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Silicon nanostructures have been used extensively in modern microelectronics. The ever-increasing
integration density in microelectronic chips inevitably leads to a marked temperature rise of Si
nanostructures, which are required to withstand large thermal stresses for maintaining their proper
functions. Si nanostructures are also the building blocks for many novel nanotechnology applications,
including energy harvesting and storage, flexible and stretchable electronics, sensors and
nanoelectromechanical systems.[1] The reliability concerns of these applications call for a fundamental
understanding of the mechanical behavior of Si nanostructures at elevated temperatures. Here we report
the in situ tensile testing of single crystal Si NWs in the temperature range of RT to 600 K.[2] We employ
a newly developed microelectromechanical system (MEMS)[3-6] for conducting the nano-thermo-
mechanical testing inside a transmission electron microscope (TEM). This platform allows stress-strain
measurement with simultaneous TEM imaging of atomic-scale deformation at different temperatures.[2,7]
An on-chip heater is built into the MEMS-based platform, allowing the controlled heating of the specimen.

Single crystal Si NWs were synthesized by chemical evaporation deposition through the vapor-liquid-
solid mechanism. The Si NWs used for mechanical testing are (112)-oriented and have a central {111}
twin boundary running parallel to the axial direction of the NW. In situ TEM tensile testing of individual
Si NWs was performed at temperatures ranging from 295 to 600 K. Fig. 1 reveals that the Si NWs under
tension are brittle at RT, but exhibit pronounced plastic deformation followed by fracture at elevated
temperatures (e.g., 600 K). Fig.1a shows the stress-strain curve of a Si NW with a diameter of 61 nm at
295 K. This NW initially exhibited a linear elastic response. As the tensile strain increased to 7.4% and
the corresponding tensile stress to 11.5 GPa, brittle fracture occurred. As shown in Fig. 1b, the tensile
stress-strain curve was initially linear and became slightly nonlinear with increasing stress, until the
maximum stress of 5.8 GPa was reached at the critical strain of 4.0%. Subsequently, the stress decreased
with increasing strain, and this softening response continued until fracture occurred at the strain of 4.7%.
The inset in Fig. 1b shows the TEM image of fracture surfaces, which exhibit the features of ductile failure
such as localized necking, deformation bands and rough fracture planes. Figure 1c shows the TEM
snapshots during in situ tensile testing at 600 K, and the corresponding stress/strain for each snapshot is
marked in Fig. 1b. It is seen that the maximum stress and ensuing softening response can be associated
with surface nucleation and migration of dislocations as well as dislocation interactions with the twin
boundary, as marked by blue arrows in Fig. 1c ii-iv. These continued dislocation processes resulted in
large plastic strains in Si NWs at elevated temperatures. We also found that a decrease in the NW diameter
can lead to enhanced plastic deformation. Fig. 1b includes the tensile stress-strain curve of a thinner Si
NW with a diameter of 24 nm at 600 K, which is qualitatively similar to the Si NW with a diameter of 66
nm at 600 K. However, in this thinner NW, a lower maximum stress of 5.1 GPa was attained at a smaller
critical strain of 4.3%, signifying a stronger tendency to plastic deformation. Moreover, the subsequent

softening response was sustained over a strain range of 1.6% until the fracture strain &f of 5.9%; this strain
range is defined as plastic strain gp. Hence, both gp and ef measured for the thinner Si NW are larger than
the corresponding ep of 0.7% and &f of 4.7% for the thicker Si NW (Fig. 1b). The more extensive plasticity

P N

https://doi.org/10.1017/51431927620024125 Published online by Cambridge University Press @ CrossMark


http://crossmark.crossref.org/dialog?doi=https://doi.org/10.1017/S1431927620024125&domain=pdf
https://doi.org/10.1017/S1431927620024125

Microsc. Microanal. 26 (Suppl 2), 2020 3193

in the thinner Si NW was manifested by the formation of a number of deformation bands that are uniformly
distributed throughout the entire NW, which contrasts with fewer deformation bands in the thicker NW
(Fig. 1c).

To further understand the size and temperature dependence of dislocation-mediated plasticity and
fracture, we tested 78 Si NWs with the diameter range of 24-160 nm and in the temperature range of 295-

600 K. As shown in Fig. 2a, the plastic strain p increases with decreasing NW diameter. For example, at
600 K, gp increases from 0.27 to 1.6%, as the NW diameter decreases from 160 to 24 nm. For the same

diameter, gp increases with temperature. The results of the 78 Si NWs tested are summarized in a
deformation mechanism map of Fig. 2b. In this map, green circles represent Si NWs with dislocation-
mediated failure, while black squares Si NWs with brittle cleavage fracture. A transition line, as defined

by a critical gp of 0.1%, is drawn to separate the regimes of brittle and dislocation-mediated responses.
The map also reveals that as the NW diameter decreases, the critical temperature associated with
dislocation-mediated plastic deformation decreases. For example, the Si NW with diameter of 110 nm
showed brittle fracture at 398 K, while the NW with diameter of 30 nm exhibited plastic deformation with
dislocation activities even at 362 K. Hence, Fig. 2b indicates that both the increase of temperature and the
decrease of NW diameter can promote plastic deformation in Si NWs, leading to dislocation-mediated

failure.[8]
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Figure 1. In situ MEMS-based measurement and TEM observation of mechanical behavior of individual
Si NWs under uniaxial tension at room and elevated temperatures.
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Figure 2. Size and temperature dependence of brittle versus ductile behaviors of 78 Si NWs tested in the
temperature range of 295 to 600 K.
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