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Abstract

Electronic performance in semiconducting polymers has improved dramatically in recent years owing to a host of novel materials and pro-
cessing techniques. Our understanding of the factors governing charge transport in these materials has also been enhanced through advance-
ments in both experimental and computational techniques, with disorder appearing to play a central role. In this prospective, we propose that
disorder is an inextricable aspect of polymer morphology which need not be highly detrimental to charge transport if it is embraced and
planned for. We discuss emerging guidelines for the synthesis of polymers which are resilient to disorder and present our vision for how
future advances in processing and molecular design will provide a path toward further increases in charge-carrier mobility.

Introduction
Semiconducting polymers demonstrate great potential in en-
abling the production of low-cost, light-weight, and flexible
electronic devices such as transistors, solar cells, sensors, and
light-emitting diodes (LEDs).."™ In recent years, many of
these applications have come closer to commercial reality due
to continual and rapid improvement in materials properties.
Dramatic increases in charge-carrier mobility, one of the most
important figures of merit, have been achieved, with polymers
now regularly being synthesized with performances exceeding
that of amorphous silicon (>1 cm?/Vs).>™*! In fact, new high-
performance materials have mobilities comparable with those
found in commercial metal-oxide transistors (10-30 cm?/Vs)
when processed in a special manner to achieve high degrees
of chain alignment,'®! suggesting that polymer semiconductors
have potential for use in backplanes for next-generation organic
light-emitting diode (OLED) displays. Indeed, when coupled
with the other advantages provided by semiconducting poly-
mers (low-temperature solution processing, low embodied en-
ergy, mechanical flexibility, etc.), it seems clear that the
future is bright for these materials to find a commercial role.
State-of-the-art polymer mobilities have improved by over six
orders of magnitude in the last 30 years, owing primarily to major
advancements in molecular design (Fig. 1).[""'* Over time, de-
sign rules have emerged and evolved as our understanding of fea-
tures needed for high mobility has improved. Owing to the
complexity of polymer microstructure and its importance on the
resulting electronic properties of the material, many of these
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rules involve structural features of the polymer. A major milestone
in the history of semiconducting polymers was reached with the
development of highly regioregular poly(3-hexylthiophene)
(P3HT), which was the first undoped polymer with a mobility
near 0.1 cm?/Vs.!"* As one of the most crystalline semiconduct-
ing polymers synthesized to that point in time, the success of
P3HT led to the logical conclusion that long-range order is
necessary for efficient charge transport. This idea was reinforced
by the record-setting mobility of highly crystalline poly[2,5-bis
(3-tetradecylthiophen-2-yl)thieno[3,2-b]thiophene] (PBTTT).!'¥]
However, in recent years this design guideline has been disrupted
by the emergence of weakly ordered donor—acceptor polymers
which have pushed mobilities higher still.

Indeed, the last several years have witnessed the emergence
of many new design rules for achieving high-performance
polymers. Some of these rules have already been applied in
the synthesis of new molecules (reduced z-stacking dis-
tance,!”-'® large conjugated core!'”'®]), while others are only
just beginning to be developed thanks to careful structure—
property studies (nearly torsion-free backbone,!'? "1 electronic
resiliencel®?). Advances in processing will also clearly play a
role in continuing to push performances further still.’>-'*'*]
However, owing to the complexity of polymer microstructure
and the difficulty in predicting a priori electronic properties
from molecular structure, the combination of all the above fac-
tors together has not yet been realized in a single material. As
such, we believe that there is significant room for further perfor-
mance improvements based solely on design rules that have al-
ready been discovered.

In this prospective, we summarize our current understanding
of the relationship between microstructure and charge transport
in semiconducting polymers and review the design guidelines
which have emerged for high-performance materials. We also
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Figure 1. Evolution of semiconducting polymer mobility. Polymer mobility
has improved by over six orders of magnitude in the last 30 years.
Surprisingly, most of the recent gains have been made by weakly ordered
donor-acceptor copolymers. The asterisk denotes materials aligned using a
special technique.l'”!

synthesize results obtained by both experimentalists and theoreti-
cians in order to reconcile the findings of both communities and
provide design rules that are general and applicable to all semi-
conducting polymers. We propose that disorder is an inextricable
aspect of semiconducting polymer microstructure and suggest
that rather than attempting to get rid of disorder, future efforts
should focus on designing materials which will be resilient to
it. Several materials already unwittingly exhibit aspects of this
strategy; however, here we lay out the guidelines which should
be intentionally incorporated into the design of future materials.
Finally, we present our vision for how future advances in process-
ing and molecular design can push performances further still.

Polymers are inevitably disordered,
leading to electronic traps

Despite being a topic of intense study for more than 50 years,
polymer microstructure remains an area of research where our

(a)

understanding continues to evolve as more materials are studied
and new analytical techniques are developed. Polymer mor-
phology is exceptionally complex with chains displaying con-
formations that contain a multitude of kinks, bends, folds, and
twists as well as exhibiting a high degree of entanglement
owing to the macromolecular nature of the polymer chains
(Fig. 2). Intermolecular interactions are driven by weak van
der Waals forces and the resulting structure of a material is
often more strongly affected by processing conditions and
polymer—substrate interactions than the inherent properties of
the material itself.>>>°! Further, polymer properties can chan-
ge dramatically based solely on the molecular weight!***! and
additional complexity is introduced by the fact that nearly all
polymer samples are polydisperse and contain a distribution
of chain lengths.?”-*")

The highest mobility semiconducting polymers are all semi-
crystalline, containing both ordered and disordered regions. In
these materials, aggregates, groups of z-stacked conjugated
segments typically ranging from a few to tens of nanometers
in size, are surrounded by amorphous regions.**) As will be
discussed in more detail below, the ordered regions play an in-
tegral role in charge transport in the highest performing mate-
rials; charges move from aggregate to aggregate, often by
traveling along tie-molecules, single polymer chains that bridge
neighboring aggregates.®'! Although much is still unknown
about the nature of how aggregates form and the mechanism
by which charge carriers travel between them, our understand-
ing of charge transport in polymer semiconductors has im-
proved dramatically in recent years, resulting in many new
design guidelines for high-mobility materials.

A significant portion of this improved understanding has
been the result of enhanced modeling and computational tech-
niques. As a single polymer chain can often contain thousands
of atoms, and many chains are involved in charge transport,
conventional physical and electronic structure modeling tech-
niques such as molecular dynamics (MD) and density function-
al theory (DFT) struggle to provide an accurate picture of
polymer microstructure combined with charge transport on
length scales relevant to devices. These techniques do however

L

Figure 2. Schematic microstructures of semiconducting polymers. Representative of microstructure of (a) semicrystalline, (b) weakly ordered, and (c)
amorphous polymer films. Polymers need a minimal amount of aggregation to allow intermolecular transport, while large-scale crystallinity is not necessary for
efficient transport. Fast charge transport pathways are highlighted in red. Reproduced from Ref. 31 with permission from Macmillan Publishers Limited.
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excel in calculations involving single or several polymer
chains, length scales which are difficult to probe with most con-
ventional experimental techniques,*>= and can provide im-
portant insight into what features are important at the
molecular level for efficient charge transport. Hence, there is
still a disconnect between computational studies that largely ad-
dress the microscopic length scales, and transport at the macro-
scopic/device level.

Fornari et al. studied charge transport in a single disordered
polymer chain using a model Hamiltonian of the system, demon-
strating that static disorder plays a major role in determining intra-
chain transport properties.*® For average levels of disorder found
in many semiconducting polymers, the typical hopping distance
along a chain is approximately ten monomers and is relatively un-
affected by further increases in disorder. However, for minor reduc-
tions in disorder the hopping range increases rapidly as electronic
states become delocalized and accessible from many more initial
states (Fig. 3). These delocalized states facilitate more frequent
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Figure 3. Effect of intrachain disorder on hopping distance. (a) Distribution
of the hopping distances for different values of static disorder (o/,) where
Bo is the inter-monomer coupling (of the order of 1.0 eV for many
semiconducting polymers) and o is the variance in inter-monomer coupling.
(b) Dependence of the hopping range (Ry/d) (defined from fitting the
hopping range distribution) on the static disorder of the chain. Ry is the
typical hopping distance and d is the inter-monomer spacing. Decreased
disorder below what is typical in many semiconducting polymers (o4/8, = 0.1)
leads to many more long-range hopping events. Reproduced from Ref. 36
with permission from the PCCP Owner Societies.

long-range hopping events and allow intrachain charge-carrier mo-
bility to increase rapidly with only small reductions in disorder. In
similar work, Qin and Troisi utilized MD calculations to simulate
the structure of the prototypical amorphous polymer poly
[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene]
(MEH-PPV) and calculate its resulting electronic properties
using DFT.B”) They found that the electronic structure was de-
termined largely by the conformational disorder of individual
chains, with little contribution from electrostatic disorder or in-
terchain coupling, suggesting that control of molecular config-
uration is of paramount importance for improved electronic
performance in disordered materials. It was also demonstrated
that the highest occupied molecular orbital (HOMO) is prefer-
entially located in the planar regions of the polymer chain,
away from folds in the backbone. The same conclusion was
reached for the semicrystalline polymer P3HT, where the low-
est energy states involved in charge transport were located in
regions of the chain away from kinks or folds.”®! Disorder
along the chain backbone clearly plays an important role in de-
termining the efficiency of intramolecular charge transport.
Addressing transport over longer length scales, Noriega
et al. employed Marcus theory to construct a model of a disor-
dered semiconducting polymer which could reproduce experi-
mental observations of the dependence of mobility on the
electric field, temperature, and the length scale of charge trans-
port.333%4% Two distinctly different time scales for charge
transport are observed (Fig. 4). At short times, charges move
rapidly along the polymer backbone over short distances,
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Figure 4. Time dependence of mobility for a model disordered
semiconducting polymer. A Marcus theory-based model reveals two different
regimes of mobility as a function of observation time, showing the different
time and length scales for transport in an amorphous polymer. The model is
in good qualitative agreement with experimental results from time-resolved
electric-field-induced second-harmonic generation measurements (inset).**!
Reproduced from Ref. 39 with permission from the National Academy of
Sciences.
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whereas at longer times charges are able to traverse longer dis-
tances with a significantly lower mobility limited by the rate of
intermolecular hopping. The transition between these two re-
gimes corresponds to a charge moving a distance of the order
of the persistence length, which increases with chain stiffness,
along the polymer backbone. Thus, in disordered systems in
which intermolecular charge transport is many orders of mag-
nitude slower than transport along the chain, mobility on the
device length scale is limited by the rate at which charges
can hop from chain to chain.

In state-of-the-art high-mobility polymers, the picture of
charge transport is considerably more complex.*'! Charges
must traverse a heterogeneous microstructure consisting of or-
dered aggregates surrounded by disordered polymer chains
[Fig. 2(b)]. The disordered fraction exhibits a reduced conjuga-
tion length, resulting in a wider band gap than the ordered re-
gions and providing an energetic driving force for charge
carriers to remain in the aggregates. Thus, transport occurs pri-
marily through the ordered regions of the material, moving
through amorphous fractions only when necessary to travel be-
tween aggregates and doing so on single polymer chains known
as tie-molecules. This description of charge transport was con-
firmed experimentally in semicrystalline P3HT by mixing the
controlled amounts of regioregular P3HT (RR-P3HT) nanofi-
brils™*" in a regiorandom P3HT (RRa-P3HT) matrix and mea-
suring the electroluminescence (EL) under various current
densities.®"! At current densities comparable with or larger
than those found in devices, the EL spectra of the blends close-
ly resemble the spectra of pure RR-P3HT, indicating that the
charges are traveling and recombining in the ordered regions
of the film. This observation is in agreement with local mobil-
ity and scanning-probe field-effect measurements** dem-
onstrating that mobility is not rate-limited by the electrical
connection between aggregates, but rather by transport in
these nanoscale-ordered regions.

Although the polymer chains in an aggregate are physically
close enough to promote photophysical processes that depend
on the interaction of adjacent molecules, in reality these assem-
blies of chains contain significant amounts of disorder. This
disorder arises from non-ideal packing, chain backbone twists,
dislocations, and impurities and can result in significant long-
range distortions in the aggregate. The main contribution to
this static disorder, termed paracrystalline disorder, can be mea-
sured via x-ray diffraction (XRD) peak shape analysis.**! An
experimentally determined paracrystallinity parameter g de-
scribes the average fluctuation in lattice spacing in the ordered
regions of the film and provides an appropriate measure of dis-
order in the aggregates. In most materials g ranges from 0% to
15%, where <1% represents a highly crystalline material,
1%-10% represents a paracrystalline material, and 10%—15%
represents a glass or melt.**! Disorder in polymers is highly an-
isotropic. Well-known materials such as P3HT and PBTTT,
which are typically thought of as highly crystalline, owe their
reputation for being very ordered to the low paracrystallinity
parameters, of the order of 2%, in the alkyl stacking direction.
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Charges cannot travel in this direction however because of the
insulating side-chains. In the direction more relevant to trans-
port, the z-stacking direction, the paracrystalline parameter
has a much higher value of 7%-8%, and many of the newer
high-mobility polymers have even higher values."**! While
disorder is reduced in low-molecular weight materials,*®! in
polymers which have a sufficiently high molecular weight to
ensure good electrical connectivity, paracrystalline disorder is
consistently large. Indeed, for all high-mobility semiconduct-
ing polymers, a significant amount of aggregate disorder
appears to be universally observed and inevitable.

Optoelectronic properties of semiconducting polymers are
also strongly affected by the molecular orbital overlap between
nearby molecules. Thus, aggregate disorder not only affects
atomic positions, but also impacts the electronic transport and
charge-trapping properties of the material as well. Rivnay
et al. utilized DFT and a simple tight-binding model to demon-
strate that the primary electronic effect of paracrystalline disor-
der is to induce a tail of trap states into the band gap of the
polymer*® (Fig. 5). The depth of these traps is highly depen-
dent on the level of disorder in the aggregates, with more dis-
order resulting in deeper and more localized trap states.
Although difficult to measure experimentally, significant disor-
der along the polymer backbone is present in polymer chains
embedded in aggregates.* This disorder induces localization
and broadening of electronic states, resulting in typical localiza-
tion lengths below ten monomers in most semiconducting
polymers.[27-38!

It now becomes clear why charge transport is limited by the
aggregated regions of the film. It is in these aggregates that
charge carriers must undergo the slow charge transport step
of moving from chain to chain, and do so in an energetic land-
scape that contains significant numbers of traps. Modeling

£

o

e

=

2

[%e]

g . %

g 1073 A

s o ° ’

£ 10" o %

S 2

2 ° =4%

e 107 | g=2% i prg i : g
=200 0 200 400 600 800

E'Evsm (meV)

Figure 5. Calculated DOS in PBTTT for different values of paracrystalline
disorder (g). A Hamiltonian was constructed for a crystallite containing 50
n-stacked PBTTT chains. For each value of g, the energy eigenvalues and
eigenfunctions were solved for and averaged over an ensemble of 10*
crystallites to obtain the DOS in the tail region. Increasing levels of disorder
lead to a greater number of deeper and more localized trap states which are
detrimental to charge transport. The energy Eygm corresponds to the valence
band maximum in a perfectly ordered crystalline region. Reproduced from
Ref. 46 with permission from the American Physical Society.
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indicates that for levels of disorder typically found in semicon-
ducting polymers, the breadth of this trap distribution is of the
order of 100 meV, suggesting that at room temperature these
traps will serve as a significant impediment to charge trans-
port.*®1 The trap states are also highly localized, significantly
reducing the probability of a long-range hop between chains,
and potentially forcing charge carriers to make many such
hops while traversing a single aggregate.*4¢)

In field-effect transistors (FETSs) the difference in energy be-
tween occupied traps and mobile states manifests itself experi-
mentally as the activation energy for charge transport, with
higher activation energies corresponding to the Fermi level
being pinned in deeper traps. In classic semicrystalline materials
such as P3HT, PBTTT, and poly[5,5'-bis(3-alkyl-2-thienyl)-
2,2'-bithiophene] (PQT), activation energies of the order of
70 meV are consistently measured.2"! On the other hand, in
completely amorphous polymers that possess no aggregated
regions, measured activation energies of ~230 meV are consis-
tent with the presence of more disorder. New materials, despite
seemingly exhibiting structural features more characteristic of
amorphous polymers (e.g., diffuse diffraction peaks), possess
electronic properties similar to the semicrystalline materials
and also display ~70 meV activation energies. In the remainder
of this paper, we summarize recently proposed explanations as
to why these weakly ordered polymers are able to transport char-
ge so efficiently and extract lessons that can be applied in the
design of future high-performance materials.

High mobility is obtained by making the
polymer resilient to disorder

Recent years have witnessed a revolution in the development of
high-mobility polymers. While previous advances have primar-
ily been the result of a single material breakthroughs (P3HT,
PBTTT, etc.),[l4‘47] there are now a host of new materials
with a wide variety of chemical structures yielding excellent
electrical performance.”") The performance of these new
polymers is especially impressive in light of the structural fea-
tures they exhibit. By one of the most well-accepted and com-
monly used morphological characterization techniques, XRD,
many of the highest mobility materials appear nearly amor-
phous, failing to display significant diffraction intensity in ei-
ther the alkyl- or z-stacking directions.>***"1 Despite this
lack of significant crystallinity, these polymers are able to trans-
port charge efficiently and have trap distributions similar to the
highly crystalline materials, evidenced by their low activation
energies and sharp band-edge absorption.['” UV—vis absorp-
tion measurements on these same high-mobility materials how-
ever, display strong vibronic features characteristic of
significant aggregation.[*®>*! Taken together, these measure-
ments indicate that although high-mobility polymers often
lack the long-range periodic order necessary to yield significant
diffracted x-ray intensity, they do aggregate on an extremely
local scale, perhaps only a few chains, and they do so in solu-
tion. This local aggregation is sufficient to give rise to the
vibronic features observed in absorption measurements as

well as to permit charge carriers to jump from molecule to mol-
ecule. Based on electrical measurements, we can also conclude
that this interchain transport is equally efficient to that in mate-
rials which possess long-range order. This observation is not
entirely unexpected since the mean-free path of charges in
the z-stacking direction is of the order of a few molecules.
These observations lead us to conclude that only local aggrega-
tion is needed for efficient charge transport and that the trap dis-
tribution that charge carriers traverse is dictated only by the
chain backbone and local interchain transport, not long-range
order.

Many different strategies have been employed in recent
years to engineer polymers for high mobility, and explanations
proposed for their improved performance are wide ranging. In
the following sections, we aim to combine the learning gained
from this new host of materials and present our best understand-
ing of the features that are necessary for efficient charge trans-
port. We summarize these guidelines in four points: improve
intermolecular coupling, improve structural resilience, improve
electronic resilience, and enhance molecular weight.

Improve intermolecular coupling

As transport is limited by the rate of transfer between chains in
locally aggregated regions of the film, strategies which can
improve intermolecular coupling are especially effective at im-
proving the charge-carrier mobility of semiconducting poly-
mers. Engineering of the polymer backbone and side chains
to enable closer z-stacking is one of the most widely used
and successful such technique.’'** Mei et al. employed
siloxane-terminated side chains to reduce the steric hindrance
between neighboring molecules and achieved a nearly 5%
reduction in z-stacking distance.!"®! This increased coupling re-
sulted in an improvement in the hole mobility by a factor of six
to 2.00 cm?/Vs. Similarly, Kang et al. moved the side-chain
branching point further from the backbone in a diketopyrrolo-
pyrrole (DPP)-based polymer, also enabling a reduced intermo-
lecular distance and yielding a reported high mobility of
12 cm?/Vs.l While reducing the z-stacking distance is an
effective technique to improve intermolecular coupling, it
should be noted that doing so while maintaining the same
level of intermolecular disorder will result in traps moving
deeper into the band gap (Fig. 5), negating some of the benefits
of the improved coupling.

Owing to the different and non-uniform shapes of the
HOMO and lowest unoccupied molecular orbital (LUMO)
along a polymer backbone, the wavefunction overlap between
adjacent chains is highly dependent on their relative longitudi-
nal shift with respect to one another.>*3*! A shift of as little as
1.0 A was shown to result in a more than one order of magni-
tude change in the hole charge-transfer integral in a cyclopen-
tadithiophene-benzothiadiazole (CDT-BTZ) based polymer,
with the coupling being maximized when the acceptor units
are face to face.”>>! Molecular design strategies which preferen-
tially align particular functional units on adjacent chains may
be an effective way to overcome this issue, although this
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adds another design constraint to the already challenging task
of semiconducting polymer synthesis. Instead, increased toler-
ance to unpredictable backbone shifts and conformational dis-
order can be engineered by increasing the overlap area of
molecular orbital wavefunctions on neighboring chains. This
can be achieved through larger conjugated cores and orbitals
which are spread along the chain backbone rather than localized
on a particular functional unit. These large cores are a feature of
many of the new donor—acceptor polymers with the best perfor-
mancet®®*") and DFT simulations demonstrate that in many
cases the HOMO and LUMO are highly delocalized in these
types of structures.>?*! It should be noted that while such tech-
niques may be utilized to improve charge-carrier mobility in
some materials, structure—property relationships in semicon-
ducting polymers are complex, and structural modifications
which work for one material may have undesirable effects on
others. As improvements in computational methods continue
to increase the accessibility of orbital structure calculations,
we suggest that there is the potential to utilize these techniques
in a more predictive fashion in the future to determine which
structures will display intermolecular coupling most resilient
to the unpredictable nature of polymer packing.

There is a trade-off in molecular structure between process-
ability and ability to deliver high mobilities. On the one hand,
completely amorphous polymers have outstanding processabil-
ity, but exhibit intrinsically limited mobility.”®! On the other
hand, while long-range order is not necessary for efficient char-
ge transport, sufficient aggregation is needed to enable enough
high-mobility pathways for intermolecular hopping. Polymers
aggregating so strongly that the gel in solution however cannot
be processed in a practical manner. Liu et al. demonstrated this
trade-off recently in a series of benzothiadiazole-based materi-
als in which the branching point of the alkyl side chain was
moved progressively further from the polymer backbone.l*”!
Branching at the first carbon led to significant steric hindrance
between the side chain and the backbone, preventing polymer
aggregation, while branching at the third carbon resulted in
too little steric hindrance and significant aggregation in solution
even at elevated temperatures. The intermediate, second-carbon
branched variant yielded a material that was both easily
processable and possessed a favorable microstructure, being
soluble at 85 °C but aggregating strongly in the solid state.
A similar side-chain engineering technique was utilized in a
DPP-based polymer to achieve a material which balances
adequate solubility and a strong tendency to aggregate. This
combination resulted in a well-connected film and a high
charge-carrier mobility of 2.25 cm?/Vs.[®"]

Enhance structural resilience

Structural resilience to the inevitably large amounts of disorder
present in semiconducting polymers can be further enhanced
by increasing chain rigidity. Owing to mobility being limited
by intermolecular charge transport in current materials, intra-
molecular transport rates, and in particular the impact of
chain rigidity, are not considered in most design rules for high-
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transport decreases with increasing chain stiffness. Eventually the
intermolecular transport rate becomes irrelevant in the rigid rod limit.
Reproduced from Ref. 63 with permission from the American Chemical
Society.

mobility polymers.[®"**! However, coarse grain modeling of a
model semiconducting polymer has shown that hopping be-
tween chains need not always be the rate-limiting step.[®*)
Carbone and Troisi demonstrated that in the absence of an ex-
ternal electric field, both inter- and intramolecular rates are im-
portant for charge transport, and that transport was enhanced as
chains became more rigid (Fig. 6). In realistic microstructures,
kinks in the polymer backbone in the direction of an applied
field as well as chain ends may act as traps for charge carriers,
increasing the relative importance of intermolecular charge
transport. However, this modeling suggests that maximum mo-
bility can be achieved if a polymer can be engineered to retain
its favorable aggregation and intermolecular charge-transport
properties while being made sufficiently long and more rigid.
In this event, carrier transport along the chain backbone be-
comes increasingly important as charges can travel further on
a single chain before being forced to make a slow intermolec-
ular hop.

Evidence of the benefits of backbone rigidity has recently
been reported in an indacenothiophene—benzothiadiazole
(IDTBT) copolymer.[®#%! Temperature-dependent transistor
measurements and field-effect-modulated Seebeck measure-
ments were used to show that all molecular sites are thermally
accessible in IDTBT.['” Quite counterintuitively, this weakly
ordered polymer'®¥ exhibits significantly lower energetic disor-
der than the highly crystalline polymers P3HT and PBTTT.
Quantum chemical and MD calculations were used to demon-
strate that IDTBT exhibits a planar conformation in the solid
state with a remarkably torsion-free backbone (Fig. 7). This
finding is further supported by pressure-dependent Raman
spectroscopy measurements which show no pressure depen-
dence of the Raman intensity ratio between the ring-stretching
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Figure 7. Resilience of torsion-free polymer backbone conformation to side-chain disorder. (a) Simulations of the backbone conformation of IDTBT and PBTTT
in side-chain-disordered and non-interdigitated structures. (b) Simulation of the backbone conformation of IDTBT in the amorphous phase. A single chain from
the simulated unit cell has been highlighted in yellow. (c) Calculated gas-phase torsion potentials of IDTBT and PBTTT. For PBTTT, the potential for torsion

between the thiophene and thienothiophene units is shown. A significantly larger barrier to torsion is present in IDTBT than in PBTTT. Reproduced from Ref. 19

with permission from Macmillan Publishers Limited.

modes of the IDT and BT units, suggesting that the IDTBT
backbone is already planar in as-deposited films. IDTBT is
uniquely able to accommodate significant side-chain disorder
through bends in the polymer backbone while retaining a
near planar conformation. Thus, the density of states (DOS)
is relatively similar for chains in both aggregated and disor-
dered states, with even the highest energy states within a couple
kT’s of the band edge. In contrast, two other high-performing
polymers, P(NDI2OD-T2) and PBTTT, adopt more twisted
backbone conformations in the amorphous phase, resulting in
significant disorder-induced broadening in the DOS compared
with their crystalline phase.

Significant amounts of side-chain disorder will inevitably
result from the fast-drying speeds necessary for the high-
throughput solution-based deposition techniques desirable for
organic electronics. Thus, designing materials which, such as
IDTBT, exhibit structural resilience in the presence of large
amounts of disorder is crucial. Venkateshvaran et al. suggest
several techniques for designing new molecules which display
similar backbone resilience: (1) reduce the number of torsion-
susceptible linkages (possibly through the use of larger conju-
gated units); (2) design materials with deep potential energy
minima favoring the planar structure; (3) include side chains
on both sides of the molecule to enable space filling without
significant backbone torsion. Backbone planarity does not
appear to be the major factor-limiting mobility in semiconduct-
ing polymers, providing sufficient 7—7 interactions can be
achieved, as materials which exhibit a larger degree of

backbone torsion exhibit similar or better mobilities to
IDTBT.[*!*%¢] However, planar molecules are likely to have
an easier time aggregating and, as intermolecular transfer
rates improve, engineering materials with planar backbones
that are resilient to disorder may prove to be an important de-
sign attribute that will enable not only more ideal device char-
acteristics, but greater charge-carrier mobilities as well.

Enhance electronic resilience

In addition to designing molecules with favorable microstruc-
tural characteristics, engineering materials with electronic resil-
ience to structural disorder is emerging as a complementary
technique to achieve high mobilities. The disorder common
to all semiconducting polymers can have dramatic effects on
the optoelectronic properties of the material. This is clearly
demonstrated in P3HT, for which the aggregating regioregular
form exhibits a ~250 meV smaller band gap and five order of
magnitude higher mobility than its amorphous regiorandom
counterpart.”'*”! As a certain amount of microstructural disor-
der is inevitable, it is preferable to design materials which ex-
hibit minimal amounts of disorder-dependent variation in
their electronic properties thereby decoupling the electronic
structure from structural disorder.

PBTTT is a model example of a material that exhibits such
favorable electronic characteristics.['* While it was initially be-
lieved that the high mobility of PBTTT (~1 cm?®/Vs) resulted
primarily from its increased structural ordering, Rivnay et al.
demonstrated that in the z-stacking direction, the rate limiting
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direction for charge transport, PBTTT is just as disordered as
many other less crystalline semiconducting polymers.”**! Liu
and Troisi performed a comprehensive computational study
of PBTTT and presented several alternate explanations for its
high performance: (1) its molecular orbitals become rapidly de-
localized within a few tens of eV from the valence band edge;
that is, the density of trap states is low and, in the language of a
classic mobility edge transport model, the mobility edge is very
close to the valence band edge; (2) it exhibits a delocalization
of states across multiple chains, facilitating faster intermolecu-
lar charge transport; (3) the traps, determined by local distor-
tions of the polymer backbone, are short lived with lifetimes
comparable with the time scale of intramolecular transport
(Fig. 8). The last of these points is critical. DFT modeling
shows trap lifetimes in PBTTT to be of the order of ~ 0.1 ns,
comparable with the time scale of intramolecular charge trans-
port, indicating that conformational changes in the polymer due
to its thermal fluctuations are sufficient to introduce a detrap-
ping of charge carriers. The traps are thus in a sense
“self-healing” and as a consequence, these results suggest
that the activation energy for detrapping in this material is in-
stead an activation energy for conformational changes. In
MEH-PPV, on the other hand, conformational changes in the
polymer backbone sufficient to change the position of the
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HOMO occur on the time scale of ~100 ns, which is much
too slow to aid in charge transport.*”) In that system, conforma-
tional disorder can be considered static from the perspective of
charge carriers, resulting in long-lived traps detrimental to
mobility.

These beneficial features of PBTTT arise in part due to the
relatively narrow bandwidth that comes as a result of being a
copolymer with alternating sites of thieno(3,2-b)thiophene
and 4,4-dialkyl 2,2-bithiophene, possessing different ener-
gies.”?! From this point of view, PBTTT appears to be part
of a recent trend of high-mobility copolymers. The number of
new semiconducting copolymers has exploded in recent
years, primarily driven by chemists seeking to design lower-
band gap materials to enhance light collection in organic pho-
tovoltaics. This approach has been widely successful in creat-
ing materials that yield high efficiency, pushing single
junction device efficiencies over 10%,") but has also yielded
a large host of polymers which exhibit high charge-carrier mo-
bilities in excess of 1 cm?/Vs. Most of these new materials are
based on push—pull, or donor—acceptor monomers. Such effi-
cient charge transport at first appears counterintuitive as the
use of a donor—acceptor structure also narrows the bandwidth
of the polymer, a feature which is detrimental to mobility in
the most commonly used models of charge transport.[®*]
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Figure 8. Molecular orbital temporal evolution in PBTTT. (a) The orbital density positions and shapes of HOMO and HOMO-1 at different MD simulation times
between 80.0 and 80.5 ns. (b) The energy level of orbital HOMO-n (n=0-4) as a function of MD simulation time in a lamella between 80.0 and 80.5 ns. PBTTT
trap states are extremely short lived (of the order of transport time) and thus are likely not an impediment to charge transport. This property may explain the high
mobility measured in PBTTT. (c) The orbital density positions and shapes, with energies of selected orbitals of PBTTT at t= 60 ns of the MD simulations. DFT
calculations show that trap states delocalize rapidly as one moves away from the valence band edge into the band. Reproduced from Ref. 22 with permission

from Wiley.
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Figure 9. Effect of difference in on-site energy on band structure for a
donor—acceptor copolymer. Diagram representing the energy levels
(horizontal red segments) and their delocalization (length of the segment) for
differences of on-site energy (A/8=0, 1, 2) (left, center, right panel), where A
and g are the energy difference and coupling between adjacent sites in the
copolymer, respectively. The blue segments connect sites with particle
currents (charge-transport events) exceeding a common threshold. The
larger total particle current and increase in long-range hopping for A/8=2is
due to the presence of more delocalized states near the bottom of the band.
Reproduced from Ref. 68 with permission from Wiley.

However, narrower bands also result in a reduction of the acti-
vation energy required to promote charge carriers from local-
ized states in the band tails to delocalized states deeper in the
band. In other words, the tail states are energetically close to
the transport states (Fig. 9). While this effect is countered by
a reduction in the intrachain coupling due to the energy differ-
ence between adjacent monomers, the decreased activation
energy results in a sizeable net improvement in charge-carrier
mobility. Additionally, disorder has a smaller detrimental effect
on intrachain transport in materials with larger differences in
the on-site energy between donor and acceptor units.
Together, these results suggest a compelling reason for the
recent flood of new donor—acceptor materials which exhibit
high mobility despite significant amounts of disorder.

Increase molecular weight

Molecular weight is an extremely important, but often over-
looked, material parameter that significantly affects the charge-
transport properties of semiconducting polymers. A strong
molecular-weight dependence of charge-carrier mobility has
19.2829.69) vt for many of
the highest performing materials it is a topic that often receives
little or no quantitative attention. The reasons for this molecular
weight dependence are well known; charge transport along the

been reported in several systems,

chain backbone is far faster than charge transport between
chains. Thus, the further charges can travel on a single chain,
the better. If the molecular weight is too low, then charges
will be forced to make frequent hops between chains in an
extremely disordered energetic landscape. Very low molecular-
weight polymers also form well-defined extended chain
crystals that are poorly connected, resulting in slow charge
transport between crystalline regions. High molecular-weight
polymers, on the other hand, form defected crystals but with

an abundance of chains which bridge multiple crystallites, re-
sulting in high mobilities. In order to achieve efficient transport
then, the molecular weight must be high enough that single
chains can bridge aggregated regions of the film.*”) In P3HT,
mobility increases continuously with molecular weight until
~20 kDa before leveling off; at this point the measured level
of disorder in the film saturates as well and it is thought that
the polymer microstructure has become fully entangled and
the aggregates are well connected (Fig. 10).**! Chain folding
against the direction of the electric field prohibits charge carri-
ers from traveling further and further along single chains with
increasing molecular weight, resulting in the saturation in mo-
bility. However, similar detailed studies as a function of molec-
ular weight have not been performed for newer high-mobility
donor—acceptor polymers. These materials possess backbones
which are considerably more rigid than P3HT and therefore
will not fold back on themselves as easily. It stands to reason
that the “saturation point” for mobility in these materials will
lie at much higher molecular weights than P3HT and the en-
hancements in performance can be achieved by increasing the
often modest molecular weights reported for state-of-the-art
materials. This was demonstrated in a DPP-based polymer in
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Figure 10. Disorder and mobility for P3HT as a function of molecular weight.
(a) The paracrystalline disorder parameter g is found to level off above 20

kDa. (b) Charge-carrier mobility plateaus at roughly the same point after the
polymer microstructure is well connected and fully entangled. Reproduced

from Ref. 26 with permission from Elsevier.
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Figure 11. Design features necessary for high mobilities. The above design guidelines should be incorporated into new materials in order to engineer them with
high mobilities and resilience to the disorder inherent to semiconducting polymers.

which the mobility was shown to increase continuously with
molecular weight, even past 500 kDa.l)

The case for higher molecular weights is supported by the
theoretical work of Carbone and Troisi.l®*! Their coarse grain
simulations demonstrate that the diffusion coefficient (correlat-
ed to mobility) rises with increasing chain rigidity as carriers
are able to travel further on each individual chain, provided
the chains are sufficiently long. The intermolecular transport
rate is most important for short and flexible chains but becomes
less so as the polymer persistence length increases, eventually
becoming irrelevant in the infinitely long and totally rigid
chain limit (Fig. 6). An early analytical model developed by
Pearson et al. came to similar conclusions regarding the effects
of molecular weight and chain extension.’” Their results
suggest that conductivity (proportional to mobility) should
rise linearly with molecular weight before saturating at high
molecular weights when the intermolecular transport rate
becomes less relevant. Additionally, the model indicates that
conductivity can be greatly enhanced through chain alignment
or other polymer extension techniques. While experimental
results show that most materials are currently limited by trans-
port between chains, as increasingly long and rigid polymers
are developed, this modeling indicates that designing materials
with efficient intermolecular transport may become less impor-
tant. Provided challenges associated with the solubility and
processability of very rigid and high molecular weight poly-
mers can be overcome without significantly impacting the
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microstructure of the material in the solid state, there is poten-
tial room for improvement in device performance simply by
synthesizing longer chains.

Conclusions

A certain amount of structural disorder is inevitable in semicon-
ducting polymers. Even the most crystalline of these materials
have been shown to exhibit microstructures in the z-stacking
direction closer to an amorphous melt than to a perfect crystal.
New, highly disordered materials are pushing mobility records
higher and higher, proving that disorder need not be extremely
detrimental to device performance. Instead, this disorder must
be embraced and planned for. Rather than focusing on strate-
gies to reduce disorder, we suggest that efforts be aimed at de-
signing molecules that can be resilient to it. We have presented
several emerging strategies to achieve this: (1) improve inter-
molecular coupling; (2) enhance structural resilience to disor-
der; (3) enhance electronic resilience to disorder; and (4)
increase molecular weight. While examples exist where each
of these strategies has been utilized to some extent in existing
materials, to the best of our knowledge, no polymer has yet
been consciously designed and synthesized which employs
all of these strategies simultaneously.

Although the synthesis of new molecules has accounted for
the bulk of the improvement in charge-carrier mobility in the
past and we believe is likely to continue in the future, there
are other avenues which will help push performance further
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still. Processing clearly plays an important role, with the effects
of processing solvents!’"’?! and post-deposition treatments
being well documented.”>*! Owing to the anisotropic nature
of charge transport in polymer semiconductors, chain align-
ment appears to be one of the most promising processing tech-
niques to enhance mobilities, although achieving this goal
using production-worthy techniques remains challeng-
ing.1'%1574 Dielectrics can also significantly impact polymer
performance in transistor architectures,’’>’®! yet they receive
less attention. There are likely still performance gains to be
had with improved dielectrics and considerably more work is
needed to reliably enable the high-mobility, low-voltage oper-
ation of devices.[””-”®] Although all semiconducting polymers
measured to date possess significant amounts of disorder in
the z-stacking direction, efforts to reduce this disorder should
not be totally abandoned. Should this disorder be reduced
through either improved processing techniques or changes to
molecular structure, significant performance gains are possible.
Here we have presented a series of design guidelines based on
the latest understanding of charge transport to appear in the
field. The continual improvement in polymer mobility, howev-
er, suggests that new design guidelines may emerge at any time.
Indeed, the future looks bright for semiconducting polymers.
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