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ABSTRACT: Side chain modification of a semiconducting
polythiophene changes the resulting phase separation length
scales when blended with a ferroelectric polymer for use in
organic ferroelectric resistive switches. The domain size of the
semiconducting portion of blends of poly[3-(ethyl- 5-
pentanoate)thiophene-2,5-diyl] (P3EPT) and poly(vinylidene
fluoride-co-trifluoroethylene) (PVDF-TrFE) in thin film
blends are smaller than previously reported and easily
controllable in size through simple tuning of the weight
fraction of the semiconducting polymer. Furthermore, P3EPT
has a relatively high degree of crystallinity and bimodal crystallite orientations, as probed by wide-angle X-ray scattering. Resistive
switches fabricated from blends of P3EPT and PVDF-TrFE show memristive switching behavior over a wide range of
polythiophene content and good ON/OFF ratios.

Polymers offer a unique platform for creating low-cost,
solution-processable, and flexible electronics.1−5 Semi-

conducting polymers are essential for these applications, but
ferroelectric polymers have also proven to be useful as well. For
example, ferroelectric polymers have been shown to increase
the power conversion efficiency of organic photovoltaics.6−10

One application, in particular, that has been of recent interest is
organic-based nonvolatile memory devices,11−13 including
ferroelectric transistors and diodes.14,15

The working mechanism of organic ferroelectric devices
relies on the fact that certain polymers, such as those based on
poly(vinylidene fluoride), have intrinsic permanent dipole
moments that can be oriented by an applied electric field,
leading to ferroelectric behavior.16,17 Ferroelectric resistive
switches can be fabricated by blending a ferroelectric polymer
and a semiconducting polymer, first demonstrated by Asadi et
al.18 Because dissimilar polymers phase separate, thin films of
blends have distinct ferroelectric and semiconducting regions.
Understanding how this phase separation occurs during
solidification and subsequent processing is important because
the morphology defines the pathways for charge transport and
the switching characteristics.
Blends of ferrorelectric polymers and semiconducting

polymers provide an interesting opportunity to examine
fundamental processes of phase separation in thin films of
semicrystalline polymers from solution. Here, we examine the
effects of altering the side chain structure of the semiconducting
polymer on the phase separation and molecular order in a
ferroelectric-semiconductor polymer blend. We find that
modification of side chains is a useful route to achieve reliable
nanoscale phase separation in thin films while maintaining
ferroelectric switching behavior.

The operation of ferroelectric diodes depends critically on
the morphology of the phase separated ferroelectric-semi-
conductor blend film. Charge carriers only travel through the
semiconducting polymer, and the ferroelectric polymer
determines the switching behavior of the device. It is believed,
based on experimental data and device models, that the stray
field of the positively (negatively) poled ferroelectric polymer
lowers (increases) the barrier to charge injection into the
semiconductor phase, resulting in greater (decreased) current
in the ON (OFF) state.19,20 The charge carriers travel
predominantly near the semiconductor-ferroelectric domain
interfaces.21 Semiconductor domains that are too large will
reduce the interfacial area of the domains and the overall
current. On the other hand, the stray field lines of the poled
ferroelectric act against the direction of charge transport, and
this can reduce the current if semiconductor domains are too
small. A competition between these two effects results in an
optimum lateral size for the semiconductor domains, suggested
to be about 50−100 nm.20 Therefore, an optimal device would
have as large a volume fraction as possible of ∼50 nm size
domains of semiconducting polymer surrounded by ferro-
electric polymer domains (the minimum size of the ferro-
electric domains has not yet been studied).
A well-defined phase separated structure with easily tunable

domain sizes is required for better understanding of
fundamental links between morphology and electrical proper-
ties. It is difficult to predict polymer−polymer interaction
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parameters, making it challenging to reduce the domain size of
polythiophene based blends well below even a micron when
relying on spontaneous phase separation,22 and previous work
that utilized regio-irregular poly(3-hexylthiophene) (rir-P3HT)
blended with the typical ferroelectric polymer, poly(vinylidene
fluoride-co-trifluoroethylene) (PVDF-TrFE), showed large-
scale phase separation between polymers.22 Top-down physical
patterning methods such as nanoimprint lithography can be
used to achieve higher storage densities and smaller switching
voltages,23 however, such additional processing steps would
complicate large-scale production of these devices using
printing methods. Semiconducting polymers other than
polythiophenes can also be used, and proper choice of solvent
and deposition method can produce smoother, thinner films
with reduced switching voltages.24 Incorporation of an
insulating, amorphous polymer can also improve the ferro-
electric and dielectric performance of ferroelectric polymers.25

In order to tune the phase separation of ferrelectric-
semiconductor polymers blends, we sought to modify the
polymer−polymer interactions. It is important to choose a
polymer that has a low surface interaction energy with PVDF-
TrFE, because a thermal annealing step is required after
deposition of the polymer blend film that could lead to
coarsening. There is a certain degree of phase separation that
occurs during solvent evaporation and solidification of the films
during the spin coating process. However, good working
devices cannot be made from as-cast films because the
paraelectric α-phase of PVDF-TrFE is more stable at room
temperature. In order to achieve this, we looked to use a
semiconducting polymer that would potentially have more
favorable polymer−polymer interactions with PVDF-TrFE. It is
known that PVDF has a compatible Flory−Huggins interaction
parameter with poly(methyl methacrylate) (PMMA).26,27 In an
effort to alter polymer−polymer interactions but maintain
semiconducting and charge transport properties, a side chain
structure was chosen that is similar to PMMA, while keeping
the semiconducting thiophene backbone. The polythiophene
used in this study is poly[3-(ethyl-5-pentanoate)thiophene-2,5-
diyl], which will be referred to as P3EPT, shown in Figure 1.
P3EPT is expected to have relatively similar electronic
properties to P3HT, and thin film UV−vis absorption shows
a slight blue shift compared to P3HT (Supporting
Information).

Blending P3EPT with PVDF-TrFE leads to small domain
sizes. Morphology characterization was performed on blends of
P3EPT and PVDF-TrFE that were dissolved together in a
common solvent (ranging from 10 to 50 wt % P3EPT) and
spin coated into thin films, followed by postdeposition thermal
annealing at 135 °C, close to the crystallization temperature of
PVDF-TrFE,28 for 3 h and subsequent slow cooling to room
temperature. This annealing step is required to stabilize and
enhance the crystallinity of the ferroelectric β-phase of PVDF-

TrFE. P3EPT based blends exhibit much smaller polythiophene
domain sizes for a given blend ratio compared to blends of
PVDF-TrFE and other semiconducting polymers such as
regioregular P3HT (Figure 2), rir-P3HT,22 or poly[(9,9-din-
octylfluorenyl-2,7-diyl)-alt-(benzo[2,1,3]thiadiazol-4,8-diyl)]
(F8BT).21 The phase separation at the film surface can be
probed by atomic force microscopy (AFM), and it is clear that
P3EPT-based films not only have smaller domains for a given
weight fraction of polythiophene, but also a much smoother
film surface compared to blends based on P3HT, as shown in
Figure 2a−c. These are already notable advancements since the
ideal semiconductor domain size is thought to be on the order
of ∼50−100 nm, and it is often difficult to form smooth films of
PVDF-TrFE via spin coating due to the large crystallites that
can form, typically requiring more involved strategies such as
rapid thermal treatment or blending with PMMA to reduce film
roughness.29,30

To examine the origin of the observed domain structure, thin
films of P3EPT:PVDF-TrFE were spun cast from solutions of
varying weight % of P3EPT. AFM images clearly show that
increasing the fraction of P3EPT results in an increase in
domain size at the film surface, and this is shown in Figure 2d−
f. The linear dependence of P3EPT domain size with P3EPT wt
% (Figure 2g) suggests that the phase-separated structure may
form due to spinodal decomposition, as opposed to nucleation
and growth, similar to what has been observed in other PVDF-
TrFE:semiconducting polymer blends.22,24 It is assumed that
the regions of higher phase angle correspond to P3EPT
domains since they increase in size with P3EPT content. A
similar trend is seen in the AFM height topography as shown in
the Supporting Information. AFM height profiles reveal that
some P3EPT domains are convex, and protrude out from the
film surface, while others are concave depressions. This may
have an important impact on electrical properties. It has been
shown in an F8BT:PVDF-TrFE system that convex semi-
conductor domains contribute much less current compared to
concave domains, and convex domains are therefore undesir-
able. This is possibly due to a thin layer of PVDF-TrFE that
may form on the bottom, buried interface of convex
semiconductor domains, blocking charges from being injected
into the semiconductor.21

P3EPT and PVDF-TrFE are not completely miscible because
a distinct phase-separated structure forms in the blend, but
interactions between the polymers could affect crystallite
formation, and can be probed through thermal analysis.
Differential scanning calorimetry (DSC) thermograms reveal
the main melting and crystallization transitions for P3EPT and
PVDF-TrFE (Supporting Information). P3EPT has an
endothermic melting transition at around 188 °C and an
exothermic crystallization transition at 149 °C. Both of these
transitions have two distinct peaks close together, and this is
commonly seen for polythiophene derivatives and may be a
result of ordering/disordering of two coexisting semicrystalline
microstructures that could form during heating and cool-
ing.31,32 PVDF-TrFE has a main melting endotherm at 151 °C
and a crystallization exotherm at 131 °C. There is a noticeable
shift in the peak position of the crystallization temperatures for
both polymers when blended together (Supporting Informa-
tion). For example, in a 50:50 P3EPT:PVDF-TrFE blend, the
crystallization temperature of P3EPT is lowered by about 7 °C
to 142 °C, and the transition for PVDF-TrFe is raised by about
2 °C to 133 °C. A similar trend is seen for other blend ratios.
This suggests that mixing makes it more difficult for P3EPT to

Figure 1. Chemical structures of (a) P3EPT and (b) PVDF-TrFE.
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crystallize (greater undercooling required), but once it does
crystallize, the domains may promote the formation of PVDF-
TrFE crystallites. This differs from both regioregular P3HT and
rir-P3HT. Regioregular P3HT has a higher crystallization
temperature, around 200 °C,33 compared to P3EPT, whereas
rir-P3HT does not crystallize.
Semiconducting polymers are typically semicrystalline, and

this crystallinity can have an impact on charge transport.
Therefore, it is important to determine the structural order of
P3EPT and to determine if changes in the crystallites occur
when it is mixed with PVDF-TrFE, which is also a
semicrystalline polymer. Grazing incidence wide-angle X-ray
scattering (GIWAXS) was used to probe the crystalline nature
of thin films of PVDF-TrFE, P3EPT, and their blends. The 2D
GIWAXS pattern of PVDF-TrFE reveals a main scattering
reflection at q = 1.41 Å−1, corresponding to a spacing of ∼4.5 Å,
similar to previous reports.22,34 The typical hexagonal structure
of the PVDF-TrFE crystallites is also evident in the intensity
distribution as a function of polar angle of the scattering peak
(Supporting Information). GIWAXS of P3EPT has not been
reported previously, and the scattering pattern indicates a
relatively crystalline polymer. We assume a similar crystallo-
graphic assignment as commonly used for other semiconduct-
ing polymers where the a axis is along the side chain stacking
and the b axis along the π−π stacking direction. The 2D
GIWAXS of P3EPT shown in Figure 3a depicts three orders of
reflections along the side chain stacking direction, which are the
(100), (200), and (300) peaks located at 0.34 Å−1 (18.8 Å),
0.67 Å−1 (9.3 Å), and 1.0 Å−1 (6.3 Å), respectively. The d-
spacing in the side chain stacking direction is greater than
P3HT,33 as expected, but about 1.5 Å smaller than what has
been reported for poly(3-octylthiophene).35−37 There is a
(010) reflection located at 1.71 Å−1, corresponding to a π−π
stacking distance of ∼3.7 Å, about 0.2 Å shorter than typically
observed in P3HT, but similar to other thiophene based
polymers such as poly[5,5′-bis(3-dodecyl-2-thienyl)-2,2′-bithio-
phene] (PQT-12).38 The intensity distribution of the side chain
stacking (h00) peaks suggests a bimodal distribution of
crystallite orientations, in this case, two main populations of

Figure 2. AFM phase images of (a) a 10:90 P3HT:PVDF-TrFE blend and (b) a 10:90 P3EPT:PVDF-TrFE blend which shows much smaller phase
separation length scales. Additionally, P3EPT based blends result in much smoother films as shown in (c). The domain size of P3EPT is tunable
through variation of P3EPT content, examples of (d) 10 wt %, (e) 20 wt %, and (f) 35 wt % P3EPT are shown. The linear dependence of P3EPT
domain size with P3EPT content is shown in (g).

Figure 3. Two-dimensional GIWAXS images of (a) pristine P3EPT,
(b) pristine PVDF-TrFE, (c) a 10:90 P3EPT:PVDF-TrFE blend, and
(d) a 20:80 P3EPT:PVDF-TrFE blend. The missing wedge along qz
represents the inaccessible region of the Ewald sphere in grazing
incidence geometry.39 Line-cut profiles at specific polar angles (χ) for
the 20:80 blend are shown in (e). The profile at χ = 79° represents the
scattering in the nearly out-of-plane direction, and the profile at χ = 2°
represents scattering in the in-plane direction.
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crystallites that are either edge-on or face-on. This is seen based
on the enhancement of intensity in both the nearly out-of-plane
direction (along qz) and the in-plane direction (along qxy) for
all three side chain stacking reflections. The (010) reflection
shows the greatest intensity in the nearly out-of-plane direction,
suggesting a relatively greater amount of face-on crystallites
compared to other orientations. However, it is expected that
the crystallite orientations determined from the π−π stacking
reflection should match that of the side chain stacking
reflection, that is, the (010) peak should also show a bimodal
distribution of orientations. This discrepancy could be a result
of imperfect registry, for example, slight changes in tilt angle,
among molecules composing edge-on crystallites that disrupt
π−π stacking but do not affect the side chain stacking distance.
In the P3EPT:PVDF-TrFE blend films, scattering features

from both components are present and similar to their
respective scattering patterns in the single component films.
This trend persists for blends of varying P3EPT composition, as
shown in both the 2D GIWAXS images (Figure 3c,d) and the
line cuts along the nearly out-of-plane and in-plane directions
(Figure 3e). The two regions of high intensity in the (h00)
peaks of P3EPT that indicate bimodal crystallite distribution
are also seen in the blend films, especially at higher P3EPT
fraction, for example, a 35:65 P3EPT:PVDF-TrFE blend, as
shown in the Supporting Information. This suggests that the
two polymers maintain their crystallinity when blended
together, and the crystallites in the blend film are composed
of either P3EPT or PVDF-TrFE. This is not surprising
assuming that the polymers phase separate and form relatively
distinct semicrystalline P3EPT and PVDF-TrFE domains,
which is needed for functioning resistive switches. However,
it is possible that some mixed amorphous regions exist, but this
cannot be probed with GIWAXS.
The GIWAXS results show that alteration of polythiophene

side chain structure can impact key features of the morphology,
such as crystallite orientation and domain size. This opens up
new avenues to explore the effect of semiconductor crystallite
orientation on the performance of polymer ferroelectric
resistive switches, and P3EPT shows promise as a semi-
conducting polymer where crystallite orientation can be tuned
by changing simple processing or deposition methods.
In addition to the smaller phase separation length scales and

high crystallinity that can be achieved with P3EPT compared to
the less crystalline, regio-irregular polythiophene with hydro-
carbon side chains (rir-P3HT), P3EPT can be easily
incorporated into all-organic ferroelectric switches, as shown
in Figure 4. A memory device must have distinct ON and OFF
states, and Figure 4 reveals that P3EPT:PVDF-TrFE results in a
much higher current density in the positively poled ON state
compared to the negatively poled OFF state. The poling
voltage used was ±20 V, corresponding to a field of about 108

V/m, similar to previous work.18 P3EPT:PVDF-TrFE devices
also show reasonable ON/OFF ratios (52 for a 10% P3EPT
blend measured at 3 V). Successful devices were fabricated out
of P3EPT:PVDF-TrFE blends ranging from 10 to 50% P3EPT
(Supporting Information). This highlights the potential
versatility of blends of P3EPT with PVDF-TrFE and one of
the benefits resulting from overall smaller dimensions of phase
separation, as previous work using rir-P3HT only reported
working devices with up to 10% rir-P3HT.18 The current
density (read at 3 V) of a device initially poled to the ON state
then held at 0 V, decreased from about 2 A/m2 shortly after
poling to about 0.1 A/m2 14 h later, demonstrating reasonable

retention times for these initial devices (Supporting Informa-
tion). Future work will determine the best performing electrode
layers for this materials system to optimize the switching and
retention characteristics.
Our work has shown that side chain modification of a

semiconducting polymer can drastically change the phase
separation of semiconductor-ferroelectric polymer blends.
Specifically, compared to a polythiophene with a hydrocarbon
side chain such as P3HT, a polythiophene with a side chain
structure containing an ester functional group, P3EPT, results
in smaller domain sizes and excellent domain size tunability
when blended with the common ferroelectric polymer PVDF-
TrFE. This is a significant improvement towards realizing an
ideal morphology for all-polymer ferroelectric resistive switches.
P3EPT shows signatures of strong crystallinity, and its
crystallites adopt a relatively bimodal distribution of edge-on
and face-on orientations when spun cast. Furthermore,
P3EPT:PVDF-TrFE blends produce working ferroelectric
resistive switches over a range of P3EPT weight fractions
with good ON/OFF ratios. This material provides a potential
model system to understand fundamental effects of semi-
conductor domain size, crystallinity, and crystallite orientation
on electrical properties for organic resistive switches. These
studies provide insights into the subtleties of the effects of
polymer side chain structure on polymer−polymer interactions,
applicable to both the physics of ferroelectric−semiconductor
polymer blends, in general, and the improvement of organic
memory devices.
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Figure 4. Electrical characteristics of ferroelectric resistive switches
fabricated from a 10:90 P3EPT:PVDF-TrFE polymer blend. The
device structure used was glass/ITO/P3EPT:PVDF-TrFE(∼200 nm)/
Ca(10 nm)/Al(90 nm). Devices were poled with a ±20 V pulse. The
current−voltage behavior is shown and it is clear that the positively
poled ON state has greater current density compared to the negatively
poled OFF state. Pristine refers to the device before any poling was
applied. A semilog plot is shown in the inset.
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