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ABSTRACT: Polymer semiconductors (PSCs) are a desirable
class of materials for next-generation electronics. However, the
conformational complexity associated with macromolecules, as well
as the presence of unique inter- and intrachain interactions, make it
challenging to control the morphology of PSCs. Previously, it has
been reported that beyond a certain molecular weight, thin-film
charge carrier mobility typically drops due to reduced crystallinity
and increased entanglement. Here, the use of an insulating
secondary matrix polymer, polystyrene-block-poly(ethylene-ran-
butylene)-block-polystyrene (SEBS), is shown to induce molecular
ordering of PSCs across multiple length scales. Aggregation-
induced molecular ordering in SEBS/PSC hybrid films is strongly
correlated to the molecular weight of the semiconducting
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component. The higher the molecular weight of PSC used to blend with SEBS, the greater the observed improvement in polymer
aggregation and orientation. This leads to a 5-fold increase of charge carrier mobility, from 0.3 to 1.5 cm®* V™! s7" (P-97k), in field-
effect transistors (FETs) with only 30 wt % of the semiconducting polymer in SEBS. Moreover, mobility can be further elevated to 2
cm?® V7! s7! using an extensional flow-driven solution shearing deposition method. The findings here on using a secondary polymer
matrix to dramatically improve the molecular organization and charge transport of a high-molecular-weight PSC are a useful
morphological control strategy. It can also be carried out using nonhalogenated solvents, such as p-xylene, which are more
environmentally benign and industrially relevant than commonly used chlorinated solvents.

INTRODUCTION

Polymer semiconductors (PSCs) are promising candidates as
active materials in low-cost, printed, and flexible/stretchable
electronic devices due to their facile tunability through
chemical design, amenability to high throughput solution
deposition processing, and favorable mechanical and electrical
properties.' > Though it is essential to their long-term
implementation, the ability to enhance and reliably control
the electronic performance of PSCs remains challenging.
Unlike conventional inorganic semiconducting solids, which
consist of ionic or covalent bonds, PSCs are held together by
weak 7—7 and van der Waals interactions. These relatively
weak interactions create a complex microstructure in the thin-
film state that strongly dictates PSC electronic behavior. Thus,
to secure molecular packing that is conducive to efficient
charge transport, strategies to manipulate the morphology of
PSC thin films must be developed.

Blending of PSCs with a secondary insulating polymer has
been broadly reported to facilitate uniform micron-scale phase
separation, allowing for the maintenance of efficient charge-
transport pathways through the inert polymer matrix* The
inclusion of an insulating polymer can improve the environ-

mental stability and mechanical robustness of the active layer
without significantly degrading electronic performance.® More-
over, the loading of the semiconducting component can be
minimized, which can reduce material cost and enable
transparent electronic devices.”” It has been observed that
the inclusion of a secondary component can modify the
properties of PSC thin films through entropic effects via
nanoscale confinement, changes to charge carrier activation
energy, and modulation of solidification kinetics during thin-
film formation.>®'" Despite the ability of an insulating
polymer to alter the molecular packing of the semiconducting
component, few works have employed an insulating matrix
polymer to improve, rather than maintain, the charge carrier
mobility in PSC thin films based on donor—acceptor type
polymers.*”'"'> The electrical performance of PSC in blends,
moreover, can be improved by the controlled film deposition
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Figure 1. (A) Chemical structures of P2ZTDPP2TFT4 with number-averaged molecular weight (Mn) of 50 (P-50k) and 97 kDa (P-97k) and SEBS.
Morphological characterizations, including (B) AFM phase images at the bottom surface, (C) UV—vis absorption spectra, and (D) two-
dimensional (2D) GIXD patterns of P-50k and P-97k/SEBS blended at a ratio of 3:7 wt %. (E) 1D GIXD profiles extracted from 2D GIXD
patterns in out-of-plane (q.) and in-plane (q,) directions of neat and blended P-97k.

process (e.g., solution shearing).® However, a morphological
basis for why in some cases the incorporation of an insulator
can improve PSC-based field-effect transistor (FET) perform-
ance has not so far been provided.

Molecular weight is a core factor, which dictates polymer
chain dynamics and conformation, greatly impacting inter- and
intrachain organization in the solid state. For example, the
degree of polymerization has been shown to affect the
crystalline packing, interchain aggregation, and electronic
performance of PSC thin films."*'* In addition, PSCs with
sufficiently high molecular weight form an entangled net-
work."*">7"7 In blended systems, the molecular weight of the
PSC is of particular interest due to the miscibility dependence
of polymers on molecular weight. The Flory—Huggins solution
theory describes the phenomenon of miscibility in multi-
component polymer systems.'® Within this framework, free
energy of mixing increases with molecular weight via entropic
contributions, and the dependence of the free energy on
molecular weight can be further elevated in systems where
higher-molecular-weight polymers possess significantly lower
solubility, as is generally the case for conjugated PSCs.'® While
thermodynamic theory predicts a dependence of phase
separation on molecular weight in polymer blends, it cannot
fully recapitulate the relationship between polymer mixing and
final thin-film morphology, as well as subsequent charge-
transport properties of strongly associating conjugated
polymers. To gain knowledge on the effects of phase
separation of blended systems toward real electronic
applications, it would be advantageous to systematically
manipulate the molecular weight of the charge-transporting
element (i.e,, PSC). The impact of the PSC molecular weight
on morphological control and electronic performance of PSC/
insulator blends has not yet been reported.

In the present contribution, a secondary insulating
component, polystyrene-block-poly(ethylene-ran-butylene)-
block-polystyrene (SEBS), is blended with a conjugated
diketopyrrolopyrrole (DPP)-based PSC (P2TDPP2TFT4)
with controlled number-averaged molecular weights of 50
(P-50k) and 97 kDa (P-97k). Compared to pristine P-50k, an
insignificant change in charge carrier mobility is observed for
P-50k/SEBS blended films, which is consistent with many
reports on PSC/insulator blends.*®” Interestingly, the mobility
of P-97k/SEBS blends showed marked improvement, from 0.3
(neat P-97k) to 1.5 (P-97k/SEBS blend) cm® V™' 57", Such an
enhancement in electrical performance for the high-molecular-
weight PSC is attributed to the greater induced interchain
aggregation of the PSC and a dramatic shift in orientation in
the crystalline fraction from 23% edge-on and 77% face-on to
70% edge-on and 30% face-on. The increase in edge-on
packing promotes a more efficient charge-transport pathway
for FET devices. In addition, the mobility of P-97k/SEBS can
be further elevated to 2 cm® V™! s7! by extensional flow-driven
solution shearing, through partial alignment of P-97k chains
and aggregates within the SEBS matrix. Moreover, the
morphological indicators associated with improved charge
transport for the high-molecular-weight PSC are observed
generally in films deposited from a more environmentally
friendly, nonhalogenated solvent. Indeed, the work presented
herein highlights a promising pathway for controlling mobility
of PSC/insulator blended films by tuning the molecular weight
of the semiconducting component. The structure—property
relationships described may inform the future design of PSC-
based electronics with controlled morphology from molecular
scale to device scale.



RESULTS AND DISCUSSION

Molecular Ordering in Polymer Blends. The chemical
structures of DPP-based PSCs (with molecular weights of S0
(P-S0k) and 97 kDa (P-97k)) and an insulating polymer
matrix (polystyrene-block-poly(ethylene-ranbutylene)-block-
polystyrene (SEBS); Tuftec H1221) are depicted in Figure
1A. P-50k and P-97k are blended individually with SEBS to
elucidate how molecular weight effects molecular organization
within the SEBS matrix. Properties such as polymer
conformation and persistence length are directly affected by
molecular weight. Therefore, polymer chain length impacts
inter- and intrachain interactions and subsequent thin-film
morphology."*'"? In donor—acceptor PSCs, reduced thin-film
crystallinity has typically been observed for higher molecular
weights.">'7?%?! ' To study the impact of semiconductor
molecular weight, polymer thin films were deposited on an
octadecyltrimethoxylsilane (OTS)-modified surface using a
polymer solution consisting of 30 wt % of PSC (P-50k or P-
97k) and 70 wt % of SEBS, which is an optimal ratio based on
our previous study.” Note that a systematic investigation of the
blending ratio is discussed later in this manuscript. A vertical
phase separation, with the semiconducting component residing
predominantly at the bottom and top interfaces (i.e., trilayer
structure), was formed,'® as determined by time-of-flight
secondary ion mass spectrometry (ToF-SIMS) (Figure Sl,
Supporting Information). The signals of C,H™ and SH™ ions
are signatures of SEBS and the PSC, respectively. The ratio of
the peak intensity of these two ions can be used to determine
the distribution of the two polymeric components as a function
of depth. Forming a continuous semiconducting layer at the
dielectric/semiconductor interface is essential for efficient
charge transport in field-effect transistor (FET) devices based
on PSC/insulator blends.'%?? In this case, at the bottom and
top interfaces, an extended fibrillar network is observed in
atomic force microscope (AFM) images for both P-50k and P-
97k blended with SEBS (Figures 1B and S2), consistent with
previous reports.”® Although both P-50k and P-97k polymers
show fibrillar phase segregation at the interfaces, a clear
difference in nanofiber size and distribution is observed.
Additionally, P-97k/SEBS blends show a more complete phase
separation of the semiconductor to the top and bottom
surfaces compared to P-50k/SEBS blends, as indicated by a
steeper reduction in the SH™ signal observed using ToF-SIMS
(Figure S1). This is expected, as an entropic gain for mixing
with a higher-molecular-weight polymer tends to be lower. To
further understand the disparate fibrillar morphologies, UV—
visible absorption spectroscopy (UV—vis) and grazing
incidence X-ray diffraction (GIXD) were used to probe
molecular organization within the fibrillar networks. From
the thin-film UV-—vis spectra (Figure 1C), the typical
absorption profile belonging to the PSC component (i.e., P-
50k or P-97k) is observed. The feature located between 600
and 800 nm corresponds to internal charge transfer and
exhibits two vibrionic bands. An increase in the intensity of the
(0-0) band relative to the (0-1) band and a slight red shift are
indicative of a higher degree of chain—chain interactions or
backbone planarity.”® Consistent with our prior observations,
the introduction of SEBS significantly increases the (0-0) band,
which suggests more planarization of the polymer backbone
and potentially more aggregation. Such insulator-induced
planarization/aggregation, moreover, is observed more
strongly in P-97k/SEBS films compared to P-50k/SEBS

films. Even in the solution state, P-97k already shows a
stronger propensity to aggregate than P-50k when blended
with SEBS (Figure S3). Though very few reports have included
solution-state characterization of PSC/insulator blends,
increased aggregation in solution has been associated with
mobility improvement in P3HT/PDMS blends.® The obser-
vation of greater induced planarization and aggregation of P-
97k in both the film and solution states suggests that the
interaction between P-50k and P-97k polymers with SEBS
plays an important role in determining the resulting charge
transport, as discussed later. One explanation for the greater
tendency of P-97k to associate in both the film and solution
states is lower miscibility between P-97k and SEBS, which may
induce stronger aggregation and planarization of P-97k in the
SEBS matrix. Indeed, the tendency of the higher-molecular-
weight polymer to form a greater phase separate from SEBS is
consistent with our observations from ToF-SIMS (Figure S1).
Rheological characterization of polymer solutions, furthermore,
is used to demonstrate our hypothesis of the effect of
molecular weight on PSC/SEBS mixing. While pure polymer
solution of P-97k is strongly shear-thinning with much larger
viscosity compared to P-50k, likely resulting from entangle-
ments or interchain interactions, blends of P-97k and SEBS
show near-Newtonian rheological behavior (Figure $4). Such a
dramatic change of P-97k with and without SEBS in solution
may be due to reduced entanglement. Note that the shift in
rheological behavior is much less pronounced for the lower-
molecular-weight, P-50k, due to a lesser degree of entangle-
ment even without the addition of a secondary matrix.

While absorption spectra can be used to evaluate the short-
range order of conjugated polymers within the thin-film, long-
range order needs to be characterized using grazing incidence
X-ray diffraction (GIXD). 2D diffraction patterns for neat and
blended films of P-97k and P-50k (Figure 1D) show a
remarkable shift in the orientation of polymer crystallites (i.e.,
face-on vs edge-on packing) after blending with SEBS. Note
that GIXD characterization provides only information on the
orientation of the crystalline fraction of the polymer films. The
presence of a (010) reflection (7— spacing signal) in both the
in-plane (qy) and out-of-plane (g,) directions indicates that
crystallites of the PSC thin films are bimodally distributed
(films contain both edge-on- and face-on-oriented crystallites).
Interestingly, when the PSCs are blended with SEBS, the
intensities of the out-of-plane 7—r reflection and the in-plane
lamellar (n00) reflections are dramatically diminished, as seen
in Figure 1E (P-97k/SEBS) and Figure S5 (P-S0k/SEBS),
indicating that polymer crystallites of P-50k and P-97k are both
orientated substantially more edge-on in blended films than in
pure PSC films. Specifically, for the blends of P-97k and SEBS,
the change of orientation is especially pronounced. As listed in
Table 1, the fraction of edge-on crystallites increases by 3 times
for P-97k/SEBS blends (70% of edge-on and 30% of face-on)
compared to neat P-97k (23% of edge-on and 77% of face-on).
On the other hand, P-50k/SEBS blends show only 1.7 times
change. Such an increase in edge-on crystallites may facilitate a
more effective charge-transport pathway, which is desirable for
high-performance thin-film transistors.”* > Beyond improve-
ment to the overall crystallite population and orientation, the
extent of crystallographic orientation is also improved after the
incorporation of SEBS. From the pole figure (Figure S6), the
full width at half maximum (FWHM) of the (200) peak in the
azimuthal direction becomes smaller once the SEBS is blended
with either P-S0k or P-97k, suggesting that the average



Table 1. Relevant Crystallographic Parameters of Thin
Films Fabricated Using Chlorobenzene

lamellar- - edge-on face-on crystallite

spacing  spacing  fraction®  fraction” size
polymer film (A) (%) (%) (nm)
P-50k 29.98 3.67 S1 49 10.6
P-50k/SEBS 30.63 3.66 90 10 10.9
P-97k 29.83 3.66 23 77 8.0
P-97k/SEBS 30.90 3.68 70 30 8.7

“Edge-on and face-on fractions are defined as the integrated intensity
of the (010) reflection from y = 0—45° and y = 45—90°, respectively.

Crystalhte size is calculated from the (200) signal using the Scherrer
equation.

orientation of crystalline domains is improved. Such changes
are consistent with observations of improved interchain
coupling of P-50k and P-97k when embedded in the SEBS
matrix, as evidenced by their UV—vis absorption spectra. The

formation of nanoscale aggregates in the solution state has
previously been correlated to improved crystallite orientation
in DPP-based polymers.”” It is believed that these short-range
aggregates favor an edge-on orientation, which can template
larger-scale edge-on crystalline domains during film forma-
tion.”® In line with this hypothesis, the mean crystallite size of
PSC increases upon incorporation of SEBS (Table 1). The
greater changes in P-97k/SEBS than P-50k/SEBS films are
consistent with the hypothesis that the orientation and
organization of crystalline domains are altered through
polymer interactions, given the general observation that
higher-molecular-weight P-97k undergoes stronger aggregation
and interchain coupling within the elastomeric matrix, resulting
in an improved electrical performance.

FET Characteristics. To evaluate the impact of the
observed morphological features on charge transport, bottom
gate/bottom contact FETs were fabricated in the device
configuration depicted in Figure 2A. Typical p-channel transfer
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Figure 2. Electrical properties of films based on neat P-S0k and P-97k and blended P-50k and P-97k/SEBS at a ratio of 3:7 by weight. (A) Device
architecture of a bottom gate/bottom contact FET device. (B) Transfer curves of the studied FETs. The source-to-drain voltage is set as —100 V.
(C) Average saturation hole mobility (top) and FET on-current (bottom) of neat and blended P-S0k and P-97k. Note that the FETs based on
solution-sheared (SS) films are labeled as SS-P-50k/SEBS and SS-P-97k/SEBS. A significant enhancement is observed on the SS-P-97k/SEBS-
based device. (D) Schematic illustration of morphological evolution of P-S0k and P-97k/SEBS blends. Initially, the low-molecular-weight polymer
possesses stronger interchain packing, while the high-molecular-weight polymer is generally fully amorphous.
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Figure 3. (A) UV—vis absorption spectra, (B) bottom surface AFM phase images, (C) 2D GIXD patterns, (D) pole figures based on the (200)
reflection as a function of the angle y, (E) FET transfer curves scanned with a source-to-drain voltage of —100 V, and (F) averaged saturation hole
mobility and on-current (inset) for P-97k/SEBS films with variable loading ratios (20—80 wt % of SEBS) fabricated using p-xylene.

characteristics of P-50k and P-97k, with or without SEBS, are
shown in Figure 2B. An on/off current ratio of 10*—10° is
observed for the studied FETs. More detailed device
characteristics, including mobility and on-current, are
summarized in Figure 2C. Neat P-97k (ie, O wt % SEBS)
exhibits a significantly lower saturation hole mobility and on-
current than P-50k. As reported previously, the reduced
mobility in neat P-97k may be due to a lower degree of
crystallinity and a larger population of face-on crystallites
inside the thin film. Additionally, our previous rheological
characterization of P2TDPPTFT4 suggests that, even at low
solution concentration, P-97k possesses stronger polymer
chain entanglement than P-50k."” The presence of entangle-
ments has been both theoretically and experimentally
suggested to reduce the charge carrier mobility due to the
formation of kinks and folding between polymer chains.'**’
The combination of these effects leads to poor mobility of P-
97k. Interestingly, upon the inclusion of SEBS into the
semiconducting layer, devices based on P-97k/SEBS exhibit a
dramatic improvement in FET performance (mobility is
increased from 0.3 to 1.5 cm®* V' s7', accompanied by a
nearly 3-fold increase in on-current) (Figure 2C). P-50k/SEBS
blends, in contrast, showed an insignificant change in transistor

performance when compared to neat P-50k. The electrical
performance of the polymer blends is consistent with their
thin-film morphologies. The discussed UV—vis and GIXD
characterizations suggest that greater enhancement of molec-
ular ordering and much more balanced face-on/edge-on
packing can be achieved in higher-molecular-weight P-97k
than in lower-molecular-weight P-50k when SEBS is
incorporated. Indeed, the disproportionate improvement in
P-97k/SEBS blends across length scales clearly enables more
efficient charge transport.

Here, it is demonstrated for the first time that depending on
the molecular weight of the semiconducting component, the
matrix—PSC interactions can be used to improve charge
transport. Morphological characterization indicates that the
high-molecular-weight PSC (P-97k) undergoes greater molec-
ular ordering and becomes more edge-on in the film with SEBS
elastomeric matrix, resulting in remarkable increases in charge
carrier mobility. On the macroscopic scale, charge transport
can be improved by aligning polymer chains or aggregates
across the whole conductive channel.***! Moreover, an
extensional flow-driven solution shearing (SS) method, which
can induce polymer chain alignment and improve the charge
carrier mobility of polymer blends,® is used to guide P-97k/



Table 2. Crystallographic Parameters of Thin Films Fabricated Using p-Xylene

polymer film lamellar-spacing (A) 7—n spacing (A)

P-97k 29.67 3.66
P-97k/SEBS (2:8) 30.98 3.67
P-97k/SEBS (3:7) 30.78 3.66
P-97k/SEBS (5:5) 30.58 3.67
P-97k/SEBS (7:3) 3025 3.66

edge-on fraction” (%)

face-on fraction” (%) crystallite size” (nm)

34 66 8.6
93 8 8.8
90 10 8.8
77 23 9.2
79 21 9.7

“Edge-on and face-on fractions are defined as the integrated intensity of the (010) reflection from y = 0—45° and y = 45—90°, respectively.
bCrystallite size is calculated from the (200) signal using the Scherrer equation.

SEBS solution during film deposition. Polarized UV—vis
spectroscopy is used to assess the polymer chain alignment
of SS-P-97k/SEBS films. A coating speed of 2 mm s~ is
observed to produce the highest dichroic ratio value (..,
better polymer alignment) (Figure S7B). Additionally, align-
ment is observed from GIXD and AFM (Figure S7C,D). At the
optimized processing conditions, FETs based on SS-P-97k/
SEBS films were fabricated with the charge-transport direction
along the direction of shearing. SS-P-97k/SEBS films showed
further improvement in electrical performance over spin-cast
blended films. SS-P-97k/SEBS film exhibits an average
mobility of approximately 2 cm®> V™! s7! (and a 4-fold increase
in on-current compared to neat P-97k) (Figure 2B,C). The
trend in device performance can also be observed in output
characteristics of neat P-97k, P-97k/SEBS, and SS-P-97k/SEBS
films (Figure S8). On the contrary, the FET performance of P-
SO0k/SEBS-based devices does not increase when shearing is
used. While UV—vis measurements show alignment in the
direction of coating of SS-P-50k/SEBS films, GIXD shows an
insignificant alignment of the crystalline domains of the film
(Figure S9). This indicates that although macroscopic local
alignment can be observed from UV—vis measurements, the
microscopic crystalline domains cannot be further reoriented
using extensional flow for the lower-molecular-weight P-50k.
The inability of crystallites to be aligned in SS-P-50k/SEBS
film may be owing to the lower free energy of the conjugated
chains to be migrated in the SEBS matrix, following the Flory—
Huggins theory. Through the combination of insulator
blending and the use of the extensional flow-driven solution
shearing method, the mobility in P-97k/SEBS films could
reach and even exceed that of either neat or blended P-50k
films. This work suggests that blending polymer semi-
conductors with a suitable insulating matrix can overcome
the previously reported issues with high-molecular-weight
PSCs, in terms of lower crystallinity, lack of alignment, and
significantly lower FET performance.'’ As illustrated in Figure
2D, the low- (P-50k) and high (P-97k)-molecular-weight
polymers both possess crystalline and amorphous structures,
while the crystallinity of P-97k is lower than P-50k due to
increased entanglements between polymer chains.'” By
introducing the secondary SEBS matrix, the aggregation state
of the semiconducting component will be modulated owing to
the phase separation and confinement effect in the nanoscale.
Such a modification of polymer chain organization is expected
to impact charge transport of P-50k and P-97k polymers.
Polymer Blends using Nonhalogenated Solvent. An
advantage of PSCs is their ability to be deposited over a large
area at near-ambient conditions. However, to improve the
translatability of PSC fabrication processes into the industry, it
is of interest to remove chlorinated solvents from their
processing, given the environmental and regulatory concerns
associated with halogenated solvents.> ** The use of non-

halogenated solvents in the processing of PSCs has been
historically constrained due to the low solubility of high-
performance PSCs, which typically have relatively rigid
backbones and a strong tendency to aggregate in solution.
Having four long alkyl side chains per repeat unit,
P2TDPPTFT4 has previously been reported to possess
excellent solubility in nonhalogenated solvents such as p-
xylene.'” While P-50k and P-97k can be processed in p-xylene,
it is unclear if the favorable blended morphology observed in
chlorinated solvent (i.e., chlorobenzene) can be obtained from
nonhalogenated solvent given variations in solubility, which are
known to change the solution-state conformation of the
polymer molecules (i.e., aggregate content and structure).”” P-
97k/SEBS blends with variable P-97k to SEBS ratios were
prepared using p-xylene. Their morphology and transistor
performance were systematically probed. Similar to the
chlorobenzene-based solutions and films, the absorption
spectra of p-xylene-prepared P-97k/SEBS solutions and films
exhibited signatures of induced aggregation (Figures 3A and
S10). Enhancement and red-shift of the (0-0) vibrionic band
were observed in films containing greater than 70 wt % SEBS
(ie, P-97k/SEBS of 2:8 and 3:7). Again, a nanofibrillar
morphology in P-97k was observed using AFM (Figure 3B). A
sufficiently high loading of SEBS can induce a desirable PSC
fibrillar network, while, at low loadings of SEBS, film
morphology more closely resembles that of the neat PSC
where no fibrillar features are exhibited. The relative
population of edge-on crystallites is observed to monotonically
increase with SEBS percentage, as extracted using GIXD
(Figure 3C and Table 2), which is consistent with the
hypothesis that the shift in orientation arises from increased
interchain interactions. Molecular ordering in the crystalline
domains was also investigated. Figure 3D shows the pole figure
of the (200) lamellar reflection as a function of the azimuthal
angle, y. At lower loadings of SEBS (i.e,, <70 wt %), although
the crystallite population is more edge-on and the crystallite
size is larger than that of neat P-97k, a broader intensity
distribution indicates greater misorientation of those edge-on
crystallites. In contrast, an improvement in the degree of
texturing is observed at higher loading of SEBS (i.e., >70 wt
%), consistent with chlorobenzene-deposited films (Figure S4).
These results suggest that while short-range ordering
(formation of polymer aggregates) can occur at low loadings
of elastomer, a sufficiently large fraction of the matrix material
is required for the formation of long-range ordering on the
molecular scale.

Again, the observed morphological observations correlate
well with the FET performance, as depicted in Figure 3E,F. At
low loadings of SEBS, likely due to crystallite misorientation
and lack of a fibrillar percolation network, FET mobility is
lower than neat P-97k. However, as the SEBS fraction is
increased, the FET mobility of P-97k/SEBS blends can be



nearly doubled relative to that of neat P-97k, and stable output
characteristics are measured (Figure S11). It should be noted
that the P-97k/SEBS films fabricated using p-xylene exhibit
lower mobility than those films made using chlorobenzene,
probably due to differences in polymer solubility that directly
influence the thermodynamic behavior of polymer mixing. Still,
significant enhancement in charge transport for P-97k/SEBS
films deposited from p-xylene is achieved. Such improvement is
consistent with observations made for the films processed from
chlorobenzene, as discussed above. Indeed, the morphological
indicators of improved charge carrier mobility are broadly
applicable to nonhalogenated solvent alternatives, further
enhancing the viability of PSCs for use in future electronic
applications.

B CONCLUSIONS

A remarkable enhancement of charge carrier mobility in a high-
molecular-weight (M, = 97 kDa) semiconducting polymer was
induced through the incorporation of a secondary elastomeric
matrix, SEBS. A nearly 3-fold increase in FET on-current was
correlated to increased short- and long-range order of the PSC
within the elastomer matrix. Such an enhancement in
molecular ordering is not generally achievable due to strong
entanglements present in high-molecular-weight PSCs. When
deposited using solution shearing, the electrical performance
was further enhanced from 0.3 (neat P-97k) to 2 (SS-P-97k/
SEBS) cm® V™! s7!. Morphological signatures associated with
induced molecular ordering were also observed in films
deposited from a nonhalogenated processing solvent at
sufficiently high SEBS loading. Accordingly, the mobility of
P-97k could be doubled in blended films deposited from p-
xylene. The method described here can be used to effectively
enhance the electrical performance of high-molecular-weight
PSCs through controlled molecular ordering, without any
modification of chemical structure or restriction on processing
solvent.

B EXPERIMENTAL SECTION

Polymer Characterization. ToF-SIMS was performed using a 25
kV Bi;* ion source for an analysis source, operated at a raster of 200
pm X 200 ym, and a pulsed current of ~0.25 pA. The source was
rastered for one complete scan across the surface with a 128 X 128
pixel density. Each scan was followed by 1 sputter frame (scans) using
a 5 kV Ar1000+ GCIB sputter source to gently remove the organic
material. This beam was rastered at 500 ym X 500 um under a
continuous current of ~1 nA. AFM (Nanoscope IIII digital
Instruments/Veeco Metrology Group) measurements were per-
formed in tapping mode. The bottom surface was measured by
transferring the film using a PDMS stamp. UV—vis absorption spectra
were measured using an Agilent Cary 6000i UV/vis/NIR spectro-
scope. A polarizer crystal was used for films deposited using solution
shearing. X-ray diffractograms were collected at beamline 11-3 in the
Stanford Synchrotron Radiation Light Source (SSRL) with a beam
energy of 12.7 keV. An incident angle of 0.12° was used, and all X-ray
measurements were taken in a helium-purged environment.
Rheological measurements were taken using a TA Instrument
ARES-G2 rheometer with a cone plate attachment (diameter 25
mm, cone angle 0.1 rad).

FET Fabrication and Characterization. Polymer solutions for
spin-coating (10 mg mL™") and solution shearing (20 mg mL™") were
prepared following a previously reported method.”® Si with 300 nm
thick SiO, substrates was modified by a dense crystalline OTS
monolayer.*® Bottom Cr/Au (3 nm/40 nm) contacts were evaporated
onto the OTS-treated substrate with a channel length and width of
200 and 4000 um, respectively, and then modified by pentafluor-

othiophenol to lower the contact resistance between the electrodes
and the active layer.>® Spin-cast films were deposited directly on the
Cr/Au contacts by spinning at 1000 rpm for 60 s. For solution-
sheared films, a micropillar blade was used, and the bottom of the
pillars was placed ~5 ym from the substrate.® 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.
Finally, all fabricated films were annealed at 150 °C for 1 h. The
electrical measurements of FETs were taken using a Keithley 4200-
SCS in a nitrogen-filled glovebox. Mobilities were averaged based on
6—10 devices in three different batches. Saturation mobilities (u)
were calculated according to the following equation

_u b
WC 0V

u"

where L (200 ym) and W (4000 pm) are the channel length and
width. C is the gate-channel capacitance per unit area of the 300 nm
Si0, dielectric layer (10.9 nF cm™).
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