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Abstract

Polymer semiconductors based on donor-acceptor monomers have recently resulted in significant
gains in field effect mobility in organic thin film transistors (OTFTs). These polymers incorporate
fused aromatic rings and have been designed to have stiff planar backbones, resulting in strong
intermolecular interactions, which subsequently result in stiff and brittle films. The complex
synthesis typically required for these materials may also result in increased production costs. Thus,
developing methods to improve mechanical plasticity while lowering material consumption during
fabrication will significantly improve opportunities for adoption in flexible and stretchable
electronics. To achieve these goals, we consider blending a brittle donor-acceptor polymer poly[4-
(4,4-dihexadecyl-4H-cyclopenta[1,2-b:5,4-b"]dithiopen-2-yl)-alt-[1,2,5]thiadiazolo[3,4-
c]pyridine] (PCDTPT) with ductile poly(3-hexylthiophene). We find that the ductility of the blend
film is significantly improved compared to neat PCDTPT films, and when employed in an OTFT,
the performance is largely maintained. The ability to maintain charge transport character is due to
vertical segregation within the blend, while the improved ductility is achieved due to intermixing
of the polymers throughout the film thickness. Importantly, applying large strains to the ductile
films is shown to orient both polymers, which further increases charge carrier mobility. These
results highlight a processing approach to achieve high performance polymer OTFTs that are
electrically and mechanically optimized.
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1. Introduction

Multi-component polymer films cast from a common solution where one constituent
material is a semiconductor and a second is an insulating commodity polymer has a number
of potential advantages for the development of organic thin film transistors (OTFTs).1-12
The blend solution provides an opportunity to encapsulate the environmentally sensitive
active layer,* reduce the use of the costly semiconductor material, and manage solution
viscosity for processing optimization.219:12 There are also potential mechanical benefits
where blending an appropriate secondary polymer can improve the ductility and strength of
the film. For example, demonstrations include blending high density polyethylene (PE) with
doped polythiophene, where the ductility of bulk samples increased significantly while
electrical conduction through the sample was still possible.13 The use of block-copolymers
composed of poly(3-hexylthiophene) (P3HT) and PE was also shown to increase film
ductility and strength while the performance of these films, in their unstrained state, were
similar to neat polythiophene films for both bulk charge transport measured in a diode
configuration, and in-plane charge transport measured in an OTFT.14 In a recent report,
P3HT fibrils were embedded into an elastomer host resulting in highly stretchable
composite, although with a drop in mobility compared to the fibril network in an unstrained
state.15

In demonstrations of polymer semiconductor blend films used in OTFTs, the polymer
semiconductors employed have largely been polythiophenes: poly(3-hexylthiophene)
(P3HT), poly(2,5-bis(3-dodecylthiophene-2-yl)thieno[3,2-b]thiophene) (pBTTT), and
poly[5,5”-bis(3-dodecyl-2-thienyl)-2,2”-bithiophene (PQT).2:>:7.9.10.16 Here, we are
interested in employing the blend film approach to high performance donor-acceptor
polymers with a focus on increasing film ductility while maintaining OTFT performance.
Polymer semiconductors based on donor-acceptor monomers have garnered considerable
attention for application in OTFTs due to their significant gains in field effect mobility.17.18
The high charge mobility in this class of materials is associated with highly planar polymer
backbones, and strong intramolecular interactions that improve local polymer order and
increase charge delocalization.1”18 This results in polymers with rigid backbones and strong
intermolecular interactions that can lead to films that fracture at a few percent strain.19 Here,
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we show that blending the donor-acceptor polymer with a secondary ductile polymer
significantly increases the film ductility. The polymer blend films have performance
associated with the higher performance polymer while increasing the film ductility such that
when strain is applied to the film, the polymer backbones align in the direction of strain and
the charge mobility in the chain alignment direction increases compared to an unstrained
film. The increase in ductility is key to realizing physically robust flexible and stretchable
devices.1>17-19. In particular, retaining similar performance under large strains is a powerful
screening tool to asses the suitability of a material for stretchable device applications.20:21
These results highlight a design approach capable of achieving high mobility and highly
ductile polymer semiconductor films.

In this work, we consider the donor-acceptor 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)
with molecular structure given in Figure 1.2223 The crack onset strain of PCDTPT occurs at
< 4 % strain as determined by straining the film on an elastomer host substrate and
observing the film under optical microscopy. A neat PCDTPT film strained by 10 % is
pictured in Figure 1 showing clear tearing in the film. A strain larger than crack-onset is
imaged to highlight the tearing in the film. To improve ductility we blend this polymer with
P3HT. The use of the polymer semiconductor P3HT as the secondary material is a departure
from previous studies where the secondary material has typically been an insulating
polymer. P3HT was chosen as the secondary polymer for several reasons. The high
molecular weight P3HT used in this study is known to be ductile at room temperature with a
glass transition temperature below room temperature.242% P3HT is semicrystalline with
strong aggregation characteristics that will promote segregation of the polymers. P3HT is a
well characterized system such that variations in morphology can be probed optically and
with diffraction.26:27 In addition, the absorption spectrum of P3HT does not significantly
overlap with the absorption spectrum of PCDTPT, allowing the components to be
characterized by UV-visible optical spectroscopy. We show that blending P3HT with
PCDTPT can significantly increase film ductility while largely maintaining the charge
transport characteristics in an OTFT configuration. Furthermore, the increased ductility
allows for large strains to be applied to the film orienting the polymers in the plane of the
film, resulting in an increase in charge mobility relative to the neat PCDTPT counterpart.
Importantly, in blend films for OTFTs, it is typically desirable to promote vertical
segregation within the film such that the semiconductor is found near the gate dielectric
surface. This helps ensure that the narrow region of the film that is responsible for charge
transport is composed of the desired semiconductor material. This then suggests that we
require a blend film system that will increase ductility and have vertical segregation,
potentially conflicting design requirements. The ability to achieve high ductility and
mobility demonstrated here is attributed to a unique morphology that includes vertical
segregation of the components while maintaining some intermixing of the polymers through
the film thickness. Below, we first discuss the OTFT performance of the blend films
followed by morphological characterization and analysis of film ductility.
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2. Results and Discussion

Processing Considerations and OTFT Performance

Blend films were cast from solutions composed of 1:0, 1:1, and 1:4 weight ratio of
PCDTPT:P3HT dissolved in a 1:1 volume ratio of 1,2-dichlorobenzene:chloroform. The
solutions were spun cast at room temperature onto octyltrichlorosilane (OTS) treated Si
substrates. Charge transport characteristics were measured in a bottom-gate bottom-contact
OTFT configuration with a focus on saturated field effect mobility. The transfer and output
characteristics of 5 um devices are given in Figure 2(a) and Figure S1, respectively. The
channel length dependence of the saturated mobility is also shown in Figure 2(b). We find
that the neat PCDTPT film has the highest saturated field effect mobility followed by the 1:1
blend film, where the mobility for 5 pm channel length devices were approximately 0.9
cm?V~1s71and 0.8 cm2V 1571 respectively. These films are also found to have a similar
channel length behavior. Going to the 1:4 film, there is a drop in mobility and a flatter
channel length dependence.

To gain insight into this channel length behavior, contact resistance analysis was performed
on each film type following a previously described process,28 with details provided in the
supporting information and results giving in Figure S2. The 1:4 blend film is found to have a
higher contact resistance compared to the other films, and all films have a similar channel
resistance. In the 1:4 blend film the contact resistance is significantly higher than the
channel resistance per um of channel length, such that one would expect a significant
influence on the measured mobility for the shorter channel length devices,2° which supports
the flatter channel length dependence observed for these films. Nevertheless, the relatively
high charge mobility in the both blend films suggests that PCDTPT is primarily responsible
for charge transport. While there is a drop in mobility for the 1:4 film, PCDTPT is still
believed to be the primary charge carrier material given that P3HT typically has an order of
magnitude lower mobility.30 The charge transport characteristics suggest we have vertical
segregation of the materials within the film, with PCDTPT preferentially segregating to the
bottom interface.

Film Morphology

We begin the morphological characterization by investigating the segregation behavior of the
polymers in the films. Segregation in polymer blends commonly occurs due to the low
entropy gain upon mixing.3-31 This segregation can be both lateral and vertical in nature.
Several factors can contribute to the vertical segregation within the film including the
interaction energy between the film/substrate and film/air interfaces,3:32:33 crystallization
order of the components,? and solubility differences of the materials in the solution.”-12:31 |n
cast films, lateral segregation can also develop due to polymer interface instabilities during
solidification.3! Lateral segregation is first considered by inspection by atomic force
microscopy (AFM) and optical microscopy, with characteristic images shown in Figure 3
and Figure S3, respectively. We see that the 1:1 film has nanoscale nodules that can be
attributed to lateral segregation of PCDTPT within the film. This is supported in part by the
distinct color of the nodules observed in the microscope images. An AFM image of a neat
PCDTPT film is also provided in Figure S4 where no signs of nodule formation are visible,
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showing that this formation is not inherent to the PCDTPT film. In the 1:4 blend, the film is
relatively smooth without any signs of significant lateral segregation of the polymers.

To determine the vertical segregation character, the blend films were measured with Time-
of-Flight Secondary lon Mass Spectrometry (TOF-SIMS). TOF SIMS depth profiles for the
1:1 and 1:4 films are shown in Figure 4(b,c). For the polymers under consideration, the
nitrogen in the PCDTPT provides a unique marker for depth profiling through the CN~ ion.
Also shown in the SIMS depth profile is O™ and Si~, which captures the Si substrate with its
native oxide layer.

From these depth profiles, segregation of the PCDTPT is clearly visible, and the blend films
can be roughly divided into 3 regions. The bottom of the film is PCDTPT rich, the middle of
the film has a significantly reduced PCDTPT concentration, and the top of the film we find
that the PCDTPT begins to increase again in concentration, as illustrated in Figure 4(a). The
relative fraction of the PCDTPT in the middle region of the film is greater in the 1:1 film
compared to the 1:4 film, likely due to the lateral segregation of the PCDTPT resulting in
pure aggregates that form through the film thickness. In addition, as the ratio of PCDTPT in
the blend drops, the PCDTPT rich bottom layer becomes thinner. The depth resolution of the
1:1 film also appears to be poorer than the 1:4 film, which is most likely due to the rougher
initial surface of the 1:1 film as a result of the lateral segregation. While clear vertical
segregation is observed with TOF-SIMS, it does not provide information on the purity of the
bottom PCDTPT rich region. To determine if both polymers are still found near the surface
of the film, X-ray photoelectron spectroscopy (XPS) measurements are made on neat P3HT
and PCDTPT films and 1:4 blend films, with data provided in Figure S5. Results show that
the bottom surface of the blend film has signatures associated with both P3HT and PCDTPT.
A characteristic N 1s peak is evident at 400 eV confirming the presence of PCDTPT at this
interface while the C 1s peak at 286 eV and the S 2p peak at 164 eV indicate the presence of
P3HT. Thus, while there is vertical segregation of the PCDTPT to the bottom surface of the
film, a fraction of P3HT remains distributed near the surface. The fraction of P3HT at the
surface is not quantitatively determined in this report. However, the TOF-SIMS is consistent
with the OTFT measurements that suggest the surface in contact with the gate dielectric is
composed primarily of PCDTPT.

Fully describing the phase separation of the polymers is out of the scope of this article.
However, we provide here possible mechanisms that are driving the segregation behavior.
The vertical segregation observed in the films is primarily attributed to preferential wetting
of the PCDTPT to the film surfaces. The surface interactions are considered by measuring
the contact angle of saturated PCDTPT and P3HT solutions in 1,2-dichlorobenzene on OTS-
treated Si. The contact angles were determined to be 42° for PCDTPT and 52° for P3HT.
These results suggest that PCDTPT preferentially wets the substrate surface.? Preferential
solubility of the polymers may also be a factor in the vertical segregation
characteristics.>7:12:34.35 Dyring spin coating, a gradient in solvent concentration can form
in the film where solvent evaporation from the top of the film is faster the solvent diffusion
through the film.31 Thus, the polymer with lower solubility will be rejected from the solvent
poor region of the film toward the more solvent rich region near the substrate surface. 4512
We have not completed a full solubility analysis, but believe that the PCDTPT is not as
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soluble as P3HT in the co-solvent mixture. The high higher molecular weight of the
PCDTPT and the stiff polymer backbone reduces its solubility as previously reported.22
Thus the PCDTPT may be driven toward the bottom surface during the casting process.
Given that the TOF-SIMS data shows a PCDTPT rich region at both the air and substrate
interfaces of the film, this mechanism is believed to be secondary to preferential wetting.
The solvent gradient along with polymer-polymer interface interaction can also drive lateral
segregation.3! The variation in polymer blend ratio along with the solidification rate and the
solvent gradient during casting likely drives the differences observed in the lateral
segregation in the films. The greater lateral segregation found in the 1:4 blend films may
partially cause the lower mobility in these films compared to the 1:1 blend films.

Finally, it should be noted that the processing approach used here is a fast cast method
processed at room temperature. This approach simplifies the casting procedure considerably
compared to previous polymer blend OTFT approaches that required elevated temperature
casting with fine control of solidification order and rate.2 Nor does the method use a
marginal solvent approach to promote polymer segregation that requires careful solution
design.”34 The trade-off compared to these other methods is the limited ability to minimize
the active polymer semiconductor in the blend film while still maintaining high OTFT
performance.

The segregation and aggregation character of the blend films are further characterized with
UV-visible spectroscopy and grazing incidence X-ray diffraction (GIXD). The UV-visible
absorbance of the films is given in Figure 5. Clear absorption features associated with the
P3HT and PCDTPT are present and their relative absorption associated with the polymer
ratio is apparent. The vibronic features associated with P3HT aggregates are clearly visible
showing that pure P3HT aggregates form in the cast film. Neat PCDTPT film absorption is
roughly from 700 nm to 1100 nm and is rather featureless, and the absorption character
remains similar in the blend films over this range. GIXD of the neat P3HT, neat PCDTPT
and the 1:4 blend films are given in Figure 6 and Figure S6. The line scans shown in Figure
6 are taken from the 2D image plate data shown in Figure S6. Note that the out of plane line
scans have a fixed incident angle and are not specular scans.36:37 However, for samples with
a broad orientation distribution, the out of plane data captures the relative diffraction
character of the two polymers and is used qualitatively for comparison purposes.38:39 In the
neat films, it is clear that both films are semicrystalline with characteristically edge-on
stacking (i.e. conjugated ring plane perpendicular to the substrate plane). The d-spacing of
the (100) planes (alkyl stacking direction) is found to be approximately 18.5 A for PCDTPT
and 16.5 A for P3HT. The d-spacing of the (010) planes (pi-stacking) is found to be 3.5 A
for PCDTPT and 3.8 A for P3HT. The differences in stacking distances are such that the
diffraction peaks are separated in reciprocal space. In the blend film, the unique peaks from
each polymer crystal are observable. Thus, the P3HT and PCDTPT continue to crystalize
within the film and no co-crystal formation or chemical interaction is apparent. The
diffraction peaks (h00) and (010) observed in the neat PCDTPT films appear to become
weaker in the blend film. This may be due in part to the lower volume fraction of PCDTPT
in the blend film, and may not necessarily reflect a change in polymer crystallinity.
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Film Ductility

Thus far, the films are shown to have clear aggregation of each of the polymer components
and vertical segregation of the PCDTPT towards the bottom surface of the film. The vertical
segregation results in field effect mobility in the blend films that are comparable to the neat
PCDTPT film for bottom gate, bottom contact OTFTs. A primary motivation of this paper is
to explore the impact blending a film has on the mechanical behavior with particular focus
on film ductility. To estimate changes in film ductility, we measure the onset of fracture in
the film using optical microscopy and atomic force microscopy. We further verify the
plasticity and fracture nature by measuring charge transport of the strained films in an OTFT
configuration. In addition, we show that we can exploit the increased ductility of the film to
strain orient the polymer chains in the plane of the film to improve charge mobility.2>

The crack onset strain is first investigated by transfer printing the films from the initial cast
substrate onto a polydimethylsiloxane (PDMS) elastomer host, following a procedure
previously described.2? The films are then strained while on the elastomer and visually
inspected by optical microscopy to determine the crack onset strain.? Straining the films by
up to 75 %, film fracture cannot be observed, with characteristic images shown in Figure S3.
However, in the 1:1 film, the lateral segregation features may obscure the presence of
fracture. A more detailed inspection of highly strained films is thus performed by AFM, with
images shown in Figure 3. Here, films are strained while on a PDMS elastomer by a
specified amount and then transferred onto an OTS treated Silicon surface. The 1:4 film
appears continuous up to the maximum applied strain of 75 %. In contrast the 1:1 films
show tearing features at strains of 50 % and higher. The film is found to be continuous at

25 % strain (Figure S7), and thus the tearing starts between 25 % and 50 % strain. While this
fracture strain in the 1:1 film is lower than the 1:4 film, it remains significantly larger than
the neat PCDTPT films, which cracks at strains of approximately 4 %. It is interesting to
note that tearing in the 1:1 films is localized near the PCDTPT aggregates. Fracture is not
observed in regions absent of these PCDTPT nodules, suggesting that the more intermixed
regions have increased ductility. Removing the laterally segregated PCDTPT, as found in the
1:4 blend films, results in highly ductile films.

To gain insight into the plastic deformation occurring in the films, UV-vis absorption under
linearly polarized illumination is measured in the films with applied strain, with results
shown in Figure 5(a,b). We observe dichroism in both the P3HT and PCDTPT absorption as
the film is strained. Given that the optical transition dipole moment in these conjugated
polymers is along the polymer backbone, the measured absorbance anisotropy indicates that
both polymer backbones are aligning in the direction of strain.2>:26:41 To quantify the
anisotropy, we plot the dichroic ratio (/) of the blend films with strain in Figure 5(c), where
R=A}/A_L, and A is the absorbance of the film with polarized light parallel (||) and
perpendicular (L) to the applied strain direction.42 R s taken at the wavelengths of 550 nm
and 900 nm representing the peak absorption associated with P3HT and PCDTPT,
respectively. In the 1:4 film, Rat 550 nm and 900 nm are similar at 50 % applied strain, but
deviate slightly at 75 % strain, where the P3HT component of the film (550 nm) is shown to
have a larger R. In the 1:1 blend film, Ris larger at 550 nm (P3HT component) than 900 nm
(PCDTPT component) at both 50 % and 75 % strain. These results show that both polymers
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are reorienting with plastic deformation. The larger divergence observed in the 1:1 film is
likely due to the laterally segregated PCDTPT aggregates that do not plastically deform and
thus have isotropic absorbance for normal incidence light.

Charge Transport in Strained Films

Finally, strained films are printed onto OTFT test beds and charge mobility is measured
parallel to the direction of strain. Here, the films are thermally annealed at 200 °C after
printing to improve local order and charge mobility. However, it should be noted that films
annealed at 200 °C and then strained are found to have a crack onset strain similar to
strained as-cast films, suggesting this anneal process does not significant change ductility.
The field effect mobility with applied strain, for 5 pm channel length devices, is given in
Figure 7.

We see that the mobility increases with strain for both the 1:1 and 1:4 blend films with
maximum achieved mobility values of 1.48 cm2V~1s1 and 0.76 cm2V~1s71, respectively.
The strained 1:1 film achieves a mobility that surpasses the neat PCDTPT film. This
increase in mobility with strain is commonly observed in strained polymer films, associated
with alignment of the polymer backbone in the direction of strain.2543 By increasing the
ductility of the blend films, we are able to strain orient the polymer semiconductors and
increase charge mobility. Here, we see that the relative increase in mobility of the 1:4
strained film is larger than the 1:1 film. The increase in mobility of the 1:1 film also appears
to dampen at large strains. This is likely due to the nanoscale tearing that develops in the
strained films. This is consistent with the channel length behavior in the strained films,
shown in Figure 8. The relative mobility increase in the 1:4 strained films is similar for short
and long channel lengths. In the 1:1 films, the long channel length mobility does not
improve significantly with strain. This lack of improvement at large strains is likely
associated with tearing in the primary transport material (PCDTPT). While charge transport
is able to overcome small fracture features at short channel lengths and larger tearing
features may be avoided, at long length scales the cumulative film discontinuity impedes
improved carrier mobility. This channel length behavior is consistent with previous work on
charge transport in the oriented pBTTT films, where film discontinuity limits long channel
length mobility enhancement in oriented films.*3 The larger increase in mobility with strain
in the 1:4 films further supports that no significant fracture occurs in these film at large
strains.

3. Conclusions

Methods to increase ductility of conjugated polymers have included the addition of small
molecule additives,** and to add disorder to the conjugated polymer backbone.*®> Here, we
have shown that the addition of a secondary polymer to the high mobility and stiff donor-
acceptor polymer semiconductor PCDTPT can significantly increase the film ductility while
maintaining charge transport characteristics. The ability to maintain charge transport
behavior is attributed to vertical segregation of the high performance PCDTPT to the
interface with the gate dielectric. The large increase in ductility is attributed to the fact that
while vertical segregation is observed in the film, there is P3HT intermixed throughout the
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film thickness and the PCDTPT rich phase at the bottom of the film is not pure. Due to the
increased ductility of the film, large strains were shown to orient both polymers in the
direction of strain. The strain-oriented films were then shown to increase charge mobility in
the direction of applied strain. The strain process enables the 1:1 blend film to achieve
mobility values of 1.2 cm2V~1s71 (with highest value obtained of 1.48 cm?V~1s71) which is
greater than the spun cast neat PCDTPT counterpart. The large increase in ductility observed
in the polymer blend approach is a possible method to achieve stretchable polymer
semiconductor films employing donor-acceptor polymers.

These results show that polymer blend films can be designed to retain the charge transport
characteristics of the primary high mobility polymer semiconductor while also improving
ductility associated with the secondary polymer. Thus, this work highlights the material
opportunities for high performance polymer blend film transistors that are suitable for highly
flexible and stretchable device applications. The improved mechanical behavior may also
work in combination with other blend film advantages including optimized ink viscosity,
reduced semiconductor consumption, improved lifetime, and self-patterning. Beyond
polymer semiconductors, these results have significant implications on mechanical behavior
of multi-component polymer thin films with vertically segregated character.

4. Experimental Methods

Film Preparation

The P3HT was obtained from Sigma Aldrich, Inc. with a number average molecular mass
M, = 54 kg/mol, polydispersity of 2.4 and a regioregularity of 0.99.46 The PCDTPT was
synthesized using a previously described method, M, = 103 kg/mol and polydispersity of
3.5.22 The neat P3HT and PCDTPT solutions and the blend solutions were dissolved in a
solvent mixture of chloroform and dichlorobenzene at a 1:1 volume ratio at approximately 7
mg mL~1. Two PCDTPT:P3HT solutions were made with weight ratios of 1:1 and 1:4. All
solutions were placed on a hot plate at 70°C for at least 24 h prior to processing. The
solutions were spun cast at room temperature with a spinning rate of 1500(2m/60) rad s™1
(i.e. 1500 rpm) for 30 s onto OTS-modified silicon substrates with a native oxide layer
(OTS-Si). This resulted in blend films of approximately 35 nm to 45 nm thick. The OTS
treatment followed a previously described method.#! Large plastic strains were applied to
the films by picking up from the donor OTS-Si substrate on PDMS and then applying the
strain. Once the desired strain is reached, the films are then printed onto the secondary
receiving substrate for further characterization, which included an OTS treated glass or
Silicon substrate. The change in film thickness with applied strain can be estimated as ¢, =
t1(1+£)1~V, where £, is the final film thickness, #; is the initial film thickness, e is the
applied strain, and v is the Poisson’s ratio of the PDMS substrate, taken as 0.5.47

OTFT Fabrication and Electrical Characterization

The transistors had a bottom-gate bottom-contact configuration with Au source drain
electrodes and a 200 nm SiO5 gate dielectric that was OTS treated. The neat PCDTPT films
were directly cast on an OTFT test bed. The blend films were transfer printed from the initial
casted substrate to the OTFT test bed using polydimethylsiloxane (PDMS) as the stamp. The
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transfer printing process follows a process previously described.3> All devices are thermally
annealed at 200 °C for 5 min followed by slow cooling prior to device testing. The electrical
properties were probed in a Nitrogen environment with a HP 4156B semiconductor
parameter analyzer. For transfer characteristic, the gate voltage was swept from 20 V to —60
V for a drain source voltage of —60 V (saturation regime). Output characteristics were
measured with gate voltages from 20 V to -60 V in steps of —20 V while sweeping the drain
source voltage from 20 V to —60 V. The saturated field-effect mobility was calculated from a
linear fit of IpY/2 versus Vg, fitting a slope over a minimum 5 V range. The error bars are
given as a standard deviation of a minimum of five measured devices.

Morphology Characterization

Contact angle measurements were performed with a Rame-Hart Inc. NRL C.A. Goniometer
100-00. AFM measurements were performed on a Bruker Dimension 3000 in tapping mode.
The UV-Vis absorbance measurements were performed with an Ocean Optics Jazz
spectrometer. X-ray diffraction measurements were performed at the Stanford Synchrotron
Radiation Lightsource (SSRL) on beam line 11-3 with an area detector (MAR345 image
plate), an energy of 12.735 keV, and an incidence angle of ~0.12°. Samples were enclosed in
a helium chamber to reduce air scattering and beam damage. The data was processed using
previously published methods to convert detector images into intensity versus scattering
angle, ¢.36:38:39 The XPS measurements were performed with a SPECS XPS with a 6
channel PHOIBIS 150 analyzer with pressure less than 3x10710 Torr. Films were spun cast
onto OTS Si then removed with carbon tape so that the bottom of the film was exposed for
XPS measurements. The TOF-SIMS measurements were performed with ION TOF SIMS V
instrument. The depth profiles were acquired with Cs ion beam sputtering and Bi ion beam
analyzing.
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Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Optical microscope image of cracked PCDTPT at 10 % strain. The scale bar is 40 pm. Top,

molecular structure of PCDTPT.
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(a) OTFT transfer curves for 5 um devices for neat PCDTPT, 1:1 PCDTPT:P3HT, and 1:4

PCDTPT:P3HT blend films. (b) Channel length behavior of the saturated field effect

mobility for these films.
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Figure 3.
Atomic force microscope images of the spun cast (a) 1:1 and (b) 1:4 ratio PCDTPT:P3HT

blend films. Images of 75 % strained (c) 1:1 and (d) 1:4 ratio PCDTPT:P3HT blend films.
The applied strain direction is given in the bottom left corner of the strained films. All
images are 10 um by 10 pm.
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Figure 4.
(a) Schematic of the segregation character of the 1:1 and 1:4 blend films. (b,c) TOF-SIMS

results for vertical segregation of the (b) 1:1 and (c) 1:4 blend film on a Si substrate with
native oxide layer. The CN™ ion is unique to the PCDTPT polymer.
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Figureb.
(a,b) Absorbance of PCDTPT:P3HT blend films without applied strain and after 75 % strain

for (a) 1:1 ratio and (b) 1:4 ratio films. The strained films have polarized light incident
parallel and perpendicular (perp.) to the strain direction. (c) Dichroic ratio of the 1:1 and 1:4
P3HT:PCDTPT films with strain measured at 550 nm and 900 nm.
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Figure 6.
Line scans taken from 2-D GIXD images for the neat P3HT, neat PCDTPT, and 1:4

PCDTPT:P3HT blend films. The images include (a) out of plane diffraction, and (b) in-plane
diffraction. The indices associated with P3HT are shown in black, while the diffraction from
PCDTPT is shown in blue. The diffraction intensity is offset for each film for clarity. Note
that the g, label in (a) is not specular.
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Figure7.
Saturated field effect mobility in the blend films with applied strained for charge transport

parallel to the strain direction. The unstrained neat PCDTPT mobility is shown as a dotted
line with uncertainty in gray, and is shown to compare to the strained films. The channel
length of the devices was 5 um.
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Channel length dependence of the saturated mobility for various applied strains for transport
parallel to the strain direction for (a) the 1:1 PCDTPT:P3HT blend films and (b) 1:4 blend

film.
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