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materials is proposed. Our approach involves a combination of prestrain for high stretchability and

embedding for electrical stability and smooth surface. The resulting stretchable conductors exhibit
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Flexible and stretchable conductors are critical components of
emerging microelectronic and optoelectronic devices, such as
flexible light emitting devices, electronic sensors, energy
conversion and storage devices, and smart skin electronics for
health monitoring and diagnostics.” The most widely used
materials in flexible conductors are metal oxide such as indium-
tin oxide (ITO), normally deposited at high temperature under
vacuum condition, but a number of drawbacks, including rising
cost of indium, brittle nature and high temperature processing,
make it unsuitable to prepare stretchable conductors. Recently,
much effects have been devoted to develop alternative conductive
materials to replace conventional metal oxide, such as metal
nanowires, carbon nanotubes (CNTs), graphene, conductive
polymers, and metal grids."™ Among those materials, one-
dimensional conductive materials, including metal nanowires
and CNTs, are very promising candidates for stretchable elec-
trodes due to their novel structures, remarkable intrinsic
conductivity, solution processability, and flexibility,'*** becoming
more competitive in fabrication of flexible and stretchable
conductors through solution process production under ambient
condition, with the advantage of large scale and low cost
manufacturing.

Numerous coating methods have been developed to fabri-
cate nanotube and nanowire percolation networks made from
CNTs and metal nanowires, such as spin coating, spray coating,
drop coating, print coating, rod coating and vacuum filtra-
tion.'?” The percolation networks can then be transferred to
various elastic substrates including poly(dimethylsiloxane)
(PDMS) and poly(urethane acrylate) (PUA) for the fabrication of
stretchable conductors. To date, two main strategic approaches
have been employed to prepare the stretchable conductors. One
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superior electrical stability with stretchability to 50% tensile strain and a 1000 cycle endurance test,
demonstrating their potential as high performance conductors in stretchable electronics.

is the prestrain strategy that nanowire or nanotube percolation
networks are transferred onto a prestrained elastic substrate
and then release of the prestrain.”®*® The prestrain leads to high
stretchability of the conductors, but normally resulting in high
surface roughness and poor electrical stability due to the weak
contact between conductors and matrix. The other is the
embedding strategy that the conductive percolation networks
are directly embedded in elastic matrix and then cure the
polymer matrix.**** The embedding results in low surface
roughness and superior electrical stability because of the tight
contact between conductors and matrix, but the stretchability is
relatively low. In addition, stretchable conductor can also been
realized by printing Ag NWs onto stretchable substrates using
a ink-jet printer.” However, high stretchability, low surface
roughness and stable electrical properties are hard to obtain
simultaneously. Therefore, a general and facile strategy for the
fabrication of highly stretchable, smooth surface and electri-
cally stable conductors made from one dimensional conductive
materials is extremely important.

In this work, we report for the first time a general strategy,
combining the prestrain and embedding methods, for the
fabrication of high performance stretchable conductors based
on one-dimensional conductive materials, such as CNTs and
silver nanowires (Ag NWs). The as-made conductors show high
stretchability, smooth surface, and superior electrical stability
in comparison with that fabricated by conventional methods.
All these advances are expected to enable our strategy more
possibilities for fabrication of high performance stretchable
conductors in stretchable electronics.

The fabrication of the stretchable conductors based on one-
dimensional conductive materials is schematically shown in
Scheme 1. Ag NWs (length: 60 um, diameter: 30 nm) and CNTs
(length: 30 um, diameter: 2 nm) are purchased and used to
prepare the conductors without further purification. In the
method 1 (our method, referred as M1), one dimensional
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nanotube or nanowire networks from CNT or Ag NW dispersion
in ethanol (5 mg ml™") are firstly prepared by spray coating to
form a uniform thin film of CNT or Ag NW percolation networks
on glass substrate, then liquid PDMS are spin coated onto the
surface of networks at 800 rpm. After that, a prestrained PDMS
film is covered on the surface of uncured PDMS layer and
suitable uniform pressure is applied to the system, followed by
curing at 70 °C for 7 h. The hot pressing process lead to strong
adhesion of the uncured PDMS and the prestrained PDMS
matrix, and the curing process also enhance the adhesion of
conductor and matrix. Finally, the CNTs or Ag NWs embedded
PDMS film (referred as CNTs-PDMS and Ag NWs-PDMS) can be
easily peeled off from the glass substrate. A high stretchable
conductor is formed after release of the prestrain. Meanwhile,
two comparable experiments based on conventional methods
(referred as M2 and M3) have been carried out as well.>** In the
M2, after the spray coating of one dimensional conductive
materials onto glass substrates, liquid PDMS are spin coated
onto the surface the networks and subsequently cured, then
CNTs-PDMS films are peeled off. In the M3, after the formation
of networks on glass substrates, a prestrained PDMS film is
directly covered on the surface of the fabricated network and
subsequently hot pressing process, followed by peeling off and
relaxing to an unstretched state.

To investigate the influence of fabrication method on the
film transfer efficiency, three types of stretchable conductors
were prepared as described in Scheme 1. The resistance change
of fabricated conductors before and after the transfer are shown
in Fig. 1a for CNTs-PDMS and Fig. 1b for Ag NWs-PDMS, here
0% prestrain is applied in M2. We have found that both M1 and
M2 samples have similar resistance, which show much lower
resistance in comparison with M3 sample, indicating of higher
transfer efficiency of percolation networks in M1 and M2. This
efficient transfer probably attributed to the stronger adhesion
between one dimensional conductors and PDMS matrix during
the curing process, the adhesion in M3 is weak during the hot
pressing process. More carefully, the resistance of M1 sample is
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Scheme 1l A schematic showing the fabrication process of the CNTs—
PDMS or Ag NWs—PDMS stretchable conductors.
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Fig.1 Resistance comparisons of CNTs—PDMS conductors (a) and Ag
NWs—PDMS conductors (b) fabricated at 0% prestrain before and after
the transfer. (c) Resistance comparisons of CNTs—PDMS conductors
fabricated at 20% prestrain for M1 and M3. Insert: resistance
comparisons of CNTs—PDMS conductors fabricated by M1 method
under different prestrain.

slightly lower than that of M2 sample, suggesting that M1
method has the highest transfer efficiency due to the synergism
of direct curing and hot pressing process. Fig. 1c shows the
effect of prestrain on the resistance of transferred films, here
20% prestrain is applied to fabricate M1 and M3 samples. In the
M1 and M2 samples, the resistance decreases when prestrain is
implemented. Furthermore, three M1 samples with 0, 12% and
20% prestrain have been prepared, the resistance also decreases
with the prestrain increase (inset of Fig. 1c). This is because
prestrained CNTs or Ag NWs can form a more effective electron
percolation network after the release.*> Thus, our strategy
cannot only transfer film efficiently but also achieve high
conductivity.

The morphology of the transferred films were studied by
scanning electron microscopy (SEM). The transferred CNTs-
PDMS and Ag NWs-PDMS films without prestrain were
prepared using M1, M2 and M3 methods. Fig. 2a and c show the
top-view SEM images of CNTs after being transferred and
embedded to PDMS matrix, only scarce CNTs on the very top of
PDMS surface are observed, the majority of CNTs are buried
below the surface. A similar phenomenon is also observed for
Ag NWs-PDMS films, as shown in Fig. 2b and d. When liquid
PDMS is coated onto the percolation networks, the liquid can
penetrate into the networks due to its low viscosity. After the
curing of PDMS, the CNTs or Ag NWs become highly cross-
linked with the matrix, thus leading to the high efficient
transfer and more continuous surface. Compared to M1 and M2
samples, the morphology of M3 samples is different, CNTs and
Ag NWs in M3 sample delaminate from the PDMS substrate and
show the buckling of one dimensional conductive materials, as
shown in Fig. 2e and f, which is consistent with the previous
reported results.” To evaluate the surface roughness, the root
mean square roughness of CNT-PDMS conductors is 69.7 nm
for M1, 109.8 nm for M2 and 122.6 nm for M3. The root mean
square roughness of Ag NW-PDMS conductors is 20.7 nm for
M1, 37.0 nm for M2 and 105.9 nm for M3. Therefore, embed-
ding strategy in M1 and M2 method cannot only obtain smooth
surface but also enhance the adhesion of conductors and
matrix.

To further investigate the prestrain effect on the morphology
of transferred films fabricated by the M1 method. Three M1

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 SEM images of the transferred CNTs—PDMS films without
prestrain based on M1 (a), M2 (c) and M3 (e) methods. SEM images of
the transferred Ag NWs—PDMS films without prestrain based on M1 (b),
M2 (d) and M3 (f) methods. The inset shows the corresponding
magnified images.

samples have been prepared with the prestrain of 0%, 8% and
20%, respectively. Fig. 3 shows the evolution of morphology as
a function of the prestrain. It can be seen that the morphology
of surface is smooth when a prestrain of 0% is applied (Fig. 3a
and b). When a prestrain of 8% is released, strain-induced
surface wrinkling can be monitored in the stretching direc-
tion (Fig. 3c and d). More obvious wrinkling appear with further
increase of the prestrain to 20% (Fig. 3e and f). Meanwhile, no
delamination or debonding or cracks are observed in the
surface of high stretchable films, which is very similar with the
buckled morphology in the literature.** Note that the
morphology of stretchable Ag NWs-PDMS conductors show
smoother surface than that in the stretchable CNTs-PDMS
conductors under the same prestrain condition, thus Ag NWs as
emerging conductors are more promising than others. Based on
our discussion above, it is also expected that the wrinkling
structure can enhance the stretchability and durability of the
transferred films.

To evaluate the performance of stretchable conductors, both
CNTs-PDMS and Ag NWs-PDMS conductors were fabricated
through M1 method, with a prestrain of 20%, the thickness of
each stretchable conductor is 6 um for CNT-PDMS conductor
and 2.5 pm for Ag NW-PDMS conductor. The electrical resis-
tance and sheet resistance were measured over three locations
by using four-point probe method during the tensile test. Fig. 4a
and b show the average resistance and sheet resistance of
CNTs-PDMS conductors as a function of applied strain,
respectively. Compared to M2 and M3 samples, M1 sample
exhibit more stable electrical properties, the resistance and

This journal is © The Royal Society of Chemistry 2017

Fig. 3 SEM images of the transferred CNTs—PDMS films fabricated by
our method when the prestrain of 0% (a), 8% (c) and 20% (e) is released.
SEM images of the transferred Ag NWs—PDMS films fabricated by our
method when the prestrain of 0% (b), 8% (d) and 20% (f) is released. The
inset shows the corresponding magnified images.

sheet resistance remain constant up to 20% strain, which is
approximately equal to the prestrain value in the film forming
process, indicating the electrical stability dependence of fabri-
cation process. Moreover, beyond 20% strain, both of them
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Fig. 4 Comparison of resistance change of the stretchable conduc-
tors as a function of tensile strain for CNTs—PDMS (a) and Ag NWs—
PDMS (c). Comparison of sheet resistance of stretchable electrodes as
a function of tensile strain for CNTs—PDMS (b) and Ag NWs—PDMS (d).
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increase slowly with the strain increased to 50%, with a resis-
tivity variation of 6.6% under 50% strain and change slightly in
sheet resistance, which exhibit higher stretchability compared
with the previous reports.**** The higher stability probably is
attributed to the synergy effects of wrinkling surface structure
by the prestrain and enhanced adhesion by the embedding. As
shown in Fig. 4c and d, Ag NWs-PDMS system also shows
similar trends to that of CNTs-PDMS system. Therefore, our
strategy shows promising for fabricating high stretchable
conductors based on one dimensional conductive materials.

Durability testing was also carried out to study the durability
properties of the M1 samples through multiple strain cycles.
Fig. 5 shows the resistance change under 1000 deformation
cycles, the resistance was recorded by multimeter at discrete
intervals of 50 cycles. Obviously, M1 samples show excellent
robustness under repeated mechanical loading in comparison
with M2 and M3 samples, no significant change of resistance
was observed even after the conductor was stretched for 400
cycles under the strain range of 0-15%, while only a slight
increase in resistance (8.2%) was found after 1000 cycles for
CNTs-PDMS conductor, as shown in Fig. 5a. The fabricated
conductor possess superior cyclic reliability compared with
some previous reported conductors.**® The cyclic number of
our conductor is about 5 times higher than that of the similar
CNT-PDMS conductor at a same strain,* but significantly
higher than the cycle number (50) even though they have a large
strain.”® Note that similar resistance change behaviour was
observed when Ag NWs-PDMS conductor was subjected to
stretching along the prestrain axis, and slight resistance change
of 7% was observed even after 1000 cycles for Ag NWs-PDMS
conductor, as shown in Fig. 5b. The superior electrical stability
of M1 samples during durability testing along with the high
stretchability indicates that they can function as high perfor-
mance stretchable conductors.

Due to high performance in terms of stretchability, durability,
and electrical conductivity, CNTs-PDMS or Ag NWs-PDMS
conductors can be directly integrated to high performance
stretchable electronics. As a proof-of-concept, we demonstrate
a highly stretchable LED circuits with the as-made CNT elasto-
meric conductor as electrical wires. As shown in Fig. 6a, LED is
luminous without an applied strain, and the LED is operational
at over 50% strain without any obvious degradation when the
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Fig. 5 Comparison of resistance change as a function of cycle
number for CNTs—-PDMS conductors (a) and Ag NWs—-PDMS
conductors (b).
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Fig. 6 Optical photograph of the LED-integrated circuits with the
CNTs—PDMS as electrical wires before (a) and after (b) the 50%
stretching. Optical photograph of the LED-integrated circuits with the
CNTs—-PDMS as electrical wires with small (c) and large bending
test (d).

conductor is stretched by increasing the tensile strain (Fig. 6b).
Besides the simple uniaxial stretching, we also demonstrate that
the as-made conductors can be bent in varying bend angles while
maintaining stable electrical conductance, as shown in Fig. 6¢
and d. The above demonstrates that the our strategy is a prom-
ising and universal approach in fabrication of high performance
stretchable conductors in a simple, solution process, scalable,
and potential low cost.

In summary, we have successfully developed a general
strategy for the fabrication of high performance stretchable
conductors made from one dimensional conductive materials.
This strategy, based on the combination of prestrain and
embedding, offers competitive advantages over conventional
methods for the preparation of stretchable conductors. One
thing is that it is a universal method that can be used to prepare
different kinds of high performance stretchable conductors
with various embedded nanomaterials, such as nanotubes and
nanowires. The other is the resulting conductors show high
stretchability (no significant degradation in a large tensile
strain of 50%), smooth surface, and superior electrical stability
(excellent durability over 1000 cycles) in comparison with the
conductors by conventional methods. We believe that our novel
strategy could be broadly applicable for the facile fabrication of
high performance stretchable conductor in future stretchable
and wearable electronics.
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