowires. The corresponding transmission spectrum as function of energy (eV) under zero bias voltage of each 
NW is shown on the right side.
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the smaller peak which is below the Fermi energy in the thinner shell case moves up across the Fermi energy as 
the shell thickness doubles. This behavior cannot be explained only in terms of the strain acting on the NW metal-
lic core. The PDOS (ESI, Figs S2–S5) of these nanowires show that to this structure contribute also the p states 
of the Si shell. Thus, the shifting of the peak to higher energies and at the Fermi level, which causes the transition 
from a semiconducting to a metallic behavior, shows that the strain to the shell and possibly the hybridization 
between the p states of the metal in the core and the p states of the semiconductor in the shell across the NW 
interface play a role in the band structure of these NWs.

Thus, the Si and Ge shells of different thicknesses lead to a tuning of the electronic structure of the As and Sb 
nanowires mostly through the strain to the core, but also through a state hybridization between the metal and 
semiconductor (also strained) orbitals at the interface.

Current-Voltage Characteristics. Next, we have studied the current-voltage (IV) characteristics for the 
given core/shell NWs by employing the NEGF technique. Density functional theory (DFT) together with NEGF 
formulation to calculate I-V characteristics is a ground state theory at absolute zero, which offer very useful and 
reliable information of material properties at 0 K57. The applied voltage shifts the Fermi level of the left electrode 
with respect to the Fermi level of the right electrode. Once the energy of the top of the valence band of the 
left electrode matches with the bottom of the conduction band of the right electrode; the current start flowing 
through the scattering region. The current-voltage characteristics for the core/shell nanowires are presented in 
Fig. 5. We observe that the core wrapped by the Si-shell shows a larger conductivity as compared to the NWs with 
a Ge-shell. It is well known that in the ballistic regime the mobility depends on the effective masses of carriers 
and line stiffness of nanowires. Effective masses relate to the band dispersion at the critical points and they are 
different in the nanowires from the bulk materials. Furthermore, it has been shown in Table 1 that the strain to the 
core region is more for Si shell NWs as compared to Ge shell NWs. This strain may change the dispersion of the 
electronic bands edges and line stiffness of core/shell NWs which results into a change in the carrier mobility and 
hence in the magnitude of the current through the scattering region. Therefore, the cores experiencing a higher 
strain by the Si-shell give rise to a much higher conductivity.

The As- and Sb- cores wrapped by 1 ML wide Ge and Si shells show a non-linear behavior in their I-V char-
acteristics. The current is calculated to be 13 μA and 25 μA for As/Ge (R) and As/Si (R) NWs, respectively, at 

Figure 3. Electronic band structures of (a) As/Ge (2 R) (b) As/Si (2 R) (c) Sb/Ge (2 R) and (d) Sb/Si (2 R) core/
shell nanowires. The corresponding transmission spectrum as a function of energy (eV) under zero bias voltage 
of each NW is shown on the right side.
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Vb = 1.0 V. Interestingly, the current is found to decrease at certain values of the applied voltage that leads to 
a negative differential conductance (NDC). This is an essential property for fast switching in the atomic scale 
devices. The NDC effect is observed in multiple voltage regions for the As/Ge (R) NW, in the windows 0.5–0.7 V 
and 0.8–1.0 V. The NDC effect in multiple region of I-V curve has also been observed in AgPt alloyed nano-
wire in a previous study58. The effect is seen in the region 0.3–0.5 V for the As/Si (R) NW as shown in Fig. 5 
(inset). The NDC effect is also evident from the electron transmission spectra at the corresponding bias voltages 
as shown in Fig. 6(a1–c1 and a2–c2). The current (I) through the scattering region has been calculated using 
Landauer-Buttiker formula that integrates the transmission probability function within the bias window. It is 
convenient to represent conductance through the scattering region in terms of number of transmission peaks 
with Van Hove singularities13. Greater the number of transmission peaks with Van Hove singularities, larger the 
current flowing through scattering region at given bias. Therefore, change in the number of transmission peaks 
within bias window leads to change in current flowing through scattering region. The transmission peaks in these 
bias windows are observed to decrease and hence the current decreases. For example, in the case of the As/Ge 
(R) NW, there are 7 transmission peaks in the bias window at 0.8 V which decrease to only 6 peaks at 0.9 V. The 
number of peaks increases again to 9 peaks in the bias window near Vb = 1.0 V. A similar trend is also observed 
for As/Si (R), Sb/Ge (R) and Sb/Si (R) NWs. The NDC effect for Sb/Ge and Sb/Si is observed at 0.8–1.0 V and 
0.1–0.3 V, respectively. The transmission graphs for the Sb-core NWs are presented in Fig. 6 (a3–c3 and a4–c4).

It is noted that the change in current with applied voltage in NDC region is in μA that is large enough to cause 
the NDC region to persist in the presence of thermal broadening. The NDC effect in a particular region can be 
attributed to the minor number of conduction channels available for transmission through the scattering region 
which can be seen as number of transmission peaks with Van Hove singularities available in the bias window at a 
given bias voltage as shown in Fig. 6.

Figure 4. Band diagrams of (a) As and (b) Sb NW with diameter R at different degrees of strain (Ɛ). (a) The 
unstrained band structure of As, the band structure at Ɛ = −12.3% corresponding to the strain induced by 
the 1ML-Ge-shell, and at Ɛ = −16.6% corresponding to the strain induced by the 1 ML-Si-shell are shown. 
Similarly, in (b) the unstrained band structure of Sb, the band structure at Ɛ = −4.52% corresponding to the 
strain induced by the 1 ML-Ge-shell, and at Ɛ = −7.46% corresponding to the strain induced by the 1 ML-Si-
shell are shown.
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Further, it is observed that the conductivity of the core-shell NWs abruptly increases, when the core is 
wrapped by a 2 ML wide shell. The cores wrapped by Si-shells show an ohmic behavior with the highest magni-
tude of current among the studied NWs. The conductance graphs at different applied voltages are shown in Fig S6 
(ESI). It can be seen that a larger number of transmission peaks enter into the bias window at higher applied 
voltages, which results into an increased current in the corresponding I-V curve. The As- and Sb-cores wrapped 
by 2 ML Sb-shell show an increment of the current of around 200–300% at Vb = 1.0 V as compared to the 1 ML 
wrapped NWs. The value of the current in the As/Si and Sb/Si NWs also increases to 164 μA and 150 μA, respec-
tively, at 1.0 applied voltages. The I-V curves of the As/Si (2 R), Sb/Ge (2 R) and Sb/Si (2 R) NWs show a linear I-V 
characteristics that leads to an ohmic behavior of these NWs.

In order to use these NWs as electronic nano-connectors, it is important to investigate their resistance and 
resistivity. We have calculated the resistance of the core-shell NWs using the formula =V IR, where R is the 
resistance of the NW, and linearly fitting the I-V graphs. Further we have calculated the resistivity from the 
formula

ρ = R A
l (2)

where, ρ is the resistivity of the NW, A is the cross-sectional area, and l is the length of the nanowire. In our case 
the length of the nanowire is the length of the scattering region.

The calculated values of the resistance and the resistivity are listed in Table 2. The resistivity of the NWs 
decreases with the increasing of the diameter. Note, that an Au nanowire of diameter 9 nm shows a resistivity of 
26.14 μΩ cm, while Cu nanowire of diameter 40 nm shows resistivity of 29.1 μΩ cm. The calculated resistivity in 
our case is very high. It is important however to mention here that the diameters of the considered NWs are very 
small (∼1.1 nm and ∼2.0 nm) as compared to the Au (9 nm) and Cu (40 nm) NWs reported in the literature59–61.

The nanowires with diameter 1.1 nm show a high resistivity, however we have observed a stiff drop of resistiv-
ity as the nanowire diameter increases to 2.0 nm. The decreasing resistivity with increasing nanowire diameter is 
explained by Fuchs–Sondheimer (FS) theory. As the size of our considered core-shell nanowires are shorter than 
the mean free path of the electron, therefore, the surface scattering influences the resistance of a nanowire62,63 
which leads to the decrease in resistivity.

Conclusions
In summary, we have calculated the electronic and transport properties of novel core/shell nanowire systems. We 
have considered two types of NWs consisting of As- and Sb-cores. These cores are wrapped by 1 monolayer and 
2 monolayers of Ge and Si. All these NWs are fully optimized by density functional theory calculations. We have 
found that the semiconducting behavior in As/Ge (R) and As/Si (R) and metallic behavior in Sb/Ge (R) and Sb/Si (R)  

Figure 5. Current-Voltage (I-V) plot for various core/shell NWs with different diameters for bias voltages from 
0 to 1.0 V. In the inset, the NDC regions are indicated.
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are due to the intrinsic strain experienced by the core region. Both the As and Sb cores, wrapped by 1 ML of 
Ge- and Si-shell show a non-linear behavior and a negative differential conductance which may be useful for 
the realization of atomic scale devices The current in the given NWs structures has a strong dependence on the 
diameter of NWs. The core/shell nanowires with higher diameters show high current values in accordance to the 
applied voltage. The As/Si (2 R), Sb/Ge (2 R) and Sb/Si (2 R) NWs show an ohmic behavior. The transition from 
a semiconducting to a metallic behaviour in As/ Si and As/Ge NWs with the change in the diameter has been 
found. The resistivity of the considered NWs decreases with the increasing of the diameters. These core-shell 
nanowires with tunable transport properties and ohmic behaviour show a potential for applications as electron 
connectors in nanoelectronic devices.

Figure 6. The transmission spectra for three different bias voltages calculated for the considered core/shell 
nanowires with diameter R.

Nanowire 
(NW) Nature Resistance (kΩ)

Resistivity (μΩ 
cm)

Decrement of resistivity with 
respect to diameter (%)

AsGe (R) Semiconductor 71.02 6876.06

AsSi (R) Semiconductor 31.25 3246.26

SbGe (R) Metallic 48.20 4243.89

SbSi (R) Metallic 31.22 2626.46

AsGe (2 R) Metallic 20.88 5970.56 13.16

AsSi (2 R) Metallic 5.02 1156.68 64.36

SbGe (2 R) Metallic 11.79 2915.03 31.31

SbSi (2 R) Metallic 5.88 1344.14 48.82

Au61 Metallic 1.85 26.14

NiSi26 Metallic — 9.5

Cu59,60 Metallic — 29.1

W64 Metallic — 9–15

Si65 Semiconductor — (1–3) × 106

Table 2. Table for resistance and resistivity values corresponding to the core/shell nanowires.



www.nature.com/scientificreports/

9SCiENtifiC RePoRtS |         (2018) 8:16885  | DOI:10.1038/s41598-018-35225-6

References
 1. Iijima, S. Helical microtubules of graphitic carbon. Nature 354, 56–58 (1991).
 2. Huang, Y. et al. Logic Gates and Computation from Assembled Nanowire Building Blocks. Science 294, 1313–1317 (2001).
 3. Duan, X., Huang, Y., Cui, Y., Wang, J. & Lieber, C. M. Indium phosphide nanowires as building blocks for nanoscale electronic and 

optoelectronic devices. Nature 409, 66–69 (2001).
 4. Jin, S. et al. Scalable Interconnection and Integration of Nanowire Devices without Registration. Nano Lett. 4, 915–919 (2004).
 5. Wang, Z. L., Gao, R. P., Pan, Z. W. & Dai, Z. R. Nano-Scale Mechanics of Nanotubes, Nanowires, and Nanobelts. Adv. Eng. Mater. 3, 

657–661 (2001).
 6. Kharche, N., Manjari, S. R., Zhou, Y., Geer, R. E. & Nayak, S. K. A comparative study of quantum transport properties of silver and 

copper nanowires using first principles calculations. J. Phys. Condens. Matter 23, 085501 (2011).
 7. Shik, A., Ruda, H. E. & Currie, I. G. Electromechanical and electro-optical properties of nanowires. J. Appl. Phys. 98, 094306 (2005).
 8. Zheng, H. et al. TiO2@C core–shell nanowires for high-performance and flexible solid-state supercapacitors. J. Mater. Chem. C 1, 

225–229 (2012).
 9. Porro, S. et al. Multiple resistive switching in core–shell ZnO nanowires exhibiting tunable surface states. J. Mater. Chem. C 5, 

10517–10523 (2017).
 10. Yu, G. & Lieber, C. M. Assembly and integration of semiconductor nanowires for functional nanosystems. Pure Appl. Chem. 82, 

2295–2314 (2010).
 11. Tian, B. et al. Three-Dimensional, Flexible Nanoscale Field-Effect Transistors as Localized Bioprobes. Science 329, 830–834 (2010).
 12. Qian, F., Gradečak, S., Li, Y., Wen, C.-Y. & Lieber, C. M. Core/Multishell Nanowire Heterostructures as Multicolor, High-Efficiency 

Light-Emitting Diodes. Nano Lett. 5, 2287–2291 (2005).
 13. Xu Sheng et al. Ordered Nanowire Array Blue/Near‐UV Light Emitting Diodes. Adv. Mater. 22, 4749–4753 (2010).
 14. Mazuir, C. & Schoenfeld, W. V. Modeling of nitride based core/multishell nanowire light emitting diodes. J. Nanophotonics 1, 013503 

(2007).
 15. Gudiksen, M. S., Lauhon, L. J., Wang, J., Smith, D. C. & Lieber, C. M. Growth of nanowire superlattice structures for nanoscale 

photonics and electronics. Nature 415, 617–620 (2002).
 16. Pauzauskie, P. J. & Yang, P. Nanowire photonics. Mater. Today 9, 36–45 (2006).
 17. Zhang, D. et al. Doping dependent NH3 sensing of indium oxide nanowires. Appl. Phys. Lett. 83, 1845–1847 (2003).
 18. Zhou, J. et al. Three-Dimensional Tungsten Oxide Nanowire Networks. Adv. Mater. 17, 2107–2110 (2005).
 19. Ponzoni, A. et al. Ultrasensitive and highly selective gas sensors using three-dimensional tungsten oxide nanowire networks. Appl. 

Phys. Lett. 88, 203101 (2006).
 20. Lupan, O. et al. Sensing performances of pure and hybridized carbon nanotubes-ZnO nanowire networks: A detailed study. Sci. Rep. 

7, 14715 (2017).
 21. Duan, X., Huang, Y. & Lieber, C. M. Nonvolatile Memory and Programmable Logic from Molecule-Gated Nanowires. Nano Lett. 2, 

487–490 (2002).
 22. Amato, M., Palummo, M. & Ossicini, S. SiGe nanowires: Structural stability, quantum confinement, and electronic properties. Phys. 

Rev. B 80, 235333 (2009).
 23. Zhou, C. et al. Crystal-phase control of GaAs–GaAsSb core–shell/axial nanowire heterostructures by a two-step growth method. J. 

Mater. Chem. C 6, 6726–6732 (2018).
 24. Ben-Ishai, M. & Patolsky, F. A Route to High-Quality Crystalline Coaxial Core/Multishell Ge@Si(GeSi)n and Si@(GeSi)n Nanowire 

Heterostructures. Adv. Mater. 22, 902–906 (2010).
 25. Goebl, J. A. et al. Solution-Based II−VI Core/Shell Nanowire Heterostructures. J. Am. Chem. Soc. 130, 14822–14833 (2008).
 26. Wu, Y., Xiang, J., Yang, C., Lu, W. & Lieber, C. M. Single-crystal metallic nanowires and metal/semiconductor nanowire 

heterostructures. Nature 430, 61–65 (2004).
 27. Keng, P. Y. et al. Colloidal Polymerization of Polymer-Coated Ferromagnetic Cobalt Nanoparticles into Pt-Co3O4 Nanowires. 

Chem. Mater. 23, 1120–1129 (2011).
 28. Li, L., Yang, Y.-W., Li, G.-H. & Zhang, L.-D. Conversion of a Bi Nanowire Array to an Array of Bi–Bi2O3 Core–Shell Nanowires and 

Bi2O3 Nanotubes. Small 2, 548–553 (2006).
 29. Jung, S. & Yong, K. Fabrication of CuO–ZnO nanowires on a stainless steel mesh for highly efficient photocatalytic applications. 

Chem. Commun. 47, 2643–2645 (2011).
 30. Wang, H.-W. et al. Three-dimensional electrodes for dye-sensitized solar cells: synthesis of indium–tin-oxide nanowire arrays and 

ITO/TiO 2 core–shell nanowire arrays by electrophoretic deposition. Nanotechnology 20, 055601 (2009).
 31. He, Y.-B., Li, G.-R., Wang, Z.-L., Su, C.-Y. & Tong, Y.-X. Single-crystal ZnO nanorod/amorphous and nanoporous metal oxide shell 

composites: Controllable electrochemical synthesis and enhanced supercapacitor performances. Energy Environ. Sci. 4, 1288–1292 
(2011).

 32. Liu Jinping et al. Co3O4 Nanowire@MnO2 Ultrathin Nanosheet Core/Shell Arrays: A New Class of High‐Performance 
Pseudocapacitive Materials. Adv. Mater. 23, 2076–2081 (2011).

 33. Sun, Y., Tao, Z., Chen, J., Herricks, T. & Xia, Y. Ag Nanowires Coated with Ag/Pd Alloy Sheaths and Their Use as Substrates for 
Reversible Absorption and Desorption of Hydrogen. J. Am. Chem. Soc. 126, 5940–5941 (2004).

 34. Zhang, G., Wang, W. & Li, X. Enhanced Thermoelectric Properties of Core/Shell Heterostructure Nanowire Composites. Adv. Mater. 
20, 3654–3656 (2008).

 35. Lee, H. & Choi, H. J. Single-Impurity Scattering and Carrier Mobility in Doped Ge/Si Core−Shell Nanowires. Nano Lett. 10, 
2207–2210 (2010).

 36. Peng, X. & Logan, P. Electronic properties of strained Si/Ge core-shell nanowires. Appl. Phys. Lett. 96, 143119 (2010).
 37. Dhungana, K. B., Jaishi, M. & Pati, R. Unlocking the Origin of Superior Performance of a Si–Ge Core–Shell Nanowire Quantum Dot 

Field Effect Transistor. Nano Lett. 16, 3995–4000 (2016).
 38. Amato, M. & Rurali, R. Shell-Thickness Controlled Semiconductor–Metal Transition in Si–SiC Core–Shell Nanowires. Nano Lett. 

15, 3425–3430 (2015).
 39. Yoon, J.-S., Kim, K. & Baek, C.-K. Core-shell homojunction silicon vertical nanowire tunneling field-effect transistors. Sci. Rep. 7, 

41142 (2017).
 40. Adachi, M. M., Anantram, M. P. & Karim, K. S. Core-shell silicon nanowire solar cells. Sci. Rep. 3, 1546 (2013).
 41. Wang, G., Pandey, R. & Karna, S. P. Atomically Thin Group V Elemental Films: Theoretical Investigations of Antimonene Allotropes. 

ACS Appl. Mater. Interfaces 7, 11490–11496 (2015).
 42. Kamal, C. & Ezawa, M. Arsenene: Two-dimensional buckled and puckered honeycomb arsenic systems. Phys. Rev. B 91, 085423 

(2015).
 43. Fortin-Deschênes, M. et al. Synthesis of Antimonene on Germanium. Nano Lett. 17, 4970–4975 (2017).
 44. Tsai, H.-S. et al. Direct Synthesis and Practical Bandgap Estimation of Multilayer Arsenene Nanoribbons. Chem. Mater. 28, 425–429 

(2016).
 45. Singh, D., Gupta, S. K., Sonvane, Y. & Lukačević, I. Antimonene: a monolayer material for ultraviolet optical nanodevices. J. Mater. 

Chem. C 4, 6386–6390 (2016).
 46. Sun, X. et al. Germanium Antimonide Phase-Change Nanowires for Memory Applications. IEEE Trans. Electron Devices 55, 

3131–3135 (2008).



www.nature.com/scientificreports/

1 0SCiENtifiC RePoRtS |         (2018) 8:16885  | DOI:10.1038/s41598-018-35225-6

 47. Jung, C. S. et al. Two-dimensional GeAs with a visible range band gap. J. Mater. Chem. A 6, 9089–9098 (2018).
 48. Gorokh, G. G., Lozovenko, A. A. & Bulat, L. P. Thermoelectric battery based on bundles of Bi and Sb nanowires in anodic alumina 

matrices. Semiconductors 51, 850–853 (2017).
 49. Soler, J. M. et al. The SIESTA method for ab initio order- N materials simulation. J. Phys. Condens. Matter 14, 2745 (2002).
 50. Troullier, N. & Martins, J. L. Efficient pseudopotentials for plane-wave calculations. Phys. Rev. B 43, 1993–2006 (1991).
 51. Perdew, J. P. et al. Restoring the Density-Gradient Expansion for Exchange in Solids and Surfaces. Phys. Rev. Lett. 100, 136406 

(2008).
 52. Koenigsmann, C. et al. Enhanced Electrocatalytic Performance of Processed, Ultrathin, Supported Pd–Pt Core–Shell Nanowire 

Catalysts for the Oxygen Reduction Reaction. J. Am. Chem. Soc. 133, 9783–9795 (2011).
 53. An, Q., Liu, Y., Jiang, R. & Meng, X. Chemical vapor deposition growth of ReS2 nanowires for high-performance nanostructured 

photodetector. Nanoscale 10, 14976–14983 (2018).
 54. Brandbyge, M., Mozos, J.-L., Ordejón, P., Taylor, J. & Stokbro, K. Density-functional method for nonequilibrium electron transport. 

Phys. Rev. B 65, 165401 (2002).
 55. Datta, S. Electronic Transport in Mesoscopic Systems. (Cambridge University Press, 1997).
 56. Kobayashi, N., Brandbyge, M. & Tsukada, M. First-principles study of electron transport through monatomic Al and Na wires. Phys. 

Rev. B 62, 8430–8437 (2000).
 57. Saikia, U., Sahariah, M. B., González, C. & Pandey, R. Vacancy assisted He-interstitial clustering and their elemental interaction at 

fcc-bcc semicoherent metallic interface. Sci. Rep. 8, 3844 (2018).
 58. Kumar, A. & Ahluwalia, P. K. Transport properties of pristine and alloyed free standing ultrathin nanowires of noble metals. J. Alloys 

Compd. 615, 194–203 (2014).
 59. Cao, H., Wang, L., Qiu, Y. & Zhang, L. Synthesis and I – V properties of aligned copper nanowires. Nanotechnology 17, 1736 (2006).
 60. Basavalingappa, A., Shen, M. Y. & Lloyd, J. R. Modeling the copper microstructure and elastic anisotropy and studying its impact on 

reliability in nanoscale interconnects. Mech. Adv. Mater. Mod. Process. 3, 6 (2017).
 61. Wang, C., Hu, Y., Lieber, C. M. & Sun, S. Ultrathin Au Nanowires and Their Transport Properties. J. Am. Chem. Soc. 130, 8902–8903 

(2008).
 62. Huang, Q., Lilley, C. M. & Bode, M. Surface scattering effect on the electrical resistivity of single crystalline silver nanowires self-

assembled on vicinal Si (001). Appl. Phys. Lett. 95, 103112 (2009).
 63. Kamalakar, M. V. & Raychaudhuri, A. K. Low temperature electrical transport in ferromagnetic Ni nanowires. Phys. Rev. B 79, 

205417 (2009).
 64. Choi, D. et al. Crystallographic anisotropy of the resistivity size effect in single crystal tungsten nanowires. Sci. Rep. 3, 2591 (2013).
 65. Eichfeld, S. M. et al. Resistivity measurements of intentionally and unintentionally template-grown doped silicon nanowire arrays. 

Nanotechnology 18, 315201 (2007).

Acknowledgements
A part of this work is accomplished at Central University of Punjab, Bathinda. Helpful discussion with 
Sumandeep Kaur is also acknowledged. P.D.B. and S.K.G. would like to thank Science and Engineering Research 
Board (SERB), India for the financial support (Grant no.: YSS/2015/001269). P.N.G. is thankful to the Department 
of Science and Technology, India for the support under DST-FIST and the University Grants Commission, 
India for the support under DRS-SAP. S.K.G. would like to thank our principal and management for providing 
infrastructure for the computational lab.

Author Contributions
S.K.G. and P.D.B. studied conception and designed the final approval of the version to be published. P.D.B., A.K. 
and S.K.G. were associated with the DFT calculations. Y.S., R.M. and P.N.G. helped to improve the scientific 
content of the article. All authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-35225-6.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://dx.doi.org/10.1038/s41598-018-35225-6
http://creativecommons.org/licenses/by/4.0/

	Si and Ge based metallic core/shell nanowires for nano-electronic device applications
	Model and Methodology
	Results and Discussions
	Structural Properties. 
	Electronic Transport Properties. 
	Current-Voltage Characteristics. 

	Conclusions
	Acknowledgements
	Figure 1 (a) and (b) Front views of the optimized structures of Sb/Ge core shell nanowires.
	Figure 2 Electronic band structures of (a) As/Ge (R) (b) As/Si (R) (c) Sb/Ge (R) and (d) Sb/Si (R) core/shell nanowires.
	Figure 3 Electronic band structures of (a) As/Ge (2 R) (b) As/Si (2 R) (c) Sb/Ge (2 R) and (d) Sb/Si (2 R) core/shell nanowires.
	Figure 4 Band diagrams of (a) As and (b) Sb NW with diameter R at different degrees of strain (Ɛ).
	Figure 5 Current-Voltage (I-V) plot for various core/shell NWs with different diameters for bias voltages from 0 to 1.
	Figure 6 The transmission spectra for three different bias voltages calculated for the considered core/shell nanowires with diameter R.
	Table 1 Equilibrium lattice parameters and equivalent strain experienced by the cores and the shells for the considered core/shell NWs.
	Table 2 Table for resistance and resistivity values corresponding to the core/shell nanowires.




