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O
ne-dimensional (1D) nanomaterials
have been used in a broad range
of flexible/stretchable technologies

ranging fromphotovoltaics and electronics to
sensors and energy harvesting/storage.1,2 In
these flexible technologies, nanomaterials are
typically bonded onto polymeric or plastic
substrates. In addition to the competent elec-
tronic performance of these nanomaterials,
their flexibility and interface interaction with
the substrate also play important roles. Silicon
(Si) nanowires (NWs) are one of the key build-
ing blocks for nanoscale electronic, photonic,
and electromechanical devices.3�5 For stretch-
able electronics, buckling-induced coiled or
wavy shape of Si NWs on elastomeric sub-
strates offers an effective approach to in-
crease the stretchability of the devices.6,7 In
this case, the static friction (in the horizontal
direction in contrast to the commonly used
term, adhesion that is in the vertical direction)
plays the key role in holding the NWs in
deformed shapes.6,7 In addition, scalable as-
sembly of NWs is an enabling step for fabri-
cating integrated, functional devices. The
static friction between NWs and substrates is
also critical in the NW assembly process.8�10

Si NWs have been found to possess excellent
mechanical properties including flexibility/
stretchability.11�13 However, the surface
interaction between Si NWs and elastomeric
substrates is largely unknown.
Atomic force microscope (AFM)-based

single-asperity measurements have seen
significant progress in nanoscale interface
mechanics.14�16 However, mechanics studies
on the interfaces between 1D nanomaterials
and substrates are limited.17 For adhesion
measurement, AFM or nanomanipulators
were used to conduct peeling tests of
nanostructures from a substrate or from
each other;18,19 for kinetic friction mea-
surement, AFM or microfabricated devices
were used to slide nanostructures on a
substrate and record the friction force;20,21

for static frictionmeasurement, AFM or nano-
manipulators were employed to manipulate/

deform nanostructures either parallel or nor-
mal to a substrate.17,22�26

In this paper, we report direct measure-
mentsof the static friction forceand interfacial
shear strength between Si NWs and poly-
(dimethylsiloxane) (PDMS) for the first time.
A micromanipulator was used to manipulate
and deform the NWs under a high-magnifica-
tion optical microscope. The static friction
force wasmeasured based on “themost-bent
state” of the NWs.22 The static friction and
shear strength were found to increase rapidly
and then decrease with the increasing ultra-
violet/ozone (UVO) treatment of PDMS.Water
contact angle on PDMS was independently
measured as a function of the UVO treatment
time, which suggested that the UVO-induced
hydrophobic-to-hydrophilic conversion of the
PDMSsurfacewas responsible for the increase
in static friction, while the hydrophobic recov-
ery effect contributed to the decrease. PDMS
possesses a unique combination of material
properties including high stretchability over a
wide temperature range, low toxicity, high
electrical resistance, and long-term endurance,
whichmakes it an important substratematerial
for flexible technologies.1,27 The experimental
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ABSTRACT This paper reports the first direct measurements of static friction force and

interfacial shear strength between silicon (Si) nanowires (NWs) and poly(dimethylsiloxane)

(PDMS). A micromanipulator is used to manipulate and deform the NWs under a high-magnification

optical microscope in real time. The static friction force is measured based on “the most-bent state”

of the NWs. The static friction and interface shear strength are found to depend on the ultraviolet/

ozone (UVO) treatment of PDMS. The shear strength starts at 0.30 MPa without UVO treatment,

increases rapidly up to 10.57 MPa at 60 min of treatment and decreases for longer treatment. Water

contact angle measurements suggest that the UVO-induced hydrophobic-to-hydrophilic conversion

of PDMS surface is responsible for the increase in the static friction, while the hydrophobic recovery

effect contributes to the decrease. The static friction between NWs and PDMS is of critical relevance

to many device applications of NWs including NW-based flexible/stretchable electronics, NW

assembly and nanocomposites (e.g., supercapacitors). Our results will enable quantitative interface

design and control for such applications.

KEYWORDS: nanowire . PDMS . static friction . interfacial shear strength . adhesion .
UVO treatment
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method presented in this paper can be easily extended
to other types of substrates (e.g., plastics).

RESULTS AND DISCUSSION

A contact printing method was used to dry transfer
the Si NWs6,9 to the PDMS substrates. Subsequently, the
frictionmeasurementswere carriedout in a probe station
(Micromanipulator 6200) under ambient condition (with
temperature of the laboratory ∼23 �C and the relative
humidity ∼50%). A tungsten probe was manually con-
trolled to manipulate and deform NWs; the resolution of
probe movement in all three orthogonal directions is
0.5 μm. The entire process was monitored under an
optical microscope (1000� magnification). AFM (XE70,
Park Systems) was used to take high-resolution images of
the NWs before and after the manipulation. Figure 1
shows a typical NW manipulation process: (a�d) are
optical images; (e) and (f) are AFM images corresponding
to (a) and (d), respectively. The arrows indicatewhere the
probe pushed the NW. The NW was progressively bent
until a critical state was reached, which is the most-bent
state. The shape of the NW results from competition
between the elastic restoring force of the NW and the
static friction at the NW/substrate interface.22,23 At the
critical state, the elastic restoring force is in equilibrium
with the lateral static friction force along the NW. In order
to ensure our NWs reached the most-bent state, we
always bent them beyond this state (certainly without
breaking them), as shown in Figure S1a in the Supporting
Information. Upon retraction of the manipulator tip, the
elastic restoring forcewas large enough to bring theNWs
back to equilibrium, as shown in Figure S1b. The resolu-
tion of our micromanipulator (0.5 μm in this work) was
not fine compared to AFM but sufficient for our purpose,
indeed, because we always pushed a NW beyond the
most-bent state and let the NW itself relax back. The

advantage, however, was the real-time observation and
easy control of the manipulation process.
In the following, we analyze the static friction force

from the most-bent state.24 This method assumes that
bending deformation contributes predominantly to
the strain energy, while the contributions due to axial
stretching and transverse shear are negligible. In addi-
tion, this method assumes the NW slopes and curva-
tures are smooth (i.e., no fracture or kinking), which is
true for all the NWs in our experiments (as shown in
Figure 2a). This is because Si NWs possess a large
fracture strain as found in our previous work.11

In thismethod, the image of a bent NWwas digitized
using DataThief software28 to obtain the Cartesian
coordinates (x, y) of each centerline point along the
NW. The curvature along the length of the NW is
given by

dθ

ds
(s) ¼ 1

F(s)
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2x

ds2
(s)

� �2
þ d2y

ds2
(s)

� �2s
(1)

where θ(s) is the angle between ds and dx, as indicated
in Figure 2a, and x(s) and y(s) as function of s are shown
in Figure S2. With the curvature along the NW known,
the strain energy distribution per unit length, as shown
in Figure 2b, is calculated

Us(s) ¼ EI

2
dθ

ds
(s)

� �2
(2)

where E is the elastic modulus and I is the moment of
inertia of the NW (I = (5

√
3)/(144)D4, D is the diameter of

theNW). Considering the size effect on elasticmodulus of
Si NWs, the size-dependent modulus is used in our
analysis.11 Note that Si NWs in this work are oriented in
the [111] direction and possess hexagonal cross sec-
tions.11,29 D is the height of the NW (distance between
two parallel edges of the hexagon) as measured by AFM.

Figure 1. Optical and AFM images showing the manipulation process of a NW. (a�d) Optical images; (e,f) AFM images
corresponding to (a) and (d), respectively.
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The lateral friction force per unit length, as shown in
Figure 2c, is related to the third derivative of θ(s)

f (s) ¼ � EI
d3θ

ds3
(s) (3)

The static friction force per unit length (F) is the
maximum lateral friction force along the length of the
NW at the most-bent state. The interfacial shear
strength (τ) is the static friction force per unit length
divided by the contact width. A key step in this analysis

method is the numerical differentiation (derivative) as
involved in all three equations. The data are smoothed
using a five-point moving average method before the
numerical differentiation;30 the first derivative data are
also smoothed using the five-point moving average
method before the second derivative; this process is
repeated until the third derivative of θ(s) is obtained.
We emphasize that this analysismethod is theoretically
accurate; the approximation comes from the numerical
differentiation. Our smoothing-differentiation proce-
dure turned out to yield reliable friction force data, as
shown in Figure 3.
Figure 3a shows the static friction force per unit

length between Si NWs and PDMS as a function of UVO
treatment time. For each treatment time, three to five
NWswere tested. All of theNWsused in this study ranged
from 35 to 55 nm in diameter (D) and 4�8 μm in length.
For treatment time less than 20 min, the friction force
increased modestly from 0.006 to 0.06 N/m. When the
treatment time increased from 20 to 45 min, a rapid
increase in friction force was observed. The friction force
decreased for longer treatment time (beyond 60 min). In
addition, no dependence on the NW orientation on the
substrate was found in all of our experiments.

Figure 2. (a) AFM image of a NW at the most-bent state,
where the data points were digitized using DataThief. The
geometric relationship was shown in the inset. (b,c) Strain
energy and lateral friction force distribution along the NW
shown in (a), respectively.

Figure 3. (a) Static friction force and (b) interfacial shear
strength between Si NWs and PDMS substrate at different
UVO treatment times.
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To calculate shear strength between Si NWs and
PDMS, one needs to determine the true contact area
between them, which is nontrivial.14 Since the NWs are
long and compliant, they are expected to have inti-
mate contact with the substrate,20 especially consider-
ing the roughness of the PDMS substrate before or
after the UVO treatment is very small (as shown in
Figure S4). In addition, our measurement is local in
nature; the static friction (i.e., maximum lateral friction
as measured following eq 3) is expected to occur at a
specific location. Therefore, we assume the contact
area is the flat side surface of the NW. The shear
strength τ was obtained by setting the contact width
w = D/

√
3 (for hexagonal cross sections as for the Si

NWs used in our work). The maximum shear strength
was ca. 10.57 MPa at 60 min of UVO treatment, as
shown in Figure 3b.
PDMS is a silicon-based rubber material with highly

hydrophobic surfaces. Various techniques have been
utilized to modify the surface properties of PDMS.31,32 As
part of the oxygen plasma treatment family, UVO treat-
ment converts the�OSi(CH3)2�groupsonPDMSsurface
into�OnSi(OH)4�n terminated groups27 and forms a thin
and brittle silica-like layer on the surface. The increase of
silanol groups (Si�OH) is at theexpenseofmethyl groups
(�CH3); X-ray photoelectron spectroscopy (XPS) study
of atomic composition of PDMS surface revealed that
the carbon content decreased, the oxygen content
increased, while the silicon content remained almost
unchanged with increasing exposure time.33�35 As
silanol groups are polar in nature, UVO-treated PDMS
surface becomes highly hydrophilic and can react
with various inorganic surfaces such as glass, silicon,
silicon oxide, and quartz to form strong siloxane
(Si�O�Si) bonds through condensation reactions.27

UVO treatment is very similar to the oxygen plasma
treatment in the surface modification of PDMS, ex-
cept that UVO treatment is a much milder process.
UVO treatment of PDMS has been widely used in
sealing microfluidic channels,27 increasing adhesion
force for soft lithography,36 and fabricating stretch-
able electronic devices.37

Without UVO treatment, the interaction between Si
NWs and PDMS was based on van der Waals force. The
shear strength value measured in our experiments
(0.30 MPa) is much smaller than those obtained with
AFM measurements.14,38 On the other hand, in several
experiments with pushing nanoparticles or NWs on
substrates, values as small as 0.05�1 MPa were indeed
reported.21,39,40 Moreover, our results are in close agree-
mentwith the static frictionmeasurements between InAs
NWs and silicon oxide or silicon nitride substrates.22,23

With the UVO treatment, the interaction was based on
chemical bonding (siloxane bond). The concentrations of
the surfacemethyl groups and siloxane bonds decreased
and increased, respectively, in an exponential fashion
with the UVO treatment time.41 This agreed very well

with the rapid increase in the shear strength for UVO
treatment up to 30 min as observed in our case.
The effect of UVO treatment on PDMS was indepen-

dently investigated by water contact angle measure-
ments. The change of water contact angle is directly
related to the concentration of surface hydrophilic
functional groups.42 Figure 4a shows water contact
angle as a function of the UVO treatment time. For a
given treatment time, the contact angle was measured
three times, 0 (immediately), 2, and 4 h after the treat-
ment, respectively; 2 and 4 h were chosen here since the
manipulation process of NWs (for friction measurement)
typically took 2�4 h. The water contact angle decreased
with the increase of UVO treatment time. Decrease of the
contact angle is indicative of increase of the hydrophilic
groups on the surface33,43,44 and thus increase of chances
to form chemical bonds with Si NWs. The contact angle
measurement was consistent with our friction force
measurement. Figure 4b plots shear strength as a func-
tion of water contact angle (average value of the 2 and
4 h post-treatments). This confirmed that the increase of
hydrophilic groups on the PDMS surface was responsible
for the increase in static friction force and shear strength.
The bond strength and water contact angle between

Figure 4. (a) (Left) water contact angle as a function of UVO
treatment time and (right) images showing water contact
angles at different treatment times (0, 20, 30, 50, and 90
min, immediately after UVO treatment). (b) Shear strength
as a function of water contact angle. The water contact
angle is the average value of those 2 and 4 h after UVO
treatment. The increase of shear strength is in line with the
decrease of water contact angle.
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plasma-treated PDMS and glass showed similar relation-
ship at relatively short treatment time.45 We note that
relative large scatter in the shear strength exists for the
water contact angle between 60 and 70�. For this range
ofwater contact angle, theUVOtreatment timewasquite
long (45, 60, 75, and 90 min), and the hydrophobic
recovery effect (to be discussed) was pronounced. The
water contact angle highly depended on the post-treat-
ment time especially for the long UVO treatment time
(see Figure 4a). The NW manipulation process typically
took 2�4 h. It is likely that the large scatter is due to the
uncertainty in the post-treatment time when the NW
manipulation was conducted.
It is interesting to note that the friction force and

shear strength decreased for UVO treatment over
60 min. A similar behavior was observed previously in
the bond strength between plasma-treated PDMS and
glass;45,46 it was attributed to the formation of cracks
on the PDMS surface and the increase in surface
roughness when overexposed. We characterized the
UVO-treated PDMS surface with AFM and scanning
electron microscopy (SEM); however, no crack was
found for a treatment time up to 120 min, as shown
in Supporting Information Figure S3. Noncontact AFM
imaging of UVO-treated PDMS revealed that surface
roughness (Rq) actually decreased for short treatment
time and remained nearly constant for longer treat-
ment time, as shown in Supporting Information Figure
S4. For each treatment time, the roughness data were
obtained from at least three different locations on the
surface. Our results ruled out the contributions of
cracks and increasing surface roughness to the ob-
served decrease of friction force.
Surface hydrophobic recovery is likely the major

mechanism for the decrease in friction force at longer
treatment time. Free low-mass-molar chains, which are
formed by chain scission reactions during the UVO
treatment or intrinsically present as residues from the
polymerization in PDMS preparation, could migrate to
the surface after the treatment.47 Excessive silanol bonds
on the surface lead to surface chain scission reactions and
reduce the number of silanol bonds.45 As a result, the
density of the siloxane bonds with Si NWs decreases and
so does the static friction. Such an effect becomes more

pronounced with the increasing post-treatment time.
Surface hydrophobic recovery has been observed by
the water contact angle measurement and XPS study.33

Our water contact angle measurements also revealed
such a recovery effect; see Figure 4a. The recovery effect
was dependent on thepost-treatment time in addition to
the treatment time. The recovery effect was stronger for
longer treatment time; for the same treatment time, the
recovery effect increased with the increasing post-treat-
ment time. For UVO treatment longer than 60 min, the
recoveryeffectwas sopronounced that the contact angle
even started increasing after 2 h of post-treatment. The
water contact angle measurements strongly suggested
that surface hydrophobic recovery was responsible for
the observed decrease of friction force.

CONCLUSIONS

We have reported direct measurements of static
friction force and interfacial shear strength between
Si NWs and PDMS substrate. UVO treatment was found
to convert the unmodified hydrophobic surface of
PDMS to a highly polar and reactive surface, which
formed strong siloxane bonds with Si NWs. As a result,
the static friction force increased to the maximum
value of ∼0.236 N/m at ∼60 min of UVO treatment,
corresponding to the shear strength of 10.57 MPa. The
effect of hydrophobic recovery of the treated PDMS
surface contributed to the decrease in friction force at
longer treatment time. The static friction between NWs
and PDMS plays a critical role to hold the NWs in
deformed shapes, which is important for a variety of
applications ranging from NW assembly to NW-based
flexible electronics and sensors to nanocomposites
(e.g., supercapacitors).48 Our measurements will con-
tribute to rational interface design and control for such
applications. Furthermore, quantifying the effect of
UVO treatment on PDMS provides valuable guidelines
for selectively tuning the interactions at NW/PDMS
interfaces, which might provide a simple route for
patterned printing of NWs on PDMS.2,49 The metho-
dology presented in this study can be used to investi-
gate static friction between other types of 1D
nanomaterials (e.g., carbon nanotubes) and substrates
(e.g., plastics).

METHODS

Preparation of Si NWs and PDMS. Si NWs were synthesized on Si
substrates by chemical vapor deposition (CVD) using gold
nanoclusters as catalysts and silane (SiH4) as a vapor-phase
reactant, following the method reported previously.3,29 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 mixture was first placed in a
vacuum oven to remove air bubbles and then cured at 65 �C for
12 h. Rectangular slabs of suitable sizes were cut from the cured
piece.

NW Manipulation Process. NW manipulation was performed in
ambient condition on a probe station. A tungsten probe (7B-2
from Micromanipulator Company Inc.) was mounted to the micro-
manipulator, which can move in three directions. Every NW was
bent beyond the most-bent state and then relaxed to the most-
bent state after retracting the manipulator probe (Figure S1). The
competitionbetween lateral friction force andelastic restoring force
brings the NW back to an equilibrium state. Most NWs used in this
study ranged from ∼4 to∼8 μm in length.

UVO Treatment of PDMS. The PDMS slabs were radiated under
the UV lamp (low-pressure mercury lamp, 30 μW/cm2 for
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254 nmand 16μW/cm2 for 185 nmat the distance of 20 cm from
the lamp, BHK) with the assistance of UV-generated ozone. UVO
treatment is a photosensitized oxidation process in which the
molecules of the treated material are excited and/or disso-
ciated by the absorption of short-wavelength UV radiation.
The UV-light-induced ozone converts the unmodified hydro-
phobic surface of PDMS dominated by �Si(CH3)2O� groups
to a highly polar and reactive surface terminated with silanol
groups (�SiOH). In addition, the UVO treatment generates a
silica-like layer (SiOx containing a small amount of carbon) on
the surface of PDMS.41,43,50

Contact Angle Measurement. The water contact angle was
measured using the sessile drop method. The experiments were
performed using a simple custom-made setup that includes a CCD
camera, a horizontal stand, a light source, a syringe, and syringe
holder. PDMS samples were placed on the horizontal stand. The
syringe was fixed vertically about 4 mm on top of the PDMS
surface using the syringe holder. Static contact angle was mea-
sured by applying a single drop of deionized (DI) water to the
PDMS surface. Eachdata point reported in this paper represents an
average of five measurements on different areas of the same
sample and has an error less than (2.5�.
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