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Abstract

Intrinsically stretchable semiconductors will facilitate the realization of seamlessly integrated
stretchable electronics. However, to date demonstrations of intrinsically stretchable
semiconductors have been limited. In this study, a new approach to achieve intrinsically
stretchable semiconductors is introduced by blending a rigid high-performance donor-acceptor
polymer semiconductor poly[4(4,4dihexadecyl4Hcyclopenta [1,2b:5,4b' ] dithiopen2yl) alt [1,2,5]
thiadiazolo [3,4c] pyridine] (PCDTPT) with a ductile polymer semiconductor
poly(3hexylthiophene) (P3HT). Under large tensile strains of up to 75%, the polymers are shown
to orient in the direction of strain, and when the strain is reduced, the polymers reversibly deform.
During cyclic strain, the local packing order of the polymers is shown to be remarkably stable. The
saturated field effect charge mobility is shown to be consistently above 0.04 cm? V-1s'1 for up to
100 strain cycles with strain ranging from 10% to 75% when the film is printed onto a rigid test
bed. At the 75% strain state, the charge mobility is consistently above 0.15 cm? V-1s1. Ultimately,
the polymer blend process introduced here results in an excellent combination of device
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performance and stretchability providing an effective approach to achieve intrinsically stretchable
semiconductors.

Graphical abstract

A high performanceintrinsically stretchable semiconductor isdemonstrated based on a
polymer blend of a high performance polymer semiconductor PCDTPT and a ductile polymer
semiconductor P3HT. The film is shown to plastically deform in tension and compression with
very stable local polymer order resulting in stable charge mobility. This is the first demonstration
of a stretchable semiconductor composed solely of polymer semiconductors.
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1. Introduction

Electronics that are able to maintain their function during large deformation provide
opportunities for integration into a range of transformative technologies, from soft-robotics
to bio-integrated devices.[X: 21 This vision has resulted in a growing number of
demonstrations of stretchable electronic devices including photovoltaics,® 4] light emitting
devices,[® 6] sensorsl: 71 and transistors.[8-10] To impart the ability for devices to reversibly
stretch, approaches include the use of geometric structures that minimize strain on the active
components,[2 3. 111 and employing intrinsically stretchable materials.[10: 12. 131 The
development of intrinsically stretchable devices is particularly attractive due the ability to
achieve larger device densities, greater strain limits, and seamless integration into stretchable
applications. In order to achieve an intrinsically stretchable device, all the layers composing
the device need to be stretchable.[8 101 A particular challenge in realizing these devices is
the development of intrinsically stretchable semiconductor layers.[10] In the search of
stretchable semiconductors, polymers are an attractive material system to explore given the
ability to manipulate their plasticity, and the long history in the development of polymers
with large reversible elasticity (i.e. elastomers).[24] Examples of intrinsically stretchable
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polymer semiconductors include the demonstration of a tri-block co-polymer based on
poly(3-hexylthiophene) (P3HT) and poly(methyl methacrylate) (PMMA) to form a
thermoplastic elastomer that was able to stretch by 140%.[13] However, the field effect
mobility was limited to approximately 10 cm2V-1s-1. More recently, a cross-linked
diketopyrrolopyrrole (DPP) polymer was synthesized with a consistent field effect mobility
above 0.4 cm2V-1s1 over a strain range of 20%.[15] Another approach has been to form a
fibril network of polymer semiconductor material embedded into an elastomer host.[16-18]
However, this approach consists of a sparse network of semiconductor material that may
limit performance, and can still result in fibril fracture at large strain. An alternative
approach is to modify the plasticity of the polymer of interest. There have been a humber of
reports on changing the plasticity of electrically conducting polymer films through
modification of the molecular structure,[19 201 morphology,[2%: 211 and through the use of
additives.[22-26] While these approaches have shown a change in plasticity, there have been
limited reports on repeated stretchability of the films. Recently, the conductive polymer
PEDOT:PSS was shown to be highly deformable when incorporating the plasticizer Triton
X-100,[241 which was attributed to lowering the glass transition temperature (Tg) of the film.
However, there have not been demonstrations of plasticizers used in polymer
semiconductors to achieve stretchable films, likely due to the added disorder and packing
density caused by the additives and a subsequent reduction in charge mobility.[19] Here, we
introduce a novel approach to achieve intrinsically stretchable polymer semiconductors. We
employ a polymer semiconductor blend film that is shown to plastically deform in tension
and compression when on an elastomer substrate allowing for a highly deformable organic
semiconductor with high charge mobility when applied in an organic thin film transistor
(OTFT). Previously, blending polymer semiconductors has been shown to modify the
mechanical response of the film while maintaining charge transport behavior.[25: 271 While
the ductility of films were shown to increase, the ability to cyclically stretch while
maintaining electrical properties has not been shown. For a semiconductor that will be used
in stretchable devices, not only is it important to be able to survive large tensile strain, but to
also function after the reduction of the applied strain. Here, we achieve this cyclic strain
capability by blending a high performance polymer poly[4-(4,4-dihexadecyl-4H-
cyclopenta[1,2-b:5,4-b, ]dithiophen-2-yl)-alt-[1,2,5]thiadiazolo[3,4-c]pyridine]
(PCDTPT)[28] with a highly ductile polymer P3HT. PCDTPT has been shown to be a high
performance polymer semiconductor when applied in an OTFT, but is relatively brittle and
cracks at a few percent strain.[2%! Blending P3HT with PCDTPT significantly increases the
ductility of the film over neat PCDTPT; while also maintaining the charge mobility
associated with the higher performing PCDTPT when applied in an OTFT. This behavior
was attributed to vertical segregation of the PCDTPT toward the gate dielectric interface,
while also having significant intermixing of both polymers throughout the films thickness, as
illustrated in Figure 1.12] In this work, we explore the ability of P3HT:PCDTPT blend films
to function well under large cyclic strain. The morphology and charge transport is
characterized for the film strained by 75% and released back to 10% strain, relative to its
original length under a specified number of cycles. We show that the films can be cyclically
strained up to 100 times while showing stable charge transport behavior owing primarily to
the reversible plastic deformation behavior of the blend film with highly stable local
polymer order. This represents a novel approach to achieve intrinsically stretchable
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semiconductor consisting solely of semiconductor materials. Below we first discuss the
morphology of the blend film under cyclic strain followed by charge transport
characterization.

2. Results and Discussion

Films were first spun cast onto octyltrichlorosilane (OTS) treated silicon and then transfer
printed to a polydimethylsiloxane (PDMS) elastomer substrate. The film-PDMS stack was
then elongated in tension to a specified strain. For cyclic strain, the film-PDMS stack was
strained to 75% and then strain was released back to 10% relative to its unstrained state, and
repeated for a specified number of cycles. After the strain process was complete, the films
were either characterized while on the PDMS substrate, or transfer printed onto a secondary
substrate for further characterization. Images of a film being strained is shown in Figure 1
along with a schematic of the cyclic strain process, and the lamination onto a transistor test
bed for charge transport characterization. Our previous report investigating PCDTPT:P3HT
blend films showed that the blend ratio had a significant impact on the segregation
characteristics and ductility of the film.[25] A 1:1 PCDTPT:P3HT blend ratio by weight had
a charge mobility similar to the neat PCDTPT film, but in addition to vertical segregation,
large lateral segregation of the PCDTPT was observed that limited the crack onset strain to
under 50%. When reducing the ratio to 1:4 the lateral segregation was suppressed and
ductility increased but there was a decrease in charge mobility. Here we focus on a polymer
ratio of 4:6 by weight; approaching the 1:1 ratio to maximize charge mobility but without
gross lateral segregation of the PCDTPT, resulting in highly ductile films, as we show below.
An optimization of the blend film was not performed, and further optimization of the
polymer ratio and processing conditions may lead to further performance gains.

2.1. Film Morphology

The change in morphology under large cyclic strain is first characterized by measuring the
films with UV-visible spectroscopy under linearly polarized light while the film was on a
PDMS substrate. P3HT and PCDTPT absorb light over different spectral ranges of
approximately 400 nm to 620 nm for P3HT and 650 nm to 1100 nm for PCDTPT, as shown
in Figure 2(a). This allows for unique optical characterization of each polymer. When large
strains are applied to the films, the absorbance of linear polarized light parallel to the strain
direction increases relative to the absorbance of polarized light perpendicular to the strain
direction over both the spectral range associated with P3HT and the range associated with
PCDTPT. This dichroism is associated with the alignment of the polymer backbones in the
direction of strain.[2] To quantify the alignment of the polymer in the strained film, we
calculated the dichroic ratio of the blend films at a wavelength of 550 nm to track P3HT, and
at 900 nm to track PCDTPT, provided in Figure 2(c). We find that the dichroic ratio
increases with applied strain and behaves similar with strain at both wavelengths. At a strain
of 75%, the dichroic ratio of 2.4 and 2.3 were found at 550 nm and 900 nm, respectively.
When the 75% strained film was reduced to lower strains, the dichroic ratio drops following
the same trend as found in the tensile strain direction. The film strained by 75% and then
reduced to 10% strain has a dichroic ratio of approximately 1.1 at both 550 nm and 900 nm.
To determine if this morphology change is consistent over many strain cycles, the films were
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repeatedly strained to 75% and then back to 10% for up to 100 cycles with the dichroic ratio
measured at these strain limits. As shown in Figure 2(d), the dichroic ratio at 550 nm and
900 nm consistently repeat during the cyclic strain process. These results suggest that when
the large tensile strain applied to the film is released, the polymer in the film plastically
deform back towards an in-plane isotropic distribution. It is important to note that the
absorbance measures the average in-plane orientation of the polymers such that an isotropic
backbone distribution and a biaxial orientation distribution will both have a dichroic ratio of
1. It has previously been shown that a P3HT film uniaxially strained in tension by 100% and
then strained again in tension in the transverse direction by 100% results in films with a
broad crystalline orientation distribution.[3%] It is expected that a similar morphological
change will occur here, and that when the strain is lowered the polymer backbones will go
back toward an in-plane isotropic distribution.

The absorbance can also provide information on the local order of the polymer in the
film.[31] To compare how the absorbance features change over many strain cycles, we plot
the normalized absorbance for films strained by 75% the 15t time and after 100 cycles, and
films strain released back to 10% the 15 time and after 100 cycles in Figure 2(b). We find
that the absorbance features are remarkably similar before and after the cyclic strain process.
The vibronic features in the P3HT remain almost identical, indicative of similar aggregate
order.[3 This is consistent with previous work on strain oriented neat P3HT films where it
has been shown that the P3HT orients in the direction of strain without a significant
difference in aggregate percentage or aggregate quality.[321 The PCDTPT absorbance is also
very similar after the 15t strain cycle and 100t cycle indicative of similar PCDTPT
aggregate order.

The change in morphology under cyclic strain was also characterized by grazing incidence
X-ray diffraction (GIXD). 2-D GIXD images were taken on films under various number of
strain cycles at both 75% strain and at 10% strain, with images shown in Figure 3, and
Figure S1. Previously it has been shown that P3HT and PCDTPT crystallites are present in
the blend film, and that due to the packing differences of the crystals, their diffraction peaks
in the r-stacking and alkyl-stacking directions are separated in reciprocal space.[2%] We
observe that as the film was strained the diffraction pattern becomes anisotropic with an
increase in in-plane diffraction intensity of (100) and (010) peaks when the X-ray beam is
parallel to the strain direction (i.e. scattering vector nominally perpendicular to the strain
direction). This difference is most clearly observed in the in-plane (100) peaks as indicated
in Figure 3. This is indicative of alignment of both the P3HT and PCDTPT crystals with the
backbone orienting in the direction of strain. When the strain was released, the diffraction
anisotropy decreases, with the in-plane (100) diffraction peaks becoming closer in relative
intensity, suggesting that the polymer goes back towards an in-plane isotropic distribution, in
agreement with the absorbance anisotropy. Importantly, the diffraction characteristics at a
given strain state remain very consistent with increasing strain cycles. In-plane line scans
from the 2D images for films in the 15t strain cycle and after 100 strain cycles are provided
in Figure S2 to highlight the diffraction similarity. These results provide further support that
the cyclic deformation process does not significantly change the local order of both
polymers in the blend film, including the crystallinity or crystal size.
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The morphology of the strained films was further investigated using atomic force
microscopy (AFM), optical microscopy, and scanning electron microscopy (SEM) with
results given in Figure 4, Figure 5, and Figure S3. The blend film exhibits some obvious
topography changes under large applied strain and strain release. Before being strained, the
topography of the film was smooth with an RMS roughness of 1.6 nm. After being strained
by 75% there was a significant increase in roughness resulting in an RMS roughness of 5.1
nm. The increased roughness is attributed to inhomogeneous deformation in the film,
resulting in features that appear as partial tears. An AFM line scan that compares the
substrate height to the film height, given in Figure 4(j), shows that these features are not
through the film thickness, and the film remains continuous. When the strained film was
released to 10% strain relative to its initial length, the partial tearing features appear to close,
and the film RMS roughness reduces to 3.9 nm. Under cyclic strain, we find that at a low
number of cycles, the topography of the films is repeated at high and low applied strains. As
the number of strain cycles increases we begin to observe large protrusions in the AFM
images for films at the 10% strain state, which is attributed to localized delamination of the
film. Here, the AFM images are for films transfer printed from PDMS to a Si substrate. The
delamination of the film is also observed while on PDMS in the optical microscope images
(Figure 5) and SEM images (Figure S3). Comparing the AFM images to the optical
microscope and SEM images show that the delamination features are similar before and
after the transfer-printing step. It is important to note that the chosen strain range represents
a limiting case, and increasing the lower strain limit reduces the observed delamination
behavior.

As a comparison to the blend films, neat P3HT films were also cyclically strained.
Importantly, there are various reports in the literature regarding the crack onset strain of
P3HT films, which can vary from 10%[19 to over 150%[2°]. The crack onset depends on a
number of factors including the molecular weight of the polymer and the source. The neat
P3HT used in this study has a crack onset strain of over 150%. Similar to the blend film, the
P3HT plastically deforms under strain, and the dichroic ratio increases with applied
strain.[29] Unlike the strained blend film, the film roughness remains similar when strained,
and no cracks or partial fracture is present.[29 321 Upon strain release from the 75% strain
limit, significant delamination of the film occurs. Subsequent strain cycles results in severe
delamination, which was observed by optical microscopy in Figure 5, and scanning electron
microscopy (SEM) in Figure S3. The delamination in the P3HT film is found to be
significantly greater than what was found for the blend films and prevented successful
transfer printing onto a secondary substrate after the cyclic strain process. The delamination
of the P3HT film is consistent with previous work on PEDOT:PSS films where buckling and
delamination was observed when large tensile strain applied to ductile films while on an
elastomer host was reduced.[22]

During strain reduction, the thin film may buckle out of plane, delaminate, or plastically
deform, which depends on the film elasticity, plasticity, and adhesion to the elastomer
substrate.[33] The dramatic difference in the cyclic strain character between the blend film
and the neat P3HT film is attributed to inhomogeneous elongation that occurs in the film,
and a local change in elasticity. Blending the brittle PCDTPT with P3HT results in a blend
film that is nominally not as ductile as the neat P3HT film. This is evidenced by the large
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increase in film roughness associated with partial tearing observed in the highly strained
blend films. Interestingly, the roughness reduces upon strain release suggesting that these
localized regions may have a greater plasticity undergoing greater deformation and
providing a region of stress relief. The localized thin regions that forms during the strain
process is not likely to be only one polymer type given that both the PCDTPT and P3HT are
shown to orient during the strain process by a similar magnitude. Spin casting a blend
consisting of two immiscible polymers has previously been shown to first form a vertical
segregation profile followed by a lateral instability and the formation of large lateral
segregated domains of the two polymers.[34 The drying kinetics can limit this evolution in
the film formation process. Here, we believe that lateral segregation begins to occur in the
film, however solidification arrests the segregation process prior to the formation of pure
lateral domains, as previously observed in the 1:1 PCDPTPT:P3HT blend films.[34] This
lateral segregation of the polymers in the blend then contributes to the lateral thickness
variation with large applied strain. Previously we have shown that the elastic modulus of
P3HT lowers upon large applied strain.[3] This drop in modulus will reduce the elasticity
mismatch between the film and substrate reducing the driving force for film buckling to
occur.[33] In addition, as the film is strained, these localized thin regions may have increased
compliance and plasticity associated with thin film confinement effects.[3¢] In contrast, the
neat P3HT film does not have a significant change in roughness with tensile strain, such that
a localized change in plasticity may not be present. This may contribute to the P3HT film
favoring delamination over plastic deformation during strain release. The adhesion of the
film to the elastomer substrate may also play a role in the difference in delamination
behavior between the blend film and the neat P3HT film. However, during the transfer
printing process, both neat PCDTPT and P3HT films are easily transferred off the PDMS
stamp onto a secondary receiving substrate. The secondary receiving substrate includes low
surface energy OTS treated silicon, suggesting that both polymers are not strongly adhered
to the PDMS. While difference in adhesion between PCDTPT and P3HT may be present, it
does not appear to be a primary driving force for the observed delamination behavior.

2.3. OTFT performance

The ability of the blend film semiconductor to function in a stretchable transistor was tested
by cyclically straining the films while on a PDMS host substrate, and then transferring
printing the films to a rigid bottom gate bottom contact OTFT test bed for device
characterization, as illustrated in Figure 1(c). This approach has been applied in a number of
studies of stretchable semiconductors given the simplicity of the approach and ability to
focus on the semiconductor layer.[13. 16, 18, 29, 37] Once the film was printed, the saturated
field effect charge mobility was measured without further processing. The unstrained blend
film had a charge mobility of 0.09 +/- 0.01 cm?V-1s" for a 5-um channel length device. The
charge mobility channel length dependence is given in Figure S4, showing a drop in
mobility with increasing channel length, consistent with low contact resistance behavior.[30]
A corresponding neat P3HT film had a charge mobility of 0.04 +/- 0.01 cm2V-1s'1 and a
neat PCDTPT film had a charge mobility of 0.10 +/- 0.01 cm2V-1sL, The charge mobility of
the blend film suggests that charge is primarily transporting through the PCDTPT. It is
important to note that PCDTPT and P3HT have a similar HOMO energy level such that it is
possible that charge may transport through both polymers. The measured charge mobility is
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lower than previously reported for PCDTPT, and PCDTPT:P3HT blend films due to the lack
of a thermal annealing step after spin casting the films.[24: 28] |t was found that when
thermally annealing the film immediately after spin casting at 200°C for 10 minutes during
initial film processing that once the film is strained the charge mobility lowers to a value
similar to the film with no thermal annealing, as shown in Figure S4. When large tensile
strain was applied to the films, the charge mobility increases along the direction of polymer
alignment and decreases in the transverse direction, as given in Figure S5.124] For charge
transport in the direction of strain, the charge mobility of the blend film increases to 0.16
cm2V-1s1 at 75% strain. Once the strain was released back to 10% strain, the charge
mobility decreases and was found to be 0.08 cm?V-1s"1, For charge transport perpendicular
to the strain direction, the charge mobility decreases to 0.04 cm?V-1s'1 at 75% strain, and
increases back to 0.1 cm2V-1s"1 upon strain release to 10% strain. The change in charge
mobility with strain and strain release is consistent with the changing alignment of the
polymers in the film.[29. 38]

The blend films were further strained between 75% and 10% strain for up to 100 cycles to
examine the film's electrical stability, with charge mobility for 5 pm channel length devices
shown in Figure 6. The other important transistor characteristics including threshold voltage,
subthreshold swing and on-off ratio are also plotted with strain cycle in Figure S6 showing
relatively stable behavior. The current-voltage curves for a film cyclically strained once and
after 100 times are also given in Figure S7 showing very similar characteristics. At the 75%
strain limit, the charge mobility remains consistent for charge transport parallel and
perpendicular to the strain direction. At the 10% strain limit, the charge mobility drops
slightly with increasing number of cycles for charge transport both parallel and
perpendicular to the strain direction. The drop in mobility is likely associated with the film
delamination at this strain state that increases with cyclic strain. The films are being transfer
printed by lamination onto the transistor test structure, where any delaminated film may find
improved contact on the receiving substrate. Thus, the impact of delamination may not be
fully captured with this measurement approach. However, film distortion near the
delamination area occurs during the transfer printing process, as observed by AFM, which
likely increasing the resistance to charge transport. The cyclic behavior for 100 um channel
length devices is given in Figure S8 showing similar behavior with strain cycle and transport
direction. While there was a drop in charge mobility with strain cycle when the film is held
at its lower strain limit, the change is relatively small, particularly compared with changes
observed in previous approaches such as semiconductor fibril - elastomer composites.[15 171
The OTFT results reported here are compared to recent demonstrations in the literature of
stretchable organic semiconductors using a similar testing method in Table 1. The
comparison includes demonstrations based on block co-polymers,[3] cross-linked polymer
semiconductor,[*3] crack network films,[371 and fibril-elastomer composite

approaches.[18. 181 As shown in Table 1, the findings reported here represent the highest
combination of charge mobility and strain-range reported to date.

3. Conclusion

Blending polymer semiconductors has been shown to be a highly effective approach to
achieve intrinsically stretchable semiconductors. The PCDTPT:P3HT blend demonstrated
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here was previously shown to have vertical segregation of PCDTPT towards the interface
with the gate dielectric in an OTFT resulting in charge mobility similar to the neat PCDTPT
films. While charge transport is maintained, the ductile P3HT is mixed throughout the film
imparting significant plasticity. Under large tensile strain, both polymers are found to orient
in the direction of strain, and upon strain release, the compressive force results in a
morphology consistent with polymer chains reorienting back towards an in-plane isotropic
distribution. During this process, the local order of the polymer was shown to be remarkably
consistent. There does appear to be local material inhomogeneity in the film that results in
an increase in film roughness with large applied strain. This turned out to be quite
advantageous, as it provides locations of stress release during the compression of the
elongated film back towards its original shape. The film showed no signs of fracture for
strains up to 75% and for 100 strain cycles between 10% and 75% strain. However, as large
strain cycles were applied film delamination began to occur at the lower 10% strain limit.
When the cyclically strained film was applied in an OTFT, charge mobility was found to
track with the polymer alignment. At a given strain state, the charge mobility was found to
be consistent up to the 100 applied strain cycles considered in this study; this includes
charge mobility consistently above 0.15 cm?V-1s71 for charge transport parallel to the strain
direction at the 75% strain limit. This approach is the first report to achieve an intrinsically
stretchable polymer semiconductor film where the film is comprised solely of
semiconductor material. In conclusion, polymer semiconductor blends is a promising and
facile method to achieve intrinsically stretchable organic semiconductor films.

4. Experimental Section

Film Processing

The blend film was cast from a 4:6 weight ratio of PCDTPT:P3HT dissolved in a 1.1 volume
ratio of 1,2-dichlsorobenzene:chloroform. The PCDTPT was synthesized following a
previously described process,[28] and had a number average molecular weight of 71 kg/mol,
and a polydispersity of 4.9. The regioregular P3HT was obtained from Sigma-Aldrich, Inc.,
with a number average molecular weight Mn = 54 kg/mol, a polydispersity of 2.4.1391 The
solution was spun cast onto OTS treated Si substrate at 1500(2rc) rad/min (1500 rpm) for 30
s at room temperature. The films were then transferred onto a PDMS slab mounted on a
custom-made strain stage for subsequent straining and morphological characterization. The
strain process was done by hand and the strain rate varied but was at most 10%/s. The
polymer semiconductor films were transferred again to the final receiving substrate for
transistor fabrication, X-ray diffraction measurements, and AFM measurements. Cyclic
strain was done in a nitrogen atmosphere and transfer printing was conductive in ambient air.
The transfer-printing technique is described in detail in previous work.[3% The PDMS was
Slygard 184 and was prepared at a 10:1 base to cross-linking ratio and cured in a vacuum
oven held at approximately 85 kPa at 60°C over a period of approximately 12 hours.

Morphology characterization

UV-visible spectroscopy measurements were made using an Ocean Optics Jazz
spectrometer. The absorbance of the films were measured while on a PDMS substrate and
measured at multiple strain states. The AFM images were measured using an Asylum
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MFP-3D-BIO in tapping mode. The X-ray diffraction measurements were made at the
Stanford Synchrotron Radiation Lightsource (SSRL) on beamline 11-3 with an area detector
(Rayonix mar CCD225), an energy of 12.735 keV, and an incidence angle of ~0.12°. The
SEM images were measured using FEI Verios 460L field-emission scanning electron
microscope. The films were measured while on a PDMS substrate and coated with 10 nm of
Au to remove charging effects.

OTFT characterization

After straining the film-PDMS stack by a specified amount, the films were transferred
printed onto bottom gate, bottom contact OTFT test beds. The source-drain electrodes
consisted of a 5 nm Ti wetting layer, followed by 40 nm of Au. The channel length was 5 pm
and the channel width was 1000 um. The gate dielectric was an OTS treated SiO5 layer that
was 300 nm thick. The highly doped Si wafer formed the gate electrode. Charge mobility
was measured in the saturation regime with a source-drain voltage of -60 V, and sweeping
the gate voltage from 25 V to -60 V, with typical results shown in Figure S5. The charge
mobility was determined by taking the slope of the square root of current versus gate voltage
over a minimum 5 V range.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

(a) Photos of an unstrained film, 75% strained film and strain-released film at 10% strain
while on PDMS. (b) lllustration of the change in film morphology during the cyclic strain
process from a top view and side view. At large tensile strain, the illustration includes
alignment of both polymers and partial tearing features. When the strain is reduced the
polymer alignment reduces and tearing features narrow. The side view includes an
illustration of the vertical segregation of the polymers found in the blend film. (c) An
illustration of transfer printing the polymer semiconductor film from the elastomer stamp to
an OTFT test bed.
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Figure2.
(a) Absorbance of the PCDTPT:P3HT blend film at 75% strain and film strained to 75% and

then lowered to 10% under polarized light parallel (II) and perpendicular (L) to the strain
direction. (b) The normalized absorbance of the blend film at 75% strain and at 10% strain,
comparing the first strain cycle (1x) to 100 cycles (100x). The measured absorbance at a
specific strain state and polarized light orientation are normalized and offset for clarity. The
absorbance at a specified strain state and light polarization during the first strain cycle and
after 100 cycles are plotted together to compare absorbance features. (c) The dichroic ratio
of the blend film under tensile strain (+) and reduction of the applied strain (-) during the
first strain cycle. The dichroic ratio is taken at 550 nm and at 900 nm to capture the P3HT
and PCDTPT, respectively. (d) The dichroic ratio of the blend film at 75% strain and 10%
strain with increasing number of strain cycles.
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Figure 3.
Two dimensional grazing incidence X-ray diffraction images of (a) an unstrained film, and

strained films during the (b-e) first strain cycle and after (f-i) 100 strain cycles held at 75%
strain and 10% strain as specified. The X-ray beam is incident parallel (Il) or perpendicular
(L) to the strain direction as labeled.
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Figure 4.
AFM height images of films strain by 75% and then lowered to 10% strain after (a,b) 1, (c,d)

10, (e,f) 50 and (g,h) 100 strain cycles. (i) An AFM image of an unstrained film. The area of
all images are 5 pm x 5 pm. The black arrow shown below the AFM images provides the
direction the film was strained. Line scans for films at (j) 75% strain and (k) 10% strain after
100 strain cycles. The line scan for the 75% strained film is given at the edge of the film to
show that the roughness is not through the film thickness.
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5 um

Figureb.
Optical microscope image of (2) a PCDTPT:P3HT blend film at 10% strain after 50 strain

cycles, and (b) a P3HT film at 10% strain after 10 strain cycles between 75% strain and 10%
strain. Arrows in figure indicate the applied strain direction. Both images are taken while on
the PDMS substrate. Clear differences in delamination (dark lines) are observed between
films.

Adv Electron Mater. Author manuscript; available in PMC 2018 January 01.



1duosnue Joyiny 1SIN 1duosnue Joyiny 1SIN

1duosnuey Joyiny 1SIN

Sunetal.

Page 17

100 E T T T T T T E
- (a) .
"7;; cr‘"'i:' T 4%
© 107F C
- ] E -
o L -
= - k—g\; 3
3 o -
- 1
5 107F E
[=] —A— unstrained (0%) 9]
S —0— strained (75%) 4- H-b 3
O strain-released (10%) A
10—3 1 L L 1 L L
0 20 40 60 80 100
strain cycle
100 3 I T L L) T T E
E (b) ]
n
- AL =
(;> 10 ; 37
€ 3
=
Py
S 107 3
o —A— unstrained (0%) o
£ —O— strained (75%) q--+
—0— strain-released (10%) [ O |
10‘3 1 1 1 L 1 1
0 20 40 60 80 100
strain cycle

Figure 6.
Saturated field effect mobility for (a) charge transport parallel to the strain direction, and (b)

charge transport perpendicular to the strain direction for films at 75% strain and films
released to 10% strain for a specified number of strain cycles. Charge mobility is also
reported for an unstrained film. The channel length for the transistors is 5 um.
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A comparison of OTFT characteristics of stretchable organic semiconductors tested on rigid test-beds after
cyclic strain. The reported range in charge mobility is for 100 strain cycles, except the block copolymer

approach, which is for 1 time tensile strain only.

Approach Mobility (cm2v-1sl)y  On/Off  Strain range (%) Ref.
Block-copolymer <2x104 102 60 [13]
Semiconductor fibril-elastomer composite 0.006-0.001 10° 50 [17]
Semiconductor fibril-elastomer composite <0.001 103 100 [15]
Crack network 0.02-0.008 10° 15 [37]
Cross-linked DPP 0.4-0.3 -- 20 [15]
Polymer blend® 0.04-0.02 108 65 This work
Polymer blend? 0.25-0.16 104 65 This work
2 Charge transport perpendicular to the strain direction
b)

Charge transport parallel to the strain direction at 75% strain
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