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ABSTRACT: The mechanical properties of π-conjugated (semi-
conducting) polymers are a key determinant of the stability and
manufacturability of devices envisioned for applications in energy
and healthcare. These propertiesincluding modulus, extensibility,
toughness, and strengthare influenced by the morphology of the
solid film, which depends on the method of processing. To date, the
majority of work done on the mechanical properties of semi-
conducting polymers has been performed on films deposited by
spin coating, a process not amenable to the manufacturing of large-
area films. Here, we compare the mechanical properties of thin films
of regioregular poly(3-heptylthiophene) (P3HpT) produced by
three scalable deposition processesinterfacial spreading, solution
shearing, and spray coatingand spin coating (as a reference). Our
results lead to four principal conclusions. (1) Spray-coated films have poor mechanical robustness due to defects and
inhomogeneous thickness. (2) Sheared films show the highest modulus, strength, and toughness, likely resulting from a decrease in
free volume. (3) Interfacially spread films show a lower modulus but greater fracture strain than spin-coated films. (4) The trends
observed in the tensile behavior of films cast using different deposition processes held true for both P3HpT and poly(3-
butylthiophene) (P3BT), an analogue with a higher glass transition temperature. Grazing incidence X-ray diffraction and
ultraviolet−visible spectroscopy reveal many notable differences in the solid structures of P3HpT films generated by all four
processes. While these morphological differences provide possible explanations for differences in the electronic properties (hole
mobility), we find that the mechanical properties of the film are dominated by the free volume and surface topography. In field-effect
transistors, spread films had mobilities more than 1 magnitude greater than any other films, likely due to a relatively high proportion
of edge-on texturing and long coherence length in the crystalline domains. Overall, spread films offer the best combination of
deformability and charge-transport properties.
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1. INTRODUCTION

Semiconducting (π-conjugated) polymers are amenable to the
manufacturing of devices covering large areas in part because
of their ability to be deposited from solution; that is, polymer-
based solar cells, solid-state lighting, wearable sensors, display
technologies, and other devices have the potential to be
manufactured using processes analogous to ink-based print-
ing.1−3 One requirement central to all envisioned applications
of devices intended for use in these flexible form factors is
mechanical robustness. The mechanical properties of a
polymer are dependent not only on its molecular structure
but also on its morphology. The morphology in the solid state
is the result of an interplay of processes, which include the
kinetics of solidification and the forces present during

deposition.4 However, the majority of mechanical data for
conjugated polymer films have been obtained from films
prepared by spin coating,5−7 which is not amenable to large-
area deposition or deposition on flexible substrates.8 It is not
clear how the mechanical properties are influenced by
processes of deposition that have the potential for scalability,
such as interfacial spreading, solution shearing, and spray
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coating (Figure 1). The purpose of this work is to elucidate
how the mechanical properties of a conjugated polymer film

as mediated by its morphologyare influenced by different
deposition processes.

2. BACKGROUND
The manner in which a material is processed is crucial to its
physical properties in an engineering application. For
polymeric materials, the processing conditions influence the
crystallinity, density, glass transition temperature, extent of
entanglement, topography, texture, and defects.9 For semi-
conducting polymers, these characteristics determine not only
the mechanical response but also the electronic proper-
ties.10−12 Most studies on the mechanical properties of
conjugated polymers use molecular characteristics as the
independent variables in experiments;13−15 that is, parameters
such as side chain length, molecular weight, or single atoms in
the backbone are altered systematically. In most of these
studies, with few exceptions,16−18 the films are deposited using
spin coating, which cannot be readily scaled.
Nevertheless, among the first to study the role of solution

processing on the mechanical properties of semiconducting
polymers was the O’Connor group, who modified the speed
and concentration during spin coating to manipulate the
kinetics of solidification of bulk heterojunction films of poly(3-
hexylthiophene) and [6,6]-phenyl-C61-butyric methyl ester
(P3HT:PC61BM).4 Films spun at lower speeds had greater
short-range order in photophysical aggregates (as determined
by the weakly interacting H-aggregate model).19 Films with
greater order had higher elastic moduli (i.e., increased
stiffness) but lower fracture strains (i.e., extensibility). In
molecular dynamics simulations performed in our laboratory,
Root et al. found that processes designed to mimic
solidification from the melt phase had a larger density of
entanglements and an increased modulus compared to those
modeled to be solidified from solution in a poor solvent.20

However, such simulations are currently unable to predict the
formation of crystallites and micron-scale defects, which are of
critical importance to the mechanical properties of the solid
film.
This work seeks to elucidate how scalable, roll-to-roll

compatible deposition processes affect the morphology and
mechanical properties of a polymer film. To guarantee a wide
range of morphologiesand thus mechanical propertieswe
explored four solution-phase deposition processes which rely
on different processing conditions: spin coating, interfacial

spreading, solution shearing, and spray coating. Unlike spin
coating, the other three processes (spreading, shearing, and
spraying) have the potential to be used in continuous forms of
deposition, that is, roll-to-roll manufacturing.21

3. EXPERIMENTAL DESIGN
3.1. Choice of Deposition Processes. We chose three

deposition processes which have the potential for scalability
interfacial spreading (i.e., “floating film-transfer method”), solution
shearing (i.e., “blade coating”), and spray coatingand compared the
mechanical properties to films produced by spin coating. Interfacial
spreading (“floating film-transfer method”) is a process in which a
polymer solution is drop-cast on the surface of a liquid with a high
surface tension, typically water.22 The process relies on Marangoni
spreading and results in solidification upon evaporation of the
solvent.23,24 The resulting films are air-stable once solidified and can
then be transferred (e.g., “stamped”) directly from the water bath to
planar or textured substrates.25−27 Interfacial spreading also allows for
sequential film deposition from orthogonal solvents by stamping
coatings layer by layer.28,29

Solution shearing is a process by which a blade, attached to a linear
actuator, is used to coat solution over a substrate. Shearing has been
shown to induce the alignment of polymer backbones30,31 and
influence the lattice spacing in the solid film.32,33 The shearing process
resembles that of slot-die coating, a process common in industrial
manufacturing of inks and polymeric thin films.8

Finally, spray coating uses an airbrush to deposit films on a surface,
which enables two-dimensional patterning of the solid film using
shadow masks. Spray-coated films are characterized by their granular
topography, which is due to the pressurized atomization of solution
droplets.34,35 Previous studies have shown that spray-coated films are
more disordered than their spin-coated counterparts, yet are able to
retain the same hole mobilities in thin-film transistors and power-
conversion efficiencies in solar cells.36−38

3.2. Choice of Polymer and Solvent. As a test material, we
chose regioregular poly(3-heptylthiophene) (P3HpT). Compared to
its more widely used analogue, P3HT, P3HpT has a lower glass-
transition temperature (Tg) and greater deformability.39 Chloroben-
zene was used as the solvent due to the favorable spreading parameter
on water (for interfacial spreading) and ability to solubilize P3HpT
without clogging the airbrush used in spray coating.23,24 Because the
glass transition temperature of P3HpT is below room temperature, we
did not explore the effects of thermal annealing. However, previous
studies have suggested that annealing has a significant impact on the
morphology and mechanical properties.40,41

3.3. Mechanical Testing. Stress−strain measurements of thin
films were obtained using a pseudo-freestanding tensile test, that is,
“film-on-water”.42 In this method, the ends of the dogbone-shaped
film are adhered to polydimethylsiloxane (PDMS) slabs on a linear
actuator by van der Waals forces, and the load of the polymer film is
measured as it is elongated.

3.4. Morphological Characterization. Optical microscopy was
used to investigate the global uniformity of the film, and atomic force
microscopy (AFM) was used to investigate the nanoscale surface
structure. Aggregation in conjugated polymers provides short-range
order and has the potential to contribute to interchain charge
transport in conjugated polymers.43 Here, aggregate fraction was
determined using ultraviolet−visible spectroscopy (UV−vis). UV−vis
was also used to measure the dichroic ratio of sheared films. Grazing
incidence X-ray diffraction (GIXD) measurements were performed to
measure the atomic spacing, anisotropy of the domains, relative
degree of crystallinity (rDoC), coherence length, and texture of the
crystallites (i.e., edge-on vs face-on).

3.5. Thermal Characterization. To investigate how the
deposition processes affect the glass transition temperature of the
deposited thin film, we used a technique previously developed by our
research group in which the UV−vis spectrum of a film is
incrementally scanned at increasing temperatures until a change in
the spectrum is measured.44 These measurements would be difficult

Figure 1. Films of P3HpT were cast using four different deposition
processes: spin coating, interfacial spreading, solution shearing, and
spray coating.
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to perform for P3HpT because its glass transition temperature is
below room temperature.39,44 Thus, we chose to use poly(3-
butylthiophene) (P3BT), which has a higher glass transition
temperature (∼65 °C, due to the shorter alkyl chain length),45 as a
proxy.
3.6. Electronic Characterization. To understand how morpho-

logical changes induced by different deposition processes affect the
electronic performance, we obtained measurements of hole mobility
from bottom-gate bottom-contact transistors. The electrode material
for the source and drain contact was gold. The substrates were
modified with an octadecyltrichlorosilane surface treatment, which
has been shown to enhance the growth of crystallites on the
substrate.46 In addition, the polymer films were annealed at 100 °C
for 1 h in a nitrogen-filled glovebox in order to remove any residual
solvent trapped in the film and to improve the morphology of the
film.40 Previous work has shown that stamping an interfacially spread
film from above (e.g., from the polymer−air interface) or below (e.g.,
from the polymer−water interface) influences the mobility of the
resulting OFET device.23 Semiconducting polymer films have been
shown to have better mobilities in OFET devices when the transport
layer is formed at the polymer−air interface.23,47 For this reason, we
chose to fabricate our interfacially spread OFET devices by stamping
the P3HpT film from the polymer−air interface.

4. RESULTS AND DISCUSSION
4.1. Optical Microscopy. Films produced by spin coating

(Figure 2a) and shearing (Figure 2c) were uniform at the scale

observable by optical microscopy. This finding is in contrast to
interfacial spreading (Figure 2b) and spray coating (Figure
2d), which produced inhomogeneous films. Spread films
showed alternating light and dark bands, corresponding to
thinner and thicker regions (Video S2).26,27 Spray coating
results in a granular surface (Figure 2d) due to the atomization
of solution from the airbrush.34,35

4.2. Mechanical Properties of Films Obtained Using
Different Deposition Processes. The mechanical response
of the films produced by the four different deposition processes
is shown in Figure 3. The most prominent features of the data
are (1) the low apparent strength and modulus, and high
brittleness, of the spray-coated films, (2) the high exten-
sibilities (and overall similar mechanical response) of the spin-

coated and spread films, and (3) the high modulus and
strength of the sheared films. The mechanical behavior of
spray-coated films appeared to be dominated by the
accumulation of stress around inhomogeneities that serve as
point defects that concentrate stress (Figure S1). Spin-coated
and spread films displayed similar mechanical responses. The
slightly lower modulus of spread films is possibly due to their
inhomogeneous thickness (which in turn could possibly be a
consequence of the relatively high concentration of polymer
solution) or the influence of the aqueous substrate during the
film formation process (Figure 2b). (The average and standard
deviation of the thickness for each sample was measured using
UV−vis, as shown in Figure S2.) The lower modulus and
higher fracture strain of spread films relative to spin-coated
films are consistent with the results of an earlier study by our
laboratory,26 as well as previous studies elucidating effects of
thickness on the mechanical properties of ultrathin polymer
films.6,48 Finally, sheared films had the greatest modulus,
tensile strength, and toughness, despite the topographies of
sheared films being indistinguishable from those of spin-coated
films (Figure 2).
The directionality of the shearing process suggested that

chain alignment might play a role in the increased modulus
and strength of sheared films.49 Ultimately, AFM images,
dichroic ratio measurements, and GIXD line plots along the
parallel and perpendicular axes all suggest that shearing did not
produce observable anisotropy (Figure S3). Likewise, although
previous studies have suggested that interfacial spreading can
produce anisotropic films,50,51 our dichroic measurements of
spread P3HpT films do not show evidence of anisotropy
(Figure S4). While spread and sheared films can show chain
alignment (i.e., anisotropy), producing anisotropic films often
requires optimization of the processing parameters (e.g.,
solvent, concentration, deposition rate, or annealing temper-
ature).50 For example, in sheared films, the degree of
anisotropy can be a function of shear speed and annealing
temperature.30,32

4.3. Effect of the Deposition Process on the Glass
Transition Temperature. We examined other characteristics
associated with mechanical robustness in order to elucidate (1)
the high modulus, strength, and toughness of sheared films and
(2) the high extensibility of interfacially spread films. A film
with high strength and modulus generally has a high glass
transition temperature (Tg) as a result of greater packing
density and decreased free volume between polymer chains in
amorphous domains.6,7 Therefore, we hypothesized that the
differences in the mechanical behavior between spin-coated
and sheared films could be due to the deposition process
affecting the packing density (i.e., free volume, and therefore
also the glass transition temperature). Likewise, we reasoned
that films with greater fracture strains likely also have a greater
number of entanglements between polymer chains,6 which
possibly also affects the density. The key role of Tg in
predicting the thermomechanical properties of poly(3-alkylth-
iophenes) is well known.6,14,39,45 To test our hypothesis, we
used UV−vis spectroscopy to compare the glass transition
temperature of films produced using shearing, spreading, and
spin coating (Figures 4 and S5).44 However, the low Tg of
P3HpT (approximately −12 °C)45 would make this experi-
ment difficult, as the film would have to be cast at a
temperature below the glass transition temperature. For this
reason, we performed our thermal and mechanical measure-
ments on P3BT (Figure 4). The purpose of using P3BT as

Figure 2. Optical microscopy images of (a) spin-coated, (b)
interfacially spread, (c) sheared, and (d) spray-coated films. Spray-
coated films have a granular topography, while spread films have
regions of lamellar zones of uneven thicknesses.
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opposed to P3HpT is twofold. First, P3BT has a shorter alkyl
chain length and thus a glass transition temperature above
room temperature (Figure 4).45 Second, we use P3BT as a
model polymer in order to elucidate whether the mechanical
effects we observe with P3HpT are reproducible with a higher-
Tg polymer.
When comparing spin coating, interfacial spreading, and

solution shearing, the mechanical response of P3BT mirrors
that obtained for P3HpT; that is, sheared films, again, show
higher modulus, strength, and toughness than their spin-coated
counterparts (Figure 4a,d). Likewise, spread films again show a
lower modulus and higher fracture strain (Figure 4a,d,e).
Encouragingly, this finding suggests that the effect of the
deposition process on the tensile response is consistent for
both higher-Tg and lower-Tg P3ATs. We note that the
thickness of spread P3BT films (∼80 nm) differed greatly
from their spun (∼110 nm) and sheared (∼110 nm)
counterparts (Figure S6). This difference is attributed to the

difficulty of spreading uniform P3BT films of comparable
thicknesses without inhomogeneities or wrinkles (Figure S7).
From the temperature that corresponds to the onset of

aggregation by UV−vis spectroscopy (Figures 4b, S5), we see
that the Tg of sheared and spread films were approximately 5
°C higher than that of spin-coated films (Figure 4c). Increased
Tg is associated with a reduction in free volume, an increase in
van der Waals forces and a concomitant increase in cohesive
energy density, and possibly also an increase in the density of
entanglements.6,15,45 Based on these findings for P3BT, it is
likely that similar morphological differences (i.e., decreased
free volume) account for the increased elastic modulus and
tensile strength for sheared P3HpT films (Figure 3b,e).
Interestingly, spread P3BT films showed a higher Tg despite

having a lower modulus than spin-coated films. This suggests
to us that the film formation process on an aqueous substrate
affects the amorphous morphology of the film, which in turn is
a cause of the greater fracture strains. Notably, spread P3BT

Figure 3. Mechanical properties of P3HpT films (120 nm) measured using the film-on-water tensile testing technique. (a) Top: schematic of the
tensile testing setup. Bottom: representative stress−strain curves of P3HpT films cast using different deposition processes. Mechanical properties
extracted from the stress−strain curves are (b) fracture strain, (c) elastic modulus, (d) toughness, and (e) ultimate tensile strength. Standard
deviations are calculated from a minimum of four stress−strain measurements per deposition process.

Figure 4. Mechanical and thermal properties of P3BT films cast using spin coating, interfacial spreading, and solution shearing. (a) Stress−strain
curves show that sheared films had a greater modulus and tensile strength than those produced using spin coating, while spread films had greater
fracture strains. The chemical structure of P3BT is shown in the inset. (b) Progression of absorption spectra for a reference P3BT film relative to
the annealing temperature. Inset shows the progression of aggregation as the annealing temperature is increased. The sample spectra shown above
are of a spin-coated film of P3BT. (c) The glass transition temperatures of both sheared and spread films were approximately 5 °C greater than
their spin-coated counterparts. The (d) modulus, (e) fracture strain, and (f) toughness are extracted from the stress−strain curves.
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films showed fracture strains approximately 3 times that of
spun and sheared films (Figure 4e), resulting in films with the
greatest toughness (Figure 4f). Therefore, we see that solution
shearing and interfacial spreading both result in a significant
difference in the amorphous morphology relative to spin-
coated films and that their decreased free volumes manifest in
their respective tensile responses in two different ways: a high
strength and modulus for sheared films and a high fracture
strain for spread films, both of which are able to improve the
toughness of the film.
4.4. Effect of Aggregation and Time of Solidification.

Previous work from our group has suggested that slower
solidification may be correlated with a decrease in free volume
within the polymer film, which corresponds with an increase in
the modulus.20,26 This finding is consistent with our
comparison of spun and sheared films, in which we show
that sheared films have the lowest free volume and slowest
solidification rate (Figures 4c, 5a), which then corresponds to

the highest modulus (Figure 3b). Studies have also pointed to
a correlation of aggregation behavior on the mechanical
properties of conjugated polymers, with higher aggregate
fraction corresponding to films with a higher elastic moduli.4,39

We determined the fraction of aggregation in P3HpT and
P3BT films using the weakly interacting H-aggregate model
developed by Spano and co-workers (Figure 5a).19 This model
approximates the aggregates of P3ATs in a solid film as weakly
interacting H-aggregates by comparing the relative peak
intensities of the 0−0 and 0−1 vibronic transitions.19 These
vibronic transitions are represented as Gaussian distributions
fitted to the measured aggregate absorption of the
deconvoluted spectra.19 The correlation between the aggregate
fraction and mechanical properties was weak: the aggregate
fraction of all P3HpT films was similar (∼0.55), with the
exception of those that were spray-coated (Figure 5a).
Interestingly, the process with the fastest solidification, spray
coating, also had the highest fraction of aggregation. The
similarity in aggregate fraction of the spun, sheared, and spread
P3HpT filmswhich nevertheless have disparate mechanical
behaviorsuggests that other morphological features are
responsible for differentiating the mechanical response.
Work from the O’Connor group has suggested that faster

film formation (i.e., faster spin speeds) results in films with
lower aggregate fractions.4 However, we see no significant
differences in aggregate fraction between spun, spread, and
sheared films despite differing solidification times. The
similarity in the aggregation behavior itself may be a
consequence of the low Tg of P3HpT (−12 °C).39 The
positioning of this second-order phase transition below room

temperature may allow for some degree of equilibration
between aggregated and nonaggregated domains during film
formation. Our hypothesis is validated by a comparison of
aggregate fraction in P3BT films (Figure 5b), which show the
same trends between spun, spread, and sheared films, yet with
a far greater correlation (i.e., quantifiable differences in
aggregation). For example, a difference of ∼0.02 between the
aggregate fractions of spun and spread P3HpT films compared
to a difference of ∼0.13 between P3BT films prepared using
the same two methods. Likewise, a comparison of the
aggregate fractions of spun and spread films suggest that the
low aggregation of spread films could possibly contribute to
their low modulus and tensile strength. That is to say, the
relative difference between both the aggregation and the
modulus of spun films and sheared films is much greater for
P3BT (Figures 5b and 4d) than for P3HpT (Figures 5b and
3b).

4.5. Correlation of Mechanical and Structural Data
with Charge-Transport Properties. In some types of
conjugated polymer (e.g., polythiophenes), charge transport
and mechanical deformability have been found to be
antithetical.52,53 Recently, however, numerous studies have
shown that synthetic approaches to obtaining favorable charge
transport and mechanical deformability can be successful.54,55

To determine the effect of the deposition process on the
transport properties of P3HpTas mediated by the
morphology of the resulting filmwe fabricated bottom-
gate, bottom-contact field-effect transistors (OFETs, Figure 6).
Spin-coated, spray-coated, and sheared films all had hole

mobilities near 0.1 × 10−3 cm2 V−1 s−1 (Figure 6b, with output
and transfer characteristics shown in Figure 6c−f and mobility
extractions from all device measurements found in Figure S8).
Sheared films showed the lowest mobilities among the four
deposition processes. Spray-coated films had mobilities
comparable to spin-coated films, which is consistent with
previous results reported in the literature.36−38 However, the
most notable observation is that films formed by interfacial
spreading demonstrated the highest hole mobilities by over 1
magnitude (Figure 6b). The high mobility of spread films
relative to their spin-coated counterparts has been observed
previously.22,47,51 This increase in mobility has been attributed
to increased edge-on texturing in spread films,22,28,51,56 as well
as an increase in crystallinity.27,51

4.6. Influence of Crystalline Features on the
Mechanical and Electronic Properties of P3HpT Films.
To elucidate the effect of crystalline features in P3HpT films
on the mechanical and electronic properties, we performed
GIXD measurements (Figure 7). Spin-coated, spread, and
sheared films showed similar Bragg reflections with three
distinct lamellar peaks along the Qz axis (100, 200, and 300)
and a π-stacking peak (010) along the Qxy axis (near 1.6 Å−1).
Spray-coated films showed much weaker intensities of higher-
order lamellar reflections [the (200) and (300) peaks], as is
evident from 2D-images (Figure 7a) and the orientationally
averaged I−Q plot (Figure 7e). While all four films had similar
π-stacking distances, there were more observable differences in
lamellar packing distances (Figure 7b). Such a result is not
surprising, considering that π−π interactions are stronger than
the relatively weaker van der Waals forces between the
aliphatic side chains of the polymer that govern lamellar
spacing.65−67

Additionally, it is possible that differences in crystallite
orientationi.e., texturewith respect to the film geometry

Figure 5. (a) Solidification time (blue) and aggregate fraction (red)
relative to the deposition process used for P3HpT films. Solidification
time was qualitatively determined as the time necessary for >90% of
the P3HpT solution (bright orange) to form a film (dark red) after
deposition. (b) Aggregate fraction of P3BT films.
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Figure 6. Charge-transport properties of P3HpT films. (a) Schematic of bottom-gate, bottom-contact transistors used to measure the mobility of
P3HpT films cast from different deposition techniques. (b) Deposition process showing a significant effect on the mobility of the device as shown
by the transfer (left) and output (right) characteristics across (c) spin-coated, (d) spread, (e) sheared, and (f) spray-coated films.

Figure 7. GIXD was used to obtain crystallographic information for P3HpT films cast using different deposition processes. (a) Diffraction images
of spin-coated, spread, sheared, and spray-coated films. (b) Variations in π−π stacking distance and lamellar packing distance across the different
films. (c) Crystallite orientation distribution functions (ODF) were obtained from the (100) Bragg peak for each film and used to calculate both
the (d) face-on to edge-on population ratio and relative degree of crystallinity (rDoC). (e) Reduced I(Qr) vs Qr (where Qr is the scattering vector
length) plots were determined from the diffraction images and used to calculate the (f) full width at half-maximum (fwhm) of the (100) and (200)
peaks, which is shown as a function of the square of the diffraction order (m2). The y-intercept of the fwhm-m2 relationship was used to calculate
the (g) coherence length in the different films.
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and substrate plane have an effect on the mechanical49 and
electronic responses.57 From the orientation distribution
function (ODF) of scattering intensities for the (100)
signatures relative to the polar angle (Figure 7c), we are able
to quantify the texture exhibited by each film (Figure 7c).
Spray-coated films differed from the other three in that they
displayed high scattering intensities at higher angles (near
±90°) and low scattering intensities at low angles (∼0°),
suggesting that spray-coated films preferentially form face-on
crystallites (i.e., where the side chain is aligned parallel to the
substrate and π-stacking is out-of-plane). In contrast, spin-
coated, spread, and sheared films all showed more uniform
intensities across all angles (aside from a sharp increase in
intensity for spread films near 0°). These distributions indicate
that for these films, crystalline domains are more edge-on (i.e.,
where the side chain is perpendicular to the substrate) than in
spray-coated films. Indeed, spray-coated films had the highest
ratio of face-on to edge-on crystallites at ∼3. Spin-coated and
sheared films had face-on to edge-on ratios of 1.15 and 1.44,
respectively, while spread films had the lowest ratio among the
four deposition processes (∼1.0) (Figure 7d). The high edge-
on texturing in spread films has previously been attributed to
the migration of low-surface energy side chains to the
polymer−air interface during the evaporation process.47,58 As
such, solution spreading with high boiling point solvents
thermodynamically favors the formation of edge-on oriented
crystallites at the dielectric−polymer interface.22,23,50,56

We also quantified the relative proportion of crystalline
domains by calculating the relative degree of crystallinity
(rDoC) for each film (Figure 7d). These values were then
normalized to the calculated crystallinity of spin-coated films,
which had the highest degree of crystallinity. Spread and
sheared films were almost identical in rDoC, differing by only
5%. Spray-coated films were the least crystalline with a
normalized rDoC of ∼50%.
Last, we compared the progression of the paracrystalline

disorder in crystallites by analyzing the full width at half-
maximum (fwhm) and coherence length as determined from
the (100) and (200) peaks (Figure 7e−g).59 For spin, spread,

and sheared films, the fwhm of the lamellar peak increased with
the diffraction order (m), which is indicative of cumulative
disorder in the crystalline domains (Figure 7f). The variations
in the fwhm across different deposition processes ultimately
influence the coherence length (Figure 7g), which refers to the
distance over which long-range order persists in the crystalline
domains. The greater coherence length of spread films relative
to spin-coated films has previously only been observed for
P3HT nanowires,60 but here, we show that the improvement
in long-range order occurs in P3HpT films as well.
Interestingly, our findings suggest that spray-coated films

have comparable mobilities to spin-coated films despite a lower
proportion of edge-on texturing and rDoC (Figure 7d), as well
as a shorter coherence length (Figure 7g). A previous study
comparing spun and sprayed films of polythieno[3,4-b]-
thiophene-co-benzodithiophene:[6,6]-phenyl-C71-butyric acid
methyl ester (PTB7:PC71BM) also suggested that spray
coating results in a significantly reduced order of molecular
packing.34 Together, our results suggest that the high mobility
of spray-coated films likely arises from the presence of the
favorable short-range order (as indicated by the high aggregate
fraction, Figure 5) rather than the long-range order in
crystalline domains. X-ray diffraction measurements also reveal
several morphological differences that could contribute to the
high mobility of interfacially spread films. First, our
calculations of face-on to edge-on population ratios suggest
that spread films have the greatest proportion of edge-on
texturing (Figure 7d), which agrees with previous studies on
interfacial spreading.22,23,50,56 Edge-on texturing has been
shown to be the preferred orientation for good mobility in
transistors (though recent studies have shown that crystallite
orientation alone does not determine mobility61,62).63,64

Second, spread films have the greatest coherence length
(∼15% greater than sheared and spin-coated films, Figure 7g),
which is also consistent with previous observations.60 Third,
we note that additional GIXD measurements suggest that
spread films tend to show more intense scattering intensities
along the π-stacking (010) direction, which could also play a
role in the higher mobilities (Figure S9). Unfortunately, it is

Figure 8. Schematic diagrams highlighting differences in morphology and topography for P3HpT films deposited using the four processes studied
in this work. The number of aggregates and crystalline domains are representative of the aggregate fraction and relative degree of crystallinity in
these films. The primary features are (1) the topographical differences in spread and spray-coated films, (2) the predominantly face-on texturing of
spray coated films, and (3) the high density (low free volume, as depicted by the greater number of chains in the amorphous regions) of sheared
and spread films.
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unclear from our morphological characterization why sheared
films have the lowest mobilities despite a relatively large
coherence length (Figure 7g), high edge-on texturing, and high
rDoC (Figure 7d).
This interrogation of the crystalline morphologies offers an

explanation for the improved mobilities of interfacially spread
and spray-coated films. However, we find that the mechanical
properties of P3HpT films do not seem to be influenced by the
crystalline domains of the film. No clear correlation was
observed between crystallographic features (i.e., atomic
packing distances, relative degree of crystallinity, and
coherence length) and the mechanical responses of the films.
Previous studies have elucidated the effect of secondary
interactions (such as van der Waals forces and π-stacking
interactions) on the mechanical properties of a semiconducting
film,7,65−67 suggesting that increased lamellar spacing and π−π
spacing is expected to result in a weaker and less stiff film.
Likewise, works from the O’Connor and DeLongchamp
laboratories have shown that biaxial strain can be utilized to
reorient the texturing of P3HT films (from predominantly
edge-on to predominantly face-on),61,68 thus suggesting that
the molecular texture is influenced by strain. (The Gu group
has shown a similar result with a donor−acceptor polymer.69)
Additionally, work by Kim and co-workers has shown that
decreasing the crystallinity of P3HT, by decreasing the
regioregularity, results in a weaker, less stiff, and more
extensible film.70 However, we observed no correlation
between secondary interactions, crystallinity, or paracrystalline
disorder and the mechanical responses of the films, perhaps
because the proportion of crystalline domains in P3HpT films
is too small to influence the mechanical properties. As such,
these results reinforce the idea that crystalline domains
predominantly dictate the electronic properties of P3HpT
films, while the amorphous domains predominantly dictate the
mechanical response of P3HpT films. We summarize our
morphological characterization in Figure 8.

5. CONCLUSIONS

This study examines how the mechanical properties and
charge-transport properties of P3HpT are mediated by
morphology, as influenced by the deposition process (Figure
9). When comparing these deposition processes, we draw five
significant conclusions. First, interfacially spread P3HpT films
have the greatest deformability (among films formed from

scalable deposition processes) and the highest mobilities.
Thus, for applications requiring mechanical compliance,
interfacially spread films thus appear to offer “the best of
both worlds”. Second, sheared P3HpT films are the most
mechanically robust in that they have the highest modulus,
strength, and toughness. Thus, solution shearing should be
preferred for applications that must withstand mechanical
insult. Third, spray-coated films demonstrate very poor
mechanical behavior in all respects. However, spray coating
is the least expensive process, and it is unique among all
studied processes in this work in that it enables patterning
through stencil masks. Therefore, further efforts should be
made in studying how spray coating can be used in
conjunction with semiconducting polymers to obtain films of
higher quality. Fourth, we observe that spin coating provides a
“middle-of-the-road” for all measurements. Along with its
affordability and ease of use, these “representative” measure-
ments make spin coating a powerful tool at the pilot scale. Last,
our comparison of P3HpT and P3BT films suggest that effects
of the deposition process on the tensile response of the
polymer films possibly hold true for both lower-Tg and higher-
Tg polymers. Therefore, we find that the deposition process
and their processing parameters can have a significant effect on
the mechanical properties, electronic properties, and morphol-
ogy of conjugated polymers.
One limitation of this study is that it used only one set of

conditions for each deposition process. In reality, the
parameters of each process could be tuned to allow for a
semi-infinite set of permutations. While our experimental
choices were born out of a desire to obtain a tractable data set
(i.e., to characterize films of comparable thicknesses), such
decisions have practical and scientific consequences. For
example, our GIXD results revealed no correlation between
parameters associated with the crystalline regions and the
mechanical properties. It is, however, possible that the
characteristics of the crystalline phases do indeed affect the
mechanical response, but in ways that are counterbalanced by
other characteristics considered in this papere.g., Tg, free
volume, and surface topography. A second potential limitation
of this study is the choice of polymer. Although polythio-
phenes are commonly used as models for other semi-
conducting polymers, interest in the last decade or so has
shifted significantly to donor−acceptor (D−A) polymers.7

There has been considerable interest in D−A polymers
synthesized to have low glass transition temperatures by

Figure 9. Summary of the findings from this work comparing P3HpT films deposited from four deposition processes.
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means of structural modification (e.g., conjugation break
spacers and side chain modifications), blending with
elastomers or nonconjugated polymers, or polymerization of
block copolymers with nonconjugated segments.6,15 However,
most D−A polymers have high glass transition temperatures
and greatly different chemical structures, and the same effects
on crystalline morphology have yet to be compared using a
high-Tg D−A polymer. Our initial results, however, do suggest
that the effects of the deposition process on the mechanical
responses of P3HpT and P3BT films are consistent.
Considering the scarcity of process-property studies on the
mechanical properties of semiconducting polymers, we believe
that this study offers a good starting framework for future work
in this research area.
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