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Well-Ordered and High Density Coordination-Type Bonding
to Strengthen Contact of Silver Nanowires on Highly
Stretchable Polydimethylsiloxane

Hanleem Lee, Keunsik Lee, Jin Taek Park, Woon Chun Kim,* and Hyoyoung Lee*

1. Introduction

Recently, Ag nanowires (AgNWSs) has had a great interest as a conducting
material for flexible and transparent devices, but it still shows several
problems such as the ultimate detachment of AgNWSs from substrate and a
high contact resistance on AgNW junctions. Therefore, the novel concept to
enhance permanent and closed attachment of AgNWs by silane modification
to polydimethylsilaoxane (PDMS) substrate well known as high stretchable
film with extremly low adhesive is suggested. According to this experiment,
higher sigma (0)-donating ability and hydrophilicity indicate better electrical
and mechanical properties in real device. Especially, densely amine self-
assembled PDMS surface exhibits the strongest contact force to the AgNWs,
especially for junction side, and the longest maintenance of hydrophilicity

by coordination-type bonding. In addition, AgNWs adhere permanently to
stretchable substrates while simultaneously maintaining high transparency
(87%) and high conductivity (27 Q sq”"). Consequently, the resulting AgNW
film shows excellent mechanical durability which includes enhanced perfor-

Need of studying new stretchable, trans-
parent conductive films (TCFs) is being
focused these days for stretchable elec-
tronic devices due to its numerous poten-
tial uses on many devices such as flexible
displays, smart clothing, actuators, and
energy storage devices. Nowadays, several
stretchable conductive film applications
have been introduced, such as a crum-
pled graphene actuators,!' PEDOT:PSS-
deposited FETs,? silver nanowire (AgNW)
conductors, and wrinkled Al,03-graphene-
CNT transistors.®l However, most applica-
tions were designed for non-transparency
use, since the use of a large amount of
conductive materials is required to fulfill a

mance of both flexibility and stretchability.
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low sheet resistance (Ry,) during bending

and stretching stress tests. Recently,

polydimethylsiloxane (PDMS) has been

widely investigated as a possible stretch-
able substrate for electronic devices.! PDMS is highly stretch-
able with linear extensions of up to 30%,° and has durability
due to chemical inertness and thermal stability.’! In addition,
PDMS shows good transparencyl’! and provides an easy and
inexpensive fabrication process.®! In spite of their numerous
advantages, however, there have been few studies related to
stretchable TCFs using PDMS due to poor control of its surface
properties.’) The conducting materials have extremely low adhe-
siveness on PDMS, because of their super hydrophobicity and
fast hydrophobic recovery after surface hydrophilization. Addi-
tionally, they have a strong tendency to adsorb other molecules
onto the surface, which can reduce the conductivity and stability
of a stretchable device. Even worse, the conductive layers can
easily be detached from the PDMS substrate with even weak
mechanical forces applied to the conductive PDMS film, such
as stretching force, providing no stretchable conductive films.
To enhance the attachment of various kinds of materials on
the PDMS surface, researchers has chosen the way to incubate
material into PDMS or to modify PDMS surface. If conduc-
tive material is incubated in PDMS, however, it is hard to apply
for the solar cell, field effect transistor (FET), and display that
shows a laminated structure. Therefore, it must be satisfied to
maintain electrical and mechanical stability within an opened
system.[% Until now, there was no such report about the good
attachment of AgNWs to PDMS substrate not an incubating
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system, nor have there been studies on the changes in the elec-
trical properties, depending on the interfacial states of conduc-
tive material and molecularly modified PDMS substrate. It is
highly necessary to investigate how to attach AgNWs on PDMS
permanently, even when the TCF is stretched and contracted.
Herein, we introduce a novel, stretchable AgNW PDMS
TCF, using several different kinds of molecularly self-assem-
bled polar PDMS substrates. We carefully designed a molecu-
larly silanized PDMS surface with different degree of sigma
(0)-donating polar ability that can give a permanent coordina-
tion-type bond™! and high polarity on stretchable PDMS sur-
faces. The o-donating polar head groups of the pre-silanized
PDMS surface can tightly hold AgNWs through a dipole-dipole
attraction, hydrogen bonding, and metalligand interaction,
and can also squeeze AgNW junctions, providing a highly per-
formed stretchable AgNW TCF. To investigate the adhesion
of AgNWs on the strong o-donating or weak o-donating polar
molecules on the molecularly self-assembled PDMS surface,
various silane compounds having a strong o-donor molecules
including  ([3-(2-aminoethylamino)propyljtrimethoxy  silane
(Si(NNH,)), 3-aminopropyltriethoxysilane (Si(NH,)), 3-mer-
captopropyltrimethoxysilane (Si(SH)) and weak o-donor mole-
cules such as 3-glycidyloxypropyltrimethoxysilane (Si(O)) and
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3-chloropropyltriethoxysilane (Si(Cl)) are chosen. It is highly
expected that Si(NNH,) can have the strongest adhesion with
high transparency, bendability, and strechability (Figure S2,
Supporting Information).

2. Surface Modification

A schematic design of the main process to fabricate GO/
AgNW/Si(NNH,)/PDMS film is shown in Figure 1la. The sur-
face of PDMS is firstly treated with plasma to make an exposed
hydroxyl group, followed by immersion in Si(NNH,) solution.!'?
AgNWs and GO were sequentially deposited on the silane-mod-
ified PDMS surface (see the Experimental Section for details).
The resulting TCF shows a high transparency and high stretch-
ability, as demonstrated in Figure 1a. A red LED lamp is con-
nected to each side of the film, which was luminous during the
bending and stretching tests (Videos S1 and S12, Supporting
Information). The transmittance and reflectance are also
measured with a UV-Vis spectrometer (Figure 1b). The sheet
resistance (Rg,) of this film is 27 Q sq7! with 87% back trans-
mittance at 550 nm, which represents a huge improvement in
both sheet resistance and transparency while being compared
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Figure 1. a) The fabrication procedure of stretchable TCF. The photos show an ON status of the LED light while the film is biaxially stretched to 30%
(upper) and folded (bottom). b) Optical transmittance and reflection spectra of front side (red line) and back side (blue line) of GO/AgNW/Si(NNH,)/
PDMS. The inset indicates that the reflection spectrum of GO side is higher than that of the PDMS side. c) Water contact angles for several modified
substrates: naive PDMS, plasma treated PDMS, NW deposited PDMS after Plasma (P_NW), silanized PDMS using [3-(2-aminoethylamino)propyl]
trimethoxysilane (Si(NNH,)), AgNW PDMS after plasma and silanized (Si(NNH2)/NW).
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with conventional AgNW-based electrodes on PDMS (35 Q sq*
with =80% transmittance).'}l The durability of the hydrophi-
licity is presented in Figure 1lc. Only the plasma-treated sam-
ples including P and P_NW PDMS have fast recovery of the
hydrophobic features in comparison with the molecularly self-
assembled silanized samples, such as Si(NNH,) and Si(NNH,)/
NW. The water contact angle (WCA) of Si(NNH,) PDMS
increases very slowly, and takes a month to reach 76.7° under
atmosphere, while the plasma-treated P sample takes less than
a day. Surprisingly, the WCA of Si(NNH,)/NW is maintained
low at 26-27°, and is almost unchanged, while that of the P_
NW PDMS is high at over 70°, and also increased from 73 to
87°, which indicates the very characteristic role of the NNH,
functional head group in the AgNW. From these WCAs, we can
partially summarize that coordination-type bonding between
AgNWs and the strong o-donating NNH, functional head
group prevents self-healing into a hydrophobic PDMS surface
by disturbing the migration of low-molar PDMS chains and
leads to maintain a low WCA over long period.

3. Various Self-Assembly Silanized PDMS Series

To clearly understand the role of the silane
compounds with different functional head g
groups in the AgNWs, various silanized
PDMSs were prepared. Silane molecules
with NNH,, NH,, Cl, SH, and O functional
head groups were used to control interaction
between AgNWs and the functional head
groups, which help to keep good hydrophi-
licity. Optical images of various silanized
PDMS films are shown in Figure 2a. The
NNH,-modified surface shows a large
number of nanowires with their uniform
alignment, while the NH,-, SH-, and Cl-mod-
ified PDMS surfaces exhibit fewer nanowires
with random positions. The AgNW networks
of the O-modified surface and non-silanized
surface are easily disconnected and/or aggre-
gated, resulting in high Ry, It is believed
that this result comes from a lack of adhe-
sion force of these functional head groups
to the AgNWs, which is confirmed with
AFM images showing obvious differences.

o
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of NNH, manifests as a uniform and inter-
connected network. AgNWs are strongly
adhered to the molecularly NNH-silanized
PDMS surface, so that the AFM images of
the nanowire junctions show buckled struc-
ture, while the other images exhibit plenary
stacked structure (Figure 2b). In addition, it
seems that the surface-nanowire interval on
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exhibit plenary structure, which means that the adhesion force
of NH, and SH groups to the AgNWs is weaker than that of
the NNH, group. It is assumed that the density of NH, and
SH head groups of silanized PDMS film is too low to hold
AgNWs tightly, so that the coordination-type bonding strength
is not enough to overcome the self-healing hydrophobicity of
the PDMS surface. The XPS spectra of amine functional head
groups on AgNWs support this fact. Regarding the concentra-
tion% of Ag and N atoms, the NNH, film shows much higher
values than the NH, films (Figure S7, Supporting Information).
Moreover, NNH, silane molecules seem to be well ordered on
substrate since NNH, film has the lowest root mean square
(RMS) surface roughness (Figure S5, Supporting Informa-
tion). On the other hand, the CI, O, and non-silanized PDMS
films produce very blurry images due to the huge height dif-
ferences and broad deviations of the surface-nanowire interval.
Even after coating with GO, the AgNW junction of NNH, is
more tightly stacked, leading to a decrease of the cross sec-
tional height from 23.7 nm, without GO, to 17.8 nm with GO
(Figure S6, Supporting Information). The resulting GO/AgNW/
Si(NNH,)/PDMS TCF produces the lowest Ry, of 27 Q sq
(Figure 3b). Other films present high Ry, however, even after
GO coating, with values such as 184 Q sq™! (NH,), 303 Q sq!
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the AgNW NNH,-silanized PDMS film is
fixed at approximately 11 nm by its strong
adhesion force (Figure 3a). Surprisingly, the
NH, and SH groups, which are well known
as strong o-donating functional groups, also

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure2. Characterization of various silanized PDMS surfaces. a) Optical micrographs of AgNW/
no silanization (i), AgNW/Si(NNH,) (ii), AgNW/Si(NH,) (iii), AgNW/Si(SH) (iv), AgNW/Si(Cl)
(v), AgNW/Si(O) (vi) on PDMS. b) AFM images of AgNW/Si(NNH,), AgNW/Si(NH,), AgNW/
Si(SH), AgNW/Si(Cl), and AgNW/Si(0). AgNWs of NNH,, NH,, and SH silanized PDMS are
imaged, while those of Cl, O, and non-silanized PDMSs were not readily apparent.
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Figure 3. a) Plots of surface-nanowire intervals measured at 16 different
places for various films: AgNW/no silanization (i), AgNW/Si(NNH,) (ii),
AgNW/Si(NH,) (iii), AgNW/Si(SH) (iv), AgNW/Si(Cl) (v), AgNW/Si(O)
(vi) on PDMS. Standard deviation (SD) of non-silane-treated PDMS is
high (SD = 25.56) because the edge of nanowires float on air, while SD of
NNH, film is low (SD = 1.07). b) Plots of standard deviation of surface-
nanowire interval via different silane group and their corresponding sheet
resistance values.

(SH), 751 Q sq! (Cl), 3093 Q sq! (0), and 2661 Q sq' (non-
silanized PDMS).

The XPS spectra of AgNWs placed on various silanized
PDMS also show how the molecularly silanized PDMS can
interact with AgNWs (Figure 4a,b). The XPS spectra reveal that
the Ag 3d5/2 peak of the AgNW NNH, PDMS film is down-
shifted from 367.51 eV to 367.174 eV, which is a result of the
doping effect of the NNH, functional head groups of the silane
molecule. Amazingly, the downshift phenomena follows the
tendency of a coordination-type bonding ability, which means
that the order of the bond strength between the o-donor func-
tional head groups and the AgNWs is SH>NH,>OEt>CLM" It is
strongly believed that the functional head groups of silane mol-
ecules alter the charge density of the silver nanowires. It is sug-
gested that the interaction of the o donor head group with silver
metal is stronger, and the Ag-ligand binding energy should
be reduced, representing the antibonding Ag-ligand charac-
teristics on the LUMO of the neutral complex.'”! Notably, an
Ag 3d5/2 peak of NNH, appears at 367.174 eV, which is lower
than those of NH, and even SH. The contact force between the
AgNWs and silanized PDMS surface is mainly affected by the
density of the coordination-type bond, not the dipole-dipole
interaction. Therefore, it is suggested that an evenly exposed

Adv. Funct. Mater. 2014, 24, 3276-3283
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surface with low RMS and an extra o-bonding donor group
(-N-) enhances the density of the coordination-type bonding on
the interfacial states. This subsequently leads to a strong con-
tact force, and makes the Ag d orbital of the NNH, film down-
shifted. In addition, when we observed metal Ag (368.2 eV for
Ag 3d5/2, 374.2 eV for Ag 3d3/2) and Ag-X (367.5 eV for Ag
3d5/2, 373.5 eV for Ag 3d3/2) binding energy,'® the NNH, film
presents the largest ratio of [metal Ag]/[Ag-X] intensity, as pre-
dicted. It can be partially concluded that the NNH, PDMS film
has the best interfacial adhesion among the 5 AgNW-silanized
PDMS films. Raman-AFM measurement of the GO/AgNW/
Silane/PDMS film was also carried out. The Raman map and
its surface morphology are monitored to investigate exact G
band shift, which can be used to compare the electrostatic inter-
action force between NNH, and NH,, and also to estimate their
contribution to the electric properties. The G band originated
from the GO, which is directly exposed on the silanized PDMS
film, is almost the same no matter how the NNH, or NH, films
are used (Figure S8, Supporting Information). Nevertheless,
the G band of the NNH, is more shifted from 1568 cm™ to
1596 cm™ than that of NH, from 1568 cm™ to 1593 cm™ in the
case of the junction side (Figure 4d). The reason is that NNH,
provides a better adhesive nanowire junction than NH,, and the
resulting strengthened adhesion provides a greater contribu-
tion for the doping effect of AgNW on GO.

4. Mechanical Stability

The bending and stretching properties were investigated using
a custom-built set of bending machines, and the resulting elec-
trical Ry, of the film is shown in Figure 5a. GO coated onto a
molecularly silanized AgNW TCF is used, since AgNWs can be
oxidized without any over-coating layer. Only 1 or 2 layers (=1 nm)
GOs are deposited for protection from oxidation, but not
for enhancing the mechanical stability of the PDMS TCF.['/]
The Ry, value of the AgNW/Si(NNH,)/PDMS film with a GO
over-coating layer is increased from 28 to 79 Q sq! after 40%
stretching, while that of AgNW/Si(NNH,)/PDMS film without
GO is increased from 31 to 92 Q sq!, which means that both
ratios increased by about 3 times, and their sheet resistances
with and without GO were not changed much. Furthermore,
the GO/AgNW/Si(NNH,)/PDMS film is very stable regardless
of the number of cycles. Ry, changes by only =0.2 over 1000
bending cycles, and the resistance is recovered after bending,
indicating excellent durability. However, the SH, Cl, and non-
modified PDMS films show dramatic changes, because of the
low density of coordination bonding and high hydrophobicity.
The stretchability with respect to uniaxial tensile strain ranging
from 0 to 50% is also measured. The R, value during stretching
is slowly increased within 40% and even the Ry, values upon
releasing is similar with initial Ry, value (AR/R < 2). When
the PDMS film was fully released up to 50% tensile strain, the
Ry, value sharply increases over 538 Q sq! during stretching,
but the Ry, value of the silanized PDMS after releasing from
50% tensile strain stretching decreases to 109 Q sq!, which
indicates an excellent stretchable AgNW silanized PDMS TCF
(Figure S10, Supporting Information). Furthermore, our opti-
mized film maintains around 50 Q sq~! sheet resistance even
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Figure 4. a) XPS spectra of AgNWs on NNH,-modified surface at Ag3d region. b) Ratio of [metal Ag]/[Ag-ligand (X)] intensity of each film. The inset
shows the peak shift of metal Ag3ds, based on molecularly silanized PDMS. c¢) Raman map and AFM image of GO/AgNW/Si(NNH,) film (2 pm x
2 ym). Raman spectra near 500-530, which is related to the Ag source, are extracted, and then their intensity changes appear as a color gradient. d)
Raman spectra near G line to observe the degree of C-C bond stretching. NW junction on NNH, film has a 1596 cm™' G peak, which is up-shifted

relative to that of NH, film.

after 1,000 times of 30% stretching. At first stage, resistivity
is dramatically changed because of residual strain on PDMS,
while it is stabilized over 100 cycles (Figure 5b). Generally
speaking, the resistance change under mechanical stresses can
be easily explained by the disconnection of AgNW networks
according to the delamination of the AgNW junctions as a
result of weak adhesion to substrates.'® The sheet resistance
of a normal PDMS surface that does not have any coordination-
type bonding to AgNWs cannot be returned to the original
state, because AgNWs easily lift their head of AgNWs up from
the substrate. However, AgNWs on NNH, film are not delami-
nated, even without GO, so that the network is easily restored
by itself after removing mechanical forces, even though GO
and/or AgNWs seem to be crumpled during bending or
stretching.['%! To make sure, we observed the surface of the film
using SEM images, before, during, and after stretchability tests
(Figure 5c and Supporting Information Figure S9). The NH,
film (Figure 5c,iv), which has low interaction between the sub-
strate and over-coating layer, exhibits that AgNWs and GO are
easily delaminated after stretching, leading to a rapid increase
sent several crumpled regions during mechanical stress, but
we cannot observe any wavy GO or cracked AgNWs after the

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

releasing step. Only several kink points were found compared
with the initial state (Figure 5c,i), which may have been formed
by residual strain, indicating that the conductivity was still good
(51 Q sq! with 30% stretching).

5. Touch Performance

Figure 6a shows a schematic of a stretchable capacitive AgNW-
based touch pad. This pad consists of two different electrodes.
The bottom electrode is our custom-made stretchable AgNW
PDMS TCF, and the other is an Al membrane. An insulating
GO film is applied as a separator, and its thickness is 100 um.
Silver pastes are attached only at the edges of both electrodes
of the film for applying an external current (Figure 6a,i,ii).
A current is applied, and an output voltage is recorded from
the device. The touch pad device is active through capacitive
coupling®?” with a finger, as shown in the circuit design in
Figure 6a iii. The finger contributes electrical impedance that
is regarded as a body capacitor, and the capacitance can be
increased.l?!l To check whether our TCF can detect signals with
or without a finger, we measured the voltage change, which is
directly related to the capacitance. The NNH, film gives a high

Adv. Funct. Mater. 2014, 24, 3276-3283
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Figure 5. Electrical property. a) The ratios of sheet resistance change of GO/AgNW/SAM/PDMS films versus number of bending cycles. The ratios of
sheet resistance for NNH, (black line) and NH, film (red line) show a little change, while that of SH, Cl, No silanized film present dramatic change.
The inset provides a photo for a setup of the bending test. b) Stretchable stability along number of stretching (&€ = 30%), the inset illustrate the sheet
resistance with respect to uniaxial strain during stretching (blue line) and after releasing (green line) for AgNW/Si(NNH,)/PDMS film. c) SEM images
of GO/AgNW/ Si(NNHy)/PDMS film before (i), during (ii), after (iii) 20 times stretching (& = 30%), and that of GO/AgNW/ Si(NH,)/PDMS film after

20 times stretching (€ = 30%),(iv), respectively.

ON/OFF ratio (Figure 6b). In the “OFF” state (before a touch),
the peak-peak voltage amplitude is 0.1 V, but in the “ON” state
(after a touch), it increases significantly to 4.4 V. The ON/OFF
voltage ratio of the NNH2 film is approximately 44 (Figure 6b).
In addition, the touch pad gives a fast touch rate and high sen-
sitivity. The electrical response with 0.5-Hz touch frequency is
neat and repetitivel?? (Figure 6e). The results of the stretchable
AgNW NNH, PDMS film are quite good, compared with those
of the custom-made ITO/Glass touch pad, which shows an ON/
OFF voltage ratio of 65 (0.038 V in the OFF state and 2.5 V
in the ON state) (Figure 6d). For a stretchable touch pad, we
also investigated the ON/OFF voltage ratio using 40% stretched
NNH, film, since the mechanical durability of the transparent
conductors is very important for the operation of flexible touch
panels. The ON/OFF voltage ratio of the stretched film is
around 24.6 (0.15 V in the OFF state, 3.8 V in the ON state)
(Figure 6¢). In this regard, it is highly expected that the new
stretchable PDMS touch pad can be applied to a real touch
screen prototype.

Adv. Funct. Mater. 2014, 24, 3276-3283
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6. Conclusion

The integration of AgNWs onto well-ordered and high density
silane modified PDMS substrate has been achieved for mechan-
ically improved transparent conductive films. We successfully
demonstrated a permanently silanized surface modification
of PDMS with 5 different functional head groups, including
NNH,-, NH,-, SH-, Cl-, and O-silane derivatives, through a
simple, easy, and cheap self-assembly technique. As expected,
stronger sigma-donating functional head groups allowed for
closer AgNW junction contacts through strong coordination-
type bonding between AgNW and the molecularly signalized
PDMS, exhibiting a uniform surface of the AgNW network and
a prolonged hydrophilicity, and finally producing high conduc-
tivity and high stability in a highly stretched state. It is believed
that a large amount of aligned functional groups, which can
chemically bond with AgNWs, promote permanent adhesion
on junction side and lead to excellent electrical and mechanical
properties in real device. Thus, this film can be applied to a
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NH2, SH, O, and Cl) silane solutions in ethanol,
and heating to 60 °C for 90 min. Depending on
reaction temperature, PDMS showed different
mopholgy (Figure S3, Supporting Information).
Subsequently, substrates were dipped and washed
with ethanol. AgNW and GO were deposited one
by one on this silanized PDMS film. 0.5 mg mL™"
of AgNW aqueous solution was spin-coated at 500
rpm for 90 s, which was repeated 3x. The resulting
AgNW/Silane/PDMS film was then dried in an
oven at 65 °C for 30 min. Finally, 0.1 mL of GO
nanosheets in aqueous solution (concentration =
0.1 mg mL™") was spin-coated at 4000 rpm onto the

C.* AgNW/Silane/PDMS film.

N Characterization of Samples: To measure
the resistance and electrical stability of GO/
’1 Ratio = 44 21 AgNW/Silane/PDMS  film, 5-nm Ti/50-nm Au
%1, %1_ top electrodes with a distance of =130 mm
2 > were deposited by an E-beam evaporation. The
= °1 = 04 R, values of these films were measured with a
> >, Keithley 4200 semiconductor characterisation
»] N system at room temperature under vacuum.
OFF ON 2 OFF ON The bendabilities of GO/AgN\X//SlIane:/PDMS
3 : . . ; y y y ; T film were analysed using a custom bending test
N i . o A # ’ b = v ” ” tem. Two terminal measurements were used

d ¢ Time(s) C. Time(s) tsc);smor;itor the change i i f each fil
. 3] ge in resistance of each film.
3l The curvature radius of the bended film was
21 about 1 cm. The Ry, values were recorded when
7 - 21’ the film is straight. The morphologies of each
% 1] Ratio = 65 g 04— sample were characterised by SEM (FEI NOVA
= . 811 NanoSEM 200 or JEOL JSM-7600F), AFM (Digital
5 ] §2 Instruments  D3100, PSIA XE-100 or Agilent
> 7 5500 AFM/SPM), and OM (Olympus BX5T,
5] -34 Microscopes Inc. wm003900a S39a, or Sometech
OFF ON -4+ Vision Camscope). WCA measurements were
2 \ . . . v y w w ; v v performed to determine the wettability of the film
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Figure 6. a) Schematic structure of capacitive AgNW PDMS touch pad. GO coated as a sepa-
rator is laid on a GO/AgNW/Si(NNH,)/PDMS and then Al membrane is placed (i) and photo-
graph of a real demonstration (ii). Electrical circuit design with the coupling of the finger (iii).
(b-e) Measured electrical responses before and after finger touch (I, = 1071° A). The ON/OFF
ratio is =44 for AgNW/PDMS (b), =24.6 for a 40% stretched AgNW/PDMS (c), and =65 for

ITO/Glass touch pad (d). e) Sensitivity test for 0.5-Hz touch frequency.

wide variety of the stretchable and wearable solar cells, flexible
displays and many other stretchable bio-electrodes.

7. Experimental Section

Materials: Silicone kit(SYLGARD 184), silver nanowires(ClearOhm
with average diameter: 30 nm, length: 25 pm) and graphene
oxide were used in this study. The GO nanosheets described in a
previous report?3] (flake size = 0.05 mm, single layer) were prepared
using a modified Hummers method,? and nanowires were
deposited on films by Samsung Electro-Mechanics (Suwon, Korea).
[3-(2-aminoethylamino) propyl] trimethoxysilane (NNH,), 3-Aminop
ropyltriethoxysilane(NH,), 3-Mercaptopropyltrimethoxy silane (SH),
3-Glycidyloxypropyltrimethoxysilane (O), and 3-Chloropropyltriethoxysila
ne(Cl) were purchased from Sigma-Aldrich, and used as received.

Preparation of PDMS Based TCF: PDMS (SYLGARD 184, Dow
Coming) was mixed at a 10: 1 weight ratio.[’l PDMS substrate was pre-
treated with 50-sccm O,/Argon plasma for 60 s to generate free surface
oxygen groups (FEMTO Science, KOREA). Then, this layer was covalently
provided with several functional groups by incubation with 10% (NNH2,
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surfaces using an SEO Phoenix 300 microscope.
The optical transmission and reflectance profiles
of the films were recorded on a Varian Cary 5000
UV-Vis spectrophotometer and a Konica Minolta
Horizontal Spectrophotometer CM-3600D. Linear
raman spectra was measured on a Jobin Yvon/
Horiba LabRAM Aramis Raman microscope
equipped with a 633-nm laser. AFM - Raman
spectra was measured on a NTEGRA Spectra PNL
instrument with a 633 nm laser (mapping software:
LabSpec5). A VG Microtech ESCA 2000 equipped with a Mg/Al source
was used to analyse the surface chemical bonding states M).[2¢l

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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