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ABSTRACT Silicon (Si) nanowire (NW) coils were fabricated on elastomeric substrates by a controlled buckling

process. Si NWs were first transferred onto prestrained and ultraviolet/ozone (UV0)-treated poly(dimethylsiloxane)

(PDMS) substrates and buckled upon release of the prestrain. Two buckling modes (the in-plane wavy mode and

the three-dimensional coiled mode) were found; a transition between them was achieved by controlling the UV0

treatment of PDMS. Structural characterization revealed that the NW coils were oval-shaped. The oval-shaped NW

coils exhibited very large stretchability up to the failure strain of PDMS (~104% in our study). Such a large

stretchability relies on the effectiveness of the coil shape in mitigating the maximum local strain, with a mechanics

that is similar to the motion of a coil spring. Single NW devices based on coiled NWs were demonstrated with a

nearly constant electrical response in a large strain range. In addition to the wavy shape, the coil shape represents

an effective architecture in accommodating large tension, compression, bending, and twist, which may find

important applications for stretchable electronics and other stretchable technologies.
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local strain

lectronics that can be stretched

and/or conformal to curvilinear sur-

faces (e.g., biological tissues) has re-
cently attracted broad attention.’? Success
of stretchable electronics depends on the
availability of electronic materials and struc-
tures that can be highly stretched, com-
pressed, bent, and twisted.>”” Two strate-
gies have been employed to achieve
stretchable electronics: one is to increase
the intrinsic stretchability of the building
blocks such as organic molecules, and the
other is to create stretchable architectures
out of the otherwise straight, fragile blocks.
It is well-known that inorganic semiconduc-
tor materials are brittle and typically frac-
ture under a strain of ~1%, which poses a
challenge to incorporate them into stretch-
able devices. Mechanical buckling has been
exploited to enhance the stretchability of
silicon (Si) nanoribbons by making them
into wavy shape.’~'" The wavy structures
can be reversibly stretched and compressed
to large extent without fracture, with a me-
chanics that is similar to the motion of an
accordion bellows. The buckling strategy

8

672 A“t%\&) VOL.5 = NO.1 = XU ET AL.

has also been used to develop stretchable
metal electrodes.'*'?

Si nanowires (NWs) are one of the key
building blocks for nanoscale electronic, pho-
tonic, and electromechanical devices,'* "¢
due to their excellent electrical,'”” ~'° opti-
cal,?® and mechanical®' ~ >3 properties. A vari-
ety of flexible (bendable) devices using Si
NWs have been developed.'>'®2* Our re-
cent work found that vapor—liquid—solid
synthesized Si NWs have a diameter-
dependent fracture strain up to 12%,?*> which
is much higher than their bulk value. This
finding suggests that Si NWs hold promising
potential for stretchable electronics. Ryu et
al.> recently found lateral (or in-plane) buck-
ling of Si NWs on elastomeric substrates. With
the formation of wavy (i.e., sinusoidal) struc-
tures, Si NWs were found to sustain quite
large tensile strains (up to ~27%). However,
for a sinusoidal structure, the maximum ten-
sile/compressive strains occur at localized po-
sitions (i.e., peaks and valleys) of the waves.?
As soon as the local maxima reach the failure
strain, the entire structure fails.

An ideal shape to accommodate large
tension and compression would lead to uni-
form strain distribution along the structure.
A coil (helical) spring is one such structure.'’
In this paper, we report realization and
stretchability study of coiled Si NWs on
poly(dimethylsiloxane) (PDMS) substrates
for the first time. Si NWs were assembled on
top of prestrained PDMS substrates and
buckled upon release of the prestrain. Both
the three-dimensional (3D) coiled shape
and the in-plane wavy shape were obtained
in a controlled fashion by tuning the sur-
face properties of PDMS. Very large stretch-
ability (~104% in this work) up to the frac-
ture of PDMS was demonstrated for the Si
NW coils, which is more than 15 times the
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intrinsic fracture strain of freestanding Si NWs with the
same diameter®® and about 4 times the reported
stretchability of the in-plane wavy Si NWs.?> Further-
more, single NW devices based on coiled NWs were
demonstrated with a nearly constant electrical response
in a large strain range (from —15.3 to 16.5%). It should
be noted that coil shape is energetically favorable for
one-dimensional structures (e.g., wires). This paper
starts with an analysis of the maximum local strains in
the coiled and sinusoidal shapes at the same prestrain,
followed by fabrication, stretchability, and electrical re-
sponse of coiled Si NWs.

RESULTS AND DISCUSSION

Consider that a PDMS slab with an initial length of
Ly is stretched to a length of L; (with the prestrain de-
fined as eye = (L1 — Lo)/Lo. A NW is transferred to the
PDMS in the strained direction. When the prestrain is re-
leased, the NW could buckle into different shapes (wavy
or coiled). Wavelength of the wavy shape (or spacing
of the coiled shape) varies with the prestrain following
a finite-deformation model, A = No/(1 + €pre), Where \g
is the critical wavelength at the onset of buckling and is
a function of the NW radius and Young’s moduli of the
NW and substrate.?® Amplitude of the wavy shape (or
radius of the coiled shape) can be determined by the
simple accordion mechanics in which the contour
length is equal to \o.2° Note that the coiled shape could
be circle coil or oval coil (i.e., the projection in the axis
direction is a circle or an oval). The wavy and coiled
shapes of Si NWs are shown schematically in Figure
1a,b, respectively. Details on calculating the amplitudes
(or radii) and maximum local strains for three shapes (si-
nusoidal wave, circle coil, and oval coil) at a given pre-
strain are provided in the Supporting Information. Fig-
ure 1c plots the calculated maximum local strains as
functions of the prestrain up to 104% (the fracture
strain of PDMS in our work) for the three shapes. For
the wavy shape, the maximum local strain increases al-
most linearly with the prestrain. Taking the fracture
strain of 6.5% (for Si NWs with diameter of 28 nm)?® as
an example, the maximum applicable prestrain is about
40%. By contrast, the maximum local strain of the circle-
coiled shape gradually increases with the prestrain and
approaches ~2.74% when the prestrain increases to
104%. This is due to the fact that the strain distribution
is uniform along the length of the circle coil. For the
oval-coiled shape, two ratios of the major and minor ra-
dii (1.7 and 2.8) are used as examples. It can be seen
that, for both ratios, the maximum local strains are
larger than that of the circle coil but much smaller than
that of the wavy shape. Moreover, smaller ratio yields
smaller maximum local strain at the same prestrain,
which is consistent with the fact that the circle coil (with
the smallest ratio of one) leads to the smallest maxi-
mum local strain. Clearly the coiled shape (both circle

www.acsnano.org

(WNWM
(b)
(®) o0.16
----- In plane
0.14- Coil-circle
- - - -Coll-oval 1.7
0124 .- Coil-oval 2.8
=
§ 0.10-
7 o
g 0.08- e
2 !
5 0.064 .»-"'" L
2 004 g
002 %
w0 f———1———F—+—
0.0 0.2 0.4 0.6 0.8 1.0
Prestrﬂn

Figure 1. Schematics of (a) wavy and (b) coiled shapes.

(c) The maximum local strain of a Si NW as a function of the
prestrain up to 104% for in-plane wavy shape, circle-coiled
shape, and oval-coiled shape with the ratios of 1.7 and 2.8
between the major and minor radii. The diameter of the NW
was set to be 28 nm. The insets show the 3D schematics of
the circle coil and oval coil.

and oval) can achieve a much higher level of stretchabil-
ity than the wavy shape.

To demonstrate the superior stretchability of the
coiled shape, coiled Si NWs were fabricated on PDMS
substrates. Figure 2a—c shows schematically the pro-
cess for fabricating buckled NW arrays. A tensile test-
ing stage (Ernest F. Fullam) was used to mechanically
stretch the PDMS substrates to the desired levels of pre-
strain. The prestrained substrate was radiated under a
UV lamp (low-pressure mercury lamp, 30 wW/cm? for
254 nm and 16 pW/cm? for 185 nm at the distance of
20 cm from the lamp, BHK) with the distance of 7 mm
(Figure 2a). A contact printing method was used to dry
transfer the Si NWs to the PDMS substrate in the pre-
strained direction (Figure 2b).?” Releasing the pre-
strained PDMS resulted in buckling of the Si NWs (Fig-
ure 2¢). Panels d and e of Figure 2 are optical images
showing large-scale Si NWs on the PDMS before and
after release of the prestrain, respectively. It can be seen
that all the aligned NWs buckled after releasing the
PDMS.

Two buckling modes, three-dimensional (3D) coil
and two-dimensional (2D) in-plane (sinusoidal) wave,
were found in our experiments. Atomic force micro-
scopy (AFM) (in the noncontact mode) and scanning
electron microscopy (SEM) were used to interrogate the
structure of the buckled NWs, as shown in Figure 3. Fig-
ure 3a,b shows the planar and 3D AFM images of a coil-
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Figure 2. (a—c) Schematic illustration of the process for fabricating the deformed NWs. A large-area optical micrograph of
the Si NWs (d) before and (e) after release of the prestrained PDMS substrate.

like NW on PDMS, respectively. The NW showed both in-
plane and out-of-plane deformation. Owing to the
adaptive nature of the PDMS surface, the NW twisted
from one end to the other, resulting in formation of a
helical structure. The spacing and width of the coil (ex-
cept the ends) were quite uniform with an average
value of 1523 and 810 nm, respectively. Figure 3c shows
two line-scan profiles across the peak and valley of the
coil-like NW, as indicated in Figure 3a. The line-scan pro-
files confirmed that the NW is in a coil configuration.
Further, they identified the depth of the coil structure
to be 478 nm. By comparing the width and depth of the
coil structure, it was concluded that the projected area
of the coil in the axial direction is an oval rather than a
circle. The ratio between the major radius (width) and
minor radius (depth) of the coil was 1.71. Figure 3d
shows an SEM image of a typical NW oval coil. Even
though part of the NW appears embedded in the PDMS
(as marked by an arrow), one can easily imagine how
the NW twists to form the coil. A high-magnification
SEM image can be found in the Supporting Informa-
tion. SEM imaging further confirmed that the coil shape
of Si NWs is real rather than artifacts from AFM imag-
ing. In contrast, Figure S2a,b (in the Supporting Infor-
mation) shows planar and 3D AFM images of an in-
plane wavy NW, respectively. The corresponding line-
scan profile (Figure S2c) and SEM image of a typical
wavy NW (Figure S2d) confirmed that the NW is on top
of the PDMS without any noticeable out-of-plane defor-
mation. This in-plane buckling mode of Si NWs has
been observed previously.>

The buckling modes of Si NWs were found to be
controlled by the duration of UV/ozone (UVO) treat-
ment of the prestrained PDMS substrates. Several AFM
images in Figure 4 illustrate transition between the two
buckling modes at different UVO treatment times (0, 3,
5, 8, and 20 min). The five NWs had similar diameters
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(within the range of 30 = 5 nm) and the PDMS pre-
strains were all set to be 20%. Without UVO treatment,
the NW followed the in-plane wavy mode (Figure 4a). It
was noticed that the actual strain as measured from
the contour length was ~16% (smaller than the ap-
plied prestrain), which is evidence of in-plane sliding
of the NW. With increase of the treatment time, NWs
gradually exhibited out-of-plane deformation, as can be
seen in Figure 4b. At UVO treatment of 5 min, the out-
of-plane deformation became pronounced, leading to
the oval coiled mode (Figure 4c). However, for further
increase of the UVO treatment time, the out-of-plane
deformation started to disappear, as shown in Figure
4d. Figure 4e shows a NW at UVO treatment of 20 min,
which exhibited the in-plane wavy mode only. Note
that, for a given treatment time, all of the NWs with the
similar diameters underwent the same transition. Also,
the wavelength (or spacing) is approximately constant
during the transition except the first case where sliding
occurred, as shown in Figure 4.

The total system energy is composed of several
parts: the strain energy of the PDMS substrate, the
membrane, and bending energies of the Si NW.2*2628
For the coiled mode, additional torsion energy of the Si
NW exists. The buckling modes are determined as a re-
sult of the minimization of the total system energies.
Note that the coil mode is energetically favorable only
for one-dimensional structures. The strain energy of
PDMS depends on its Young's modulus. UVO treatment
leads to the formation of a continuous “silica-like” layer
on the surface of PDMS.?® As a consequence, Young's
modulus of the PDMS surface was found to increase
with the increasing treatment time.2° On the other
hand, the sliding as observed in Figure 4a changes the
bending and membrane energies of the Si NW. It is well-
known that the UVO treatment can change the surface
properties of PDMS.2"32 The UV light induced ozone
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Figure 3. (a) Planar and (b) 3D AFM images of the coil-like Si
NWs on PDMS substrate. (c) Line-scan profiles of the AFM im-
age in panel a. (d) SEM image (top view) of a coil-like NW.
The arrow marks the part of NW that is embedded in the sub-
strate.

converts the unmodified hydrophobic surface of PDMS
dominated by —Si(CH3),0— groups, to a highly polar
and reactive surface terminated with silanol groups
(—SiOH), which allows reactions with various inorganic
surfaces to form strong chemical bonds.>* In addition,
the surface energy of PDMS increases.>? Therefore, the
interaction (including static friction) between UVO-
treated PDMS and almost all surfaces increases with
the treatment time through enhanced chemical bond-
ing and/or van der Waals force.®** Our recent work
found that the shear strength (static friction per unit
area) between Si NW and PDMS increased rapidly with
increasing UVO treatment time. Details on the study of
static friction between Si NW and PDMS will be reported
elsewhere.® Increased static friction between Si NW
and PDMS prevented the NW sliding, as shown in Fig-
ure 4b—e. In short, the transition between the buckling
modes is likely attributed to combined effects of the
modified Young’'s modulus of PDMS surface and static
friction between Si NW and PDMS. Further investigation
is warranted to understand the relative roles of the
Young’s modulus and static friction.

Extremely large stretchability was demonstrated for
the oval-coiled Si NWs on PDMS. A prestrain just be-
fore the failure strain of the PDMS substrate (~104%
in our case) was achieved. Figure 5a shows representa-
tive AFM images of a single oval-coiled Si NW stretched
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to different levels of tensile strain. The diameter of the
NW was estimated to be 28 nm, and the UVO treatment
was 5 min. The blue arrows in each AFM image indi-
cate the same positions on the substrate (no sliding be-
tween the substrate and the NW) as displacement
markers. Figure 5b shows the corresponding plots of
the spacing and major and minor radii of the oval-coiled
NW as functions of the applied strain. It was found
that the spacing increased consistently from 1.52 to
2.68 m, in linear proportional to the increase of the ap-
plied strain. At the same time, the major and minor ra-
dii of the oval coil gradually decreased as the applied
strain increased, while the ratio between the major and
minor radii increased from 1.71 to 2.77. Our results are
in good agreement with a nonlinear, finite-deformation
model®® in that the wavelength increases in an approxi-
mately linear fashion with the prestrain, while the am-
plitude (major and minor radii in our case) decreases
nonlinearly. This model was originally developed to
study the buckling mechanics of Si ribbons on PDMS
substrate.'®

With the measured parameters including spacing,
major, and minor radii of the coil and NW diameter,
the maximum local strain of an oval-coiled Si NW at a
given applied strain was calculated following the proce-
dure in the Supporting Information and plotted in Fig-
ure 5c¢. It is evident that the maximum local strains are
below the failure strain of the Si NW, which indicates
that the oval-coil shape is effective in mitigating the
maximum strain in the NW and hence explains why
coiled Si NWs were capable of achieving such a large
stretchability. It is important to point out that the ratio
between major and minor radii in the oval-coiled NWs
increased (or decreased) with the increasing applied

Figure 4. AFM images of deformed Si NWs on the PDMS
substrate at different treatment times of (a) 0 min, (b) 3 min,
(c) 5 min, (d) 8 min, and (e) 20 min. The prestrains were all
set to be 20%. Scale bar is 1 pm.
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Figure 5. (a) Representative AFM images of an oval-coiled NW
stretched to different levels of tensile strain (indicated on the left in
percentage). Scale bar is 1 um. (b) Spacing and major and minor radii
of the oval-coiled Si NW as a function of the applied strain. (c) Maxi-
mum strain as a function of the applied strain calculated with mea-
sured parameters of the oval-coiled NW.

strain (or prestrain). For instance, at the applied strain
of 90.1% (or prestrain of 13.9%), the ratio was 2.77, but
at the applied strain of zero (or prestrain of 104%), the
ratio became 1.71. Note that in our case an applied
strain (eappiied) is €quivalent to a prestrain with the value
equal to 1.04 — &,ppiiea. According to Figure 1c, the
smaller ratio in an oval-coiled shape is more effective
in mitigating the maximum local strain. Therefore, the
system seems to be self-adaptive or “smart” to search
for an optimized configuration to reduce the maximum
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local strain (i.e., at a larger prestrain, the system buck-
les into an oval coil with a smaller ratio between major
and minor radii).

Two-terminal devices were fabricated using coiled
Si NWs on a PDMS substrate to demonstrate how these
NWs can be integrated into a fabrication process to pro-
duce functional, stretchable devices. A layer of Ni (400
nm thick) was evaporated through a shadow mask onto
the NW coils to serve as electrodes. In order to im-
prove the electric contact, the devices on PDMS were
annealed at 280 °C for 3 min."”3® Figure 6a shows a
typical two-terminal device with a single coiled Si NW.
Tensile and compressive strains were applied to the
PDMS in the NW axial direction by the Fullam mechan-
ical testing stage loaded in a probe station (Microman-
ipulator). The current—voltage (/—V) response of the Si
NW device was measured simultaneously using tung-
sten probe tips. Figure 6b shows the /—V response as a
function of the applied strain (the prestrain in this case
was 71.2%). A sequence of images at different strain
levels is shown in the Supporting Information. No
systematic variation was observed in the electrical
properties of the devices when stretched or com-
pressed to a large strain range (from —15.3 to 16.5%,
the largest strain range for single NW devices to
the best of our knowledge). The scatter of the data
is mainly due to variations in the quality of probe
contacts. At compressive strains larger than those
examined here, the PDMS bent in ways that made
probing difficult. At larger tensile strains, the |-V
curve changed markedly and did not return to its
original state, likely due to change in the contact re-
sistance at the NW—electrode interface and/or for-
mation of cracks in the metal electrodes.?**” How-
ever, within the strain range reported above, the
device responses did not change appreciably after
many cycles of compressing, releasing, and
stretching.

Before closing, it should be noted that freestanding
helices of semiconductor nanoribbons have been fabri-
cated by scrolling of strained semiconductor hetero-
structures.®® Other similar nanostructures such as coiled
carbon nanotubes and nanowires,>>° SiO, nano-
springs,*' and ZnO nanohelices** can be grown by
chemical synthesis approaches. However, freestanding
coils formed using these methods turned out to be very
challenging to be integrated on flat elastomer sub-
strates for stretchable electronics.'

CONCLUSIONS

Here we have demonstrated the feasibility of fab-
ricating oval-coiled Si NWs on PDMS and their result-
ing excellent stretchability (up to the failure strain
of PDMS, ~104% in our study). Clearly according to
Figure 1¢, the stretchability of the NWs can be fur-
ther increased if a more stretchable substrate is
used. Such a large stretchability of the coiled NWs re-
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lies on their effectiveness in mitigating the maxi-
mum local strain, with a mechanics that is similar to
the motion of a coil spring. The coil shape is instru-
mental in producing a two-terminal, single NW de-
vice that held constant /—V response across a large
range of strain (from —15.3 to 16.5%). Future work
includes improving the contact reliability at

NW —electrode interface and increasing the stretch-
ability of electrodes, such that true functional de-
vices with stretchability over 100% could be possi-
bly achieved. NW-based flexible (bendable) devices
have seen rapid progress;'*>'24434% now the
unique coiled shape makes possible NW-based
stretchable devices. Together with the demon-
strated NW alignment techniques,?”*> coiled NWs
offer promising potential for fabricating multilay-
ered devices for stretchable electronics and other re-
lated applications. Overall, the coiled shape repre-
sents an excellent structural form that can
accommodate large tension and compression and
likely bending and twist, as well. Although the ex-
periments reported here used Si NWs, this approach
should be applicable to other one-dimensional

METHODS

Si NW and PDMS Preparation. Boron-doped (p-type) Si NWs were
synthesized on Si substrates by chemical vapor deposition (CVD)
using gold nanoclusters as catalysts and silane (SiH,) as a vapor-
phase reactant, following the method reported by Wu et al.*®
Poly(dimethylsiloxane) (PDMS) substrates with a thickness of 2
mm were prepared using Sylgard 184 (Dow Corning) by mixing
the “base” and the “curing agent” with a ratio of 10:1. The mix-
ture was first placed in a vacuum oven to remove air bubbles and
then thermally cured at 65 °C for 12 h. Rectangular slabs of suit-
able sizes were cut from the resultant cured piece.
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