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ABSTRACT

We describe experimental and theoretical studies of the buckling mechanics in silicon nanowires (SiNWs) on elastomeric substrates. The
system involves randomly oriented SiNWs grown using established procedures on silicon wafers, and then transferred and organized into
aligned arrays on prestrained slabs of poly(dimethylsiloxane) (PDMS). Releasing the prestrain leads to nonlinear mechanical buckling processes
that transform the initially linear SiNWs into sinusoidal (i.e., “wavy”) shapes. The displacements associated with these waves lie in the plane
of the substrate, unlike previously observed behavior in analogous systems of silicon nanoribbons and carbon nanotubes where motion
occurs out-of-plane. Theoretical analysis indicates that the energy associated with this in-plane buckling is slightly lower than the out-of-plane
case for the geometries and mechanical properties that characterize the SiNWs. An accurate measurement of the Young’s modulus of individual
SiNWs, between ∼170 and ∼110 GPa for the range of wires examined here, emerges from comparison of theoretical analysis to experimental
observations. A simple strain gauge built using SiNWs in these wavy geometries demonstrates one area of potential application.

Recent work demonstrates that controlled mechanical buck-
ling processes1-7 can be exploited in fields ranging from thin
film metrology8 to stretchable electronics9-13 and biotech-
nology.14 For electronics, inorganic semiconductor nanorib-
bon active materials can be transfer printed, using stamps
of polydimethylsiloxane (PDMS),15,16 from a source wafer
to a PDMS substrate where they adopt buckled, or wavy
configurations. In such forms, they can be stretched and
compressed in a nondestructive way with a physics that is
related to the motion of an accordion bellows. Similar
concepts can be applied to aligned arrays of single-wall
carbon nanotubes (SWNTs),5 not only to yield stretchable
nanotube devices but also to infer their intrinsic, linear elastic
mechanical properties in an accurate and statistically sig-
nificant manner.5 Related manipulation of silicon nanowires
(SiNWs),17-20 which represent an attractive material for
macro-, micro-, and nanoelectronics21,22 and ultrasensitive
sensors for chemical and biological detection,23,24 is therefore
of some interest. Here, we demonstrate the mechanics of

buckling of arrays of SiNWs, formed by vapor-liquid-solid
(VLS) growth and transferred onto PDMS substrates. The
behavior involves lateral buckling configurations that have
not been observed in previous studies of other nanostruc-
tures.1-7 Analysis by theoretical modeling explains these
results and enables accurate determination of the Young’s
modulus of individual wires from measurements of their
dimensions and buckling geometries. A simple strain gauge
demonstrates one possible application of wavy SiNWs.

Figure 1 provides a schematic illustration of the fabrication
process. SiNWs were prepared on Si substrates using Au
nanoclusters as catalysts in a conventional VLS process
(Figure 1a). A contact printing method applied to these
SiNWs yielded highly ordered and aligned arrays of linear
wires.25-28 This process involved rubbing the growth (i.e.,
donor) substrate onto a receiver substrate under an applied
load, as shown in Figure 1b,c.27,28 Aligned SiNWs formed
in this manner were transferred to a prestrained PDMS slab
by transfer printing,29 with some uniaxial tensile force applied
along the lengths of the wires. Total prestrain involves the
combined effects of applied prestrain and strain associated
with transfer. Figure 1f shows a large area optical micro-
graph. We observe that >60% of the wires show buckled
structures, distributed uniformly over the sample. The
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unbuckled wires are typically either (1) poorly aligned with
the direction of prestrain due to imperfections in the transfer/
orientation process or (2) shorter than the characteristic length
(between 2 and 7 µm for the wires reported here) over which
the amplitudes of the buckled structures decay toward the
ends of the wires (as defined by the mechanics30). Releasing
the prestrain yielded laterally buckled SiNWs as observed
by atomic force microscope (AFM) and field-emission
scanning electron microscope (FE-SEM) images (Figure 2).
These results show that the SiNWs remain on the surface of
the PDMS and that the buckling is lateral, that is, there is
very little surface relief associated with these deformations.
As described in detail below, good agreement between
mechanics models that assume no slipping of the nanowires
on the substrate provide some evidence for strong adhesion.
This deformation mode is different from that observed
previously in ribbons, membranes, and carbon nanotubes in
otherwise similar systems. The heights of the SiNWs were
between 40 and 170 nm, implying radii between 20 and 85
nm. The wavelengths of the lateral buckling structures were

between 2000 and 7000 nm. Figure 2b shows an FE-SEM
image of a SiNW transferred to an unstrained PDMS
substrate. Figure 2c-e shows some representative cases when
prestrain is involved. From analysis of the contour shape,
we infer maximum strains in the silicon of <6% for all cases
examined. This strain is somewhat smaller than the fracture
strain of SiNWs reported previously.31 At sufficiently high
prestrain, it may be possible to use these methods to examine
systematically ultimate strength and failure in the wires.

Analysis of FE-SEM images yielded wavelengths and radii
of individual buckled SiNWs, Figure 2c corresponds to a
SiNW with a radius of 20∼30 nm, a wavelength of
2500∼3500 nm, and an amplitude of 400∼600 nm with a
total of ∼ 10 wavelengths. Figure 2d,e shows SiNWs with
radii of 40∼50 nm, wavelengths of ∼4000 nm, and
amplitudes of 600∼800 nm. Analysis of many SiNWs on a
single substrate reveals an approximately linear increase of
the wavelength and amplitude with radius (Figure 3). All of
these phenomena can be explained by a Newtonian analytical
mechanics model based on linear elasticity theory. Previous

Figure 1. Schematic illustration of the process for forming wavy, buckled SiNWs by first transferring wires grown on a silicon wafer to
a receiver substrate and then to a prestrained slab of PDMS, followed by release of the prestrain. (a) Randomly oriented collection of
SiNWs formed by VLS growth on a substrate of SiO2 (300 nm)/Si. (b) Rubbing this wafer against a receiver substrate under a weight leads
to the formation of aligned arrays of linear SiNWs. (c) Well-aligned SiNW array on the receiver. (d) Transfer printing delivers these
aligned SiNWs to a PDMS substrate under prestrain. (e) Releasing this prestrain induces compressive strains on the SiNWs that cause them
to buckle laterally, thereby adopting “wavy” shapes in the plane of the PDMS surface. (f) A large area optical micrograph.
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experimental reports of SiNWs formed by VLS and well
computer simulation suggest that [111] is the growth
direction and that the wires have hexagonal cross sections,
consistent with the Stillinger-Weber (SW) potential
method.20,25,26,33 For a SiNW with a hexagonal cross section
of outer radius R, the cross sectional area is S ) (3�3/2)R2

and the moment of inertia is I ) (5�3/16)R4. For the
experiments reported here, such a wire can be modeled as
an elastic beam with bending stiffness ESiNWI and tensile
stiffness ESiNWS since the radii R (∼50 nm) are much smaller
than the buckling wavelengths (∼5000 nm), where ESiNW is

the Young’s modulus of SiNW. In the following, the PDMS
substrate is treated as a semi-infinite solid (i.e., its thickness
is orders of magnitude larger than the other length scales)
of Young’s modulus ES and Poisson’s ratio νS ≈ 0.5. We
assume that the in-plane displacement of the buckled SiNW
takes a sinusoidal form w ) A cos(kx) with amplitude A and
wave vector k. (The wavelength is λ ) 2π/k.) The total
system energy is composed of three parts, the strain energy
in the PDMS substrate (US), the membrane and bending
energies of the SiNW (Umembrane and Ubending), the analytical
expressions of which are obtained as US ) {[(5 - 2γ - 2

Figure 2. AFM and FE-SEM images of lateral buckling of SiNWs on a PDMS substrate. (a) AFM images of two representative cases,
showing an absence of any significant out of plane displacement associated with the buckling. (b) FE-SEM image of a SiNW on a PDMS
substrate without the use of any prestrain. The absence of buckling indicates the critical role of the prestrain in this process. (c) FE-SEM
image of a thin and long SiNW buckled with ∼10 wavelengths. (d,e) FE-SEM images of comparatively thick, buckled wires.
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ln kR)]/(4πEjS)}[(ESiNWI)Ak4 + (ESiNWS)Ak2((1/4)k2A2 -
εpre)]2, Umembrane ) [(ESiNWS)/2][(1/4)k2A2 - εpre)2] and Ubending

) (1/4)ESiNWIA2k4, respectively, where γ ) 0.577 is Euler’s
constant, EjS ) ES/(1 - νS

2) is the plane-strain modulus of
the PDMS substrate, and εpre is the prestrain. Minimizing
the total system energy with respect to A and k gives the
expressions for the wave vector and amplitude as34

The solution of eq 1 is

where C depends only on the modulus ratio EjS/ESiNW of
PDMS substrate and SiNW. The buckle amplitude is then
given by

which is linearly proportional to the SiNW radius R, where
εcritical is the critical prestrain for buckling and is given by

which depends only on the ratio of substrate/SiNW Young’s
moduli.

The fit of measured wavelengths and radii by the linear
relation in eq 3 gives C ) 0.055 ( 0.003 as shown in Figure
3a. For the Young’s modulus of PDMS ES ) 2 MPa35 (plane-
strain modulus EjS ) 2.67 MPa), this value of C implies ESiNW

) 140 ( 30 GPa. Although the modulus could conceivably
vary with diameter,32 our model assumes a diameter inde-
pendent value, consistent with the measured data to within
experimental uncertainties. For wires with diameters in the
range studied here, a native oxide layer has negligible
influence on the mechanics. This result corresponds well with
literature reports of moduli of silicon in bulk, ribbon,
polycrystalline, amorphous, and nanowire forms, 163-188
GPa,36,37 160 GPa,38 149-171 GPa,39,40 124 GPa,41 and
94.4-175 GPa,17-19 respectively. We also find quantitative
agreement between measurements and modeling of the
dependence of the amplitude on radius, as illustrated in
Figure 3b, where A ) λ(εpre - εcritical)1/2/π is obtained from
eqs 3 and 4, and εpre is determined from the measured contour
λcontour and buckling wavelength λ as εpre ) ln (λcontour/λ).35

Prior studies of single walled carbon nanotubes (SWNTs)
in otherwise similar systems showed predominantly out-of-
plane (normal) buckling behavior,5,34 as opposed to the in-
plane (lateral) geometries observed here in SiNWs. To
investigate this issue, we computed the total system energies
for out-of-plane (normal)34 and in-plane (lateral) buckling
of SiNWs on prestrained PDMS substrate, and plotted the
results in Figure 4, with E(SiNW) ) 137 GPa and EjS ) 2.67
MPa. Lateral buckling gives slightly lower energy and is
therefore more energetically favorable than normal buckling;
this result provides an explanation for lateral buckling in
SiNWs. For example, a SiNW of radius 50 nm has energies
of 33.9 and 37.6 nJ/m for lateral and normal buckling,
respectively. The energy difference 3.7 nJ/m (∼10% differ-
ence) for the one-dimensional SiNW is significant since it
corresponds to 74 mJ/m2 (3.7 nJ/m divided by the diameter
50 nm) in 2D, which is almost 50% larger than the adhesion
energy between Si and PDMS (50.6 mJ/m2). We speculate
that the normal mode buckling associated with SWNTs
results from lateral constraints provided by surface roughness
(∼1 nm) on the PDMS, which is comparable to or larger
than the radii of the SWNTs but is negligible for the SiNWs.

As a device application of wavy SiNWs, Figure 5 shows
a simple strain gauge demonstrator involving electrical

Figure 3. Experimental (symbols) and theoretical (lines) results
for the dependence of the buckling wavelength and amplitude on
radii of the SiNWs. (a) Comparison of measured (symbols) and
computed (lines; linear fit with one fitting parameter) variation of
buckling wavelength with radius. The fitting yields an average
Young’s modulus for this set of wires of ∼140 GPa. (b) Comparison
of measured (symbols) and computed (lines; no fitting parameters))
variation of buckling amplitude with radius. The good agreement
validates the modeling and experimental approach.

(ESiNWI

EjS
)1/4

k ) [ 2π(2 + ln 2 - γ - ln kR)

(5 + 2 ln 2 - 2γ - 2 ln kR)2]1/4
(1)

A ) 2
k(εpre -

ESiNWI

ESiNWS
k2 -

πEjS

ESiNWSk2

1
5 + 2 ln 2 - 2γ - 2 ln kR)1/2

(2)

kR ) C ≈ 5
6( EjS

ESiNW
)1/4

, or λ ≈ 12π
5 (ESiNW

EjS
)1/4

R (3)

A ) 2R
C √εpre - εcritical ≈ 12

5 (ESiNW

EjS
)1/4
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εcritical )
5

24
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contacts to wavy SiNWs (formed in procedures like those
described previously). The plot presents current-voltage
characteristics of a device with 100 nm thick gold electrodes
formed by thermal evaporation through a shadow mask
having a gap of ∼60 µm between electrodes. Immediately
prior to forming these electrodes, the SiNWs on PDMS were
dipped briefly hydrofluoric acid (volume percent 10%) to
remove the native oxide for the purpose of improving the
electrical contacts. A typical device involved a single wavy
SiNW, as confirmed by FE-SEM images such as the one in

the inset of Figure 5a. We suspect that the relatively low
current levels resulted from poor contacts, which we could
not thermally anneal due to the use of PDMS as the substrate.
An effective resistance was measured using Ohm’s law and
linear fitting from -5 to 5 V. This resistance changed
systematically with applied strain, as shown in Figure 5b,
with a behavior that can be described empirically using a
piezoresistance gauge factor (GF), defined as GF )(∆R/R)/
∆εa, where R and ∆R indicate the resistance and change in
resistance with a change in applied strain ∆εa.5 Although
the buckled configuration for strain sensing has the disad-
vantage that compressive and tensile stresses are partially
balanced, a gauge of this type can provide measurements of
smaller forces and for larger displacements than would be
possible in unbuckled geometries. A typical GF value in this
study was ∼5.6 with a total range of 4.8 and 6.7 for each
sample. The change in the resistance of the electrode were
in all cases negligible throughout the strain range examined
experimentally. The GF values observed in the wavy SiNWs
devices are smaller than other reports of silicon in various
forms, likely because the wavy geometry involves balanced
compressive and tensile strains for any applied strain (less
than the prestrain). For example, the piezoresistance coef-
ficients of straight SiNWs lie between ∼1000 and ∼3000,42

having the diameters of ∼90 nm in SiNWs with a strong
size dependence in which, in a separate report, the GF varies
from 32 to 154743 for wire diameters from 50 to 350 nm.
By comparison, the GF of gated hydrogenated amorphous
silicon44 and bulk silicon45,46 are ∼2.4 and 50-150, respec-
tively.

In conclusion, the studies presented here represent the first
observations of nonlinear buckling mechanics in SiNWs. The
results show lateral buckled geometries that are quantitatively
in agreement with analytical models for the mechanics. The
experimental procedures and theoretical analysis approaches
provide experimentally simple routes to measuring the linear
elastic properties of nanowire materials in general. Viewed
in another manner, they also suggest a path to stretchable
nanowire electronics/sensors, as suggested by our strain
gauge device. Both areas offer many opportunities for
additional research.
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