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Abstract

m-Conjugated polymers have continued to demonstrate their relevance and ability to be used in next-generation electronic
and optoelectronic devices. Nanowires formed from semiconducting polymers can be easily produced and aligned, which
considerably enhances the polymer’s properties, such as charge transport. This review discusses recent advances in the
formation and alignment of semiconducting polymer nanowires. This includes whisker growth and self-assembly methods,
as well as methods of nanoscopic confinement through composites and blends. Next, this review explores how

semiconducting polymer nanowires have been
thermoelectrics.

Introduction

During the past few decades, 7-conjugated polymers (CPs)
have been developing toward full implementation in com-
mercial devices. There has been immense progress toward
understanding these materials, as well as their design,
synthesis, and applications [1-8]. The promising properties
of CPs can enable flexible, and perhaps even stretchable
(Fig. 1) optoelectronic devices, which are produced through
low-cost, high-throughput methods, such as roll-to roll
(R2R) processing [9-12]. High-throughput or continuous
production methods are important to develop because the
strength of CP devices lies in their ability to be produced
and processed at such scales relatively cheaply. However,
despite the immense progress this field has seen, energeti-
cally cheap devices with high electronic efficiencies are yet
to be realized. This is largely due to the fact that quantitative
structure—property relationships are difficult to determine in
CPs as a result of their semicrystalline or highly amorphous
nature [13-16]. The morphology and crystallinity of thin
films made from CPs are highly influenced by the chemical
structure and molecular weight of the polymer, the choice of
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solvent, annealing conditions, and many other variables
throughout the thin-film production [9, 17-22]. Highly
variable morphology is problematic because the properties
and performance of a CP device are highly dependent on the
morphology of the CP active layer.

To address the problems arising from inconsistent and
largely unpredictable morphologies of CP thin films,
nanowires have been extensively used to produce highly
crystalline CP active layers. CP nanowires can be produced
in a number of ways, each of which results in an increase in
the charge transport and crystallinity as well as a decrease in
the bandgap, relative to the bulk CP material [23, 24]. This
effect can be amplified by aligning groups of nanowires
along a given axis because nanowires exhibit anisotropic
light interactions and charge transport. Alignment of the
nanowires exploits this anisotropy by ensuring electrical
currents or chemical gradients will occur specifically
along axes of the nanowires that have improved properties
[25, 26]. CP nanowires offer the opportunity to reduce the
size of devices while maintaining or increasing perfor-
mance, stability, and mechanical properties [23, 27-33].

Department of Molecular Engineering and Sciences, University of
Washington, Seattle, WA 98195-1652, USA

Department of Chemistry, University of Washington, Seattle,
WA 98195-1700, USA

SPRINGER NATURE


http://crossmark.crossref.org/dialog/?doi=10.1038/s41428-018-0062-6&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41428-018-0062-6&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41428-018-0062-6&domain=pdf
mailto:luscombe@uw.edu

660

W. K. Tatum, C. K. Luscombe

Flexion

« ension | ‘

Fig. 1 A graphical description of stretching and flexing for thin films.
Reprinted with permission from ref. [12]

This focus review is divided into two main parts. The
first will explore recent advances and developments in the
formation and alignment of CP nanowires. Broadly, this
will include methods of self-assembly and nanoscopic
confinement. After that, there will be a discussion of dif-
ferent device applications of CP nanowires where we will
focus largely on organic field-effect transistors (OFETs),
sensors, and thermoelectrics. For a discussion of other
important CP devices, such as organic photovoltaics
(OPVs), readers are directed to other review articles [33—
37].

Approaches to formation and alignment
Self-assembly of nanowires

Perhaps the easiest and most common method of nanowire
formation is through the “whisker” method. In this method,
a poor solvent for the CP is used. The CP/solvent mixture is
heated and stirred to ensure complete dissolution of the CP
and, as the solution cools undisturbed, the polymer chains
readily self-assemble into nanowires that are typically
15-20nm wide, Snm tall, and up to several microns in
length. The specific dimensions and properties of the
nanowires are determined by the side-chain length, solvent
choice, and solvent temperature [38—40]. The time that the
solution is left to self-assemble, referred to as aging, is an
effective lever for controlling the crystallinity and, there-
fore, electronic properties of the nanowires. The resulting
solutions of nanowires can be cast into devices as is. A
representative atomic force microscopy micrograph of spin-
cast poly(3-hexylthiophene) (P3HT) nanowires is seen in
Fig. 2. For example, aging of the solution can induce
increases in charge mobility by as much as three orders of
magnitude parallel to the direction of alignment [41]. This is
attributed to improving long-range order and increases in
intermolecular interactions, or H-type aggregation as
described by the Spano model [24]. Such high degrees of
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Fig. 2 AFM micrograph of P3HT nanowires

long-range order are particularly attractive for device
applications, such as OFET, where charge transport through
the CP is crucial.

In addition to aging, it is common to seed nanowire
growth to quickly produce nanowires with even higher
crystallinity. Rather than relying on amorphous aggregates
to initiate crystallization, seeded growth builds from a
highly crystalline aggregate, which helps coordinate growth
through the nanowire. There are two main methods to
produce seeds for growth of CP nanowires—sonication and
exposure to ultraviolet (UV) light [21, 40, 42-46]. It has
been shown that by dissolving P3HT into a mixture of
non-polar, good solvent (e.g., chlorobenzene) and some
polar, poor solvent (e.g., acetonitrile), aggregates of P3HT
chains begin to assemble. Short, intense cycles of sonication
separate the highly disordered aggregates and allow them to
form highly ordered crystals, which can then rapidly grow
into highly crystalline nanowires [47]. Alternatively, it has
been shown that brief exposure to UV light can induce
similar aggregations. UV light is well-known as a source of
decomposition in CP, however short exposure can energe-
tically activate CP into a quinoid-like structure and promote
the 7—m interactions between the polymer chains that drive
crystallization [43]. These UV-induced aggregates also
serve as highly ordered nucleation centers for CP nano-
wires. For a rigorous investigation into the effects of
UV- and sonication-induced crystallization as well as cast-
ing methods and their effects on charge mobility, readers
are directed to the following articles [48, 49].

Aged nanowires are typically produced in batches and
then cast into films. This method is acceptable for
laboratory-scale experiments; however, it is insufficient for
any industrial-scale implementation of CP nanowires due to
the slow and variable nature of batch production.
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Continuous production methods need to be explored for CP
nanowires to be considered for commercial implementation.
One such method utilizes microfluidic techniques and
laminar flow to seed, age, and align CP nanowires for
casting into thin films and is shown below in Fig. 3a. The
trial polymer, P3HT, was dissolved into chloroform and,
using a combination of controlled cooling and exposure to
UV light (or sonication), the solution was seeded into
nanowire growth [48, 49]. Simply tuning the flow rate of
the system allows for precise control of the nanowire aging.
A combination of continuous flow nanowire formation and
blade casting has demonstrated films with an unprecedented
degree of alignment, over 80%, rather than the stochastic
distribution of alignments that is produced during spin-
casting. This high degree of alignment is highlighted in
Fig. 3b. In this method, there are molecular connections
between the aligned nanowires that increase and secure
nanowire orientation. It is believed that these physical
connections are either tie chains or a result of the “shish-
kebab”-type nucleation, with these interactions driving the
strong alignment tendencies. As such, OFETs made
from these highly aligned films have hole mobilities of 0.16
cm?/V s, more than an order of magnitude greater than those
of the P3HT thin films (0.013 cm*/V s) [50].

Nanowire alignment

There are many methods by which CP nanowires can be
aligned in a thin film, each of which can produce highly
ordered and aligned films of nanowires. For example,
excellent morphology and mobility has been produced by
drop casting CP solutions onto an angled substrate [51], or
directing nanowire growth via an external bias [52]. Such
methods are novel and useful for laboratory-scale research
into the properties of CP films and crystallites. However,
these methods are not readily scalable to the level required
by continuous production methods like R2R printing.
Blade printing is a unique method for continuously
creating thin films. The shearing force between the print
head and the substrate has been shown to induce a degree of
alignment parallel to the direction of motion [53, 54]. By
adjusting the geometry of the blade, this alignment can be
greatly increased and, in combination with UV light
exposure, aligned nanowires can be formed, as depicted in
Fig. 4a [49, 55]. Adjusting the blade geometry (Fig. 4b—g)
and printing speed, with UV-seeded nanowires, can
increase the average mobility of OFET devices by an order
of magnitude from 0.0013 to 0.013 cm?/V s. These easily
controlled and modified processing conditions can be used
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Fig. 3 a Proposed mechanisms of nucleation and growth in the flow-
cooling UV system. In the cooling section, solution instability and
shear force cause the formation of shish nuclei. The 7—z stacks align
with the flow as they grow longer in the UV section. b Left: 5um x5
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um AFM image of the surface of the MCU-0.25 device. Right: same
image, segmented for the identification of P3HT nanofibers and their
angles off of the horizontal. Reprinted with permission from ref. [50]

SPRINGER NATURE



662

W. K. Tatum, C. K. Luscombe

Fig. 4 a Scheme of the BPD-UV
fabrication concept; the SEM
images of the BPD-UV
fabrication blade: b parallel; d
prismatic; f wave-like features;
and corresponding conjugated
polymer films (c, e, g) in the
same printing conditions
(tapping mode AFM phase
images (5 x 5 um and 2 x 2 pm)).
All the scale bars in the SEM
images are 40 pum. Reprinted
with permission from ref. [55]

to effectively tune the degree of aggregation and crystal-
linity. The ability of the print head to influence the mor-
phology of films is unique and requires further exploration,
especially in combination with other aforementioned
techniques. For instance, blade printing of the solutions of
UV-seeded, microfluidically grown nanowires could
increase the crystallinity of the films or help direct the
aggregation of blends of nanowires in elastomers. These
techniques can be used on their own or in combination,
depending on the CP system, to continuously produce
highly ordered nanowire films.

Nanoscopic confinement

Networks of nanowires have been shown to retain their high
bulk charge mobility, even within insulating host matrices
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and at low volume fractions [56-59]. By utilizing the
intrinsic flexibility of CP and the stretchability of an
elastomeric matrix, stretchable and robust electronic devices
have been produced by different groups. Intrinsic
stretchability is important to note because electronic devices
that function despite mechanical elongation and duress are
key to wearable and body-integrated electronics and has, to
the best of our knowledge, yet to be fully demonstrated as
highly scalable and continuously producible by inorganic or
hybrid semiconducting materials [60]. Solutions of CP
nanowires can be blended with elastomers such as poly
(dimethylsiloxane) (PDMS) to create OFET semiconduct-
ing layers with increased hole mobilities and fatigue
resistance. A P3HT nanowire solution was mixed at a
ratio of 1:3 with PDMS, resulting in a mobility of
u=0.11cm?Vs, which is over double that of the pure
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Fig. 5 Nanoconfinement effect for enhancing the stretchability of
polymer semiconducting film through the CONPHINE method. a A
3D schematic of the desired morphology composed of embedded
nanoscale networks of polymer semiconductor to achieve high
stretchability, which can be used to construct a highly stretchable and
wearable TFT. b Chemical structures of semiconducting polymer
DPPT-TT (labeled as 1) and SEBS elastomer. ¢ Three model films of
DPPT-TT for investigation of the nanoconfinement effect (i.e.,
increased chain dynamics and suppressed crystallization). d Glass
transition temperatures of the thick, thin, and nanofiber films. e XRD
line cuts for three model films and the CONPHINE-1with 70% SEBS

P3HT nanowire reference film [61]. In addition to higher
mobilities, the blend film showed no significant fractures or
cracks after elongation of 100%. This is consistent with
films of poly(3-butylthiophene) (P3BT) nanowires that
were blended with poly(styrene) (PS). In this case, a film
consisting of P3BT nanowires present in volume
percentages as low as only 2% in PS demonstrated a

film along the g,, axes, normalized by the exposure time and volume
of DPPT-TT layer and offset for clarity. f Elastic moduli, onset strains
of plasticity, and onset strains of crack of the model films, with the
simulated modulus of the nanofiber film. The error bars of elastic
moduli and onset strains represent the standard deviation and the range
of measurement error, respectively. g AFM phase images of the top
and bottom interfaces of the CONPHINE-1 film with 70 wt% SEBS. h
A 3D illustration of the morphology of the CONPHINE-1 film. i
Photographs of a CONPHINE-1 film (blue area) at 0% strain and
stretched to 100% strain on a rubber substrate. Reprinted with per-
mission of ref. [63]

u=0.014 cm*/V s, as compared to the 100% P3BT film,
which demonstrated x = 0.0089 cm?/V s. The mixture with
the highest mobility contained 17.5 vol% P3BT nanowires
at u=0.016 cm?/V's [62]. Rather unexpectedly, it is com-
mon for blends of CP nanowires in insulating matrix to
demonstrate higher mobilities than their neat counterparts.
This is attributed to increased molecular order in the
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nanowires of the blend films. This increased order in the CP
arises from the incompatibility between the nanowires and
the host matrix, which drives the nanowires to reduce their
interactions with the elastomer. Notably, this led to a
vertical phase separation between P3HT nanowires and
PDMS, with the nanowires preferring to form highly
interconnected networks at the substrate interface and the
PDMS preferring the air interface. We would like to point to
this as a facile route for increasing encapsulation of air
sensitive CP nanowires, while drastically improving
mechanical robustness.

As opposed to allowing CP molecules to self-assemble
on their own and then blending them, it has been shown that
confining the CP in an incompatible matrix is an effective
method for forming nanowires. In this technique, a host
material forces the CP to aggregate and assemble into
nanowires (Fig. 5a, g, h) [63]. In both composites and
copolymers, the confining moiety is typically an insulating
material with elastomeric properties. By mixing the two
together, it is possible to retain the mechanical properties of
the host matrix, while still displaying many of the
optoelectronic properties of the CP fraction, as shown in
Fig. 5d-f, i. For instance, the recently developed
CONPHINE method, Fig. 5, involves mixing low weight
percentages of CP, in this case poly(2,5-bis(2-octyldode-
cyD)-3,6-di(thiophen-2-yl)diketopyrrolo[3,4-c]pyrrole-1,4-
dione-alt-thieno[3,2-b]thiophen) (DPPT-TT), with PS-co-
(ethylene-b-styrene)) (SEBS), shown in Fig. 5b. These
mixtures can be used to make highly stretchable OFET
devices with mobilities of up to u=1.32cm*V's while
being stretched to 100% elongation for 100 cycles. This is
in stark contrast to the reference pristine DPPT-TT films,
whose mobility dropped over three orders of magnitude
after 100 cycles of elongation to 100% [63]. Despite having
such a large weight fraction of insulating polymer in CP:
elastomer blends and composites, the low percolation
threshold of CP nanowire networks allows for charges to
flow freely, yielding a highly stretchable OFET, which
retain their performance during stretching, twisting, and
quite
notably, poking [60—63]. This is highly desirable in devices
that conform to skin or highly mobile joints, where many
varied deformations will repeatedly occur during device
operation.

Device applications

Field-effect devices

The unique properties of CP nanowires make them
particularly well-suited for implementation in field-effect

devices. As has been explored in the above sections, low
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percolation thresholds and increased charge transport
properties allow for highly performing OFET devices made
from aligned nanowire films or blends of nanowires with
insulating materials. Beyond this, the high aspect ratio of
CP nanowires allows for OFETs to be made from single
nanowires, which have exhibited charge mobilities and on/
off ratios as much as two orders of magnitude higher than
pristine thin-film counterparts [64]. Single-nanowire
devices are particularly exciting due to their reduced
device dimensions, which allows for more devices to
occupy a given area. So, using CP nanowires, rather than
thin films, increases device density while simultaneously
increasing device performances. For instance, single-
nanowire devices made from two different diketopyrrolo-
pyrrole polymers demonstrated a full order of magnitude
increase in both mobility and on/off ratio over the thin-film
analogs [65]. The single-nanowire OFET mobilities for
PDPP2TBDT were u, = 7.42 cm?/V s and u = 0.04 cm?/V
s showing a high hole mobility and moderate electron
mobility. PDPP2TzBDT displayed high mobilities for both
holes and electrons, uy, = 5.47 cm*/V s and y, = 5.33 cm*/V
s, which is among the highest mobilities reported among
ambipolar OFETs to date [65]. Not only has it been
confirmed that charge transport properties are enhanced
through implementation of CP nanowires over thin films, it
has been shown that there is a significant reduction in the
low-frequency spectral noise of the resulting devices [66].
Noise in electronic devices is a distortion of the signals that
flow through them, making it difficult to distinguish
between modes of operation. This is particularly prevalent
at low voltages and currents where the signal-to-noise ratio
is low. In order to make low-energy-consumption devices,
like body-integrated sensors, devices need to be able to
function at lower voltage and current values, making noise a
prevalent problem. One type of noise scales as L/f,
where f is the frequency of the signal, and is described by
the Hooge parameter, which is defined for homogeneous
samples as

S on

P Nf

where S; is the spectral density of the current, / is the
current, N is the number for free charge carriers, and ay is
the Hooge parameter. Compared to thin-film devices,
nanowire devices consistently exhibited an order of
magnitude reduction in ay. This confirms that ay noise in
OFET devices is related to the structural coherence of the
semiconducting layer [66]. By using highly ordered
nanowires, as opposed to thin films, noise in devices can
be suppressed. All of these results indicate that many major
device performance metrics of field-effect devices can be
greatly improved through the use of nanowires over thin
films. Additionally, the use of single-nanowire devices can
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greatly decrease the dimensions of devices without
sacrificing performance. This reduction in device size
can be used to develop high-performance, flexible
computers, which are particularly pertinent to body-
integrated devices, where the computer footprint and
flexibility are critical.

Sensing devices

The bulk of the research into sensing materials is focused on
inorganic materials and graphene derivatives (e.g., single-
or multi-wall carbon nanotubes), but CPs and CP nanowires
offer unique solutions for large-scale production, while still
maintaining high responsivity and producing robust devi-
ces. In fact, recently published CP-based devices perform
comparably to inorganic and graphene-based devices [31,
33]. Additionally, CP-based devices can have significant
tunability in their response ranges, as small changes in the
polymer backbone can precisely modulate electronic and
chemical properties. These changes can also be used to
functionalize CPs to interact with and respond to specific
chemical and biochemical analytes [67—77]. When used in
sensing devices, CPs exhibit massive changes in their
properties as a response to specific external stimuli, such as
light, pressure, and chemical environment, making CP
nanowires exceptionally promising candidates.

In ammonia sensing, a response arises due to charge
carrier traps created as the ammonia molecules adsorb onto
the surface of the nanowires. The higher crystallinity of CP
nanowires compared to CP thin films means that any
externally induced defects will more significantly affect the
charge mobility of the material. On top of this, the high
surface-to-volume ratio and higher intrinsic mobilities of
CP nanowires compared to CP thin films increases the
sensitivity and signal-to-noise ratio, respectively. By creat-
ing OFETs from P3HT nanowires, it was shown that real-
time sensing of ammonia from 25 ppm down to a limit of
detection (LOD) of 8 ppb is possible, producing the highest

Fig. 6 (Left) Structure of a
nanowire-based OFET ammonia
sensor. (Right) A comparison
between the responses and
sensitivities of the nanowire-
based sensor and the thin-film-
based sensor. Reprinted with
permission of ref. [31]

sensitivity in real-time ammonia sensors at the time of
publishing [31]. This is compared to thin films of P3HT,
which were only a third as sensitive to changes in ammonia
concentration, as shown in Fig. 6. So, chemicals that can
interact and adsorb onto the surface of a CP can be sensed
more effectively by nanowires, rather than thin films. This
change in mobility has been exploited to detect a wide
variety of compounds, such as water [78], peroxides [79],
and heavy-metal ions [80].

In addition to high sensitivities to chemicals, CP nano-
wires are also highly sensitive to light. This sensitivity has
been exploited to devise phototransistors, photodetectors,
and photodiodes [81-86]. There is great interest in produ-
cing high-sensitivity, low-noise optical sensing devices that
are flexible and cheap to produce, especially those sensitive
to either white light or infrared and near-infrared (NIR)
light (for use in thermal imaging). One compelling example
of the effectiveness of CP nanowires is in work done
on poly(bis(2-oxoindolin-3-ylidene)-benzodifuran-dione-
thienothiophene) (PBIBDF-TT), which is a low-bandgap
donor—acceptor CP [87]. As a thin-film phototransistor, the
photoresponsivity (R) and photo-current/dark-current ratio
(P) were found through illumination with an NIR light
source. R, =60 mA/W, P, =10, and R, =20 mA/W, P, =
6 for p-type and n-type transport, respectively. These values
were significantly improved by switching from thin film to
nanowire active layers, with R, =440 mA/W, P,=1.3x
10*, and R.=70mA/W, P.,=3.3x 104, Clearly, the sensi-
tivity and response of phototransistors are greatly improved
by the use of nanowires, instead of thin films.

Detecting changes in the mobility of CP nanowires is an
excellent method for detecting the presence of an analyte,
but it is not the only type of signal that can be used for
sensing. Another method of signaling is through fluores-
cence, which is used in optical sensors. Optical sensors
function by detecting the quenching of fluorescence in the
CP as a response to the presence of an analyte. These
decreases in fluorescence are easily and precisely

12} @ single crystal OFET @ Thin film OE'ET

Iair/lammonia

0 5 10 15 20 25
NH: Concentration (ppm)
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detectable, which make optical sensors highly sensitive
[70-76, 88, 89]. Fabricating optical sensors from highly
porous networks of CP nanowires can further improve the
impressive properties of optical sensors by utilizing the high
surface-to-volume ratios of nanowires and the large surface
areas of porous structures to produce devices that show
sensitivities two to three orders of magnitude higher than
thin films of the same materials. Fluorescent CP nanowire
networks have been successfully implemented in optical
sensors with LOD in the parts per billion levels for Fe’™,
Hg>", and 24-dinitrotoluene while still maintaining
response times of milliseconds [90]. CP nanowires are
known to display excellent fluorescence and have been used
in light-emitting applications, such as in OLEDs [91-94].
Optical sensors are a natural extension of this utility and
have demonstrated a high capacity for performance. In
order to begin the transition toward large-scale production
of flexible chemical and optical sensors, functionalized CP
nanowires should continue to be researched and their
compatibility with the previously outlined methods for
nanowire formation should be investigated.

Thermoelectric devices

Thermoelectric generators convert a difference in tempera-
tures into electricity. In order for materials to successfully
be used as active layers in thermoelectric generators, they
must simultaneously possess high electronic conduction and
low thermal conduction [95-98]. Inorganic materials typi-
cally dominate this field, but CPs have recently begun to be
explored because of their intrinsically low thermal con-
ductivity, solution processability, and flexibility, which
enables low operation temperature, conformal devices that
demonstrate similar thermal power conversion at room
temperature as the typical inorganic devices (e.g., BiTes)
[99]. Unlike field-effect devices, which use an electrical
bias to dope the semiconducting active layer, thermoelectric
devices require deliberate electrical or electrochemical
doping to achieve a high concentration of free charge car-
riers [96, 98, 100, 101]. This doping requires the presence
of counter-ions, which drastically alters the morphology of
a thin film and thereby decreases the mobility of the charge
carriers [97, 101, 102]. Experiments into the extent of the
impact that morphology has on the power factor in CP has
clearly shown that the more aligned and ordered crystalline
domains are the higher the power factor is [101]. In order to
decrease the effect that doping has on morphology,
researchers have utilized CP nanowires, which have a
higher degree of molecular order, mobility, and, in fibrous
networks, amounts of void space that further decreases
thermal conductivity [102]. The morphology is also more
stable in CP nanowires due to their high surface-to-volume
ratio and the fact that dopants cannot diffuse into the crystal
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structure [103]. It has also been shown that CP nanowires
tend to possess higher Seebeck coefficients than their thin-
film counterparts, due to sharper features in their density of
states near the Fermi level, further increasing their ther-
moelectric power factor [104]. In the case of P3HT, nano-
wire mats with large void fractions displayed higher figures
of merit, ZT, than the thin-film alternative, with ZT'=0.016
and 0.0098, respectively. The higher figure of merit for the
nanowire mat than the neat film was attributed to a higher
intrinsic mobility and lower thermal conductivity. The
thermal conductivities were x =0.0708 and 0.158 W/m K
for the nanowire mat and thin film, respectively. Con-
versely, the thin film possessed higher power factor, P =
5.2x% 10’6, than the nanowire mat, P = 3.7 x 107°. This is
attributed to the thin film’s higher overall doping, which
increased the Seebeck coefficient to a greater extent [102].
This promising result is consistent with the more well-stu-
died, conducting  polymer  poly(3,4-ethylenediox-
ythiophene) (PEDOT) nanowires, which demonstrated
higher charge mobility, Seebeck coefficient, and lower
thermal conductivity than the thin-film PEDOT [104]. This
implies that high-mobility CP nanowire mats that are more
fully doped could obtain extremely high power factors.

Conclusion: outlook and opportunities

As a field, CPs have demonstrated remarkable improve-
ments and advances over the past decade. These have been
catalyzed by an increased understanding of the effects of
chemical structure modifications and the advent of high-
mobility donor—acceptor polymers, as well as the improved
processing of these materials. There are many promising
opportunities for the commercial implementation of CPs as
field-effect devices, sensors, thermoelectric devices, as well
as OPVs and light-emitting devices. Their flexibility and
ability to be scalably processed opens the door for their use
as conformable, wearable, or body-integrated devices, and
other flexible devices that are of high interest. The high
tunability of their mechanical and electrical properties and
their stimuli-responsive behavior enable CPs to be specifi-
cally designed and optimized for these different
applications.

These strengths of CP materials are greatly enhanced by
forming them into nanowires. Nanowires have greatly
increased electrical and thermoelectric properties due to
their higher level of molecular ordering and reduced number
of defects compared to thin films. By implementing nano-
wires as an aligned film, as a composite with an elastomer,
or as a mat, the mechanical properties of the nanowires can
be tuned to survive elongations beyond 100%, increase
specificity and response to analyte interactions, or further
augment CP electronic properties.
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