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Abstract

The performance of electronic devices comprising conjugated polymers as the active
layer depends not only on the intrinsic characteristics of the materials but also on the
details of the extrinsic processing conditions. In this study, we examine the effect of post-
deposition thermal treatments on the microstructure of poly(3-hexylthiophene) (P3HT)
thin films and its impact on their electrical properties. We find thermal annealing of
P3HT thin films to generally increase their crystallinity and crystallite coherence length
while retaining the same crystal structure. Despite such favorable structural
improvements of the polymer active layers, thermal annealing at high temperatures can
lead to a net reduction in the mobility of transistors, implicating critical changes in the
intercrystallite structure that are not accounted for in the simplistic picture that
crystallinity governs charge transport. Our results suggest tie-chain pull-out, which
occurs during crystal growth and perfection upon thermal annealing to be responsible. By
demonstrating the interplay between intracrystallite and intercrystallite structuring in
determining the macroscopic charge transport, we shed light on understanding how
processing conditions can impact charge-transport properties for the same polymer

material.



Introduction:

Conjugated semiconducting polymers have demonstrated great potential as active layers
in next-generation electronic devices that are low-cost, lightweight, and flexible.'
Through iterations and refinement on the design of new materials and optimization of
processing conditions, the research community has drastically improved the performance
of conjugated-polymer-based devices, with reported mobilities of field-effect transistors
comprising them routinely above 1 cm? V! 5! 3# and power-conversion efficiencies of
solar cells above 15%.%® The performance of electronic devices comprising conjugated
polymers depends strongly on their intrinsic materials characteristics, including
molecular weight and molecular weight distribution, regioregularity, and chain rigidity,
and also on the details of extrinsic processing conditions.” ' Owing to the
conformational freedom of polymer chains and the weak intermolecular forces that
govern their structuring, the solid-state morphology of solution-processed polymers is

directly impacted by the specifics of processing conditions, including the choice of

solvent from which the polymer is processed,'!!? solution engineering by sonication and

13-15 16,17

casting techniques and details,!®!” as well as post-deposition thermal'®2° and

aging,
solvent-vapor annealing treatments.>!>> The microstructural differences in turn impact
charge transport. It has been demonstrated in many conjugated polymers, including
poly(3-hexylthiophene) (P3HT),? 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),**** and poly[2,6-
(4,4-bis-alkyl-4H-cyclo-penta-[2,1-b;3,4-b0]-dithiophene)-a/t-4,7-(2,1,3-
benzothiadiazole)] (CDTBTZ),?>% that the mobility of transistors comprising the same

polymer can vary by more than an order of magnitude depending on how the active layer

is processed.

Such dependence of charge-transport properties on processing conditions renders a priori
predictions of electrical properties from the chemical structure of polymers extremely
challenging.?”-*® Understanding how processing conditions impact the microstructure of
conjugated polymers will allow us to devise methods of controlling the microstructure
and accordingly facilitate the reproducible access of microstructures that give rise to

desired electrical properties. Prior work has shown the thermal history of conjugated



polymers to strongly impact their microstructure development.'®1*2° While thermal
annealing is generally thought to improve polymer crystallinity by crystallite thickening,
its impact on the intercrystallite amorphous region is less studied in part because of the
difficulties associated with visualizing and characterizing amorphous, but chemically-
identical polymer chains.?® In this work, we systematically investigate the structural and
electrical property changes of thin films of model P3HT induced by post-deposition
annealing to develop insights on the role of the intercrystallite structuring in impacting
charge transport. We are particularly interested in understanding the effects of tie chains,
long polymer chains that bridge neighboring crystallites and thus provide electrically-
connective pathways between them, on charge transport.3!*> Previously, we found that
connectivity between neighboring crystallites to be crucial for macroscopic charge
transport in P3HT, and percolation sets in when the tie-chain fraction is above 1073, as

quantified by the Huang-Brown model. *3

Here, we judiciously selected two P3HT samples that have distinct tie-chain fractions,
quiescently crystallized P3HT 40 has a tie-chain fraction of 6x107* while P3HT 5/40 has
a tie-chain fraction of 9x107. These samples were chosen because their tie-chain
fractions put P3HT 40 above and P3HT 5/40 below the percolation threshold for
developing macroscopic charge-transport networks.>* Comparing the processing-
structure-property relationships of these two samples will allow us to gain insight into
how intercrystallite connectivity contributes to the processing-dependent charge transport
in P3HT. We find thermal annealing to generally increase crystallinity and crystallite
coherence length of the polymer active layers, with P3HT retaining the same crystal
structure across all processing conditions. Despite such favorable structural
improvements of the polymer active layers, thermal annealing at high temperatures can
lead to a net reduction in the mobility of transistors. This effect, which we surmise to
result from the pull-out of tie chains upon thermal annealing, is more pronounced in
transistors comprising sub-percolative P3HT 5/40 compared to those comprising
percolated P3HT 40. We take this observation to indicate the importance of
intercrystallite connectivity, highlighting the adverse role of tie-chain pull-out upon

thermal annealing on charge transport.



Results and Discussion:

We fabricated field-effect transistors comprising P3HT 40 and P3HT 5/40 films that
had been annealed at different temperatures. All films were annealed for ten minutes at
the specified temperatures. The annealing temperatures (7,) ranged from 30 °C to

170 °C, which we chose because they span the glass transition temperature (12-14 °C)*
and the melting point of P3HT (equilibrium melting temperature at 272 °C).** For
completeness, we also measured the mobility of transistors with as-cast P3HT that was
kept at room temperature; these are denoted with 7, = 20 °C. This same reference is used
to denote films that were kept at room temperature for the accompanying structural

studies.

Figure S1 shows the field-effect mobility of transistors as a function of the annealing
temperature their active layers were subjected to. The mobility of P3HT 40 transistors is
consistently higher than that of P3HT 5/40 transistors across the entire temperature range
explored, in agreement with previous reports that have shown the mobility of transistors
to generally increase with the molecular weight of the polymer that comprises the active
layer.*>? This trend is also consistent with our prior tie-chain fraction calculations that
showed that quiescently crystallized P3HT 40 has a higher tie-chain fraction than that of
P3HT 5/40, as the additional tie chains in P3HT 40 provide sufficient pathways for
more efficient charge transport between neighboring crystalline domains.** Despite the
presence of the amorphous regions in these semicrystalline P3HT films, the mobilities of
the P3HT 40 transistors are comparable to what had been reported for charge transport
within individual P3HT crystallites (0.01 cm? V™!'s™!), suggesting the presence of a
percolated network for charge transport in P3HT 40 across all the conditions explored in

this study.*¢
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Figure 1. Normalized field-effect mobility of transistors comprising P3HT 40 and
P3HT 5/40 films that had been annealed at different temperatures.

Figure 1 plots the field-effect mobilities of P3HT 40 and P3HT 5/40 transistors,
normalized against the mobility of the transistor comprising the respective as-cast P3HT
films. For both P3HT 40 and P3HT 5/40 transistors, the mobility first increases with
annealing temperature and then drops precipitously. Since thermal annealing generally
improves the crystalline order in polymer thin films, we surmise this improvement in
structural order to account for the initial improvements in the mobility of these P3HT
transistors on annealing.! Yet, the fact that the mobility of both transistors drops
substantially at higher yet annealing temperatures, above 150 °C for P3HT 40 or above
90 °C for P3HT 5/40, suggests that there are additional thermally-induced structural
changes we had not accounted for in this simplistic picture that crystallinity dictates

charge transport in conjugated polymer thin films. Despite this qualitatively similar trend,



subtle differences also exist between P3HT 40 and P3HT 5/40. In particular, the
mobility of transistors comprising P3HT 5/40 that had been annealed above 120 °C drops
by approximately half compared to that of transistors comprising as-cast P3HT 5/40,
with the mobility of transistors comprising P3HT 40 always higher than that of the
transistor comprising the initial, as-cast film. Conversely, the mobility of P3HT 5/40
transistors that had been annealed above 120 °C is lower than the mobility of the same
transistor with an as-cast active layer. This comparison suggests that our presumed

structural changes at elevated temperatures adversely affect P3HT 5/40 more than they

do P3HT 40.

To understand the structural origins for the observed trend in field-effect mobilities, we
investigated the microstructural changes resulting from post-deposition thermal annealing

of P3HT 40 and P3HT _5/40 thin films.

We first used flash DSC to measure the thermal properties of the same P3HT samples,
from which we extracted the thermal transitions and interpreted the microstructural
parameters associated with P3HT crystallites.**> Flash DSC has emerged as a useful tool
to investigate polymer crystallization over a wide range of thermal histories efficiently,
especially for fast crystallizers.>’ > Flash DSC has allowed us to access heating rates as
high as 800 °C/s to extract thermal properties without inducing cold recrystallization that
one typically encounters with standard DSC, at rates of ca. 10-20 °C/min. Figure S2a
shows the temperature protocol used in this study. The flash DSC thermograms for
P3HT 40 and P3HT 5/40 resulting from the same temperature protocol are shown in
Figures S2b, ¢. From the thermograms, we obtained the melting point and the specific
melting enthalpy for these semicrystalline P3HT thin films, from which we extracted the
corresponding crystallite thickness and crystallinity.*> Here, we have chosen to determine
the crystallinity of these P3HT samples based on calorimetry experiments, as opposed to
X-ray diffraction because the former is more sensitive to the presence of smaller

crystallites and less sensitive to sample thickness and roughness variation than the latter.
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Figure 2. (a) The crystallinity, as determined from the specific melting enthalpy, of
P3HT 40 and P3TH_5/40 as a function of annealing temperature. (b) The field-effect
mobility of transistors comprising those films as a function of their crystallinity. The

dotted lines represent the best linear fits to the mobility data.

Figures S3 tracks the crystal thickness for both P3HT 40 and P3HT 5/40. The crystallite
thickness generally increases with annealing temperature. This observation is expected
since post-deposition thermal annealing allows second-order structural rearrangement to
take place, with thickening of crystallites to reduce their surface-to-volume ratio as a

common route to accessing energetically more favorable states.**-!

Figure 2a plots the crystallinity for both samples as a function of annealing temperature.
We found the crystallinity of P3HT 40 films to be consistently higher than that of

P3HT 5/40 films, irrespective of thermal history. This observation is expected because
P3HT 5/40 comprises shorter chains that have a tendency to twist along its backbone,
which can impede packing.*? This observation is also consistent with prior reports that
the specific melting enthalpy generally increases with increasing molecular weight of
P3HT.* Additionally, the crystallinity generally increases with annealing temperature
because polymer chains are more mobile at higher temperatures and can thus reorganize
themselves more readily to approach their thermodynamically favorable crystalline state.
Figure 2b shows the field-effect mobility of P3HT 40 and P3HT 5/40 films as a

function of crystallinity. With the two samples, we access different ranges of



crystallinity. We found the field-effect mobility of transistors comprising P3HT 40 to
increase modestly with crystallinity, which we expected because charge carriers travel
faster in crystalline than in amorphous regions.** Interestingly, we found the field-effect
mobility of transistors comprising P3HT 5/40 to decrease with increasing crystallinity,
suggesting the differences in intercrystallite structuring on thermal annealing between the
two polymer thin films to be responsible for the variations we observe in their electrical

properties.
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Figure 3. 2D GIXD pattern of (a) the as-cast P3HT 40 thin film and (b) the P3HT 40
thin film that had been annealed at 170 °C. 2D GIXD pattern of (c) the as-cast

P3HT 5/40 thin film and (d) the P3HT 5/40 thin film that had been annealed at 170 °C.
All images have been corrected for the “missing wedge” of data along the out-of-plane

direction.*’



Figures 3a, b show the 2D GIXD patterns of an as-cast P3HT 40 film and one that had
been annealed at 170 °C, while Figures 3¢, d show the 2D GIXD patterns of an as-cast
P3HT 5/40 film and one that had been annealed at 170 °C, respectively. The 2D GIXD
patterns of P3HT 40 films and P3HT 5/40 films that had been annealed at other
temperatures are shown in Figure S4 and Figure S5, respectively. Regardless of the
annealing temperature, the (h00) reflections of P3HT always appear on the meridian of
the x-ray diffraction patterns, indicating that crystallites in P3HT 40 and P3HT 5/40
films always adopt a predominantly “edge-on” texture in which the alkyl side-chain
stacking direction is normal to the substrate, with the n-stack and the polymer backbone

oriented in the plane of the substrate. ¢4’
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Figure 4. (a) The d-spacing of the (100) reflection, d;¢o, or the characteristic distance in
the alkyl stacking direction, of P3HT 40 and P3HT 5/40 thin films as a function of
annealing temperature. (b) The full peak width at half its maximum intensity of the (100)
reflection, FWHM {99, of P3HT 40 and P3HT 5/40 as a function of annealing
temperature. Both the d-spacing and the FWHM of the (100) reflection were extracted
from the radially integrated traces of the respective 2D GIXD image.

From the radially integrated traces of the 2D GIXD images, we determined the
characteristic distance along the alkyl side chain packing direction, d;09, and the full peak
width at half its maximum intensity of the (100) reflection, FWHM{;p; both quantities are

summarized in Figure 4 as a function of annealing temperature. In both P3HT 40 and
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P3HT 5/40, dioo is largely independent of the annealing temperature at approximately
15.7 nm (corresponding to q-vector at 0.4 A™"), which indicates that P3HT retains the
same crystal structure on annealing and this crystal structure is analogous to the one that
had been widely reported in the literature.*® The FWHM ;g of the (100) reflection
progressively decreases with increasing temperature, which suggests an increase in the
crystallite coherence length along the alkyl side-chain packing with annealing. This

observation, too, is consistent with previous study.?’

@ (b

B —20cC T i T
—?OC
o8} o . _os} i
> 0.6 o0 > 0.6
<°°r S A '
0 o4l i 0 o4l i
Ko K]
< 02} - < 02} i
0 . 1 1 1 1 1 0 K== s 1 1 1 1 ‘ 1 .
15 2 25 3 35 4 15 2 25 3 35 4
Energy (eV) Energy (eV)
(o (d)
100 [ T T T T ] T T T T
sol . R ce 751 . P3HT_5/40 |
S . P3HT_5/40 ~ e
g 60 | Q . . .
- . P3HT_40 E 7l . T
= 40t . b P3HT_40
00 . © T 65| ]
0 40 80 120 160 0 40 80 120 160
1.0 T, (°C)

Figure 5. (a) The optical absorption spectra of (a) P3HT 40 and (b) P3HT 5/40 thin
films annealed at different temperatures. These spectra were fitted with the Spano model
to extract the free exciton bandwidth (/) and the Gaussian line width (o). (c) Free
exciton bandwidth and (d) Gaussian line width of P3HT 40 and P3TH_5/40 as a function

of annealing temperature.
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Thus far, the combination of flash DSC and GIXD has informed us of the improvements
in crystallinity, crystallite thicknesses, and crystallite coherence length of P3HT thin
films upon thermal annealing. To investigate the quality of ordering within crystallites,
we carried out optical absorption spectroscopy of these same films. Figures 5a,b show
the optical absorption spectra of P3BHT 40 and P3HT 5/40 films that had been annealed
at different temperatures, respectively. Qualitatively, the optical absorption spectra of
P3HT 40 and P3HT 5/40 films remain largely invariant with annealing temperature. We
fitted these spectra with the Spano model to extract the free exciton bandwidth () and
the Gaussian line width (o), which measure the quality of ordering within P3HT
aggregates.'>* W is inversely correlated with intrachain ordering along the backbone
direction while o is inversely correlated with the interchain ordering along the n-stacking
direction.'>® W and ¢ of P3HT 40 and P3TH_5/40 as a function of annealing
temperature are shown in Figures 5c,d respectively. We see that both  and o of
P3HT 40 films are consistently lower than those of P3HT 5/40 across the entire
temperature range explored, suggesting both better intrachain and interchain ordering in
the higher-molecular-weight thin film of P3HT 40. Our observations are consistent with
previous optical measurements.>*%3! There is, however, no clear dependence of # on T,
in either P3BHT 40 or P3HT 5/40. We interpret this observation to indicate that the
ordering along the P3HT backbone is comparable in samples that were annealed at
temperatures across the range of interest. o does not vary significantly in P3HT 40 or
P3HT 5/40 either, suggesting that the extent of ordering along the P3HT =n-stack is also

retained on annealing.

While our study implicates structural development differences on thermal annealing to be
responsible for the variation in mobility of transistors of P3HT 40 and P3HT 5/40, our
structural characterization — which had been focused on properties associated with P3HT
crystallites — does not reveal the origin. As examples, we see that thermal annealing
improves the crystallinity of P3HT active layers, but it does not necessarily lead to
improved charge transport. Instead, annealing above certain temperatures, 150 °C for
P3HT 40 or 90 °C for P3HT 5/40, instead hampers charge transport despite
improvements in crystallinity and crystal quality. We thus surmise that differences in the

structuring of the amorphous regions to be responsible for the variation in the mobility of

12



P3HT transistors on annealing. We further speculate that this reduction in mobility on
annealing to stem from a significant reduction in the number of tie chains that provide
electrical pathways between neighboring crystallite domains. Yet, the presence of tie
chains in the amorphous regions — being chemically identical to the crystalline regions
but structurally disordered — are notoriously challenging to characterize via conventional

experimental techniques.>°

Previously, we had successfully quantified the tie-chain fraction of quiescently
crystallized P3HT samples per the Huang-Brown framework.>* This same framework,
however, cannot be applied to quantify the tie-chain content in these thermally annealed
P3HT samples. Crucial to our prior analysis is the assumption that the characteristic size
of polymer chains in the melt or the solution state is preserved on rapid crystallization.>
This assumption is not applicable for polymers that undergo post-deposition thermal
annealing given the second-order restructuring that can take place, as we have outlined
above. Extended thermal annealing affords mobile polymer chains to disentangle and
reorganize, and consequently, their conformation deviates substantially from their
original state in the melt. The process of crystal perfection, as evidenced by crystal
thickening and an increase in crystallinity, often comes at a cost of tie-chain pull-out, a
process by which tie chains are drawn out of the crystallites they connect and they, along
with other chains in the amorphous regions, are instead incorporated as crystalline
segments as part of the growing crystallites.”>>* This reduction in the number of tie
chains bridging crystalline domains is presumed to be responsible for the drop in
mechanical toughness in polypropylene samples upon thermal annealing as the number of
tie chains that can act as stress-transfer units between the crystalline domains is
decreased.>* Analogously, since tie chains electrically bridge adjacent crystalline domains

3132 3 decrease in tie-chain

to facilitate charge transport across the amorphous regions,
content upon post-deposition thermal annealing can lead to a decrease in the number of
the pathways available to facilitate macroscopic charge transport in semicrystalline

conjugated polymers.

Tie-chain pull-out manifests itself differently in P3HT 40 compared to P3HT 5/40; this

phenomenon appears to impact the charge transport characteristics of P3HT 40 less

13



significantly than those of P3HT 5/40. Since macroscopic charge transport in P3HT 40
generally improves with an increase in crystallinity, we believe the tie-chain fraction of
P3HT 40 — which was above the percolation threshold to begin with — to remain above
the percolation threshold even after tie-chain pull-out with post-deposition thermal
annealing. On the other hand, given that the tie-chain content of as-cast P3HT 5/40 is
insufficient to support macroscopic charge transport to begin with, any tie-chain pull-out
further decreases its ability to transport charge over macroscopic distances. Despite the
simultaneous increase in crystallinity upon thermal annealing, the reduction of critical
connective pathways between neighboring crystallites becomes the bottleneck to charge
transport. Consistently, we see that the mobility of P3HT 5/40 transistors tend towards a
limiting value of 10 cm? V! s7! as crystallites in the active layers become less
connected; this mobility value corresponds to that reported when the charge-transport rate
associated is limited by slow interchain hopping through the amorphous region.>*> The
comparison between P3HT 40 and P3HT 5/40 reinforces the importance of
intercrystallite connectivity and suggests that a sufficiently percolated charge-transport
network is less prone to the adverse effect of tie-chain pull-out upon thermal annealing.
Along these lines, long and rigid chains are preferred because they are more likely to

form tie chains per the Huang-Brown model.*

Further, the extent with which post-deposition processing affects charge-transport
properties strongly depends on the deposition conditions of the polymer films, as these
initial conditions determine how far the as-cast samples are away from equilibrium. For
example, Turner ef al. found both the structural development and electrical properties of
P3HT films cast from dichlorobenzene solutions to be weakly affected by thermal
annealing while those of the same samples cast from chloroform solutions to be strongly
affected by thermal annealing because the higher boiling point of dichlorobenzene
solvent allows more time for P3HT to crystallize and evolve towards the equilibrium
structure and consequently the as-cast samples are less responsive to post-deposition
thermal annealing.*® This comparison again highlights the importance of a holistic
approach in optimizing the charge-transport properties of conjugated polymers that

considers all the combined effects of intrinsic materials properties, deposition conditions,
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as well as post-deposition treatments. The effect of microstructure on charge transport is

multifaceted and cannot be easily reduced to any single structural parameter.®
Conclusions

We have examined the molecular packing and mesoscale structure of P3HT films that
had been annealed at different temperatures. We found that thermal annealing can
generally increase crystallinity and the crystallite coherence length of the polymer active
layer. Yet, annealing P3HT at high temperatures can impede charge transport, implicating
critical changes in intercrystallite structuring. Our data suggest tie-chain pull-out, which
happens during crystal growth and perfection upon thermal annealing to be responsible.
The extent with which tie-chain pull-out hampers charge transport depends on the initial
quiescent tie-chain content of the samples; such a detrimental effect is more pronounced
in sub-percolated P3HT 5/40 than the percolated P3HT 40. As the crystallites in

P3HT 5/40 become even less interconnected, the mobility of respective transistors
continually decreases, approaching the value associated with charge transport through
interchain hopping in the amorphous regions, in the absence of any intercrystallite

connectivity.

Through investigating the changes in the microstructure and charge-transport properties
of P3HT on post-deposition thermal annealing, we have demonstrated the complex
interplay of crystallinity, intracrystallite ordering, and intercrystallite connectivity on
determining the macroscopic charge transport in conjugated polymers. Our findings shed
light on understanding how processing conditions can impact charge-transport properties

for the same polymer material.
Experimental methods

Materials: All solvents were purchased from Fisher Scientific and used as-received.>¢
Hexamethyldisilazane (HMDS) was purchased from Sigma Aldrich and used as-received.
P3HT was synthesized per literature, resulting in tolyl-group initiated 100% regioregular
P3HT.>*8 P3HT 40 has a number-average molecular weight (M,) of 40 kg mol™! and
dispersity (D) of 1.27, and P3HT 5 has M, of 5 kg mol! and D of 1.26, as determined in

15



our previous study.’® P3HT 5/40 in this study refers to the homopolymer blend of
P3HT 5 and P3HT 40 with the weight fraction of P3HT 40 to be 0.25.

Transistor Fabrication and Characterization: All thin-film transistors were fabricated in
a bottom-gate-top-contact manner. Si (100) wafers with 300 nm thermally-grown SiO»
(purchased from Process Specialties, Inc.) were used as gate and gate dielectric,
respectively. The substrates were cleaned by sonication in deionized water, acetone,
isopropanol for 5 minutes each, and then dried with nitrogen stream. Their oxide surfaces
were modified by spin-coating HMDS at 1800 rpm, followed by thermal annealing at
120 °C for 5 min. P3HT was drop-casted (0.5 mg/mL solution in chloroform) onto the
substrates at ambient conditions. 50 nm of gold was then thermally evaporated onto the
substrates at a rate of 1.0 A s!, through a stencil mask to define active channels with a
width of 204 um and a channel length of 50 um. All transistors were tested under vacuum
using an Agilent 4155C semiconductor parameter analyzer. The hole mobilities were

estimated in the saturation regime at a source-drain voltage of -80 V.

Thermal characterization: Flash DSC measurements were conducted with a Mettler-
Toledo chip calorimeter from (Flash DSC 1). The Flash DSC1 was connected to an
IntraCooler and nitrogen was used as the purge gas. The temperature calibration was
performed using indium. The chip sensors were conditioned and corrected before use. To
mimic the crystallization kinetics of depositing the polymer active layer as described
above (the drying time was approximately 50 s), the sample was cooled from the melt at
270 °C to 20 °C at a rate of 5 °C/s before post-deposition thermal annealing. To extract
the melting enthalpies, the sample was heated from the melt at 20 °C to 270 °C at a rate
of 800 °C/s. The infinitesimal sample mass on the chip sensor needs to be determined for
quantifying the specific melting enthalpies. With this purpose, each sample was also
cooled from the melt at 270 °C to 20 °C at a rate of 10 °C/min, the same rate as that used
in the standard DSC measurements. By assuming the same crystallization protocol leads
to the same crystallinity, reflected by the same specific melting enthalpy,® the effective
sample mass on the flash DSC chip sensor was estimated by dividing the flash-DSC-
measured melting enthalpy by the regular-DSC-measured specific melting enthalpy that

had been obtained in our prior study.>?
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Optical absorption Measurements: P3HT thin films were drop-casted onto precleaned
glass slides in the same manner as described above. Absorption spectra were recorded

using an Agilent Technologies Cary 5000 spectrophotometer.

Grazing-Incidence X-Ray Diffraction: P3HT thin films for GIXD were deposited onto
precleaned glass slides in the same manner as described above. GIXD was performed at
the Complex Materials Scattering (CMS) beamline of the National Synchrotron Light
Source II (NSLS-II), Brookhaven National Laboratory. The X-ray beam with an energy
of 13.5 keV shone upon the samples with an incident angle of 0.1° with respect to the
substrate, between the critical angles of the P3HT film and the silicon substrate. A
custom-made Pilatus-800K detector was placed at 257 mm from the sample center to
capture GIWAXS images with the exposure time of 10 s. All GIWAXS images have

been background subtracted.
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Figure S1. The field-effect mobility of transistors comprising P3HT 40 and P3HT 5/40

films that had been annealed at different temperatures.
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Figure S2. (a) Thermal history to investigate the dependence of thermal properties of

P3HT on cooling rates with flash-DSC. The cooling rates ranged from 4000 °C/s to

0.16 °C/s. (b) Flash-DSC thermograms of P3HT 40 that had been annealed at different

temperatures. (¢) Flash-DSC thermograms of P3HT 5/40 that had been annealed at

different temperatures.
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Figure S3. Crystallite thickness, as determined from the melting temperature, of

P3HT 40 and P3TH_5/40 as a function of annealing temperature.
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Figure S4. 2D GIXD pattern of P3HT 40 thin films that had been annealed at different

temperatures acquired at room temperature.
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Figure SS. 2D GIXD pattern of P3HT 5/40 thin films that had been annealed at different

temperatures acquired at room temperature.
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