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Semiconductor nanowires (NWs) show tremendous applications in micro/nano-electro-
mechanical systems. In order to fulfill their promising applications, an understanding of the
mechanical properties of NWs becomes increasingly important. Based on the large-scale
molecular dynamics simulations, this work investigated the tensile properties of Si NWs
with different faulted stacking layers. Different faulted stacking layers were introduced
around the centre of the NW by the insertion or removal of certain stacking layers, induc-
ing twins, intrinsic stacking fault, extrinsic stacking fault, and 9R structure. Stress-strain
curves obtained from the tensile deformation tests reveal that the presence of faulted
stacking layers has induced a considerable decrease to the yield strength while only a mi-
nor decrease to Young’s modulus. The brittle fracture phenomenon is observed for all
tested NWs. In particular, the formation of a monatomic chain is observed for the perfect
NW, which exists for a relatively wide strain range. For the defected NW, the monatomic
chain appears and lasts shorter. Additionally, all defected NWs show a fracture area near
the two ends, in contrast to the perfect NW whose fracture area is adjacent to the middle.
This study shed lights on the better understanding of the mechanical properties of Si NWs
with the presence of different faulted stacking layers.
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1. INTRODUCTION

Metal and semiconductor nanowires (NWs) show tremen-
dous technological applications in micro/nano-electro-
mechanical systems (MEMS and NEMS), such as high fre-
quency resonators’, field effect transistors (FETs)? nano
switches®, actuators* and others. Therefore, investigation of
the mechanical properties of NWSs, which is crucial to real-
ize the full potentials of NWs, has attracted intensive re-
search interests in recent years, in terms of experimental,
theoretical and numerical studies. On the experimental front,
researchers have developed/established different in situ test-
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ing approaches to characterize NWs. For instance, Zhu et
al.® conducted an investigation of the Young’s modulus and
fracture strength of Si NWs with diameters between 15 and
60 nm and length ranging from 1.5 to 4.3 um. The fracture
strength of [111] Si NW° and the elastic modulus of ZnO

NWs" 8 subjected to bending was measured. On the theoret-
ical front, most researchers have utilized surface-based ex-
tensions of continuum elasticity theory® ° to examine sur-
face stress effects on the mechanical properties of NWs.
Large volume of numerical studies including multi-scale
simulations™™, molecular dynamics (MD) simulations have
been reported. Specifically, the mechanical properties or
behaviors under a wide range of loading conditions includ-
ing tension™*, compression®®, bending®®, torsion*” and vibra-
tion'® ' have been studied.



It is noticed that majority of previous studies have fo-
cused on NWs with perfect crystal structures owing to the
decreased possibility of defects and flaws in NWs. However,
recent experimental studies reveal that NWs also contain
certain defects. For instance, metal NWs are found usually
polycrystalline, containing grain boundaries (GBs) that tran-
sect the whole NW normal to its longitudinal axis into a
bamboo structure?. Lopez et al.?* reported the existence of
ordered stacking fault arrays in Si NWs, and (001) stacking
defects are also observed to intersperse with small cubic
GaN regions in the GaN NW?. Researchers demonstrated
that, the controlling of twinning and polytype generation in
I11-V NW systems, allowing for pure wurtzite and zinc-
blended NWs to be grown®. Davidson et al.** reported the
occurrence of twinning planes along the growth axis of
<112> oriented Si NWSs, which, for instance, produces a
local hexagonal ordering of ABA regarding with the perfect
stacking sequence of ABC along a <111> direction. Hence,
it is of great scientific interests to study the influences of
different defects on the mechanical performance of NWs.
Relevant research is still rare in the literature.

In this work, large-scale MD simulations will be em-
ployed to investigate the mechanical properties of Si NWs
with faulted stacking layers, including the existences of
twins, intrinsic stacking faults, extrinsic stacking faults and
others. Focus will be paid to the effects of different stacking
faults on the Young’s modulus, yield strength and defor-
mation behaviors of NWs.

2. COMPUTATIONAL DETAILS

Large-scale MD simulations were carried out on <112> ori-
entated Si NWs with different kinds of faulted stacking lay-
ers. Fig. 1 illustrated the crystal structure of Si NWs with a
circular cross-section that being studied. As is known, for
the perfect diamond structure, the stacking sequence of the
{111} planes is AaBbCc, which is described by the simple
sequence ABC as shown in Fig. 1b. In this work, the low-
energy faults such as twins and stacking faults in Si NWs
were considered, which involve no change in the four near-
est-neighbor covalent bonds in the lattice. Different faulted
stacking layers were introduced around the centre of the
NW by insertion or removal of certain stacking layers®,
inducing twins (stacking sequence of ABCACBA in Fig. 1c),
intrinsic stacking fault (stacking sequence of ABCBCAB in
Fig. 1d), extrinsic stacking fault (stacking sequence of
ABCABAC in Fig. 1e), and 9R structure (stacking sequence
of ABCBCAC in Fig. 1f). The 9R structure is constructed
based on the recent experimental work by Lopez et al.?.
These defected NWs are referred as NW-TB, NW-iSF, NW-
eSF and NW-9R for discussion simplicity, respectively.
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Fig. 1 Crystal structure of <112> orientated Si NWSs with different
kinds of faulted stacking layers. (a) A snapshot of the cross-section
view of the NW along axis; (b) Perfect ABC stacking sequence; (c)
Stacking sequence of twins; (d) Stacking sequence of an intrinsic
stacking fault; (e) Stacking sequence of an extrinsic stacking fault;
(f) Stacking sequence of the 9R structure.

In general, five NWs were studied with an identical radius
of 4 nm, and a length of 80 nm. The SW many body poten-
tial”® was adopted to describe the Si atomic interaction,
which allows realistic surface reconstruction. To monitor the
deformation process, the coordinate number has been ap-
plied to distinguish atoms from perfect and deformed crystal
structures. During each simulation, the NW was first relaxed
to a minimum energy state using the conjugate gradient al-
gorithm, e.g., the length of the NW was allowed to decrease
in response to the tensile surface stress. After that, the NW
was equilibrated at 10 K for 400 picoseconds at a time step
of 1 fs using Nose-Hoover thermostat?” 2 (NPT ensemble).
Finally, the NW was elongated by applying a constant strain
rate along the z-direction. Periodic boundary conditions
were utilized along the longitudinal direction of the NW. All
simulations were performed using the open-source
LAMMPS code developed at Sandia National Laboratories®’.
In addition, Young’s modulus is determined directly from
the stress-strain curve with the strain <3% using linear re-
gression. According to the continuum mechanics and the
atomic configurations, yield strength is referred as the stress
when plastic deformation (e.g. partial dislocations or cracks)
first emitted or the NW is fractured, and the corresponding
strain is taken as yield strain. Specifically, the engineering
strain is used in this work, which is defined as
e=(-1,)/1,, here, I is the instantaneous length and I, is

the initial length of the NW after the relaxation under NPT
ensemble.

3. RESULTS AND DISCUSSSION

3.1 Perfect <112> Si NW

We first investigated the tensile properties of perfect <112>
orientated Si NW. Figure 2 shows the stress-strain curve
obtained during the tensile test. Basically, the stress is ob-



served to increase almost linearly at the beginning of elon-
gation. After a period of loading, the maximum stress is
achieved, followed by a sudden drop. Particularly, as seen in
Fig. 2a, the stress is almost directly reduced to and saturated
around 0 GPa after passing the maximum value. According
to the corresponding atomic configurations, the Si NW re-
tains their initial crystal structure before the peak stress, i.e.,
the NW is under elastic deformation as illustrated in Fig. 2b.
The peak stress is regarded as the yield strength of the NW,
which is estimated around 15.124 GPa corresponding to the
strain of 0.157. It is observed that, cracks begin to initiate
when the stress is approaching the yield strength (see Fig.
2¢), and quickly propagate through the entire cross-section
of the NW, eventually led to the fracture of the NW, as
shown in Fig. 2d.
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Fig. 2 Tensile testing results for the perfect <112> orientated Si
NW. (a) Stress-strain curve; Atomic configuration at the strain of:
(b) 0.156; (c) 0.158. (d) 0.168; Monatomic chain at the strain of: (e)
0.168. (f) 0.172. (g) 0.222. Atomic configurations are visualized
according the coordination numbers ranging from 0 to 8.

The most striking observation is that, a monatomic strain is
formed after fracture, as illustrated in Fig. 2e. Particularly,
the length of this chain or atoms number (N) increases with
the increase of strain (e.g., N increase from 3 at the strain of
0.168 to 19 at the strain of 0.222 as revealed in Fig. 2g), and
finally broke up at the strain of 0.236 (with N=22). It is sup-
posed that the formation of such interesting monatomic
strain should be related with several issues, like the crystal
orientation, atomic potential, strain rate, temperature and
others. This means that a large number of testings are still
required to identify its occurrence. However, further inves-
tigations on the monatomic strain will not be the aim of this

paper.

3.2 Si NW with faulted stacking layers

Fig. 3 reveals the stress-strain curves from all five consid-
ered NWs. It is evident that all NWs show a brittle property,
i.e., the NW is fractured at certain strain. Basically, before
fracture, theses curves share almost same gradient, indicat-
ing a similar Young’s modulus. On the contrary, the yield
strength has received a considerable decrease due to the
presence of different faulted stacking layers, together with a
significant decrease to the corresponding yield strain.
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Fig. 3 Stress-strain curves for Si NWs with different faulted stack-
ing layers.

Several atomic configurations have been selected to further
depict the deformation process of the NW as presented in
Fig. 4. As aforementioned, all NWs exhibit brittle behaviors,
i.e., cracks initiate at the yield strain (Figs. 4al, c, e and Q)
and quickly propagate to the entire cross-section, leading the
facture of the NW (Figs. 4b, d, f and h). The fracture loca-
tion for all defected NWs is found near the end, while for
the perfect NW, the fracture area is adjacent to the middle
(see Fig. 2d). Specifically, from Fig. 4a, no obvious fracture
area is found from the major body of the NW with one twin
boundary, which is due to the fracture area is located around
the NW’s two ends. As seen in Fig. 4al, by shifting the en-
tire NW along z-axis (i.e., periodic direction), the fracture
area can be easily observed. Since all NWs considered cur-
rently have a periodic boundary condition in the axial direc-
tion, hence, the necking or fracture locations could be any-
where.

Besides the fracture area, the clear formation of mona-
tomic chain is also observed. Due to the lack of obvious
fracture tip, two parallel monatomic chains are identified for
the NW with one twin boundary (see inset figure of Fig. 4b).
Whereas, for NWs with either intrinsic or extrinsic SFs, a
single monatomic chain is developed between the two frac-
ture tips (see inset figures of Figs.4d and f). For NW with a
9R structure, a multiple atomic chain is generated (see Fig.
4h). Generally, it is found that the monatomic chain in the
defected NWs is shorter and easier to break up than that in



the perfect NW. More specifically, for the defected NWs,
the monatomic chain only sustains for a short period, which
in the other hand prevents the formation of longer chains.

o T

al e
~_ Fracture arca

om0
T

.- Fracture area

» P e —
Fig. 4 Atomic configurations of Si NWs at different strain points.
NW with one twin boundary at the strain of: (a) 0.094, (al) 0.094,
being shifted along z-axis, (b) 0.096, being shifted along z-axis;
NW with intrinsic stacking faults at the strain of: (c) 0.15, (d)
0.158; NW with extrinsic stacking faults at the strain of: (e) 0.126,
(f) 0.15; NW with 9R structure at the strain of: (g) 0.1221, (h)

0.1281. Atomic configurations are visualized according the coordi-
nation numbers ranging from 0O to 8.
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In all, as summarized in Table I, for the perfect <112> NW,
Young’s modulus is estimated around 104.96 GPa, with the
yield strength as 15.124 GPa. An insignificant decrease of
Young’s modulus is observed for the defected NWs, where-
as, the yield strain and yield strength received an obvious
decrease, e.g., about 37.93% reduction of the yield strength
is observed for the NW with a twin boundary. It is conclud-
ed that different faulted stacking layers have induced an
evident influence to the yield strength to the NW, which
only exert minor influence to the Young’s modulus of NWs.

Table 1. Young’s modulus (E), yield strength (YS) and yield strain
of different Si NWs as obtained from MD results

Perfect B iSF eSF 9R
E (GPa) 104.96 103.22 99.608 100.54 100.41
YS(GPa) 15.124 9.388 13.766 11.779 11.372
Yield strain  0.157 0.094 0.149 0.124  0.120
4. CONCLUSIONS

Based on the large-scale MD simulation, the impacts on the
tensile properties of <112> orientated Si NWs from different
faulted stacking layers (including twin boundary, intrinsic

stacking faults, extrinsic stacking faults and 9R structure)

have been explored. The atomic configurations at different

strain points have been compared carefully between differ-
ent NWs. Major conclusions can be drawn as below:

e Both perfect and defected NWs exhibit brittle properties,
i.e., all NW are fractured after yielding;

e For the perfect NW, a monatomic chain is formed after
yielding, which is observed to grow from a three atoms
chain to 22 atoms chain, and sustain for a relatively
wide strain range;

o Due to the presence of faulted stacking layers, the yield
strength and yield strain have received a considerable
decrease;

e Young’s modulus appears insensitive to the existence of
different faulted stacking layers;

e The formation of the monatomic chain is apparently
influenced by the faulted stacking layers, i.e., for de-
fected NWSs, the monatomic chain appears shorter and
lasts shorter;

In summary, this study provides a first investigation on
the tensile properties of Si NWs with faulted stacking layers,
which will enhance and extend the current understanding of
the mechanical behaviors of NWSs, and eventually benefit
the fulfillment of the potential applications of NWs.
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