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Abstract

Stretchable electronics are poised to revolutionize personal healthcare and robotics where they
enable distributed and conformal sensors. Transistors are fundamental building blocks of
electronics and there is a need to produce stretchable transistors using low-cost and scalable

fabrication techniques. Here, we introduce a facile fabrication approach using laser patterning and



transfer printing to achieve high-performance, solution-processed intrinsically stretchable organic
thin-film transistors (OTFTs). The device consists of Ag NWs electrodes where the source and
drain electrodes are patterned using laser ablation. The Ag NWs are then partially embedded in a
polydimethylsiloxane (PDMS) matrix. The electrodes are combined with a PDMS dielectric and
polymer semiconductor where the layers are individual transfer printed to complete the OTFT.
Two polymer semiconductors, DPP-DTT and DPP-4T, are considered and show stable operation
under cyclic strain of 20% and 40%, respectively. The OTFTs maintain electrical performance by
adopting a buckled structure after the first stretch-release cycle. The conformability and
stretchability of the OTFT is also demonstrated by operating the transistor while adhered to a finger
being flexed. The ability to pattern highly conductive Ag NW networks using laser ablation to
pattern electrodes as well as interconnects provides a simple strategy to produce complex

stretchable OTFT-based circuits.



1. Introduction
Stretchable electronics can add valuable new functionality to a large variety of applications,
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including wearable health monitoring,! soft robotics,® and electronic skin.”® Organic
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semiconductors and nanomaterial-enabled conductors are of particular interest due to their
ability to be integrated into intrinsically stretchable platforms. While the organic semiconductors
and nanomaterials are themselves not usually inherently elastomeric, through integration with
elastomers that provide a restoring force upon stretching results in stretchable and electronically
functional composites. Achieving intrinsic stretchability, where the entire device is able to stretch
in an elastic fashion, allows for intimate and conformal contact to curvilinear, soft, and stretchable
surfaces.®!? This attribute is beneficial in a number of ways, where for example, attaching to
human skin would improve comfort and sensing performance. A primary device of interest is
organic thin film transistors (OTFTs), which are fundamental building blocks of electronics and
have been used to make stretchable sensors, displays and logic circuits.!®!22%22 To achieve
intrinsically stretchable OTFTs, all components of the device need to be stretchable including the
semiconductor, dielectric, and electrodes. To meet this need, there has been a considerable amount
of research on achieving stretchable polymer semiconductors and semiconductor / elastomer
composites. A variety of strategies have been employed from molecular design to improve
deformability and elasticity,?® to forming an interpenetrating network of polymer semiconductors

in an elastomer matrix.2*27

These approaches have led to a number of demonstrations of fully
stretchable OTFTs.512:232426 I addition to the polymer semiconductor there is the need for
stretchable electrodes and interconnects. Approaches to achieve intrinsically stretchable

conductors that may be suitable as electrodes in OTFTs include the use of conductive polymers,?

30 carbon nanotubes (CNTs),'® and metallic nanowires (NWs),!31-32 as well as a number of other



nanomaterials.’*> CNTs and Ag NWs have been particularly successful when embedded in an
elastomer matrix by forming a percolation network that can maintain electrical conductivity while
being stretched.>® While both approaches offer unique capabilities, Ag NWs exhibit higher
conductivity and potentially lower cost.!637 As a result there has been interest in using Ag NWs
to realize stretchable transistors. Liang et al. demonstrated a stretchable transistor with a
semiconducting CNT channel and Ag NW electrodes spray coated through a shadow mask.* Lu
et al. demonstrated a stretchable OTFT with spray coated Ag NWs.*! In this demonstration the
NWs were spray coated directly on the polymer semiconductor layer. However, when cyclically
stretched by 40% strain the OTFT charge mobility was found to drop by over an order of
magnitude in the strained state. Kim et al. demonstrated stretchable organic electrochemical
transistors (OECTs) that employed Ag NWs with Au nanoparticles that were drop cast and
patterned by lift-off using a kapton tape.?® These reports demonstrate the potential of Ag NWs as
an effective stretchable electrode. However, the processing methods have limitations. Spray
coating requires compatibility of the solution with the surface its coating and the deposition quality
is dependent on the ink viscosity, the evaporation rate, and the mask feature size. Using kapton
tape in a lift off process demonstrated by Kim et al. would be challenging to scale up with high
dimensional resolution. One could extrapolate the concept to photolithographic processing,’!
however this approach may result in unintended NW removal during photoresist lift-off, as well
as concerns of cost.

Here, we report intrinsically stretchable OTFTs that can be stretched by over 40% strain and
maintain consistent performance over a large number of stretching cycles. All components are
intrinsically stretchable and solution processed. The electrodes consist of Ag NWs embedded in a

polydimethylsiloxane (PDMS) matrix. Importantly, the source and drain electrodes are patterned



with a COz> laser providing a simple and scalable fabrication method. CO> lasers benefit from being
low-cost and provides precise pattern control.*>** The laser ablation of the NWs was performed
on quartz substrates, which significantly improves pattern quality relative to soda lime glass and
plastics. Two conjugated polymers are considered for the semiconductor layer, DPP-DTT and
DPP-4T, with molecular structure shown in Figure 1. These polymers were chosen given their
ductility and high charge mobility.!??”#* Finally, the OTFT dielectric was a thin layer of PDMS.
Each of the device layers are processed on a separate substrate and then transfer printing is used
to produce stand-alone stretchable OTFTs. The use of transfer printing provides a simple route to
fabricate the devices where each layer can be separately optimized and then brought together
during device fabrication. For example, transfer printing allows for the electrodes to be processed
separately where the NWs initially buried under a PDMS matrix can be reoriented as necessary to
make efficient electrical contact with other device layers. The use of transfer printing also
overcomes the difficulty of casting the polymer semiconductor solution on the hydrophobic
elastomer. We show that the stretchable OTFTs have a charge mobility similar to OTFTs
fabricated on silicon substrates. Furthermore, the DPP-4T based stretchable OTFTs can maintain
consistent charge mobility that is comparable to the unstrained device while undergoing cyclic
strain of 40%. We probe the structure of the OTFT with confocal laser scanning microscopy
(CLSM) and scanning electron microscopy (SEM). During the initial strain and release process,
the OTFT forms a buckled structure, driven largely by the Ag NW / PDMS composite. Upon
additional strain cycles the buckling morphology remains stable. While the OTFT buckles the
layers are found to remain well adhered under the applied cyclic strain, resulting in consistent
OTFT performance. Finally, we laminate the stretchable OTFT onto a finger and use it to switch

on and off an LED while the finger bends, demonstrating the potential in wearable electronics.
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Figure 1. (2) Schematic of the fabrication of the source / drain composite electrode. (b) Schematic

of the OTFT device assembly. (c) The molecular structure of the polymer semiconductors DPP-

DTT and DPP-4T used in the OTFTs.

2. Results and Discussion
2.1. Electrode fabrication

The stretchable OTFTs have a bottom gate top contact architecture, with the fabrication
procedure illustrated in Figure 1. The fabrication begins with producing the Ag NW / PDMS
composite electrodes. For the source and drain electrodes, the Ag NWs were drop cast on a quartz
substrate. An SEM image of the drop cast Ag NW conductive network is shown in Figure 2(a).
The Ag NW network was then patterned using CO» laser ablation. A CO; laser was chosen due to
its wide-availability and low-cost. The power of the CO> laser can also be finely tuned to precisely
ablate the NWs with good pattern resolution. Fused quartz was chosen over soda lime glass as the
substrate due to its low thermal expansion coefficient allowing for laser ablation of the NWs
without fracturing the substrate due to thermal shock. Both glass and fused quartz absorb light at
the 10.6 um laser wavelength, which results in heating the substrate. However, the thermal

expansion coefficient of fused quartz (0.54x10°%/K) is more than an order of magnitude lower than



glass (9.35x10°6/K).#*7 When using glass as the substrate, crack formation was clearly visible as
shown in Figure 2(c,d) and Figure S1(a-c). In comparison, the quartz substrate remains stable
during the cutting process without crack formation as shown in Figure 2(e,f) and Figure S1(d-f).
Also, as shown in Figure 2(b,d), the edge quality is significantly improved when going from glass
to quartz. Alternative substrates were also considered that included silicon, polyimide (PI), and
polyethylene terephthalate (PET). Silicon has a lower absorption coefficient at the 10.6 um laser
wavelength, however, due to high laser reflection it was not employed for safety reasons. Plastic
substrates including PI and PET were burned easily by the CO» laser making them unsuitable.
The pattern control of CO> laser ablation was explored by varying the processing parameters of
the laser including the laser power and raster speed, with results given in Figure S2. The maximum
laser power and speed are 60 W and 25.4 cm/s, respectively. It was found that as the laser power
increased the width of the removed Ag NW network increased, and as the raster speed increased
the width of the ablated NWs decreased. For the lowest power (20%) and highest speed (60%)
considered, the width of the cut was found to be approximately 120 um wide. While this is
sufficient for device demonstration, reducing the channel length and improving the pattern
resolution would improve transistor speed and reduce device dimensions that may be required for
a given application. To go beyond the nominal 75 um spot size limit of the laser, we used a
combination of a metallic shadow mask with the laser cutter to ablate the NWs with a width of
approximately 30 um, as shown in Figure S3. While further work is required to improve the
pattern quality, it is possible to achieve relatively narrow line widths with a CO> laser cutter. To
improve the pattern resolution further, alternative laser cutters such as a UV laser or Ti:Saphire

laser have been shown to ablate Ag NW networks with a resolution of 5 pm or less.**4°



For device fabrication, we used a laser power (30%) and speed (60%) that resulted in a 150 um
channel length as pictured in Figure 3(b). The width of source/drain electrodes was then made to
be 1 mm wide, as shown in Figure 2(f). After the Ag NWs were patterned PDMS was drop cast
on the NWs and the Ag NW / PDMS composite was cured. The PDMS thickness was approximate
50 um. Similarly, the gate electrode was produced by drop casting a layer of Ag NWs on a glass
substrate followed by drop casting the PDMS. Once the composites were peeled off the donor
substrate the Ag NWs were partially exposed at the surface of the film, allowing for high electrical
conductivity, good electrical contact with the remainder of the device, and were mechanically
robust.

2.2. Assembling the OTFT

Following the fabrication of the electrodes, the dielectric layer and polymer semiconductor layer
were spin coated on separate substrates. The PDMS was spin coated on polystyrene sulfonate (PSS)
coated glass, while DPP-DTT and DPP-4T films was spin coated on octyltrichlorosilane (OTS)
treated glass. By processing each layer on a separate substrate the film quality was significantly
improved. The thicknesses of the PDMS film and the semiconductor thin films were approximately
3.5 um and 25 nm, respectively. The OTFT was then assembled as illustrated in Figure 1(b),
which started by attaching the Ag NW / PDMS composite that acts as the gate electrode to a custom
strain stage, which would later be used to test device stretchability. The PDMS dielectric layer that
was coated on the PSS coated glass substrate was then laminated to the gate electrode composite.
Prior to laminating the PDMS dielectric, the gate electrode was UV ozone (UVO) treated for 5
minutes to promote the adhesion between the gate electrode and the dielectric layer.** The stack
was then immersed in deionized (DI) water, where the PSS dissolved and the glass substrate was

removed leaving the PDMS dielectric on the gate electrode. The polymer semiconductor film on



the OTS-treated glass was then laminated to the PDMS dielectric. The glass substrate was quickly

5051 During the

removed leaving the polymer semiconductor attached to the dielectric layer.
transfer printing process, the polymer semiconductor layer may be damaged, impacting device
performance. We performed atomic force microscopy (AFM) images of the DPP-4T films as cast
on the donor substrate and after transfer printing on the PDMS dielectric, with results given in
Figure S4. While we scan opposite sides of the film with this process, we find that the film quality
is roughly equivalent, consistent with our previous demonstrations of transfer printed polymer
semiconductors.>?>* Finally, the source-drain electrodes that consist of the Ag NW / PDMS

composite were removed from its donor quartz substrate and laminated onto the polymer

semiconductor layer.
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Figure 2. (a) SEM image of drop cast Ag NW networks on a quartz substrate. (b) A picture of Ag
NW / PDMS source/drain electrodes patterned by laser cutting after peeling off from the quartz
substrate. (c,d) Optical microscope images of the OTFT source-drain channel fabricated by laser
patterning the Ag NW network on a glass substrate. (e,f) Optical microscope image of the OTFT

source-drain channel fabricated by laser patterning on a quartz substrate.



2.3. Electrical Characterization

Prior to characterizing the OTFTs, we studied the electrical conductivity of the Ag NW / PDMS
composite while being stretched. The sheet resistance of the composite was measured as a function
of strain, as shown in Figure 3. As the composite was strained to 100%, the sheet resistance
increased from 1.3 to 4.5 Ohm/sq. When the strain was released, the sheet resistance dropped
slightly but remained similar to that measured at the maximum applied strain, as shown in Figure
3(a). The normalized sheet resistance of the composite when cyclically strained by 20% and 40%
is given in Figure 3(b). These strains were chosen as they were the same used for the stretchable
OTFTs, to be discussed. For both the 20% and 40% strain cases, the sheet resistance repeatedly
increased in the strained state and decreased in the released state, but remained less than 3 Ohm/sq.
The sheet resistance in both the strained and released states remained relatively constant over 100
strain cycles. These results are consistent with previous Ag NW / PDMS composite results where

the resistance increased with the strain, but then remained stable under cyclic strain.>?
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The limiting strain range of the OTFTs is dictated by the structural stability of the device. We
limited the applied strain on the devices to below the fracture strain (or crack onset strain (COS))
of the polymer semiconductor layers. While there have been demonstrations of stretchable OTFTs
functioning beyond their COS,!! we do not consider that case here. The COS of DPP-DTT and
DPP-4T were found to be approximately 25% and 80%, respectively. In addition to this constraint
is the need for all device layers to remain well adhered under cyclic straining. We found that for
the DPP-4T based stretchable OTFT, the layers would delaminate under a cyclic strain of 60%.
Thus, to limit polymer semiconductor fracture, the DPP-DTT based OTFTs were strained to 20%
strain, and to limit delamination, the DPP4T based OTFTs were strained to 40% strain.

Before being stretched, the DPP-DTT based stretchable OTFTs had an average saturated field
effect mobility of 0.285 + 0.031 cm?V-!s"! with the maximum mobility of 0.345 ¢cm?V-!s’!, with
the current voltage characteristics and mobility given in Figure 4(a-c). The measured charge
mobility was found to be only marginally below that measured on a silicon OTFT test bed, which
was measured to be 0.499 £ 0.098 cm?V-!s’! with the current voltage characteristics shown in
Figure S5(a). Under applied uniaxial strain the transistor characteristics were measured with the
channel length parallel and perpendicular to the applied strain direction, with results given in
Figure 4(a,b) and Figure S6, and the extracted charge mobility given in Figure 4(c). It was found
that the charge mobility dropped slightly during the first few strain cycles and then remained
relatively stable. For the charge transport perpendicular to the strain direction, the drop in mobility
was less than 30% of that in the unstrained device. The charge mobility was also found to be
similar in the strained and released states. The decrease in the charge mobility was greater for the
charge transport parallel to the strain direction. In this case, the charge mobility had a slow decay

with strain cycles in the strained state, while in the released state there was an immediate drop in
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charge mobility that was then stable with further stretching cycles. The observed drop in mobility
is likely associated with the buckled structure adopted by the OTFT during the stretching/releasing
process. Overall, the charge mobility remained quite stable for charge transport both parallel and
perpendicular to the strain direction. After 100 stretching cycles the charge mobility remained at
approximately 0.10 cm?V-!s'! when charge transport was parallel to the strain direction and
remained above 0.2 cm?V-!s! when charge transport was perpendicular to the strain direction.
Next, the more ductile DPP-4T based stretchable OTFTs were measured when strained by 40%.
The stretchable OTFT in the unstrained state had an average of charge mobility 0.113+ 0.033
cm?V-1s! with a maximum of 0.154 ¢cm?V-!s'l. The current-voltage characteristics are given in
Figure 4(d-f) and Figure S7. The mobility compared quite well to OTFTs fabricated on silicon
substrates, which had a charge mobility of 0.150 + 0.041 cm?V-!'s’!, with the current-voltage
characteristics shown in Figure S5(b). Similar to the DPP-DTT devices, the DPP-4T OTFTs had
a drop in charge mobility after the first stretching cycle, as shown in Figure 4(f). After the first
stretching cycle, the current-voltage characteristics remained similar with further stretching cycles
as shown in Figure S7. The consistent electrical characteristics resulted in similar charge mobility
indicative of good device stability. Unlike the DPP-DTT OTFTs, the charge mobility parallel to
the channel length in the strained state showed remarkable stability with little drop in charge
mobility with cyclic stretching. It is known that the DPP-4T is more ductile than DPP-DTT owing
to the greater conformation freedom associated with the thiophene moieties linked by C-C bonds
along the backbone. The ductile DPP-4T may accommodate larger applied strain without
significantly reducing the molecular packing order, resulting in an ability to maintain nearly
constant charge mobility.>*-** In addition, the drop in charge mobility for transport perpendicular

to the strain direction may be associated with greater polymer backbone alignment in the direction
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of strain, given the higher applied strains relative to the DPPDTT OTFTs.>* This will results in
increased m- m intermolecular charge transport that is widely accepted to be poorer than
intramolecular charge transport along the polymer backbone.> When the strain is released the
mobility was found to drop for charge transport parallel and perpendicular to the strain direction.
This is attributed to greater wrinkling in the device, potentially resulting in a non-uniform electric
field applied across the channel.

In these stretchable OTFTs, it is worth noting that the current-voltage characteristics were well
behaved showing minimal hysteresis and without major non-idealities.’ In addition, while there
is some signature of contact resistance with both polymer semiconductors, as observed through
the small non-linear current-voltage curves at low applied voltage in the output characteristics (i.e
s-shape) shown in Figure 4(b,e), the contact resistance does not dominate the behavior and the
curves show good saturation at higher source-drain voltages. This is partly attributed to the use of
a thick Ag NW network used for the source and drain electrodes. The ability to use relatively thick
Ag NW layers that are then embedded in PDMS provides a simple route to ensure a flat surface
with good electric conductivity to contact to the polymer semiconductor layer. Finally, the ability
of the device to function under large strains was demonstrated by using the OTFT as a switch to
operate an LED when the OTFT was attached to a flexing finger, as shown in Figure 5. As the
finger was flexed a tensile strain was applied to the OTFT. A video capturing the device operation
is provided in the supporting information showing stable LED performance as the finger was

flexed, highlighting the potential use in wearable electronic applications.
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Figure 4. (a) The transfer curves and (b) output curves for a characteristic DPP-DTT based

stretchable OTFT for charge transport parallel to the applied strain direction. The measurements

include an unstrained film and after 100 strain cycles at 20% applied strain when measured in the

strained state and the strain released state. The output curves are given with a gate voltage of 0 V,

-20 V, and -40 V. (¢) Charge mobility of the DPP-DTT OTFT with cyclic strain in the 20% strained
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on strain. (d) The transfer curves and (e) the output curves for characteristics DPP-4T OTFT for

charge transport parallel to the strain direction. (f) Charge mobility of the DPP-4T OTFT with

cyclic strain in the 40% strained state and strain released state.
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Figure 5. (a) Schematic of OTFT and LED circuit. (b) Picture of a green LED being switched on
by the stretchable OTFT while adhered to a flexing finger. A video showing stable operation of

the LED during finger flexure is given in the supporting information.

2.4. Structural Stability

To understand the OTFT performance during the cyclic straining process, the structural integrity
of the device was probed. To start, we considered the behavior of a PDMS / Ag NW / PDMS
composite. In this case a thin PDMS dielectric film was laminated on the Ag NW / PDMS
composite mimicking a partially fabricated OTFT. This setup allowed us to observe the wrinkling
behavior of the NWs from above the film, which was not possible for a fully fabricated OTFT.
The surface of the unstrained sample was smooth with a roughness of 0.7 um (Figure S8). When
the composite was strained and released, buckles formed on the surface of the composite. The
buckling of the composite was measured by CLSM under varying stretching cycles with the
images given in Figure 6, and Figure S9.

The buckling is due to the irreversible sliding of the Ag NWs in the PDMS composite during
the stretching cycle. When the composite is stretched, the Ag NWs slide to accommodate the strain.

Upon strain removal the PDMS elastomer provides a restoring force while the stiffer Ag NWs
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resist compression and result in a buckling instability.3>¢ This buckling process and irreversible
movement of the NWs results in an initial increase in electrical resistance of the composite as
shown in Figure 3. After the first several straining cycles the composite finds a stable buckled
microstructure (Figure S9) that then leads to a stable electrical resistance. We find that there are
buckles both perpendicular and parallel to the strain direction. As the composite is strained the
buckles parallel to the strain direction are found to increase in height, as pointed by arrows in
Figure 6(a). This behavior is attributed to the transverse compression on the sample when under
uniaxial tensile strain due to the Poisson’s ratio. As shown in Figure S9, the buckling behavior is
highly reversible with additional strain cycles. The buckling behavior with the straining cycles is
consistent with the electrical characteristics that show stable device behavior in the strained and
released states with increasing stretching cycles.

Cross-sectional SEM images of the PDMS / Ag NW / PDMS composite that was similar in
structure to that imaged by CLSM is given in Figure 6(c). Here, the composite was imaged after
being cyclically strained to 40% for 100 cycles. In addition, a cross-sectional view of a fully
fabricated DPP-4T stretchable OTFT that was cyclically stretched to 40% for 100 cycles is given
in Figure 6(d). In the images, there are small gaps that can be observed between the layers. These
gaps are attributed to the cutting process used to expose the edge of the device for imaging and are
not believed to be delamination. As can be seen, particularly in Figure 6(c), the layers converged
just beneath the exposed surface, suggesting that the layers remain adhered during the cyclic strain
process. In these images, the wrinkling behavior of the NWs composite is clearly visible and is

consistent with the CLSM images of the surface of the partially fabricated OTFT.
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Figure 6. Confocal laser scanning microscope images of PDMS/ Ag NW/ PDMS (~50 um / ~4
um / ~4 um) strained by 20% (a), and then released (b) after 100 strain cycles. The inset of (a)
includes an illustration of the composite stack. The strain direction was in the vertical direction of
the page. (¢) SEM image of the cross-section of a PDMS / Ag NW / PDMS composite that has
been cyclically stretched for 100 cycles by 40% strain. (d) SEM image of the cross section of a

DPP-4T based stretchable OTFT in the strain-released state after 100 cycles of 40% strain.

3. Conclusion

A simple approach to fabricate high performance intrinsically stretchable OTFTs was
demonstrated. Key to the device fabrication is that each layer was individually processed on
separate substrates that was then transfer printed to assemble the OTFT. Ag NWs were chosen as
the electrodes due to their high conductivity and stretchability when embedded in a PDMS matrix.
The source and drain electrodes were patterned using CO- laser ablation, providing a simple cost-
effective and scalable strategy to pattern the devices. The pattern quality was found to be
significantly improved when using quartz substrates over glass owing to its lower thermal
expansion coefficient. This patterning approach may be expanded to not only pattern the OTFT
channel but also pattern Ag NW interconnects, providing a simple strategy for fabricating

stretchable circuits. The fabricated OTFTs were shown to remain stable when strained cyclically
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by up to 40% strain. The devices have stable well-behaved current voltage characteristics with
little hysteresis and low contact resistance demonstrating the potential for Ag NW electrodes in
stretchable OTFTs. This is the first demonstration that integrates Ag NWs and polymer
semiconductors that show this level of stability at the applied strains considered. Embedding the
Ag NWs in the PDMS elastomer for the gate and source-drain electrodes provides a natural
encapsulation on both sides of the device assisting in making the devices thin and stable. In
addition, stretchable OTFTs with stable performance were achieved using a simple neat polymer
semiconductor film. The device stability is attributed to a stable buckling morphology that forms
during the cyclic strain process, driven primarily by the buckling of the Ag NW / PDMS composite.
This buckling behavior was clearly observed using CLSM and SEM imaging. Finally, the
stretchable transistors were able to function as an LED switching unit when attached to a flexing
finger illustrating its potential for wearable electronics. These results demonstrate the use of laser
patterning and transfer printing that provide a simple fabrication approach to achieve high
performance stretchable transistors.
4. Experimental Methods
Materials and synthesis

Polydimethylsiloxane (PDMS, SYLGARD 184) was purchased from Ellsworth. DPP-DTT with
molecular weight of 292,200 kg/mol and DPP-4T with molecular weight of 171,138 kDa were
purchased from Ossila. Quartz substrates were purchased from swift glass, and the glass was
purchased from Fisher Scientific. The Ag NWs were synthesized through a modified polyol
process.’’ First, 60 mL of a 0.147 M poly(vinylpyrrolidone) (PVP) solution in ethylene glycol (EG)
was added to a round-bottom flask to which a stir bar was added. The flask was suspended in an

oil bath and heated to a temperature of 155 °C for 1 h under magnetic stirring at a speed of 250
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rpm. After 15 min, 200 pL of a 24 M CuCl; solution in EG was injected into the PVP solution.
The solution was then heated for an additional 15 min, followed by injecting 60 mL of a 0.094 M
AgNOs solution in EG. The mixed solution was heated for another 1.5 hours. After cooling down,
the Ag NWs were purified by centrifuging in ethanol and acetone repeatedly. The average diameter
and length of the resulted Ag NWs are around 60 nm and 20 pm, respectively.
Fabrication of stretchable transistors

The stretchable transistor was fabricated by separately solution casting each of the active layers
and then assembling through transfer printing, as illustrated in Figure 2(b). To prepare the gate,
source, and drain electrodes, Ag NWs were dispersed in ethanol with a concentration of 8§ mg/ml.
The solution was drop-cast on a quartz substrate pre-heated at 50 °C, followed by thermally
annealing the Ag NW film at 100 °C for 20 min on a hot plate in ambient. The source and drain
electrodes were then patterned by a CO; laser cutter (VersaLASER, VLS6.60) with 1,000 pulses/in.
The channel length was set to 150 um and channel width was 1000 um. PDMS with a base to
cross-linker ratio of 15:1 by weight was then drop cast on the source and drain electrodes. For the
gate electrodes the drop cast Ag NWs were patterned into a 6 mm width strip and then the PDMS
was drop cast on the NWs. In both cases the PDMS was cured in a vacuum oven (2.67 kPa) at
80 °C for 6 hours. The gate dielectric was made by mixing 30 wt% PDMS with hexane, stirring
for 30 min and removing the air bubbles in an evacuated chamber for 20 min. The PDMS mixture
had a base to cross-linker ratio of 15:1 by weight. The PDMS solution was spun cast on a PSS
coated glass substrate with a 2-step spin coating procedure that included 2,000 rpm for 15 s
followed by 5,000 rpm for 60 s. The PDMS film was then cured at 170 °C for 50 min. The DPP-
DTT and DPP-4T semiconductor films were prepared by first dissolving the polymer in

chloroform at a concentration of 4 mg/ml. The solutions were spun cast on OTS-treated glass
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substrate at 1500 rpm for 60 seconds, followed by annealing at 150 °C for 10 min in a nitrogen
filled glove box. The assembly of the layers to fabricate the stretchable transistors is described
above. The fabrication of the control non-stretchable OTFT was prepared by spin coating the DPP-
DTT and DPP-4T solution directly on transistor test beds that were then annealed at 150 °C for 10
minutes. The transistor test bed consisted of a p-type Silicon wafer with a 300 nm thermal oxide
layer that acted as the gate dielectric. The source and drain electrodes were composed of thermally
evaporated Ti/ Au (10 nm/ 40 nm) patterned by photolithography to form a channel length that
varied from 50 um to 100 um and a channel width of 1000 um. The test beds were OTS treated
prior to coating the polymer semiconductor layer. OTS treatment was prepared by first cleaning
the substrates in DI-water, acetone and isopropanol for 15 minutes each. The substrates were UVO
treated for 15 minutes and plasma treated for 2 minutes. The substrates were then put in a solution
with 110 ml of hexadecane and 50 pl of OTS for 16 hours. After 16 hours, the substrates were
removed from the solution and cleaned in chloroform, isopropanol, and DI-water. Finally, the
substrates were annealed at 150 °C for 10 minutes.
Device and material characterization

To identify the COS, 30 nm thick polymer films were transfer printed onto a 1 mm thick PDMS
slab clamped on a custom strain stage. The polymer / PDMS stack was strained while being
observed under an optical microscope. The COS was considered to be the first observed fractures
in the film. A semiconductor polymer analyzer (HP4156b) was used for both sheet resistance and
transistor characterization. The field effect mobility was extracted from taking the slope in the
transfer curves over a 10 V range. In this case, the source-drain voltage was held at 60 V. In
determining the charge mobility when the devices were stretched, the change in channel length

were taken into account by measuring the change in channel length with strain. The dielectric
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constant of the PDMS thin film used for the mobility calculation was 2.84 that was measured by

an impedance analyzer from 40 Hz to 50 kHz at room temperature, as shown in Figure S10. The

dielectric constant was extracted from the capacitance measurement by using C = kg, %. The
thickness of the polymer semiconductor films and PDMS (dielectrics) were measured by
ellipsometry (J.LA. Woollam). All electrical measurements were conducted in the ambient
environment. The uncertainty was based on the standard deviation of at least 8 samples.

The images of the composite buckling were taken by a Keyence VKx1100 CLSM. The SEM
images of the composite cross-section were taken with a variable pressure Hitachi 3200 SEM. To
prepare the sample for SEM, the devices were first laminated on a styrene plate, epoxy was then
spread on the devices and cured by UV light for 10 min. The sample was then soaked in liquid
nitrogen and cut by a liquid nitrogen cooled razor blade. The sample was attached to a SEM holder

and coated with Au and then placed into the SEM. The images of DPP-4T films before and after

transfer printing were taken by Park XE-70 AFM using non-contact mode.
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Supporting Information: Optical microscope images of the laser patterned Ag NW electrodes,
OTFT electrical characteristics, CLSM images of the stretchable composites, and capacitance

measurement for the PDMS dielectric. A video of stretchable OTFT switching an LED.
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