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ABSTRACT

The ability to deposit polymer semiconductors (PSCs) over a large area at near ambient conditions
makes them exciting candidates for low-cost large area electronic applications. Given the
sensitivity of the charge carrier mobility in PSCs to the nature of their deposition from solution, a
mechanistic understanding of deposition processes is essential for enhancing and controlling a
PSC’s electrical performance. Polymer chain alignment has been largely posited as a strategy for
improving electrical performance of PSCs. In this work the ability of a micropillar shearing blade
to align polymer chains of poly(2,5-bis(2-octyldodecyl)-3,6-di(thiophen-2-yl)diketopyrrolo[3,4-
c]pyrrolel ,4-dione-alt-thieno[3,2-b]thiophen) (DPP-TT) during solution shearing by increasing
extensional flow is investigated. A sufficiently strong extensional flow field is found to be capable
of aligning polymer chains and inducing crystallization. Such an alignment of crystallite domains
is observed to be correlated to increased charge carrier mobility, but the effect of such an alignment
on charge transport is dependent on deposition conditions. Furthermore, the ability of polymer
chains to be aligned by using extensional flow, and the effect of such an alignment on subsequent
charge transport, is highly dependent on polymer chain length due to changes in both solution state

properties and charge transport mechanisms.



1. INTRODUCTION

Polymer organic semiconductors (PSCs) are lightweight, mechanically compliant, easily tunable
through chemical synthesis, and capable of being deposited over large area, making them excellent
candidates for inexpensive printable electronics with functionalities currently underserved by
conventional inorganic semiconductors. Unlike their inorganic counterparts, in solid films, PSCs
are held together by weak Van der Waals and n-m interactions, resulting in a heterogeneous
microstructure, which can be easily modulated during deposition. Because of the relationship
between the microstructure and PSC charge transport there exists a strong correlation between

electrical properties and deposition method.!™

Solution shearing is a commonly studied method for depositing PSCs due to its amenability to
high throughput roll-to-roll processing.*”” A variety of methods have been used in conjunction
with solution shearing to manipulate the thin film microstructure of PSCs. These methods include
molecular confinement using a nanostructured surface,®’ use of an applied field,'° and flow-

controlled methods, which are the topic of this manuscript.

During solution shearing, polymer chains are subject to a boundary-driven flow generated by
the coating blade. One way to control the flow profile during solution shearing is by introducing
lithographically patterned structures onto the coating blade. Micropillar shearing blades have been
studied for the deposition of small molecule organic semiconductors.!!'* PSC assembly into the
thin film state is affected by polymer chain conformation and dynamics, making the morphological
control of PSCs during deposition mechanistically distinct from that of small molecule organic

semiconductors. In PSC deposition, the use of micropillar blades has been studied much less



frequently. Namely, it has been shown that deposition using a micropillar blade can result in

increased thin film crystallinity.'>!¢

The discovery of new materials that exhibit relatively low crystallinity while still achieving
excellent charge transport indicate the importance of an elongated and planarized polymer
backbone in a fast charge transport.!” Both theoretical and experimental work suggest that an
“ideal” semiconducting thin film morphology requires efficient intrachain charge transport via
long rigid polymer chains, connecting neighboring crystallites.'®?* This model suggests that
aligning and extending polymer chains may be an effective strategy for increasing the efficiency
of charge transport by reducing the number of slow charge carrier “hops” required for percolation

through the film.

Most recently, our group used a micropillar blade to align stretchable polymer/elastomer blended
nanostructures in order to facilitate faster charge transport along the aligned polymer
nanostructures.’* However, the film formation mechanism in this case was dependent on the phase
separation of polymer chains from the surrounding elastomer into nano-scale fibers. Thus, it is
worthwhile to investigate if a micropillar blade can be used to produce a nano-scale polymer chain
alignment in neat polymer films (i.e. with only single semiconducting polymer), given the
uniqueness of the film formation mechanism compared to a binary system (i.e. semiconducting

polymer with elastomer).

Subsequently, in this work the ability of shear and elongation flow fields created by the
micropillar blade, as shown in Figure 1a, to extend and align polymer chains and facilitate
efficient charge transport pathways is assessed using a diketopyrrolopyrrole-based polymer,

poly(2,5-bis(2-octyldodecyl)-3,6-di(thiophen-2-yl)diketopyrrolo[ 3,4-c]pyrrole-1,4-dione-alt-



thieno[3,2-b]thiophen) (DPP-TT). At sufficiently high shearing speeds, the use of a micropillar
blade is indeed effective in increasing polymer chain alignment and thin film crystallinity. Such
an alignment is, in addition, dependent on polymer molecular weight/chain length. Additionally,
a non-direct correlation between bulk polymer chain alignment and charge transport anisotropy is
observed, suggesting that polymer chain alignment does not always promote faster charge

transport, which may be the result of potential disruption of order from the top film interface.

2. RESULTS

2.1 Polymer Chain Alignment

Strong flow fields (both shear and extensional) have been shown to induce polymer
crystallization through the elongation and alignment of polymer chains.?>* During solution
shearing, polymer alignment can be induced using shear flow created by the coating blade.’!~*
More recently, our group has discovered that by altering the flow-profile during coating using
micron-scale structures, alignment can be further increased for semiconductor-elastomer
nanostructures.?* In this work, we assess the ability of extensional flow created using a micropillar
blade to induce alignment in neat polymer films. Specifically, rectangular pillars spaced 6 pm apart
are patterned onto the shearing blade (Figure 1a). As depicted in Figure 1a, during coating an
extensional flow field will be induced by forcing polymer solution from a large cavity (millimeter-

scale) to a much smaller cavity (micron-scale). Such an extensional flow is expected to result in

the elongation of polymer chains present in solution.

To test the ability of extensional flow generated in this manner to produce polymer chain
alignment, films of DPP-TT were deposited from a chlorobenzene solution onto an n-

octadecyltrimethoxysilane (OTS) treated Si/Si0, substrate using the micropillar blade. Reference



films were deposited using a silicon coating blade with no micropillars. Shearing speeds between

0.2 and 8 mm/s were tested.

Two characteristic coating regimes are typically observed in solution shearing. The evaporative
regime occurs at lower shearing speeds and is characterized by slow solvent evaporation and
decreasing film thickness with increasing shearing speeds. The classically-termed Landau Levich
(LL) regime occurs at higher coating speeds and is characterized by faster solvent evaporation
rates and increased film thickness with increasing speed.** The coating regime in which a film is
deposited may greatly affect the final thin film morphology and polymer chain alignment due to
changes in evaporation rate and overall time of drying. In this study, films deposited in both the
evaporative and LL regime were characterized. Based on measured film thickness, the transition
from the evaporative regime to the LL regime begins to occur after the blade speed increases to
above ~1 mm/s (Figure 1b). It should be noted that the film thicknesses obtained using the
micropillar and reference blades were comparable across different shearing speeds, eliminating

any additional effects that may result from variable film thickness.

Bifringence observed from polarized optical microscopy (POM) images indicates macroscopic
alignment of the solution sheared films deposited using both the reference and micropillar blades
(Figure 1c¢). Additionally, because the absorption transition dipole moment lies predominantly
along the polymer backbone, macroscopic polymer chain alignment can be determined by

comparing the UV-Visible absorption spectra of light polarized both parallel (i.e. ¢ =0°) and

perpendicular (i.e. 9=90°) to the direction of coating.’**® The polymer backbone absorption peak
(600-900 nm) exhibits two vibronic bands, with the lower energy peak (0-0) typically attributed to

polymer aggregation.’’ Here, the dichroic ratio (DR) is taken to be the 0-0 peak intensity in the



direction along ( ¢ =0°) the shearing direction over the direction perpendicular to the shearing

direction (¢=90°). Therefore, a DR greater than 1 indicates polymer chain alignment in the
direction of coating (Figure 1d). Calculations of the DR based off the higher energy vibrionic
band (0-1 peak) showed trends consistent with those for the 0-O peak. An increase in overall
polymer chain alignment was observed across the tested shearing speeds for films coated using
both the reference and micropillar blades (Figures 1d and e). At shearing speeds above 1 mm/s,
use of the micropillar blade appears to correspond to a modest increase in polymer chain alignment
in comparison to the films coated using the reference blade (6-24% increase). The relatively small
difference in optical absorption may be due to the relatively low crystalline fraction in DPP
materials. Since the elongation flow field is expected to increase from 1mm/s to 8 mm/s, this result
suggests that elongational flow may play a role in enhancing polymer chain alignment. Such an
enhancement in alignment may occur through the alignment of polymer nanoaggregates or through
shear-induced polymer chain elongation and subsequent crystallization of aligned polymer chains.
The detailed mechanism requires further investigation with morphological characterization as
detailed below. Furthermore, a shearing blade with a reduced pillar spacing of 3 um was tested
and yielded comparable polymer chain alignment to that of the blade with 6 um spacing, despite
an anticipated increase in shear and extensional flow (Figure S2). For smaller mircopillars a
greater pressure difference is required to drive fluid through the micropillars, rather than below
them. The lack of further alignment upon reducing pillar spacing may be a result of decreased
driving force for fluid to travel through the micropillars, rather than underneath them. Moreover,
the inability of more closely spaced micropillars to further align polymer chains has been observed

previously?*.
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Figure 1. (a) Micropillar shearing apparatus. Inset shows polymer chains exposed to extensional
flow via micropillars, resulting in polymer chain extension and alignment. The blue arrows
represent the flow field created by the micropillar channel. The green lines represent polymer
chains. Chemical structure of DPP-TT polymer. Optical microscope image of micropillar blade
used. Both pillars and pillar spacing are 6 pm. (b) Film thickness for films deposited using
micropillar and reference blades. (c) Polarized optical micrograph of thin film sheared at 3 mm/s.
(d) Normalized absorption spectra for films sheared using a micropillar shearing blade at 8§ mm/s

versus a spincast film of DPP-TT, which is isotropic. (¢) The tabulated dichroic ratio for reference



and micropillar blade films determined based on the intensity of the 0-0 vibronic peak parallel and

perpendicular to shearing.

2.2 Morphological Characterization

In order to examine how the changes to the flow profile alter the crystallization kinetics, and
thus the film morphology, during solution shearing, the surface and bulk crystalline textures were
characterized using atomic force microscopy (AFM) and grazing-incidence x-ray diffraction

(GIXD), respectively.

GIXD was employed to develop further understanding of polymer chain alignment in this system
by probing crystallite orientation. We define the anisotropy of crystallinity as the ratio of the
diffraction intensity of the n-m stacking (010) from diffraction patterns taken with the beam path
parallel (9=0°) and orthogonal (i.e. ¢=90°) to the shearing direction (Figures 2a and b). Consistent
with optical measurements of alignment, we see that crystallite alignment increases with increasing
coating speed (Figure 2¢). Films coated using the micropillar blade exhibited significant increases
in polymer chain alignment, with films coated at 8 mm/s showing a nearly 3-fold increase in

crystallite alignment of subsequent films, much larger than the optical DR.
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Figure 2. Summary of crystallite anisotropy. (a) Normalized diffraction patterns taken in the
direction parallel (0°) and perpendicular (90°) to shearing for reference and micropillar films
deposited at 8 mm/s (b) 1D profiles of diffraction intensity for the (010) peak taken parallel and
perpendicular to shearing at 8 mm/s. (c) Calculated anisotropy of crystallinity based on the n-n

stacking intensity (i.e. (010) diffraction peak intensity) parallel and perpendicular to coating.

It has been demonstrated that the presence of extensional and shear flow fields, both during
rheological experiments and deposition, is capable of inducing crystallization in PSCs.!3:16-2%:3
Such an increase in crystallization is believed to be the result of a reduced entropic barrier to
crystallization caused by the alignment and elongation of polymer chains. Given the clear
observations of polymer chain alignment, the correlation between polymer chain alignment and

thin film crystallinity was investigated.

X-ray diffraction intensity can be used to compare the relative crystallinity of films of the same
material.*® In this case the relative degree of crystallinity (rdoc) of micropillar and reference blade-
deposited thin films was assessed by comparing the intensity of the first-order lamella (100)
diffraction peak.'® Diffraction patterns from -90 to 90° with respect to the coating direction were

taken (Figure 3a). The integrated intensity of the contributions from each angle ¢ represents the

10



rdoc of a given film. Indeed, at sufficiently high shearing speeds, an increase in rdoc is observed
(Figure 3b). This observation is consistent with the hypothesis that polymer alignment is shear-
induced, which should also induce crystallization. At a high coating speed (8 mm/s) the coating is
entering the LL regime (Figure 1b), where stochastic crystallization starts from the liquid-air
interface. The fact that both alignment and rdoc are higher for the micropillar coated film suggests

shear-induced alignment and crystallization are at play.

It can be seen that the trend in rdoc for films deposited using the micropillar blade is qualitatively
different than the trend observed for films deposited using the flat reference (Figure 3b). For
reference films, rdoc decreases with increasing shearing speed. We attribute such a decrease in
rdoc to changes in the drying dynamics that occur with increasing shearing speed. It has been
observed previously that films deposited in the LL regime exhibit decreased crystallinity,
potentially resulting from rapid crystallization at the wet film surface, which suppresses the overall
crystallization of the underlying films.*® Conversely, for films coated using the micropillar blade,
an increase in crystallinity was observed with increasing shearing speed, suggesting that not only
is a sufficiently strong extensional flow capable of inducing polymer crystallization, the use of an
elongation flow field allows for crystallinity to be maintained into the LL regime. However, it
should be noted that at 1 mm/s, the rdoc for films deposited using the micropillar blade is lower
than reference blade. This difference may be due to the positioning of the reference blade in this
study. Both the micropillar and reference blades were placed 15 pm from the substrate. This
reference blade placement was chosen to ensure that observed phenomena was not the result of
simply increasing shear flow in the areas below the pillars. However, such a placement of the
reference blade may result in the presence of a larger out-of-plane shear stress than that of the

micropillar blade given that 50% of the micropillar blade is 35 pm from the surface rather than 15

11



(from lubrication theory out-of-plane shear stress is proportional to the gap height for a flat
shearing blade).>! Thus, the observed increase in crystallinity shown for the reference blade at 1
mm/s may be due to a shear-induced crystallization mechanism, which may be dominant when the

elongation flow field is not yet large enough to elongate polymer chains and induce crystallization.

Additionally, surface morphology was analyzed using Atomic Force Microscopy (AFM).
A fibral morphology that begins to dissipate after a shearing speed of 3 mm/s was observed from
AFM phase images, as depicted in Figure 3c. There is not a discernable difference in AFM images
taken from micropillar films versus reference films (Figure S4). Given that only the surface of the

material is probed, the lack of difference may be a result of interfacial misorientation at the air-
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film interface due to rapid solvent evaporation. Indeed, highly anisotropic films of solution sheared
DPP that do not display strong indicators of alignment at the top film interface have been
reported.’! Moreover, gradients of alignment have been observed in solution sheared DPP-based

films previously.*
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Figure 3. Characterizations of the thin film bulk and surface texture. (a) Schematic of rotational
GIXD measurement to determine relative degree of crystallinity (rdoc) (b) Normalized (100) peak
intensity versus sample rotation angle, ¢ for reference and micropillar films deposited at 1 mm/s,
3 mm/s, and 8 mm/s from left to right. (¢) AFM phase images of films deposited using micropillar

blade labeled with calculated roughness deposited at 0.5, 1, and 8 mm/s from left to right.

2.3 Charge Transport

Bottom gate/top contact transistors were fabricated using the structure shown in Figure 4a.
Mobility was probed in the directions parallel and perpendicular to shearing. Mobility values in
the direction parallel to coating ranged from 0.88 to 1.11 cm?/V/s. The observed charge transport
weakly anisotropic with all films deposited at a coating speed lower than 5 mm/s exhibiting
reduced mobility in the direction perpendicular to shearing. Films deposited using both the
reference and micropillar blade exhibited a local maximum in mobility, on current, and mobility
anisotropy at a coating speed of 1 mm/s (Figures 4b, ¢, and d), despite a monotonic increase in
polymer chain alignment observed across all shearing speeds from both optical and X-ray
characterization. Insignificant differences in mobility between the reference and micropillar blade
is observed (Figure 4e). The device characteristics for all films deposited using the micropillar

blade are summarized in Table 1.
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Figure 4. Summary of charge transport characteristics. (a) Schematic of device configuration. (b)

Mobility and (c) on current parallel (dark blue) and perpendicular (light blue) to shearing for

micropillar blade across tested shearing speeds. (d) Representative transfer curves parallel and

perpendicular to shearing for micropillar film deposited at 1 mm/s. (¢) Mobility comparison of

micropillar and reference films across shearing speeds in directions parallel (top) and

perpendicular (bottom) to shearing
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Table 1. Device performance parameters for devices fabricated using micropillar blade

Shearing Speed p Ve Lo/l D
(cm?/V/s) V)

0.5 0.91 +0.07 242 10°-10° 0.89 1.3

1 1.11+0.11 544 10°-107 0.73 1.5

3 0.99 +0.09 542 10°-107 0.75 1.4

5 0.88 +0.12 444 10°-107 0.67 1.0

8 0.98 +0.05 643 10° 0.74 1.0

a) average reliability factor™®

Figure 5 summarizes the morphological evolution of films sheared using the micropillar and
reference blades. From speeds of 0.5 to 1 mm/s, polymer chains transition from their initial
isotropic orientation to an aligned state, which may potentially result in increased charge carrier
mobility and increased mobility anisotropy between parallel and perpendicular directions. In this
range, though polymer alignment appears to effect charge transport, the reference and micropillar
blade coated films likely exhibit statistically insignificant differences in mobility due to the similar
degree of alignment produced by both blades at these speeds (Figure 1d). At above 1 mm/s the
reference films become slightly more aligned and less crystalline whereas films deposited using
the micropillar blade become significantly more aligned and more crystalline in the direction of

coating.
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Figure 5. Summary of thin film morphology for reference (top) and micropillar (bottom blades).

At low shearing speeds (1 mm/s) the micropillar blade produces greater polymer chain alignment
despite being less crystalline than the reference blade. At 8§ mm/s films deposited using the

micropillar blade are both more crystalline and significantly more aligned than reference films.

Despite such increases in polymer chain alignment, a decreases of both mobility and mobility
anisotropy are observed. These decreases may be due to changes in the drying kinetics during film
formation. That is, after the transition to the LL regime, the rate of evaporation increases, which
may result in stochastic nucleation at the interface, disrupting polymer chain alignment developed
using flow>*. Give that the films deposited in this study are relatively thin, such a disruption in
alignment propagating from the top surface may inhibit anisotropic charge transport and overall
charge carrier mobility. Indeed, from AFM height and phase images a change in the surface

morphology characterized by a decrease in roughness was observed (Figure 3b).
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It is worth highlighting that despite clear qualitative differences in thin film crystallinity of the
micropillar and reference films, charge transport behavior remains qualitatively similar, suggesting
that alignment may be a more effective strategy for facilitating charge transport than increasing
crystallinity for the tested polymer system. This is not surprising as similar observations have been
reported previously. It has been suggested that having good connectivity between small crystallites
through tie chains is more important than having a large crystalline fraction in the film.'®!* Our

results are consistent with these conclusions.

2.4 Effect of Polymer Chain Length

Both theoretical and experimental work have shown that increasing polymer molecular weight
correlates to an increase in charge carrier mobility, which then asymptotes or declines at a
sufficiently high molecular weight.*'** It has been broadly hypothesized that low molecular
weight polymers contain polymer chains that are too short to connect neighboring crystallites,
preventing charge percolation along the polymer backbone. As molecular weight is increased,
percolation along the polymer backbone becomes possible as “tie chains” between neighboring
crystallites begin to form, resulting in observed increases in charge transport. However, as
molecular weight becomes too high, mobility begins to saturate or decline due to kinks and
entanglements in the polymer backbone, which have been suggested both theoretically and

experimentally to serve as charge carrier traps.**#¢

Given the implicated importance of polymer chain length on charge transport as well as
the tendency for the solution state characteristics of PSCs to change with molecular weight (e.g.
aggregation state and entanglement state),*’*® DPP-TT of both lower molecular weight (Mn = 10

kDa) and higher molecular weight (Mn = 32 kDa) than the polymer studied in the above

17



experiments (Mn = 17 kDa) was deposited using the micropillar shearing blade. The solution
viscosity for each tested molecular weight was tuned to ensure comparable film thickness and

prevent any shifting in the transition point between the evaporative and LL regimes (Figure Sé6a).

From polarized UV-Vis. the median molecular weight polymer exhibits the greatest degree
of polymer chain alignment while the high molecular weight polymer shows the lowest observed
alignment of the molecular weights tested (Figure 6a). GIXD measurements reveal similar
alignment behavior to the behavior observed optically (Figure 6a). The observed trends in
alignment may be due to the ideal properties in the solution state of the 17 kDa polymer. Numerous
works have pointed to the importance of solution state aggregates in creating an aligned

microstructure during unidirectional coating.3!%*

In general, increasing molecular weight
increases solution state aggregation.***’ Solution state UV-Vis absorption spectra was collected
to confirm that aggregation in solution did indeed increase with molecular weight (Figure S6b).
Thus, given its more aggregated state in solution, it is possible that the 17 kDa polymer is more
easily aligned than the 10 kDa polymer. However, despite clearly increased aggregation in
solution, the 32 kDa polymer shows the lowest level of alignment among the three tested molecular
weights. Additionally, while the alignment of the 17 kDa and 10 kDa polymer appears to be
monotonically increasing with increasing shearing speed, the alignment of the 32 kDa polymer
asymptotes at shearing speeds higher than 1 mm/s. These observations in combination suggest
that, for the high molecular weight polymer, there may be a frustration of polymer chain alignment
after a certain speed, which could result from either the presence of chain entanglements or the

existence of aggregates in solution that are too large, resulting in a disturbance of the assembly

into the thin film state.
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Again, charge carrier mobility in the direction parallel and perpendicular to coating was
investigated for all molecular weights tested. Parallel and perpendicular mobility values collected
from films deposited using the micropillar blade at 1 mm/s are shown in Figure 6b. For the low
molecular weight polymer, charge transport is isotropic. The mobility of the 10 kDa polymer was
consistent across shearing speeds and consistently isotropic (Figure S9a). Such an isotropic charge
transport behavior is consistent with a morphology in which polymer chains are too short to create
tie chains between neighboring crystallites, resulting in a charge transport that is highly isotropic
despite some observed polymer chain alignment. Despite quantitatively lower alignment, the 32
kDa polymer showed higher mobility anisotropy than the median molecular weight polymer
(Figure 6c). Again, these observations are consistent with a charge transport model where tie
chains between neighboring molecules are essential for efficient charge percolation. While the 32
kDa polymer may exhibit a lower degree of alignment, a higher fraction of tie molecules may
amplify the effect of alignment. Similar to the 17 kDa polymer, the 32 kDa polymer exhibited
charge transport anisotropy which increases up to 1 mm/s before becoming isotropic, again
suggesting a competition between drying kinetics and flow-induced alignment. Unlike the median
molecular weight polymer, the charge carrier mobility of the 32 kDa polymer decreases with
increasing shearing speed for all shearing speeds greater than 0.5 mm/s (Figure S9b). This further
implies the presence of large aggregates or chain entanglements that inhibit alignment of the high
molecular weight polymer. A competition between flow induced alignment and polymer chains
that are too strongly coupled to one another (either through aggregation or entanglement) may
result in an overall disordering of the thin film state, lowering mobility. Thus it is possible that,
while charge transport remains anisotropic, the overall charge carrier mobility of such a film is

reduced.
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While increasing polymer molecular weight has been broadly posited as strategy to
improve PSC performance, very few works have studied PSC molecular weight in the context of
unidirectional coating. Here we show that an intermediate molecular weight polymer is not only
the most conducive to alignment under flow, but also possess the highest charge carrier mobility
when deposited using solution shearing. Indeed, in studies of the meniscus guided coating of other
donor-acceptor conjugated polymers,! as well as P3HT,*? others have observed a local maximum
in electronic performance at intermediate molecular weight. The aggregate of these findings
suggest that while increasing molecular weight may be an effective means for increasing
connections between crystalline regions with faster charge transport in spincast films, further
understanding of the solution state properties of high molecular weight PSCs is necessary to

translate this advantage to films deposited using more industrially relevant, unidirectional coating

methods.
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Figure 6. Effect of molecular weight. (a) Dichroic ratio for films deposited using the micropillar

shearing blade. Inset shows crystallite anisotropy for films coated at 1 mm/s. (b) Mobility parallel
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and perpendicular to shearing at a shearing speed of 1mm/s. Colored and white bars represent the
mobility parallel and perpendicular to shearing, respectively. (c) Mobility anisotropy based on

mobility values reported in (b).

3. CONCLUSION

In this work the ability of a micropillar blade capable of producing an otherwise non-present
extensional flow field to align polymer chains during the deposition of a neat DPP-based polymer
was evaluated. It was shown that an adequately large extensional flow field is successful in
increasing polymer chain alignment and subsequently, thin film crystallinity. From electrical
measurements of a 17 kDa molecular weight DPP-TT polymer it appears that polymer chain
alignment can induce a faster charge transport in solution sheared films, but there is a competition
between drying dynamics during shearing and polymer chain alignment, which results in a
reduction in charge transport mobility and mobility anisotropy for films deposited in the LL
regime. These findings were extended to polymers of varying chain length, where it was observed
that the ability of an extensional flow field to align polymer chains is dependent on polymer chain
length. In particular, polymers of sufficiently high molecular weight may be resistant to chain
alignment and extension by extensional flow due to their properties in the solution state (e.g. on
chain entanglements and aggregation state). Finally, it was shown that the effect of alignment on
charge transport anisotropy increases with increasing chain length, likely due to the importance of
“tie molecules” that bridge crystallites and allow for percolation down the polymer backbone in

creating a fast charge transport in PSCs.

4. EXPERIMENTAL METHODS

4.1 Materials preparation
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DPP-TT polymers were synthesized following previously reported methods by Stille coupling
polymerization of  3,6-bis-(5-bromo-thiophene-2-yl)-N,N-bis(2-octyl-1-dodecyl)-1,4-

dioxo-pyrrolo[3,4-c]pyrrole and 2,5-bis(trimethylstannyl)-thieno[3,2-b]thiophene.>?

4.2 Blade Fabrication

Pillar structures were patterned using photoresists and a Cr mask layer was applied. Features
were etched using dry ion etching (PlasmaTherm-DSE) to ~20 um. Photoresist was washed away
with acetone. The patterend silicon was treated with oxygen plasma for 1 minute at 150W and
spincoated with 0.1 vol.% OTS/trichloroethylene solution and left overnight in an ammonia purged

atmosphere. Patterned wafers were sonicated in toluene for 15 min and dried with nitrogen.

4.3 Solution Shearing Deposition

DPP-TT in chlorobenzene solution was prepared at 25, 10, and 5 mg/mL for Mn 10 kDa, 17
kDa, and 32 kDa DPP-TT, respectively, and were capped and pre-heated overnight at ~ 90 °C.
Films were deposited onto 1.5x2 cm OTS-modified Si/SiO; substrates. The OTS monolayer was
etched from the edge using a 1x1.5 cm PDMS stamp and oxygen plasma at 150 W for 5 seconds.
During blade coating substrates were maintained at ~65 °C. 10 uL of solution was deposited per
film of an area of 3 cm?. The silicon reference blade was positioned 15 pm from the surface. All
micropillar blades were placed to allow for 15 um between the substrate and the largest blade
feature. A front facing camera was used to ensure that the gap distance was constant between
samples and that the gap did not vary in size across the width of the substrate. All blades used were

placed at a 10° angle to the substrate. All films were annealed at 150 °C for 1 h.
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4.4 Material Characterizations

Film thickness was measured by profilometer (Bruker Dektak 150). AFM measurements were
performed in tapping-mode (Nanoscope III Digittal Instruments/Veeco Metrology Group).
Polarized UV-Visible absorption spectra were measured using Agilent Cary 60001 UV/vis/NIR
spectroscope with polarizer crystal. A sample area approximately 5x5 mm was measured. X-ray
diffraction patterns were collected at beamline 11-3 and 7-2 at the Stanford Synchrotron Radiation
Light Source (SSRL) with a beam energy of 12.7 and 14 keV, respectively. An incident angle of
0.12° was set. All x-ray samples were taken in Helium purged environments and cut to be roughly
I1x1 cm in size. Intensity at each rotation angle was normalized according to previously reported

methods.'®

4.5 Device Fabrication/Testing

Bottom gate/top contact devices were fabricated by evaporating 40 nm Au contacts on PSC
layer. The channel length and width are 50 and 1000 um, respectively. All measurements were
carried out in ambient conditions using a Keithley 4200-SCS. Reliability factors were calculated

using previously reported methods.*’
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Supporting Information.

UV-Vis absorption spectra (Figure S1 and S6b); 2D GIWAXS patterns (Figures S3 and S7);
AFM phase measurements (Figures S4 and S8); viscosity measurements (Figure Sé6a) ; additional

transfer and output curves (Figures S5 and S9)
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