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ABSTRACT

The Young’s modulus and fracture strength of silicon nanowires with diameters between 15 and 60 nm and lengths between 1.5 and 4.3 gm
were measured. The nanowires, grown by the vapor—Iliquid—solid process, were subjected to tensile tests in situ inside a scanning electron
microscope. The Young’s modulus decreased while the fracture strength increased up to 12.2 GPa, as the nanowire diameter decreased. The
fracture strength also increased with the decrease of the side surface area; the increase rate for the chemically synthesized silicon nanowires
was found to be much higher than that for the microfabricated silicon thin films. Repeated loading and unloading during tensile tests demonstrated
that the nanowires are linear elastic until fracture without appreciable plasticity.

Silicon (Si) nanowires (NWs) are one of the key building
blocks for nanoelectronic and nanoelectromechanical de-
vices.! They exhibit excellent mechanical,>* electrical,* and
optical® properties, in addition to interesting multifunctional
properties such as piezoresistivity® and thermoelectricity.”™®
As such, Si NWs have been used in a broad range of
applications including nanoelectronics,'’"'? nanosensors,'?
nanoresonators,'* light-emitting diodes,'® and thermoelectric
energy scavengers.”® The operation and reliability of these
nanodevices depend on the mechanical properties of Si NWs,
which are expected to be different from their bulk counter-
parts due to their increasing surface-to-volume ratio.
Existing techniques for measuring the mechanics of
individual NWs include observing the vibration (or reso-
nance) of cantilevered NWs inside a transmission or scanning
electron microscope (TEM/SEM),'%™'® measuring the lateral
bending of suspended NWs with an atomic force microscope
(AFM),*""~2! measuring uniaxial tension of suspended NWs
in SEM or TEM,??2720 and nanoindentation of NWs on a
substate.”” Available experimental results on Si NWs exhibit
significant scatter including the following: (1) some reported
a decrease in Young’s modulus with decreasing size,>%?+?8
while others showed an opposite trend;>*?! (2) the reported
strength values of vapor—liquid—solid (VLS) grown Si NWs
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ranged from 500 MPa to 12 GPa;>?® (3) Han et al.? observed
pronounced plastic deformation of Si NWs by in situ TEM
tensile tests at room temperature, while Gordon et al.?!
reported linear elastic behavior followed by brittle fracture
using AFM bending tests.

Moreover the experimental data show large discrepancy
with the simulation results.?’ For instance, the experimentally
measured Young’s moduli started deviating from the bulk
value at diameters of about 200 nm;*® conversely, compu-
tational studies using both density functional theory (DFT)
and classical molecular dynamics (MD) indicated that the
transition diameter for Young’s modulus of Si NWs is less
than 10 nm.’*"3? The experimentally observed plasticity at
room temperature occurred for Si NWs with diameter less
than 60 nm, while MD simulations* predicted a similar
brittle-to-ductile transition (BDT) for Si NWs with diameter
smaller than 4 nm at room temperature. Apparently, there
exists a substantial gap between experiments and simulations
in the transition size in both the elastic and inelastic properties
of Si NWs.

In this paper we report the quantitative stress—strain
measurements of Si NWs using tensile tests for the first time.
We present experimental results on Si NWs with diameters
ranging from 15 to 60 nm. The NWs were synthesized using
the VLS process. The tests were conducted using a nanoma-
nipulator as the actuator and an AFM cantilever as the load
sensor inside a SEM. It was observed that the Young’s
modulus decreased while fracture strength increased up to
over 12 GPa, as the NW diameter decreased. The fracture
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Figure 1. (a) Typical SEM image of the Si NWs grown from 50 nm diameter Au nanoparticles. (b) Enlarged SEM image of Si NWs
protruding out from the edge of the substrate. (c) TEM image of a single Si NW. Inset of (b): The corresponding SAED pattern of the Si

NW with zone axis along [111]. (d) HRTEM image of the NW.

strength also increased with the decrease of the side surface
area. Repeated loading and unloading during tensile tests
demonstrated that the NWs are linear elastic until fracture
without appreciable plasticity.

Si NWs were synthesized by chemical vapor deposition
(CVD) using gold nanoclusters as catalysts and silane (SiHy)
as a vapor-phase reactant, following the method developed
by Wu et al.!** Gold nanoclusters with diameters ranging
from 10 to 50 nm were deposited on Si substrates capped
with a 600 nm thick layer of thermal silicon dioxide. The
substrates were placed in a quartz tube furnace (EasyTube
3000, First Nano). After a 30 min purge in H, ambient at 50
Torr, VLS growth of nanowires was carried out at 480 °C,
15 Torr for 10 min with the flow of SiH4 (20 sccm) and H,
(200 sccm).

The Si NWs grown from Au nanoclusters were nearly
monodisperse with diameters determined by the nanoclusters.
Figure la shows an SEM image of Si NWs produced from
50 nm diameter Au nanoclusters. Figure 1b is an enlarged
SEM image, displaying that some Si NWs protrude out of
the edge of the Si wafer. These NWs can be easily
manipulated for the experiments reported in this paper. Figure
1c shows the TEM image of a Si NW with diameter close
to 20 nm. It can be seen that the NW is not only straight but
also uniform in width along the growth direction. The
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selected area electron diffraction (SAED) pattern in the inset
of Figure 1c indicates that the NW growth direction is {110).
Figure 1d is a high-resolution transmission electron micros-
copy (HRTEM) image, which indicates the single-crystal
nature of the Si NWs and also confirms the growth direction
of (110). Careful characterization of Si NWs synthesized
using this method has shown that NWs with diameters larger
than 20 nm grow primarily along the (111} direction, whereas
the NWs with smaller diameter could have three growth
directions: (110), (112), and {111)."** Furthermore, these Si
NWs have little or no visible amorphous oxide on the NW
surface (see Supporting Information).* It is believed that
using H, as the carrier gas passivates the surface. Our Si
NWs are different from many other Si NWs reported in the
literature using either the CVD-VLS method?! or other
methods such as thermal evaporation,>** where the Si NW
surfaces are either covered with an at least 1—3 nm thick
amorphous oxide or treated to be hydrogen terminated. The
surface condition might play an important role in the
mechanical property of Si NWs as will be discussed later.

The tension tests were performed inside an SEM (JEOL
6400F). A nanomanipulator (Klocke Nanotechnik, Germany)
with 1 nm resolution and 1 cm travel range in three
orthogonal directions was used to pick up protruding NWs
from the Si wafer following the procedure developed by Zhu
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Figure 2. (a—c) A series of SEM images taken during the tensile test for a Si NW with diameter of 23 nm. Inset of (a): High resolution
SEM image of the NW for strain measurements. (d) SEM image showing that fracture occurs on the NW when the load was applied to a

certain value.

and Espinosa.*® For tension tests, an AFM chip (ORCS-10,
Veeco) with two silicon nitride cantilevers on each side was
mounted on a sample holder. After a Si NW was clamped
to the tungsten tip of the nanomanipulator using electron
beam induced deposition (EBID) of carbonaceous materials
in the SEM chamber, the NW was pulled away from the Si
wafer, moved toward the AFM cantilever, and clamped on
the side of the cantilever using the EBID again. Subsequently,
the specimen was loaded and unloaded for a few cycles to
investigate the elastic and possible inelastic properties. A
series of SEM images were taken during the tensile process.
Both force and elongation can be directly measured from
the images. It is possible that a small torsion of the cantilever
might occur under the applied tensile force as the specimen
is clamped on the side of the cantilever. However, this error
was found to be negligible according to the SEM images.
Overall this tensile testing technique is similar to that
developed by Yu et al.*” but differs in that a sharp tungsten
tip instead of an AFM tip is used for NW manipulation and
actuation. The high aspect ratio of the tungsten tip is
advantageous in picking up NWs. In addition, in our
configuration, the nanomanipulator is mounted on the SEM
flange and the sample is placed on the SEM sample stage.
This allows all the degrees of freedom of the SEM sample
stage.

The spring constant of the cantilever was calibrated using
the Sader method.*® According to his method, the spring
constant of the AFM cantilever used in tension tests was
measured as 0.70 &£ 0.05 N/m. The cantilever deflection was
measured in images with lower magnification, where a
resolution of half pixel translated to 7.5 nm. Therefore the
force resolution was 5.25 4+ 0.38 nN. For NWs with
diameters ranging from 15 to 60 nm, the stress resolution
ranged from 29.7 to 1.8 MPa. The NW elongation was
measured in images with a higher magnification (the image
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possesses 2000 x 1600 pixels and a nanowire typically spans
1500—1800 pixels in length). Therefore, the strain resolution
is about 0.03%.

Panels a—c of Figure 2 show a series of SEM images taken
during the tensile test for a NW with diameter of 23 nm.
Figure 2a is the image prior to loading. Panels b and ¢ of
Figure 2 show the NW under the strain of 0.023 and 0.062,
respectively. The loads on the NW were calculated from the
cantilever deflections, which were obtained in the images
with reference to a stationary feature at the left of the image.
The stationary feature was the neighboring cantilever on the
same chip and was out of focus in the SEM images due to
the difference in focal depth. The force and elongation of
the NW were measured based on these images and then
converted to stress and strain. Additional SEM images with
high magnification were taken at each loading step, as shown
in the inset of Figure 2a, to increase the strain resolution.
The NW was tested in a few loading and unloading cycles
until fracture (Figure 2d).

Figure 3a shows the stress—strain response of this NW.
The Young’s modulus was measured to be 166 GPa, which
is lower than the bulk value of Si in the [111] direction (187
GPa).* It can be seen that the loading and unloading curves
followed almost the same path showing a linear elastic
behavior. No residual plastic deformation was observed when
the NW was totally unloaded. This observation is cor-
roborated with the enlarged image of the broken NW shown
in Figure 3b. The broken end seems flat and no noticeable
diameter reduction or necking. No NW slippage was
observed at both ends, indicating the carbon deposition clamp
was strong enough for testing Si NWs with diameters up to
60 nm (see Supporting Information). Tension tests of all the
NWs at different diameters were conducted following the
same procedure with multiple loading/unloading cycles and
all the NWs showed linear elastic behavior.

Nano Lett,, Vol. 9, No. 11, 2009
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Figure 3. (a) A typical stress—strain response of the specimens with diameter of 23 nm under repeated loading and unloading. (b) Enlarged

SEM image of the broken end of the Si NW on the probe tip.

To study the size effects on the mechanical properties of
Si NWs, a total 10 NWs with diameters ranging from 15 to
60 nm were tested. Figure 4a shows the measured Young’s
moduli of all the tested NWs as a function of NW diameter.
Dotted lines are theoretical values for Si in the directions
specified.® It is evident that the Young’s modulus of Si NWs
is almost constant, around the bulk value for the (111)
orientation (187 GPa) when the diameters are larger than
30 nm. However, the softening trend is obvious for NWs
with smaller diameters; the Young’s modulus decreases with
the decreasing diameters. As discussed earlier, for NWs with
diameters less than 20 nm, the growth direction could be
(110), (112), or {111). The bulk Young’s moduli for (110}
and (112} orientations are 169 GPa.* Therefore, the softening
in the Young’s modulus of Si NWs is clear no matter what
the growth direction is.

Multiscale simulations including continuum mechanics,
molecular mechanics, and first principle calculations have
been conducted to investigate the size effects in the elastic
behavior of nanostructures. Several major mechanisms have
been proposed including (1) surface effects (surface stress
and surface elasticity),?>3340742 (2) nonlinear elastic response
of the NW core,* and (3) specifically for NWs with an oxide
layer such as Si NWs, increasing importance of the oxide
shell following the simple core—shell model.!*?!# In view
that the modulus of silicon oxide is smaller than that of Si,
Si NWs with reducing NW diameter but constant oxide layer
possess smaller Young’s modulus. But for the Si NWs tested
in our experiments, there is little or no visible amorphous
oxide on the surface as evidenced in the HRTEM image.**
So the contribution of the oxide layer to the Young’s modulus
of Si NWs following the core—shell model is negligible.
However, we cannot rule out the possibility that such a thin
oxide layer might change the surface stress state, which might
influence the Young’s modulus of Si NWs. According to
the DFT calculations of (100) Si NWs conducted by Lee
and Rudd,*® the nonlinear bulk elasticity had a negligible
effect on the Young’s modulus of Si NWs. Note that the
simulated Si NWs were passivated by hydrogen and the
passivation mitigated the surface stress of reconstructed
surfaces. Therefore, the remaining and most likely mecha-
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nism is the surface effects, which was found to strongly
depend on the surface reconstruction. The surface recon-
struction can lead to bond saturation, bond contraction or
elongation, and loss of bonding neighbors.*! Direct com-
parisons between experiments and simulations for Si NWs
with the same geometry and surface conditions could further
elucidate the mechanisms for the observed size effects. It
should be noted that our results are in good agreement with
the multiscale resonance calculations that predicted elastic
softening in [100] Si NWs when the NW diameter dropped
below 30 nm, although the crystalline orientations in two
studies are different.*?

Panels b and c of Figure 4 show the fracture strain and
fracture strength as functions of the NW diameters from the
tension tests. It can be seen that the fracture strain increased
from 2.7% to about 12% when the NW diameter decreased
from 60 to 15 nm. Similarly, the fracture strength was found
to increase from 5.1 GPa to slightly about 12.2 GPa when
the NW diameter decreased from 60 to 15 nm. A strength
of 12.2 GPa is the closest reported value to the theoretical
strength of 15.2 and 18.8 GPa for Si along the (110) and
(111) directions, respectively.*® It is interesting to notice that
the fracture strength dropped when the NW diameter is below
20 nm. This phenomenon may be related to the growth
direction of the NWs, since the ideal strength of a material
is related to its Young’s modulus. The NWs grown along
(110) or {112) have Young’s moduli lower than those along
the (111) direction;* therefore it is possible that their facture
strengths are lower than those along the (111) direction. The
Si NWs tested in our experiments possess much larger
fracture strength than Si thin films (1—4 GPa)* and NWs
with larger diameters (0.03—4 GPa).2'?® A similar fracture
strength of 12 GPa in VLS-grown Si NWs have been
reported recently using the AFM bending technique, but their
NW diameters ranged between 100 and 200 nm.? The size
effects on the fracture strain and strength are assumed to be
related to the defects presented in the NWs. For NWs with
smaller size, the possibility of defects in the material is
reduced, leading to the increase of the fracture strain and
strength. This is a common phenomenon in nanoscale
systems.
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Figure 4. Plots of the (a) Young’s modulus, (b) fracture strain,
and (c) fracture strength vs diameters of the NWs from the tension
tests.

The relation between the fracture strength and the side
surface area of the Si NWs was also investigated, as shown
in Figure 5. The mean fracture strengths from some Si thin
films*® and NWs***+2 are summarized in the same figure as
well. It can be found that the fracture strength is sensitive to
the side surface area despite the difference in fabricating the
thin films and NWs. The strength increases with decreasing
side surface area, which confirms that the defects on surface
of the thin films and NWs play an important role in causing
the fracture. Interestingly, with the decrease of the side
surface area, the increase rate of the fracture strength for
the NWs in our work is found to be much higher than that
for the thin films. It is plausible that Si NWs synthesized by
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Figure 5. Plot of fracture strength vs the side surface area of the
Si NWs and thin films. The fitted lines of our results and the thin
films results show different slope, which might be related to the
surface quality associated with two different manufacturing meth-
ods. Si NWs in refs 3 and 28 and our results are synthesized by
the VLS method, while the Si NW in ref 24 was produced using a
very different method, namely, nanometer-tip contact and retraction.

the VLS method possess fewer surface defects, thus better
surface quality, compared to thin films fabricated using wet
or dry etching methods.

The brittle facture observed in all our experiments is in
contrary to a recent report by Han et al.,” where large-strain
plasticity was observed for Si NWs with diameters smaller
than 60 nm under tension in TEM. The authors found that
the tensile plasticity was initiated by the emergence of a high
density of dislocations followed by the development of a
continuous disordered lattice by the emission of dislocations.
It should be noted that the most unambiguous method for
assessing plasticity is loading—unloading in tensile tests. If
there is a plastic strain, it remains when the material is totally
unloaded. Unfortunately, Han’s experiments do not possess
the capability for stress measurement and thus cannot
quantitatively assess the loading—unloading behavior. Two
possible reasons can be suggested to explain the discrepancy
between the two experimental results: effects of high-energy
electron beam and difference in NW preparation. First of
all, the electron beam irradiation in TEM is much stronger
than that in SEM. The high-energy electron beam can
increase the temperature of the NW. It can also significantly
enhance diffusion and dislocation mobility, which both may
contribute to the observed ductility.>* A recent in situ TEM
study on NaCl NWs also observed superplastic deformation,
and the authors confirmed that electron beam irradiation
enhanced ductility.*” Another example on the superplasticity
comes from carbon nanotubes (CNTs). In situ TEM tension
experiments showed that, at high temperatures, individual
single-walled CNTs can undergo superplastic deformation
(becoming nearly 280% longer than its original length, much
larger than the theoretical strain of CNTs at room temper-
ature).*® Dramatically enhanced atomic diffusion was also
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observed for multiwalled CNTs under in situ TEM.* Second,
the Si NWs in our experiments were synthesized using the
CVD-VLS method,** while those in Han’s experiments were
synthesized using the thermal evaporation method. Further-
more, the NWs in Han’s experiments were processed in
hydrofluoric acid, which might cause an adverse effect on
the NW properties. Similar BDT of Si NWs was observed
in MD simulations by Kang and Cai.** They found that NW's
with diameters less than 4 nm become ductile at room
temperature, while thicker NWs become ductile only at
elevated temperatures. In our experiments, no plasticity was
observed for the Si NW with diameter as small as 15 nm at
room temperature, which is in line with the MD simulations.

In summary, the Young’s modulus and fracture strength
of Si NWs with diameters between 15 and 60 nm and lengths
between 1.5 and 4.3 um were measured. The NWs, grown
by the VLS process, were subjected to in situ tensile tests
inside a SEM. The Young’s modulus of Si NWs was found
to be close to the bulk value (187 GPa for {(111) orientation)
when the diameters are larger than 30 nm. However, the
softening trend is obvious when the diameters of the NW
are smaller than 30 nm; the Young’s modulus of the NWs
decreases with the decreasing diameters. Our experiments
also showed that fracture strain and strength of Si NWs
increased as the NW diameter decreased. The maximum
strength was found to be over 12 GPa. The fracture strength
also increased with the decrease of the side surface area;
the increase rate for the chemically synthesized Si NWs was
found to be much higher than that for the microfabricated
Si thin films. Repeated loading and unloading during tensile
tests demonstrated that the NWs are linear elastic until
fracture without appreciable plasticity.
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