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Abstract
Molecular dynamics simulations using Tersoff potential are performed to study the structure, atomic
pressure and mechanical properties as well as thermal properties for Si/Ge core-shell nanowires with
different core-shell ratios at different temperatures. Potential energy and pair distribution functions
indicate structural features of these nanowires at different temperatures. During uniaxial tensile along the
wire axis at different temperature, different stages including elasticity, plasticity, necking, and fracture are
characterized through stress-strain curves, Young’s modulus and tensile strength are obtained. The
simulation results indicate that as the temperature increases, the elasticity during the stretching process
becomes less apparent. The Young’s modulus of the Ge@Si and Si@Ge nanowires at room temperature
show differences with changing the core-shell ratio. In addition, the atomic level pressures show the
differences of these atoms under compression or tension, and the temperature and strain signi�cantly
affect the pressure distribution in these wires. Phonon density of states with varying the composition and
strain suggest different vibration modes at room temperature, and then the heat capacities of these
nanowires are determined.

1 Introduction
Semiconductor nanowires with modulated compositions, such as core-shell nanowires, have received
extended interests due to their enhanced thermal and mechanical properties compared to their bulk
counterparts1–5. In the past decade, Si/Ge core-shell nanowires, which could be easily integrated with the
current Si-based technology 6–10, have attracted more attention both experimentally and theoretically11–

13. It is worth noting that the structural changes can signi�cantly affect the mechanical and thermal
properties of Si/Ge-based materials, which are of great importance for further application for these core–
shell nanowires.

Tensile test14 has been an effective approach to probe the mechanical properties. However, unlike the
mechanical testing of bulk materials, the testing of nanowires heavily depends on the experimental setup
so that there are signi�cant challenges during manipulating, which makes accurately applying and
measuring the external force or strains at the nano-scale be hardly possible. Therefore, computational
approaches have been used to calculate the mechanical properties of reasonably sized nanowires. Many
tensile investigations for some core-shell nanowires has been reported15–17. For example, Liu et al.18 has
been studied the composition-dependent stiffness for Ge-core/Si-shell and Si-core/Ge-shell nanowires
using Stillinger–Weber potential. The results revealed that the trends of Young’s modulus of core–shell
nanowires are essentially attributed to the different components of the cores and the shells. Then, Thanh
et al.19 used the molecular dynamics (MD) method to investigate the mechanical properties of Si/Ge and
Ge/Si NWs under the axial tensile strain and further researched the effect of different strain rate on the
mechanical properties of these materials. However, the stress distribution at atomic scale has not been
presented to show the loading states on the atoms under the effect of the temperature and applied
external force.
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Besides the mechanical properties being related to the packing structures, the design of effective
application also requires characteristics of thermal properties, which can be determined from lattice
vibrational modes, such as the heat capacity (CV). Previous studies have found that heat capacity varies

with size, temperature and the structure of different modulated composition. Zhu et al. 20discussed the
heat capacity as a function of temperature of order and disorder phases of SixGe1−x alloys through the

quasi-harmonic Debye model. Zhang et al.21 have investigated the speci�c heat of silicon nanowires with
Stillinger-Weber potential. It is found that the speci�c heats of thin nanowires are much higher than those
of bulk silicon and the enhancement of speci�c heats of silicon nanowires can be attributed to the
surface effect and phonon con�nement effect. As far as known, introducing strain has a signi�cant
a�uence to materials properties21–27. Therefore, understanding the thermal response of materials from
applied external strain is not overemphasized.

In this paper, Si@Ge and Ge@Si nanowires different core-shell ratios have been compared to investigate
the structural stability at elevated temperature via potential energy and pair distribution function from
molecular dynamics simulations. The mechanical properties under tension for these nanowires are
studied at different temperatures, including the stress-strain curves, tensile strength and Young's modulus
as well as atomic level stress. Phonons’ density of states is used for calculating the heat capacities for
the nanowires having different core-shell ratios at room temperature.

2 Simulation Detail
In MD simulations performed herein, the Tersoff potential was used to describe the Si − Si, Ge − Ge, and
Si − Ge interactions in the present Si/Ge NWs. This potential28 has been widely used to predict the
molecular structure and the thermal properties of Si/Ge nanomaterials29.

As a function of atomic coordinates, the total potential energy E takes the following forms:

Etot =
1
2 ∑

i≠ j
V ij

1

V ij = fC rij fR rij + bijfA rij

2

fR rij = A ijexp − λijrij

3

fA rij = − Bijexp − μijrij

( )[ ( ) ( )]

( ) ( )

( ) ( )
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fC rij =
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1
2 +

1
2cos
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0, rij > Sij

5

bij = χij 1 + βnii ζniij
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1
2n i

6

ζij = ∑
k ≠i , j

fC rik ωikg θijk
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ci

2

di
2 −

ci
2

di
2 + (hi + cosθijk)2

8

λij =
λi + λ j

2 , μij =
μi + μj

2

A ij = A iA j
1
2, Bij = BiBj

1
2, Rij = RiRj

1
2, Sij = SiSj

1
2

9

where V ijis the bond energy between ij atoms, fR and fA are attractive and repulsive terms of the
potential, fC refers to the slip cutoff function, and bij is the key sequence function. rijis the length of the 

ij bond, and θijk is the bond angle between bonds ijandik. The crucial parameters are listed in Table 1.
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Table 1
Parameters for silicon and germanium to be

used.
Parameter Si Ge

A (eV) 1.8308×103 1.769×103

B (eV) 4.7118×102 4.1923×102

λ(Å−1) 2.4799 2.4551

µ(Å−1) 1.7322 1.7047

β 1.1000×10− 6 9.0166×10− 7

n 7.8734×10− 1 7.5627×10− 1

c 1.0039×105 1.0643×105

d 1.6217×101 1.5652×101

h -5.9825×10− 1 -4.3884×10− 1

R (Å) 2.7 2.8

S (Å) 3.0 3.1

χSi−Ge=1.00061

Initially, after directly cleaving from bulk silicon, one silicon nanowire including 2080 atoms along the
⟨110⟩ direction was built with exposing the (100) and (111) surfaces due to the fact that experimental
studies have reported the ⟨110⟩ as the preferred growth direction for a diameter less than 20 nm30–32.
After constructing the silicon nanowires, the Ge core or shell segments were built by replacing Si atoms
with Ge. Therefore, the Si@Ge nanowires with different composition are the ones with the Ge atoms in the
core and Si in the shell. Analogously, the Ge@Si nanowires with different composition have a core of Si
and a shell of Ge. The structures of the Si@Ge and Ge@Si nanowires are shown in Fig. 1, where the
yellow balls represent silicon and green balls is germanium atoms, respectively. The structural
parameters are listed in Table 2.

To ensure a negligible interaction between the nanowires from its periodic images, we created a supercell
with a lattice parameter of 100 Å in the x- and y- directions to ensure the isolation of the nanowires. The
periodic boundary condition along z direction is considered to have in�nite length in this direction. The
open visualization tool OVITO33 was used to identify structural changes.
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Table 2
The structural parameters of Ge@Si and Si@Ge nanowires with different core-shell ratios

Type Side length of shell

(nm)

Label Ge% Side length of core

(nm)

a b c d

Pure_Ge 1.5539 1.1520 Ge_NW 1 - -

Ge_shell_Si_core 1.5539 1.1520 Ge@Si_NW1 0.877 0 0.5918

Ge@Si_NW2 0.677 0.3840 0.8903

Ge@Si_NW3 0.385 0.7680 1.2369

Si_shell_Ge_core 1.5539 1.1520 Si@Ge_NW1 0.615 0 0.5918

Si@Ge_NW2 0.323 0.3840 0.8903

Si@Ge_NW3 0.123 0.7680 1.2369

Pure_Si 1.5539 1.1520 Si_NW 0 - -

The pair distribution function g(r) gives the probability of �nding the atom pairs within a distance r in the
system:

g(r) =
1

N2⟨∑
i

∑
j≠1

δ(r − rij)⟩

10

where N is the number of atoms of the nanowires in simulation, and  denotes the average value for the
statistical time step.

All MD calculations were performed using the General Utility Lattice Program (GULP) package34 with a
time step of 1 fs throughout. All structures were thermalized from 300 K to 800K gradually at an
increment of 50 K and were performed lattice energy minimization to �nd the lowest energy con�guration
through 1 000 000 time steps at each temperature. Then, the relaxed structures were simulated to get
mechanical properties. The initial structures for each temperature are from the coordinates of the last
time step of the previous temperature.

In the tensile simulation process, the nanowires were stretched along the axial direction. The strain rate is
selected to perform tensile simulations with a tensile strain of 0.005 applied each time during the
stretching process, and this process is repeated until the nanowires are broken.

The potential energy Eav per atom at each temperature is de�ned below,
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Eav =
1
N < Etot >

11

The local stress tensors σi of each atom i is given in the following equation:

σi
ab =

1
V i

∑
j≠ i

∂Ei
∂rij

rij
arij

b

rij

12

where V i is the volume of atoms, Ei is the energy of the i th atom and rij
a and rij

b are the Cartesian

components of the vector rij in which a, b stand for x, y, z. Furthermore, the isotropic pressure Pi on the
atom is related to the σi as given by the following form:

Pi =
1
3(σi

xx + σi
yy + σi

zz)

13

The heat capacity at a certain temperature T, is given by the following formula

Cv = ∫ωm
0 kBg(ω)

ω/kBT 2e ω/ kBT

(e ω/ kBT − 1)2 dω

14

where g(ω) represents the density of the angular frequency ω, ωmthe maximum angular frequency, ћ the
Planck Constant, and kB Boltzmann Constant.

3 Results And Discussion
Ge@Si and Si@Ge nanowires with different core-shell ratios.

Figure 2 shows variation of the average energy per atom with the temperatures on heating. By comparing
the average energy curves of pure Si, pure Ge and six core@shell nanowires, it can be seen from the �gure
that the average energy increases in a linear mode with the increase of the temperatures, which is caused
by the gradually intensi�cation of the thermal vibrations of the atoms around their lattice positions with
increasing the temperature. Here, the atoms in these nanowires can hold their packing patterns in the
temperature ranges. In meanwhile, as the germanium content increases, the average energy increases.

( )
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In order to understand the structural characteristics of Ge@Si and Si@Ge nanowires, the PDFs are shown
in Fig. 3, that there are discrete peaks with a certain width due to the thermal movement of atoms around
their equilibrium position. Here, for the pure Ge and Si nanowires, the locations of the �rst peaks are at
about 0.245 nm and 0.236 nm, respectively, while those of the core@shell nanowires are located between
them. The location of one peak corresponds to the distance between paired atoms, and these distinct
peaks indicate orderly packing patterns. It should be noted that the height of the �rst peak of the PDFs for
these core@shell nanowires decrease compared with those of pure Si and Ge nanowires, and it is obvious
that the thicker the shell, the higher the height of the peak, especially at relatively low temperatures. It is
because the thicker the shell, the less Si-Ge atomic pairs and the more Si-Si or Ge-Ge atomic pairs,
suggesting that the component content plays a signi�cant role in different nanowires. In addition, for
Si@Ge_NW1, there is an apparent splitting phenomenon when the distance exceeds the second neighbor
distances. When the temperature increases, the shapes of these discrete peaks become passivated, the
height of the peaks decreases and the width increases overall owing to intensi�ed thermal vibration.

Figure 4 shows the stress–strain relationship for the tensile process of the Ge@Si and Si@Ge nanowires
with different core-shell ratios at different temperatures. As shown in this �gure, all the nanowires start
with a linear relationship between stress value and small strain at room temperature, indicating that these
nanowires undergo elastic deformation following the Hook’s law. The slope of the stress–strain curve
near zero strain gives the Young’s modulus. At small strains, the distribution of the pressure on each atom
is calculated and the result as shown in the following Fig. 7, where the atoms are under positive and
negative pressure. It is worth noting that the value of the stress for the pure Ge nanowire is signi�cantly
higher than that of core/shell nanowires with silicon cores. The stress value of the pure Si nanowire is
also higher than that of the corresponding Ge as core �lled core/shell nanowires. Under stretching, the
slope of curves gradually decreases, and the stress-strain of nanowires no longer follows a linear
relationship, where some of these wires apparently enter into the yielding state at this time. As shown in
Fig. 5, atomic packing images of the typical structures show that some of the surface atoms leave their
origin lattice positions, resulting in some lattice defects, while most of the inner atoms still are at lattice
positions. In the meantime, the length between the wires is obviously elongated. In these curves, there is
an obvious yielding stage for the pure Ge_NW or Si@Ge_NW2. For the pure Ge_NW, as the strain increases
to 0.2, the atoms are signi�cantly stretched along the [-1 0 0] direction. When the strain exceeds 0.2, the
lattice still continues to be elongated and the stress drops slightly to 6.364 GPa at this time,
corresponding to the yield strength. Similarly, this phenomenon also appears on Si@Ge_NW2, and the
corresponding yield strength is 5.184 GPa when the strain reaches 0.14. For the stress of these nanowires
reaching a maximum or the tensile strength (Rm), the corresponding strain is written as max. It can be
seen in Fig. 5 that the atomic packing of these nanowires appears to be disorder at the moment, resulting
in a large number of defects in them. In Fig. 7, it can be seen that only a small number of the atoms is
under negative pressure. Then, there is an abrupt drop in stress. The atomic packing images show that a
necking phenomenon occurs in these nanowires, as shown in Fig. 5. As depicted in Fig. 4(b), the stress-
strain curves at 800K have no obvious elastic stage. From the perspective of lattice vibration, as the
temperature increases, the thermal motion of the atoms is more intense, which generates greater



Page 9/22

amplitude from its equilibrium position. Under external loads, the atoms can be away from the
equilibrium position easily, thus the stress increases nonlinearly with the strain.

The atomic packing of some typical nanowires is shown in Fig. 5. At a small strain, the distance between
the atoms increases slightly, and only some of the atoms in shell surface are rearranged, resulting in
some local lattice defects while most of the atoms are still at the lattice positions. Under stretching, the
atoms inside the nanowires are also rearranged, and the defects increase. Then, as the strain further
increases, the defects expand from the middle part to both sides of the nanowires until the necking
phenomena occurs.

with different core-shell ratios at 300 K.

It can be seen from the stress-strain curves in Fig. 4 that when the temperature reaches 800K, there is no
obvious elastic stage, so only the Young's modulus of different Ge@Si and Si@Ge nanowires at 300K is
illustrated in Fig. 6. It can be apparently seen that the Young’s modulus of the Ge@Si nanowires decrease
compared to those of the pure Ge nanowires, whereas the Young’s modulus of the Si@Ge nanowires
increase compared to the pure Si ones. As the Ge content decreases, the value of the Young's modulus of
the Ge@Si nanowires increases signi�cantly. However, with the Ge content changed in Si@Ge nanowires,
there is only small in�uence in the Young’s modulus of these nanowires.

Table 3 lists the tensile strengths of all nanowires, that the tensile strengths decrease as the temperature
increases. As far as known, the higher temperature is, the more easily the atoms escape from their
equilibrium position, resulting in lattice defects. At the same strain, the lattice defects of the nanowires
are more intense at higher temperature so that the nanowires are more easily to reach their tensile limits.
Therefore, the tensile strengths of the nanowires at 800 K will be lower than those at 300 K. Compared
with the pure Ge nanowire, it can be observed that the elongations of the Ge@Si nanowires increased, but
the tensile strength decreased. Moreover, as the silicon content increases, the elongation and tensile
strength decrease. At the same time, as the content of the silicon core increases, the nanowires will break
prematurely. However, there is little decrease in tensile strengths of the Si@Ge nanowires compared to
those of the pure Si nanowire.

Table 3. Tensile Strength of Ge@Si and Si@Ge nanowires

with different core-shell ratios at 300 K and 800 K.
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Label 300 K 800 K

Strain Tensile Strength

(Rm /GPa)

Strain Tensile Strength

(Rm/GPa)

Ge_NW 0.32 7.73736 0.24 6.9425

Ge@Si_NW1 0.38 7.49919 0.28 6.86628

Ge@Si_NW2 0.36 6.36021 0.28 6.35699

Ge@Si_NW3 0.34 5.91928 0.26 5.13656

Si@Ge_NW1 0.36 6.09235 0.3 5.93173

Si@Ge_NW2 0.34 5.9722 0.26 5.7421

Si@Ge_NW3 0.34 6.29431 0.26 5.86117

Si_NW 0.34 6.411 0.24 6.09667

Figure 7 shows the isotropic pressure distributions of these nanowires with different core-shell ratios at a
small strain and max corresponding to the yield state during stretching processes. It can be seen that the
pressure distributions trend at 300 K and 800 K is similar. At the small strain, the pressures on the atoms
are distributed around zero and the atoms are subjected to positive and negative pressure, indicating that
most of the atoms are less stressed, and the pressures distributions are more concentrated. When the
strain reaches their tensile strengths, the pressure increases signi�cantly and most of the atoms have a
positive pressure. As the strain increases, the pressures distributions become wider, indicating that the
disorder degree of the atoms increases. It should be noted that when the strain is small, the range of the
pressure distribution of the Si@Ge_NW2 at 800K signi�cantly larger than that of the other nanowires
because the Si@Ge_NW2 has more lattice defects as mentioned above.

As shown in Fig. 8 for these core-shell nanowires, compared to the pure Ge nanowire, the peak at around
120 cm− 1 gradually becomes wider and shifts to high frequencies by introducing Si atoms, and �nally the
transverse acoustic (TA) mode of the pure silicon nanowire occurs in region #1. In meanwhile, the
longitudinal acoustic (LA) mode of Ge at around 200 cm− 1 is also shifted from the pure Ge nanowires
mode toward that pure Si nanowires mode. The longitudinal optical (LO) mode at around 300 cm− 1 shifts
to high frequency and the peak value decreases in region #2, which eventually form the longitudinal
acoustic (LA) mode of the Si nanowire accompanied with the increase of the peak at 480 cm− 1 in region
#3. For the Si@Ge nanowires, while introducing the Ge atoms into pure the Si nanowire, the presence of
the Ge atoms splits the peak at around 180 cm− 1 and gradually shifts to the low frequencies, eventually
forming the TA and LA modes of the pure Ge nanowire in region #1. Then with the increase of Ge
concentration, the height of the peak at around 480 cm− 1 decreases in region #3 and shifts to the low
frequencies. Eventually, the longitudinal optical (LO) mode of the pure Ge nanowire in region #2 occurs
together with the increase of the peak height at 300 cm− 1. In addition, with the increase of strain, the
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optical phonon modes at high frequency shift towards the low frequency positions, indicating the
occurrence of the phenomenon named as ‘phonon softening’. Here, compared with unstrained state, most
of phonons having high frequencies will have a lower energy under tension. This is due to the fact that
with the increase of the strain, the elasticity recovery force becomes weaken, resulting in the frequency
shift of the optical mode to the low values.

Figure 9 shows that the heat capacity of the nanowires with different core-shell ratios at strains of 0,
0.005 and 0.015. As shown in this Fig. 9, the heat capacities of the unstained Si and Ge nanowires are
41051 J·mol− 1·K− 1 and 47359 J·mol− 1·K− 1 respectively, which is slightly higher than those of the bulk Si
and Ge35 due to the phonon’s con�nement effect in the nanowires. As the Si or Ge content changes, the
heat capacities of the core-shell nanowires are between the heat capacity values of the pure Si and Ge
nanowires. Moreover, because the phonon modes shift towards low frequencies with decreasing the Ge
content, the heat capacity of both the Ge@Si and Si@Ge nanowires decrease. It is also noting that the
Ge@Si and Si@Ge nanowires with similar contents have similar heat capacities. Then, compared to the
unstrained conditions, because of applying the strain, the energy corresponding to the vibrations
decreases in the optical phonon modes decrease, resulting in the increases of the heat capacities of these
nanowires.

4 Conclusion
In this work, the structure, atomic level stress and mechanical properties as well as thermal properties for
the Ge@Si and Si@Ge core–shell nanowires having different core-shell ratios with the wire axis in the
[110] direction, have been studied using molecular dynamics within the formalism of Tersoff potential.
Through the tensile simulations at different temperatures, the nanowires present elastic deformation,
yield, strain strengthening, and necking at room temperature. However, there is no obvious elastic stage
for all the nanowires at 800 K. Furthermore, the Young’s modulus of the Ge@Si nanowires is decreased
compared with pure Ge nanowires, whereas the modulus of the Si@Ge nanowires has increased
compared with pure Si nanowires. Compared with pure Ge nanowire, it can be apparently seen that the
elongations of the Ge@Si nanowires increased, but the tensile strength decreased. In addition, as the
silicon content increases, the elongation and tensile strength decrease. Finally, it is found that the
pressures on the atoms at a small strain are small and most of them are subjected to positive and
negative pressure. However, while the strain reaches their respectively tensile strength, the pressure
increases signi�cantly and most of the atoms undergo apparently positive pressure. In addition, the
atomic level pressures of these nanowires present differences under tension indicating the differences of
the atomic packing in them. The vibrational modes including forming, expanding, shifting, degenerating,
and disappearing are characterized from the phonon’s DOS. At room temperature, the Ge concentration in
the nanowires greatly affects the heat capacities of the nanowires.
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Figure 1

(a)Two-dimensional projection of atomic structures of initial cross section for Ge@Si and Si@Ge
nanowires from [110]-oriented view; (b) the typically example of two-dimensional projection of atomic
structures of all view for Ge@Si_NW3.
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Figure 2

Variation of potential energy per atom of

Ge@Si and Si@Ge nanowires with different core-shell ratios.



Page 17/22

Figure 3

The PDFs of Ge@Si and Si@Ge nanowires with different core-shell ratios after structural relaxation at
different temperature (a)300 K; (b)450 K; (c)800 K. 
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Figure 4

Stress-strain curves of Ge@Si (Left) and Si@Ge (Right) nanowires with different core-shell ratios at
different temperatures:(a) 300 K; (b) 800 K.
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Figure 5

The evolutionary morphologies of different nanowires at different temperatures during stretching
processes: (a)the packing structure of Ge@Si_NW1 at 300 K and 800 K; (b)the packing structure of
Si@Ge_NW2 at 300 K and 800 K; (c)the packing structure of pure Ge_NW and Si_NW at 300 K and 800 K.
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Figure 6

Young’s modulus of Ge@Si and Si@Ge nanowires with different core-shell ratios at 300 K.

Figure 7

Pressure distributions on the atoms for the Ge@Si and Si@Ge nanowires with different core-shell ratios at
different temperatures during stretching processes: (a) 300 K and the strain is 0.02; (b) 800 K and the
strain is 0.02; (c) 300 K and the strain is max; (d) 800 K and the strain is max.
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Figure 8

Phonon Density of State (PDOS) of Ge@Si and Si@Ge nanowires with different core-shell ratios at 300 K.
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Figure 9

Heat capacity (Cv) of Ge@Si and Si@Ge nanowires with different core-shell ratios at 300 K: (a) Ge@Si; (b)
Si@Ge. 


