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Silicon is the most important material for the electronics
industry. Its unique electronic, optoelectronic, thermal, and
mechanical properties have made Si an ideal choice for
integrated circuits, memory devices, solar cells, and microelectromechanical systems (MEMS).[1–4] Considering onedimensional (1D) nanomaterials, carbon nanotubes, silicon
nanowires, and ZnO nanowires/nanobelts are the three
primary structures of choice, because of their largely improved,
different, and/or unique properties at the nanometer scale.[5–8]
As the sizes of MEMS approach nanoelectromechanical
systems (NEMS),[9] exploration of the changes of mechanical
properties on the nanometer scale is vitally important.[10–15]
Silicon nanowires (NWs) are the key building blocks of future
electronics.[16] Several approaches have been developed to
study the mechanical behavior of Si nanowires.[17–21] The
existing literature reports progress in observing the phenomenon of plasticity and in measuring the elastic modulus of
single NWs or NW arrays. In this Communication, we report
using a manipulation probe and an atomic force microscope
(AFM) tip in scanning electron microscopy (SEM) to
investigate the mechanical behavior of a single SiNW under
buckling and bending conditions. Some of the mechanical
properties of SiNWs have been quantified. Our study has
demonstrated the tough and robust behavior of SiNWs.
The SiNWs used for our experiments were fabricated by
chemical vapor deposition by the vapor–liquid–solid (VLS)
growth process.[22] Figure 1 shows a transmission electron
microscopy (TEM) image of an as-grown SiNW, revealing its
core/shell structure. The diameters of the NWs are 40–90 nm.
The thickness of the outer native oxide layer is about 5 nm. The
inset shows a diffraction pattern, revealing the single-crystalline structure of the NWs.
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The SiNW was manipulated using a tungsten probe, and the
AFM cantilever was used to measure the force–displacement
response of a single SiNW. Figures 2a and b schematically
illustrate the principle of the mechanical manipulation setup.
First, as shown in Figure 2a, the SiNW was attached to the
probe. Then the SiNW was bent by pushing the probe against
the AFM cantilever. The AFM cantilever was deflected, as
shown in Figure 2b, from which the displacement and the
applied force could be quantified, provided the mechanical
behavior of the cantilever is well characterized. The displacement was characterized by the distance between the two ends
of the NW.
Figure 3 shows a series of images and the corresponding
bending curves measured from a single SiNW when it was
buckled by the probe. It is important to make sure that the NW
is oriented perpendicular to the direction of the electron beam
to ensure that there is no ‘‘hidden’’ displacement along the
electron beam direction. This is important in order to measure
the displacement precisely. In Figures 3a–f the SiNW is shown
being pushed against the AFM cantilever, and the deflection of
the cantilever is clearly presented in the images with reference
to a stationary feature at the top of the images, which is not
connected to the cantilever and is out of focus in the images
due to the difference in depth. With this stationary feature as a
reference point, the NW deflection as well as the bending force
can be quantified. The NW was affixed at its two ends to the tip
and the cantilever. We used the straight distance between the
two ends of the NW (L) to characterize its buckling effect.
Figure 3g shows a curve that presents the applied force, as
measured from the deflection of the cantilever, versus the
absolute value of the difference of the chord, i.e., jL  L0j. The
curve presented the standard buckling behavior of a slender
column under the action of an axial load.
Figure 3h shows the calculated curve of the stress and strain
based on Figure 3g. Under the approximation that the strain
was homogeneous and the NW would become semicircular at
the maximum deformation, we can solve the equations Ra ¼ L0
and [R sin(a/2)] ¼ L/2, as depicted in the inset of Figure 3h. The
stress was expressed as a function of the applied force F and the
cross-sectional area of the NW A: stress ¼ F/A. The strain was
expressed as a function of diameter of the NW d and the radius
of curvature R: strain ¼ d/2R. At the maximum elastic point in
this experiment, the strain of the NW was ca. 1.5%, much
higher than the 0.2% for most typical metallic materials.[23]
Figure 4 shows the experimental and calculated data of the
strain versus jL  L0j during the buckling. In the calculation,
the relationship between the buckled chord length L and the
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Figure 1. TEM image of the SiNWs with 5–10 nm native oxide layer. Inset:
Selected area electron diffraction pattern.

strain e is calculated with a thin rod model.[24] We suppose that
the buckling force applied by the AFM cantilever is parallel to
the original unbuckled nanowire. The shape of the bent
nanowire is described by a schematic model (inset in Fig. 4),
which is given in the following form:
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where u is the local orientation of the tangent to the nanowire. l
is a characteristic length, defined as l ¼ (EI0/f)1/2, where E is
Young’s modulus, I0 is the moment of inertia of the cross
section, and f is the magnitude of the buckling force. u0 ¼ u(L0)
is the local orientation at the top of the nanowire, where L0 is
the chord length of the unbuckled wire, that is, the length of the
nanowire. The maximum strain that occurs at the surface of the
nanowire is

"max ¼ r
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1
¼r
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where r is the radius of the nanowire and
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is the arc length from the bottom of the wire to the point (x,y) in
discussion.[24]

Figure 3. a–f) A series of snapshot SEM images showing the continuous
buckling of the SiNW. g) Corresponding curve of the applied force F vs.
change in chord length jL  L0j when the NW was buckled. h) Calculated
stress–strain curve of the buckling of the NW. Inset: Schematic diagram of
the deformation approximation.

Figure 2. Schematic diagram illustrating the experimental setup before
(a) and after (b) the manipulation.
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Figure 4. A comparison of the experimental results and simulated curve of
strain vs. change in chord length jL  L0j. Inset: Schematic model of the
nanowire under buckling. The calculation was carried out for the middle
point of the chord: l ¼ L0/2.

The maximum strain is a function of l. We have calculated
emax for the position l ¼ L0/2, that is, at the middle of the wire.
Then the strain versus chord length plot is as given in Figure
4. The calculated curve matched the experimental data well,
indicating that the assumption fits well for Figure 3h. The
results demonstrate that the strain of the NW is larger than
the conventional value for bulk materials.
The critical load Pcr, which is defined as the load higher than
which a clearly non-linear and buckling deformation occurs, is
marked in Fig. 3. After reaching the critical force, a slight
increase of the force caused the NW to buckle. The NW
returned to its original shape when the load was removed,
showing the ultrahigh toughness of the NW. The forcedeflection curves obtained in this measurement share a highly
similar tendency with the curves for buckling effect, which is
explained by Euler’s formula. From Euler’s formula,[25] which
can be expressed as a function of the elastic modulus E,
moment of inertia I0, length of the NW L0, and an effective
factor K such that Pcr ¼ p2EI0/(KL0)2, the critical loads in our
experiment are used to evaluate the elastic modulus of the NW
(assuming the validity of Euler’s formula). Because both ends
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Figure 6. a) Schematic diagram illustrating the principle of bending and
the setup. b–f) A series of snapshot SEM images showing the manipulation
and deflection of a SiNW. g) Corresponding force–deflection distance
curve of the NW.
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Figure 5. Plot of the critical load Pcr vs. I0/L2 for several NWs that have
been manipulated.

Adv. Mater. 2008, 20, 3919–3923

of the NW were pinned, the effective factor K was equal to 1.
Figure 5 shows the Pcr versus I0/L2 curve for a few NWs with
different diameters and lengths. Euler’s formula indicates that
the slope of the curve is equal to p2E, giving the mean elastic
modulus of the NWs E ¼ 175 GPa, which is consistent with the
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bulk value.[26] This result means that the elastic modulus of the
NW is the same as the bulk value and is not changed by the
reduction to a nanometer scale.
The elastic modulus of the NW can also be measured by
applying the force along different directions, similar to the
principle of AFM measurement.[27] Figure 6a is a schematic
diagram of the manipulation process. First, a SiNW was
attached to the probe and the head of the AFM. Then the
SiNW was bent by moving the probe parallel to the AFM
cantilever (vertically in Fig. 6a), which caused the AFM
cantilever to bend because of a small horizontal force created
by the NW. Once again, we used the stationary feature at the
bottom of the images (Figs. 6b–f) as a reference to calculate the
tangential force Ft along the vertical direction (Figs. 6b–f) and
the bending of the NW in the vertical direction.
Figures 6b–f show snapshots of a SiNW when it was pushed
against the head of the AFM cantilever; the deflection of the
cantilever is shown in the image with reference to the static
feature. The elastic modulus E can also be expressed as
E ¼ kL03/3I0 (where k is the spring constant). Figure 6g shows a
curve that presents the tangential force, as measured from the
deflection of the cantilever, versus the deflection distance.
From the curve, the elastic modulus was determined to be ca.
200 GPa. In the regime of large deflection distances, the
mechanical behavior of the NW is about the same as in the
small-deflection linear part. This observation reveals that the
linear regime of the NW is rather large. This could be helpful
for the prediction of mechanical response and the design of the
mechanical devices in NEMS.
For all of the SiNWs, the compressive load buckled the NW
but did not fracture it even under extremely large deformation.
The dramatic increase in flexibility is the result of the
decreased thickness of the object.[19] For a slab of a material
that has a thickness d, the elongation of the interatomic bond at
the outer surface of the NW is da/2. If the critical bonding
length before a bond breaks is s, under the condition of no
generation of a dislocation, the maximum bending angle of the
slab is a ¼ 2s/d. This means that the degree of bending is
determined by the thickness of the object rather than its aspect
ratio. For a NW of diameter ca. 20 nm, its bending angle is 1000
times of that of a silicon wafer of thickness 20 mm. At the
maximum elastic point in this experiment, the strain of the NW
was ca. 1.5%, much larger than the conventional value of 0.2%.
In addition, a change in crystallinity for nanowires may also
contribute to their much enhanced flexibility.
In summary, we have investigated the mechanical properties
of single SiNWs using an in situ technique in a scanning
electron microscope. The SiNW showed ultrahigh flexibility
and strong toughness. The force–deflection distance curve in
the large-displacement regime demonstrated that the mechanical behavior of the NW still follows Hooke’s law. The
experimental data and calculated results show that the NW can
bear a large strain of 1.5%, much more than the bulk material.
The elastic constant of the NW was determined to be
175–200 GPa. This study clearly demonstrates the flexibility
and mechanical toughness of SiNWs.
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Experimental
Synthesis of the SiNWs: SiNWs were synthesized by a vapor
transport and condensation process using Au as a catalyst. The quartz
tube inside the three-zone furnace was evacuated to a pressure below
105 Torr (1 Torr  133 Pa) using a diffusion pump. During the growth
procedure, a constant flow of 60 sccm Ar and 15 sccm H2 was
introduced as the carrier gas and the pressure inside the quartz tube
was kept constant at 1 Torr. The three zones were heated from room
temperature to 1100, 900, and 700 8C, respectively, at the same time.
The Si source in an alumina boat was placed upstream in the 1100 8C
zone. Au-coated Si substrates were heated downstream in the middle
of the 900 and 700 8C zones. After the samples had been kept at the
desired temperature for 90 min, the furnace was cooled down to room
temperature.
Morphology and Structure Characterization: The as-synthesized
SiNWs were characterized by TEM (Hitachi 2000).
Sample Preparation: SiNWs were dispersed uniformly in ethanol
solution. Immersing a tungsten probe in the solution for several
seconds caused a SiNW to be attached to the tip, as could be checked
with an optical microscope. The samples were annealed in a vacuum
furnace at 300 8C at 50 sccm Ar flow under 10 Torr.
Mechanical Property Measurement: A tungsten probe with a SiNW
was located on a manipulator, which could be remotely controlled in
three dimensions. The length of the NW was estimated by rotating the
NW in a LEO 1530 scanning electron microscope. The cross section
was assumed to be round. The commercial AFM cantilever was made
of Si3N4 with a spring constant of 0.006 N m1 and loaded on a rotator
that could be rotated through 360 8.
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