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The tension and compression of single-crystalline silicon nanowires (SiNWs) with different
cross-sectional shapes are studied systematically using molecular dynamics simulation. The shape
effects on the yield stresses are characterized. For the same surface to volume ratio, the circular
cross-sectional SiINWs are stronger than the square cross-sectional ones under tensile loading, but
reverse happens in compressive loading. With the atoms colored by least-squares atomic local shear
strain, the deformation processes reveal that the failure modes of incipient yielding are dependent on
the loading directions. The SiNWs under tensile loading slip in {111} surfaces, while the
compressive loading leads the SiNWs to slip in the {110} surfaces. The present results are expected
to contribute to the design of the silicon devices in nanosystems. © 2009 American Institute of

Physics. [DOI: 10.1063/1.3186619]

I. INTRODUCTION

Silicon nanowires (SiNWs) are known as the most im-
portant materials to the nanotechnology for its unique elec-
tronic, optoelectronic, thermal, and mechanical properties1
and have thus attracted extensive research attention due to
the wide application in microelectromechanical systerns,l ac-
tuators and sensors,2 memory devices,3 transistors,4 inte-
grated circuits,” etc. The mechanical properties of the SINWs
are proved to be quite different from those of bulk materials
due to their sizable surface area to volume ratio.’ Relaxation
and reconstruction in the silicon surfaces drastically affect
their electronic proper‘[ies.7 As a result, the mechanical be-
haviors of the nanowires are also changed. Investigation on
the mechanical properties is one of the key challenges that
we need to overcome for the future technological applica-
tions of nanomaterials.

The mechanical properties of the single-crystalline
SiNWs have been investigated by resonance testing,8
ultrahigh-resolution electron microscope,9 and atomic force
microscopy (AFM) setup inside a scanning electron micro-
scope (SEM).'” Recently, Hsin ef al.'' reported using a ma-
nipulation probe and an AFM tip in SEM to investigate the
mechanical behavior of a single SINW under buckling and
bending conditions, with some of the mechanical properties
of SiNWs quantified. But such experiments cannot provide
information on the defect evolution in plastic deformations.
Characterizing the mechanical properties of individual nano-
wires is still a challenge to existing measuring techniques.

Menon et al.'? investigated the stability and elastome-
chanical properties of tetragonal and cagelike or clathrate
nanowires of silicon using molecular dynamics (MD) simu-
lations with the Stillinger—Weber (SW) potential. Justo et
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al.”® simulated the stability and plasticity properties of
SiNWs using environment dependent interatomic potential
model and characterized the effects of the cross-sectional
shape on the mechanical properties of SiNWs. The first-
principles calculation'® revealed that Young’s moduli of
SiNWs are size dependent. In addition, the dislocation evo-
lution in the silicon nanostructures has become increasingly
attractive. Izumi and Yip15 simulated the nucleation of a dis-
location loop from a sharp corner on silicon and determined
the activation energy and the saddle point configuration at
low temperature. More recently, Godet et al.'® investigated
the onset plasticity of silicon nanostructures, with tempera-
ture and stress effects on the dislocation nucleation consid-
ered. However, despite the increasing volume of work on
silicon nanostructures, information available about the plas-
tic properties of SiNWs is lacking. A rigorous theoretical
investigation of the structural, geometric, and mechanical
properties of the SINWs is necessary.

In this paper, MD simulations were employed to inves-
tigate the plastic properties of SiNWs with different cross-
sectional shapes. Emphasis was placed on analyzing the pro-
pensity of the SiNWs to deform by slip. The cross-sectional
shape effects were characterized. The mechanisms of the de-
fect activation in tensile and compressive loading were dis-
cussed, respectively. The atomic local shear strain was used
to detect the movement of the defects inside the nanowires
and was correlated with the mechanical deformation of the
nanowires. A deep understanding to plasticity, stability, and
deformation of the SiNWs was achieved.

Il. SIMULATION METHODS

We investigated the structure and mechanical properties
of single-crystalline SINWs using MD simulations with the
SW many-body potential17 for Si-Si interactions, which has
been successfully used in simulation of fracture'® and dislo-
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FIG. 1. The cross-sectional shapes of the nanowires considered in this pa-
per. (a) The coordinates. (b) Square cross section with lateral dimension of
L. (c) Circular cross section with diameter of D. L was set to be equal to D
to keep the nanowires in the same surface area to volume ratio.

cation nucleation in silicon nanostructures.'® The empirical
SW interatomic potential consists of two- and three-body
interaction terms and was originally fitted to describe the
crystalline and liquid silicon phases.19 Based on the
experiments,l""6 the as-grown SiNWs can be aligned along
[100], [110], and [111] directions with lateral dimension
ranging from 1 to 10?> nm. In this study, we focused on [100]
oriented SiNWSs. The nanowire models with different cross-
sectional shapes were cut from the diamond-cubic crystal
silicon. Here, the SINWs with square and circular cross sec-
tions were considered (Fig. 1), which were abbreviated to
S-SiNWs and C-SiNWs, respectively. To make two types of
nanowires in the same surface area to volume ratio, the lat-
eral dimension of S-SiNWs L was set to be equal to the
diameter of the C-SiNWs D. In order to save computational
time, the SINWSs considered in this work are relatively thin,
with L and D equal to 12 cubic lattice units (CLUs). The
nanowires are relaxed to a minimum energy configuration
with all free boundary conditions, and then thermally equili-
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brated to 300 K for 50 ps using the Nosé-—Hoover
thermostat®® with a time step of 2 fs and keeping the length
of the wires constant. Approximation to quasistatic tensile
loading”22 in each deformation increment is achieved in two
steps, including a 10 ps loading process and a 10 ps relax-
ation. The loading is applied along the axis of the nanowires,
with the bottom layers fixed, while the rest of the atoms were
displaced in accordance with a prescribed uniform strain in
the length direction. Periodic boundary conditions were not
used at any direction for all the simulations in this work. The
velocity Verlet algorithm23 was used to integrate the equa-
tions of motion, and all MD simulations in this study were
performed using the parallelized code LAMMPS.”* The
stresses reported in this work were calculated using the virial
theorem, which is equivalent to the Cauchy stress in the av-
erage sense.” The snapshots of the MD results were pro-
cessed by the package of ATOMEYE.?

For the purpose of quantifying plastic deformation of the
nanowires at the atomic level and viewing defect evolution
in nanowires, colors are assigned to the atoms according to
atomic local shear strain>’ 77?4““, which is also called anno-
tate atomic strain. Calculation of 7} requires two atomic
configurations, one current and one reference. The relative
position vector r?i between atoms j and i in perfect lattice
structure is transformed into r;; by a local transformation
matrix J;. The local Lagrangian strain matrix of atom i is
then calculated as

n=10J37-1). (1)

The local shear invariant of atom i can be computed as

M

A cutoff is used to separate the first and second nearest
neighbors in a perfect crystalline lattice. This scheme works
extremely well in practice,27 allowing one to directly visual-
ize microstructures, including point defects, dislocations,
stacking faults, and their strain fields with color encoding.

lll. SIMULATION RESULTS AND DISCUSSIONS
A. Shape effects on the yield stress

The relaxation and reconstruction on the surfaces of na-
nomaterials can lead to size-dependent mechanical
responses,28 including Young’s modulus and yield strength.
The elastic properties of SINWs have been frequently stud-
ied in the literatures.'****" Because of the abundance of
prior works on this orientation, we here focus on the yield
strength and the plastic deformation of SINWs.

For comparison, the S-SiNWs and C-SiNWs are created
with the same surface area to volume ratio and aspect ratio of
3. The representative stress-strain curves for the two types of
nanowires with a lateral dimension of 12 CLUs, which are

ises 1
n; 1ses _ \/775: + 7732 + ﬂiy + 6[(77“; - 7731)2 + (nxx - 7711)2 + (77xx - 77)‘)’)2]~ (2)

subjected to uniaxial tensile and compressive loadings at 7'
=300 K, are shown in Fig. 2. For the tensile loading, the
elastic limit of C-SiNW is 11.10%, which is higher than that
of S-SiNW, 10.80%. The tensile deformations are almost lin-
ear for both nanowires. However, for the compressive load-
ing, the S-SiNW yields at a strain of 10.85% and C-SiNW at
9.75%. The compressive deformations are obviously nonlin-
ear and the stress-strain curves exhibit larger nonlinear char-
acters as the yield points are approached. Both nanowires
deform elastically until yielding. A recent experiment31
shows that the Si crystalline nanostructures can be strained
up to more than 12%, which is comparable with the pre-
sented simulations.

As can be seen, the yield stresses for the S-SINW are
11.06 and 8.89 GPa, respectively, for tension and compres-
sion. For the C-SiNWs, the corresponding values are 11.21
and 8.05 GPa. The shape-induced yield stress difference for
tension is 0.15 GPa and it is 0.83 GPa for compression.
Although the shape effects on yield stresses of SiNWs are
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FIG. 2. (Color online) Representative stress-strain curves for the SiNWs
with different cross-sectional shapes subjected to uniaxial tensile and com-
pressive loadings at 300 K. The lateral dimensions of the samples are 12
CLUs.

not as strong as that on the metal nanowires (3.4 GPa),21
these effects cannot be neglected. According to Fig. 2, the
asymmetry of the yield stress can also be found. The yield
stress difference between the tension and compression is
2.71 GPa for S-SiNWs, and the value is 3.16 GPa for
C-SiNWs. The difference between the yield strength for ten-
sion and compression of nanowires has been attributed to the
effects of surface stress.”>>> For nanowire, the surface stress
existing on the surfaces can induce intrinsic stresses in the
interior of the nanowire, which leads to yield stress asymme-
try. As a result, the magnitude of the tensile yield stress is
larger than that of the compressive yield stress for both
SiNWs.

B. Local shear strain in the surface

The distribution of local shear strain on the cross sec-
tions after equilibrium at 7=300 K was evaluated for the
two types of nanowires, which are shown in Figs. 3 and 4,
respectively. Figures 3(a) and 4(a) show the initial configu-

(a) (b) (d)

FIG. 3. (Color online) The distribution of local shear strain on S-SiNWs,
which is induced by surface reconstruction. (a) Nanowire before equilib-
rium. (b) The nanowire with surface reconstructed. (c) Sectional view along
the axis; the atoms are colored with local shear strain ranging from 0 to
0.25. (d) Atoms with local shear strain ranging from 0.09 to 0.25, where
only the surface atoms show.

J. Appl. Phys. 106, 023537 (2009)

ﬁ oy,
S: s
:uﬁ: ’
3§ % o
A,
2y :
A > Ve
o
> 2
2
Z
AT AL
LA
g9
P M
s
5
A 7
A
2
%
5

(@) (b)

FIG. 4. (Color online) The distribution of local shear strain on C-SiNWs. (a)
Nanowire before equilibrium. (b) The nanowires after surface reconstruc-
tion. (c) Sectional view along the axis; the atoms are colored with local
shear strain ranging from 0 to 0.30. (d) Atoms with local shear strain ranging
from 0.09 to 0.30, where only the surface atoms show.

rations of the nanowires before they are cut from the silicon
bulk. Comparing Figs. 3(a) and 3(b), the p(2X1)
reconstruction® on the side surface of S-SiNW can be ob-
served from the side view, where the structure of surface
atoms on the {100} plane is obviously reconstructed. As can
be seen from Figs. 3(c) and 3(d), the shear strain is maxi-
mum at the outmost surface atomic layers because the atoms
near the surface are exposed to different forces from those in
the interior of the material. The atoms near the surface tend
to minimize the total free energy by relaxation mostly per-
pendicular to the surface (not shown here) and reconstruction
parallel to the surface, which also leads the surface stress to
be changed. For the cylindrical nanowire, the reconstruction
in the surface also leads to maximum strain at the surface
atoms, as shown in Figs. 4(c) and 4(d). Kang and Cai'® also
observed reconstruction of surface atoms with SW potential
at 300 K and the maximum displacements of the surface
atoms are given. With Figs. 3(d) and 4(d), it can be observed
that only the upmost two to three layers of the atoms are
involved in the surface effects, which indicate the dominat-
ing range of the surface effects. This observed phenomenon
illuminates the modeling of the nanostructures based on con-
tinuum mechanics.

C. Deformation of SiNWs via slip

In this section, we present numerical simulations of
uniaxial tension and compression of the (001) nanowires,
including S-SiNWs and C-SiNWs. By monitoring the defor-
mation snapshots, we observe the onsets of plasticity via the
slip planes. Here, for clarity, only the typical deformation
snapshots of S-SiNWs are given. In fact, both nanowires
have the same slip systems as the SiNWs are in the same
loading status. Figure 5 shows the deformation process of the
S-SiNWs with a lateral dimension of 12 CLUs under
uniaxial tensile loading. The dislocation nucleation at the
surface can be observed in Fig. 5(a), which is the snapshot of
elastic limit. As the strain increases further, the SINW yields
with a slip plan emerging [Fig. 5(b)]. Coloring by local shear
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FIG. 5. (Color online) Snapshots of deformation of S-SiNW with a lateral
dimension of 12 CLUs at initial yield under tensile loading. (a) Sectional
view along (100) at elastic limit. (b) Sectional view of the initial yield
configuration. (c) The slip planes at the initial yield. The surface atoms are
removed for clarity.

strain, the slip plane inside the nanowire is identified to be a

{111} plane. To see the inside structure distinctly, the atoms
with a local shear strain below 0.15 and the atoms in anterior
and posterior surfaces are removed to display only the shear
band, as shown in Fig. 5(c). The dislocation that nucleates in

the {111} slip plane is characterized by a Burgers vector b
=1/2[011]. Extensive sliding over this plane leads to signifi-
cant deformation of the cross section before the eventual
fracture. The phenomenon is in agreement with what Godet
et al."® observed in other silicon nanostructures with large
stress. In addition, the thickness of the shear band is esti-
mated to be three to four atomistic layers with relaxed atom
surrounding, as shown in Fig. 5(c). For the C-SiNWs, the
deformation process is similar and the shape of the slip plane
is elliptical, which is not shown here. The more details of
defect evolution are shown in Fig. 6 by viewing from the
axis direction and atoms being colored with local shear
strain. The propagation of the slip is observed to initiate at
the corner of the nanowire, as shown in Fig. 6(b). A recent

0.65

(b) (©

0.15

)

FIG. 6. (Color online) Snapshots of defect evolution inside the S-SiNW
under tensile loading along the nanowire axis. (a) The inside structure before
loading. The dislocation nucleates from the edge corner of the SINW in (b)
and propagates along the {111} plane in (c)—(e), eventually creating a sur-
face step in (f). The atoms are colored by the atomic local shear strain.
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FIG. 7. (Color online) Snapshots of compressive deformation of the
C-SiNWs with a diameter of 12 CLUs. (a) Sectional view along (100) at
elastic limit. (b) The initial yield. (c) The snapshot of the slip plane from the

(011) direction at the same strain level with (b).

analysis34 based on reaction pathway modeling of dislocation
nucleation revealed that the activation energy for the nucle-
ation from the side surface is far higher than that of the
nucleation from the corner. MD simulations”' on the uniaxial
loading of Cu nanowires also show that the dislocations pre-
fer to nucleate at the corner. So the nucleation from the cor-
ners dominates over the surface sources and the corner
nucleation is confirmed as a favored mode. A similar dislo-
cation was also found to nucleate from a sharp corner by
[zumi and Yip.15

For the cases of compressive loading, snapshots of the
representative deformation process of the 12 CLU C-SiNWs
can be seen in Fig. 7. For clarity, the snapshots of S-SINWs
under compressive loading are not shown here because the
nanowires with different cross-sectional shapes show the
same slip systems. In comparison to the tensile deformation,
the compressive deformation shows some different charac-
teristics. As far as the stress strain curves (Fig. 2), the SINWs
under compressive loading deform nonlinearly, while the
SiNWs under tensile loading deform linearly. In addition, the
failure mode of SiNWs under compressive loading is found
to be different with aforementioned that of tensile loading.
When the stress reached the critical value, sliding occurs in a

{011} plane. Based on the snapshots of deformation, the slip
plane in C-SiNW under compressive loading is shown in Fig.
7(c). Further analysis reveals that the first slip event is initi-
ated by the nucleation of a dislocation half loop from the

surface and propagates in the (011) direction, as shown in
Fig. 8. A MD simulation on (110) SiNWs by Kang and Cai'®
revealed that the crack initiates from the surface of the nano-
wire and propagates along the (110) plane. The ab initio
calculation™ also predicted that cracks can be driven on a
{110} plane. We found that the nanowire’s fracture is trig-
gered by extensive dislocation slip activities and can be con-
sidered as a ductile fracture, which is also dependent on the
atomistic potential.18 The predominant compressive defor-
mation mechanism is slip via partial dislocation nucleation;
this is evident by the slip system observed along the {011}
plane in Figs. 7 and 8. The thickness of the slip plane char-
acterized by local shear strain is about two atomistic layers,
which is thinner than that of slip plane in uniaxial tensile
loading.
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FIG. 8. (Color online) Snapshots of defect evolution inside the C-SiNW
under compressive loading along the nanowire axis. At low strain, no nucle-
ation of dislocation in (a). As the strain increases further, dislocation nucle-
ates at the surface in (b) and propagates along the {011} plane in (c)—(e),
eventually creating a surface step in (f). The atoms are colored by the atomic
local shear strain.

D. Discussions

With neglecting the contribution of the surface elasticity,
the effective yield stress*>?® of the nanowire was related to
the surface stress 7by o,=(2/a)7=* oy, where a is the lateral
dimension and o, is the ideal yield strength of the bulk ma-
terial. Based on this continuum theory, the asymmetry of the
yield stress is the result of the surface stress. According to
Fig. 2, the effects of surface stress on the C-SiNWs are more
obvious than that on the S-SiNWs. From the point of strain,
the outmost surface atomic layer is highly defective with
high strain, as shown in Figs. 3 and 4. For metal nanowires,”’
the dislocation nucleates at a sharp corner of the square sur-
face, which is not present on the circular surface, and the
local shear strain distributions on the surfaces were proved to
be a significant factor in controlling the dislocation nucle-
ation. Actually, for the SiNWs, the comments apply equally
here. The barrier for dislocation nucleation is much smaller
than the flat surface,34 and the cross-sectional shapes influ-
ence the required stress for dislocation nucleation,”’ which is
regarded as the major cause of the shape effects.

In addition, the slip behavior involved in tension and
compression can be understood from a Schmid factor analy-
sis. Schmid factor of a slip system is m=cos ¢ cos A, where
¢ is the angle between the normal of the slip plane and the
direction of the applied force and \ is the angle between the
slip plane direction and the direction of the applied force.
The uniaxial Schmid factor for the slip systems in the (001)
SiNWs is larger under compression (0.5) than under tension
(0.41), and thus makes it easier for the nanowires to yield
under compression, which is consistent with the previous
observation on the stress-strain relationships. Further, the
critical resolved shear stress (CRSS) is given by 7
=0, cos @ cos N, where o, is the magnitude of the yield
stress. The calculated CRSS is larger for tensile yielding
(4.51 and 4.57 GPa for S-SiNW and C-SiNW, respectively)
than compressive yielding (4.45 and 4.03 GPa), which indi-
cates that the slip system in compression is easier to be ac-
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tivated. These two factors can also contribute to the signifi-
cant tensile/compressive yield stress asymmetry (Fig. 2) in
(001) SINWs.

Silicon was reported to have two principal cleavage
planes:35’37 {111} planes, usually the easy cleavage planes,
and {110} planes. In this work, the calculations show that
{111} planes are the predominant planes for the SINWs under
tensile loading, while {110} planes are especially for the
SiNWs under compressive loading. For the cleavage planes,
surface energies given by the modified potential38 are
1.33 J/m? for the unreconstructed Si (111) surface and
1.56 J/m? for the unreconstructed (110) surface, and the
density functional theory calculation gives surface energies
(Y110~ 1.7 J/m? and y,,,~ 1.4 J/m?),” which are close to
the range of experimental values™ [1.23 J/m? for the (111)
surface and 1.51 J/m? for the (110) surface]. All the data
indicate that the energy to activate the {111} slip planes is
lower than that of {110} slip planes. An ab initio study™ also
proved that cracks in silicon propagate easily on {111} and
{110} planes provided crack propagation proceeds in the

(110) direction. Based on the simulations of the SINW’s
uniaxial tension, Kang and Cai'® found that the fracture be-
havior is the result of the competition between two different
failure modes: cleavage on the (110) plane and slip on the
(111) plane. These findings obtained by other methods cor-
roborate our simulation results. The plastic transition be-
tween the glide and the shuffle set was proved to be depen-
dent on the temperature and the applied stress.'® Here, our
results show that the deformation mode is dependent on the
loading direction. Beyond this, the temperature and strain-
rate effects on the SINW’s plastic deformation can be inves-
tigated further, which are not considered in the present work.

IV. CONCLUSIONS

In summary, MD simulations in room temperature have
been employed to study the mechanical behaviors of single-
crystalline SiNWs with different shapes under tensile and
compressive loadings. The atomic local shear strains on the
free SINWs reveal that the uppermost two to three layers of
surface atoms may represent the range of the surface effects.
The strains retained in nanowires can significantly affect
their electronic properties by perturbing the band structure or
changing the Fermi energy of the nanostructures,”’ as well as
the mechanical properties are changed. The snapshots of de-
formation show that the plastic deformation mechanism of
single-crystalline SiNWs is slip via dislocation nucleation at
surfaces. For the nanowires with the same surface to volume
ratio, the cross-sectional shapes of the nanowires can affect
the mechanical behaviors, leading to the differences in yield
strengths. The stress-strain relationships for the tension and
compression of SINWs are proved to be asymmetric, which
can be attributed to the surface effects. In addition, the fail-
ure modes for the SiNWs under tensile and compressive
loadings are found to be different. The {111} slip plane is
activated in tension of SINWs, while the {110} slip plane is
activated in compression loading, which shows that the pre-
dominate slip planes are determined by the stress status. This
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result is expected to provide insight into the plastic deforma-
tion mechanism in nanoscale semiconductor devices.
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