Downloaded by UNIV ILLINOIS URBANA on November 1, 2009 | http://pubs.acs.org

Publication Date (Web): August 11, 2009 | doi: 10.1021/n1901450q

Lateral Buckling Mechanics in Silicon
Nanowires on Elastomeric Substrates

NANO
LETTERS

2009
Vol. 9, No. 9
3214-3219

Seung Yoon Ryu,’ Jianliang Xiao,* Won Il Park,! Kwang Soo Son,}

Yonggang Y. Huang,** Ungyu Paik,*t and John A. Rogers*$

Division of Materials Science Engineering, Hanyang University, 17 Haengdang-dong,
Seongdong-gu, Seoul 133-791, Republic of Korea, Departments of Civil and
Environmental Engineering and Mechanical Engineering, Northwestern University,
Evanston, Illinois 60208, and Department of Materials Science and Engineering,
Department of Mechanical Science and Engineering, Department of Physics, Beckman
Institute, Frederick-Seitz Materials Research Laboratory, University of Illinois at

Urbana—Champaign, Illinois 61801

Received May 6, 2009; Revised Manuscript Received July 17, 2009

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 processes! ™ can be exploited in fields ranging from thin
film metrology® to stretchable electronics’!* and biotech-
nology.'* For electronics, inorganic semiconductor nanorib-
bon active materials can be transfer printed, using stamps
of polydimethylsiloxane (PDMS),'>!® 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),> 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.’ Related manipulation of silicon nanowires
(SiNW5s),!”"20 which represent an attractive material for
macro-, micro-, and nanoelectronics?*? and ultrasensitive
sensors for chemical and biological detection,?*?* is therefore
of some interest. Here, we demonstrate the mechanics of
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buckling of arrays of SiINWs, 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.!”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 la). A contact printing method applied to these
SiNWs yielded highly ordered and aligned arrays of linear
wires.>>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.??® Aligned SiNWs formed
in this manner were transferred to a prestrained PDMS slab
by transfer printing,?’ 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



boSKT061U/TZOT OT :10p | 6002 ‘TT INBNY :(GeM) 81eq Uoiedlgnd
Bio'szesgnd;/:dny | 6002 ‘T JequwenoN Uo YNVYEHN SIONITTI AINN Ag pspeojumoq



boSKT061U/TZOT OT :10p | 6002 ‘TT INBNY :(GeM) 81eq Uoiedlgnd
Bio'szesgnd;/:dny | 6002 ‘T JequwenoN Uo YNVYEHN SIONITTI AINN Ag pspeojumoq



boSKT061U/TZOT OT :10p | 6002 ‘TT INBNY :(GeM) 81eq Uoiedlgnd
Bio'szesgnd;/:dny | 6002 ‘T JequwenoN Uo YNVYEHN SIONITTI AINN Ag pspeojumoq



boSKT061U/TZOT OT :10p | 6002 ‘TT INBNY :(GeM) 81eq Uoiedlgnd
Bio'szesgnd;/:dny | 6002 ‘T JequwenoN Uo YNVYEHN SIONITTI AINN Ag pspeojumoq



boSKT061U/TZOT OT :10p | 6002 ‘TT INBNY :(GeM) 81eq Uoiedlgnd
Bio'szesgnd;/:dny | 6002 ‘T JequwenoN Uo YNVYEHN SIONITTI AINN Ag pspeojumoq



