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ABSTRACT: Conjugated polymers are promising candidates for
next-generation low-cost flexible electronics. Field-effect transis-
tors comprising conjugated polymers have witnessed significant
improvements in device performance, notably the field-effect
mobility, in the last three decades. However, to truly make these
materials commercially competitive, a better understanding of
charge-transport mechanisms in these structurally heteroge-
neous systems is needed for providing systematic guides for
further improvements. This review assesses the key microstruc-
tural features of conjugated polymers across multiple length
scales that can influence charge transport, with special attention
given to the underlying polymer physics. The mechanistic

INTRODUCTION Conjugated polymers are promising electri-
cally active components in flexible large-area electronic
devices that can be fabricated in a low-cost and high-
throughput fasion.!™ The joint efforts of physicists, engineers,
and chemists have led to remarkable improvements in the
performance of these devices. In this review, we will focus on
polymer thin-film transistors, whose performance has seen
stunning progress over the last three decades. Thin-film tran-
sistors are not only fundamental building blocks for modern
electrical circuits but also the most common device platform
from which charge-transport physics can be extracted.
Because the demonstration of the first polymer field-effect
transistors in 1986, the field-effect mobility (), a metric by
which transistor performance is primarily evaluated, has
steadily increased from ~107° to ~10 cm? V~! s7, exceeding
the benchmark that is set by their amorphous silicon
counterparts.'! Continuous improvements of device perfor-
mance through iterative refinement of materials design and
optimization of processing techniques and conditions are
coupled with concomitant developments of our understanding
about the underlying charge-transport mechanisms. Research
efforts to enhance charge transport in conjugated polymers
initially focused on increasing their long-range order and crys-
tallinity. The purported need for long-range order and high
crystallinity led to the advancements in synthetic techniques,
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understanding from collective experimental and theoretical stud-
ies point to the importance of interconnected ordered domains
given the macromolecular nature of the polymeric semiconduc-
tors. Based on the criterion, optimization to improve charge trans-
port can be broadly characterized by efforts to (a) promote
intrachain transport, (b) establish intercrystallite connectivity, and
(c) enhance interchain coupling. © 2019 Wiley Periodicals, Inc.
J. Polym. Sci., Part B: Polym. Phys. 2019, 57, 1559-1571
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which yielded polythiophenes with high regioregularity. It fol-
lows that regioregular poly(3-hexylthiophene), or P3HT, has
become the most ubiquitous and widely studied conjugated
polymer, whose transistors routinely exhibit mobilities above
0.01 cm? V™! s7%, a great improvement compared to prior tran-
sistors based on amorphous regiorandom polythiophenes having
mobilities of 10~ to 10~ cm? V= s™.'2 The requirement for
high crystallinity to support efficient charge transport subse-
quently led to the design of a yet-more crystalline polythiophene
derivative, poly(bithiophene-alt-thienothiophene), or PBTTT,
whose transistors showed then-record-setting mobilities above
0.1 cm? V' 5713 However, recent reports of high-performance
transistors (with mobilities above 1 cm? V1 s_l, some even
above 10 cm? V™' s7) based on donor-acceptor copolymers
that exhibit limited long-range order have called into question
crystallinity as the sole governing parameter for efficient charge
transport and implicate interconnectivity between crystalline
aggregates as an equally important parameter.’*1°

Many theoretical tools and frameworks have been developed
to describe how the single-chain characteristics and micro-
structure in melts and solid states impact the bulk mechanical
properties of commodity polymers.!® We argue that these
tools and frameworks can also lend insight to charge trans-
port in conjugated polymers because there can be a common
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microstructural origin for mechanical and electrical properties.'”
For example, moderately crystalline P3HT is more flexible and
ductile than highly crystalline PBTTT. The field-effect mobility
ratio of transistors comprising these two polymers is very simi-
lar to their elastic modulus ratio, shown in Figure 1.'® In light
of the success in engineering desired mechanical properties of
polyolefins, we believe that many opportunities exist not only to
establish empirical correlations between mechanical and electri-
cal properties, like the mobility-modulus relationship men-
tioned above, but also to shed light on the underlying structural
origin and polymer physics for charge transport.!” This review
highlights how these ideas and frameworks have been
leveraged—and in some other cases extended—to gain insights
on how polymer microstructure impacts charge transport in
conjugated polymers. For instance, long polymer chains have
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FIGURE 1 Comparison of the field effect mobility and elastic
modulus of P3HT, as-cast pBTTT (pBTTT-AC), and annealed
pBTTT (pBTTT-AN) films. Inset, the mobility and elastic modulus
of a semicrystalline polymer with increasing percent
crystallinity, based on composite theories of charge transport
and elastic modulus with two distinct values for the amorphous
(um, Em) and crystalline (uc, Ec) portions of the films. Reprinted
with permission from (ACS Nano 2010, 4, 7538-7544). Copyright
(2010) American Chemical Society.
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the ability of bridging adjacent crystallites; such chains are
known as polymer tie chains. The presence of tie chains
strongly influences the resistance to slow crack growth in poly-
ethylene resins.'>?° By extension, the presence of tie chains that
connect neighboring crystallites has been recently shown to also
play a critical role on charge transport in P3HT. Although direct
visualization of tie chains remains challenging, this extension
allows estimation of tie-chain fraction in P3HT, establishing the
concept of a critical threshold of tie-chain connectivity that is
required for macroscopic charge transport in P3HT.*!

In this review, we aim to assess the polymer physics of multi-
scale charge transport in conjugated systems. We first describe
the microstructural features of conjugated polymers across mul-
tiple length scales that can influence charge transport. We then
assess a plethora of literature that has examined the structure-
electrical property relationships of conjugated polymers,
highlighting both empirical and theoretical studies aimed at
identifying the governing molecular characteristics and struc-
tural features for charge transport. We seek to draw insights
from these collective studies to understand the underlying
charge-transport mechanisms in such complex systems and pro-
pose design rules accordingly. Although there exist transistors
comprising many other more exotic polymers whose mobilities
are higher than those of P3HT transistors, the abundance of
literature on this model polymer system allows for a more in-
depth analysis of structure-property relationships. Many impor-
tant physical parameters, which are not available for most other
conjugated polymers, have been characterized for P3HT, includ-
ing its persistence length (3 nm)*’ monomer length
(0.39 nm),?* equilibrium melting temperature (272 °C),*** and
enthalpy of fusion of a perfect crystal (49 ] g_l),25 and so on. As
a result, much of our discussion will be focused on P3HT. None-
theless, we point out differences between P3HT and other con-
jugated polymers where appropriate. Finally, we discuss
materials design rules and processing guidelines that have sur-
faced from these collective works for improving charge trans-
port and propose opportunities for further progress. This
review focuses on charge transport in homopolymers. We refer
the readers to other reviews for a comprehensive discussion of
polymer blends and block copolymers explored for their
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FIGURE 2 Cartoon representation of typical microstructure of conjugated polymers.?° The polymer thin film comprises both ordered
and amorphous regions, which are typically much smaller than the device dimension. The ordered domain can be made up of either
aggregates or crystallites. Polymer tie chains provide the connectivity between the ordered domains. Reprinted with permission from
(Macromol. Rapid Commun. 2018, 39, 1-9). Copyright (2018) John Wiley & Sons, Inc.

optoelectronic applications.?®~*® Polymer systems with multiple
components or complex architectures bring added complexity,
stemming from the need to understand their mixing behavior at
different length scales, that are beyond the scope of this review.

MULTISCALE CHARGE TRANSPORT IN CPS

Polymer chains have many degrees of conformational freedom
and interact with each other via weak van der Waals forces,
which lead to a complex and sometimes kinetically trapped
solid-state microstructure, hampering the elucidation of
charge-transport mechanisms. Although the impacts of struc-
tural features at different length scales on charge transport
are often convoluted, it is prerequisite to first understand the
hierarchical structure of typical conjugated polymers. The car-
toon representation in Figure 2 highlights the salient micro-
structural features present at the mesoscale dimension of a
device. The polymer active layer comprises both ordered and
amorphous regions. The ordered domains can be made up of
either aggregates or crystallites. For P3HT, Duong et al. made
the following distinction between the two species: an aggre-
gate exhibits order in the =-stacking direction whereas a
crystallite, composed of alkyl-stacked aggregates, exhibits
additional order in the alkyl-stacking direction. Hence, a crys-
tallite contains aggregates, but not all aggregates form crystal-
lites.®° Generally, X-ray diffraction and calorimetric techniques
are applied to probe crystallites, whereas only optical mea-
surements are used to investigate aggregates,®' because some
aggregates contain very few m-conjugated segments that can
often be too small to exhibit discernible Bragg diffrac-
tion.>*3! Charge transport in conjugated polymers is largely
determined by =n-orbital overlap and electron delocalization.
Charge transport within crystallites can thus be highly
anisotropic; it is the fastest along the conjugated polymer
backbone, next fastest along the n-stacking direction, and
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essentially absent in the direction of side-chain stacking.**?

In order for macroscopic charge transport to be efficient,
neighboring crystallites need to be connected so inter-
crystallite transport can take place. Individual chains that
span two neighboring crystallites form tie chains to provide
connectivity between adjacent ordered domains. The forma-
tion of tie chains is dependent on single-chain characteris-
tics, including chain rigidity and length, as well as the
processing conditions, which critically impact structural
parameters, including the size and fraction of ordered
regions and the separation between them.?!3?

The hierarchical structure in these materials in turn leads to a
multiscale charge-transport process. At characteristic lengths
comparable to the persistence length of the conjugated poly-
mer (typically a few nanometers), charges can move efficiently
along the polymer backbone. Charge transport at this length
scale is dictated by intrachain electronic coupling between
connected mers. At lengths comparable to the size of polymer
aggregates or crystallites (typically 10’s of nanometer), charge
transport is dictated by interchain electronic coupling and
requires multiple interchain hopping events, which is typically
two or three orders of magnitude slower than intrachain
charge transport. At longer yet length scales (above 100’s of
nanometer; typical transistor channel lengths are well above
1 pm), macroscopic charge transport is limited by transport in
the amorphous regions where n-stacking is disrupted, unless
the ordered domains are sufficiently connected, in which case
charge transport is then limited by the interchain hopping
within the ordered regions.??3*3°

Bridging the gaps in our knowledge about microstructures
across length scales and our interest in macroscopic charge
transport and, ultimately device performance, will facilitate
the deployment of morphologically heterogeneous conjugated
polymers in large-scale opto-electronic applications.!>3%37
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POLYMER CHAIN CONFORMATIONS

One of the starting points to understanding the underlying
physics in conjugated polymers is to probe their chain confor-
mations, that is, the spatial configurations of constitutive mers
along a polymer chain,?® which provide the underlying molecu-
lar basis of almost all their physical properties.>® The electronic
properties of conjugated polymers and thus the performance of
devices comprising them are also strongly dependent on their
chain conformations.>*™*! Conjugated polymers are typically
semiflexible. Polymer chains that have more flexible backbones,
and those with more defects thus generally have reduced effec-
tive conjugation lengths, which increase their propensity to trap
charge carriers and hence lower overall device performance
when incorporated in transistors.'®

Polymer chain rigidity is quantified by its persistence length
(Lp), which is mathematically defined by the decay length of
the tangent-tangent angular orientational correlations along
the chain.*? Persistence length is an important dimensional
characteristic; it defines the regimes across which theoretical
treatments of chain conformations differ. When the contour
length (L.), the length of a chain at its maximum physical
extension, is much larger than L, the polymer behaves like a
flexible chain, which is modeled with a random walk of Kuhn
segments of length I (I = 2Ly). When L. of a chain is instead
much smaller than L, the polymer chain is treated as a rigid
rod. In the intermediate regime when L. is comparable to Ly,
the semiflexible chain is described by a worm-like chain
(WLC) model.***3

Experimentally, the persistence length of conjugated polymers
can be estimated by viscometry,** light scattering,***> small-
angle neutron scattering (SANS),*? and diffusion-ordered NMR
spectroscopy (DOSY).*® Using SANS, McCulloch et al. systemat-
ically investigated the factors that impact the chain shape of
poly(3-alkylthiophenes), P3ATs, and found the chain rigidity
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of conjugated polymers to be sensitive to side-chain chemis-
try, regioregularity, and the presence of defects along the
backbone introduced during synthesis, detailed in Figure 3.%?

Alternatively, the persistence length can be computed via
molecular dynamics (MD) simulations,*” but full atomistic
simulations require the development of appropriate force
fields and can be computationally expensive.?®** Complicating
such endeavors is the limited availability of quantitative struc-
tural information on conjugated polymers beyond P3HT.?® In
a simplified version, Zhang et al. estimated the persistence
length of P3HT and poly((9,9-dioctylfluorene)-2,7-diyl-
alt-[4,7-bis(thiophen-5-y1)-2,1,3-benzothiadiazole]-2,2-diyl), or
PFTBT, by averaging a large number of chain conformations
with a dihedral potential distribution according to the hin-
dered rotation (HR) model.** The model estimated the persis-
tence length of P3HT as 4.0 nm, in reasonable agreement with
SANS results (3.0 nm). The persistence length of PFTBT was
estimated as 5.9 nm, but the corresponding experiment had
not been conducted.*?

The planarity of the polymer chain also plays an important
role on charge transport, especially when there are insuffi-
cient t-n interactions between neighboring chains to promote
the mesoscale ordering needed for effective interchain trans-
port. IDTBT, an indacenodithiophene-benzothiadiazole copol-
ymer, for example, has resulted in transistors with
surprisingly high mobilities despite exhibiting very limited
long-range order. This unusual finding is attributed to IDTBT
having a planar conformation with a largely torsion-free back-
bone, as demonstrated by quantum chemical and MD calcula-
tions, as well as measured by pressure-dependent Raman
spectroscopy.*® This backbone planarity is believed to sub-
sume mesoscale structural disorder, enabling IDTBT to exhibit
transport properties approaching intrinsic disorder-free trans-
port limits.***8
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FIGURE 3 Comparison of the persistence length from the wormlike chain model shows how chain rigidity of poly(3-alkylthiophene)s
depends on side-chain chemistry and regioregularity.22 Poly(3-hexylthiophene), P3HT; poly(3-(2-ethyl)hexylthiophene), P3EHT; and
poly(3-dodecylthiophene), P3DDT, were synthesized via Grignard metathesis polymerization (GRIM). P3HT and P3EHT were also
synthesized via a FeCls-catalyzed polymerization. Regiorandom P3HT and Rieke P3DDT were purchased from Sigma-Aldrich.
Reprinted with permission from (Macromolecules 2013, 46, 1899-1907). Copyright (2013) American Chemical Society.
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These efforts to experimentally measure or computationally
predict the backbone planarity and rigidity have provided the
key initial steps to understanding the chain conformation of
conjugated polymers. Although a direct and quantitative con-
nection between chain conformation and charge transport
remains elusive, it is nonetheless important to understand the
chain conformations because they strongly impact the aggre-
gation behavior and interaggregate connectivity, both of which
are important to charge transport in conjugated polymers.
Intriguingly, recent donor-acceptor polymers that make up
the active layers of high-mobility transistors have relatively
stiff backbones, possessing much higher persistence lengths
than that of the quintessential P3HT.?®

BRIDGING ELECTRICAL PROPERTIES AND MORPHOLOGY

Structure-Property Relationships

It has been widely established that the mesoscale morphology
plays a critical role on charge transport in conjugated polymers.
Figure 4a shows the charge propagation processes in
regioregular P3HT at different length scales, including intrachain
and interchain transport in both the ordered and disordered
regions, which occur at different rates.*” The overall charge
transport depends on many structural features, including the
size, fraction, and orientation of ordered regions, as well as the
interconnectivity between them.*® The semicrystalline morphol-
ogy of P3HT was directly visualized by the scanning tunneling
microscopy (STM) in Figure 4b.°° Crystalline domains appear
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lighter than the disordered or amorphous regions. The crystal-
line domains appear connected,”® presumably via tie chains that
are prevalent in semicrystalline commodity polymers. Such con-
nections, composed of strong covalent bonds, have long been
recognized to critically impact the mechanical properties of
polyolefin resins.2® Without these connections, crystallites
would be held together by weak van der Waals or hydrogen
bonds, leading to macroscopic brittleness.?’ In analogy to how
tie chains impact mechanical properties, tie chains should pro-
vide connective pathways between ordered domains in conju-
gated systems. In support of this assertion, Noriega et al. argued
that the presence of interconnected ordered domains is the uni-
fying requirement for macroscopic charge transport.’®

Achieving an interconnected network of ordered domains in
the active layer to realize high electrical performance requires
both optimal materials design and control over processing
conditions. Figure 5 summarizes the intrinsic properties of
polymers and the microstructural features that are relevant to
charge transport of conjugated polymers. Although the intrin-
sic characteristics of polymer chains impact their organization
at the mesoscale and hence the morphology, the mesoscale
morphology can be tuned through processing conditions.

Because a key requirement for achieving high mobility is the
presence of tie chains, the length of polymer chains or the poly-
mer molecular weight (MW) is naturally a primary parameter
that critically impacts charge transport in conjugated polymers.
The effect of MW on the active-layer morphology and resulting

CeHia

S, Rr-P3HT

CeHia

Intra-chain Transfer

Ordered Region

FIGURE 4 (a) Charge transport processes at different length scales in a thin film comprising edge-on regioregular P3HT (Rr-P3HT).*°
Reprinted with permission from (Macromolecules 2018, 51, 9060-9068). Copyright (2018) American Chemical Society. (b) Two
scanning tunneling microscopy (STM) images of P3HT monolayer deposited on highly oriented pyrolytic graphite (HOPG), revealing
its semicrystalline morphology. The contour of a chain connecting two neighboring ordered domains is underlined with a green
dotted line in the second scan.’® Adapted with permission from (Adv. Mater. 2003, 15, 881-884). Copyright (2003) John Wiley &
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FIGURE 5 (a) A field-effect transistor in a bottom-gate, top-contact configuration. The microstructure of a semicrystalline polymer
active layer is schematically shown on the right, adapted from Noriega et al.’® Adapted with permission from (Nat. Mater. 2013, 12,
1038-1044). Copyright (2013) Springer Nature. (b) The important materials parameters that impact the overall morphology include:
(i) molecular weight (MW) and molecular weight distribution (MWD). (ii) chain rigidity. Two chains with the same number of
repeating units are schematically shown, one rod-like and the other semiflexible. (iii) regioregularity. For example, 3-alkylthiophene
has four possible regioisomeric triad structures.®' H (alkyl group R at the head position) and T (alkyl group R at the tail position).?’
(c) The important structural parameters that can be independently tuned by processing conditions include: (i) crystallinity. Nanoscale
single-crystalline P3HT study has proposed the formation of P3HT nanowhiskers and nanoribbons.?? Reprinted with permission from
(Macromolecules 2009, 42, 9390-9393). Copyright (2009) American Chemical Society. (ii) Intercrystallite connectivity. The two
schemes show semicrystalline films with small isolated ordered domains and interconnected ordered domains, respectively.>3
Reprinted with permission from (Nat. Mater. 2013, 12, 947-948). Copyright (2013) Springer Nature. (iii) Texture or the out-of-plane
orientation of crystallites. The example shows three representative textures of P3HT crystallites: edge-on; face-on, also referred to as
plane-on or flat-on; and end-on or chain-on.>* Reprinted with permission from (Polymer (Guildf). 2015, 59, A1-A15). Copyright (2015)
Elsevier Ltd. (iv) In-plane orientation. The semicrystalline films are normally isotropic in-plane but the crystalline domains can be
aligned with various special techniques. The two schemes illustrate semicrystalline films with non-orientated domains and oriented
domains, respectively.55 Reprinted with permission from (Adv. Mater. 2018, 1705463, 1-34). Copyright (2018) John Wiley & Sons, Inc.

device performance of thin-film transistors comprising P3HT = molecular weight (M,,). Although the absolute mobilities of thin-
have been studied extensively.>*"®! There are multiple ways to  film transistors differ depending on the regioregularity of the
represent the ensemble-average MW, most commonly, the polymer semiconductors, the processing conditions employed,
number-average molecular weight (M,) and weight-average  and so on, the mobilities of P3HT transistors generally rises
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with increases in the average MWs, until they level off at thresh-
old MWs that vary from study to study. Similar trends have
been reported for other conjugated polymers, including poly
(3,3"-dioctyl-2,2':5',2" -terthiophene), or PDOTT,®? poly[2,6-(4,4-
bis-alkyl-4H-cyclopenta-[2,1-b;3,4-b']-dithiophene)-alt-4,7-(2,1,3-
benzothiadiazole)], or CDT-BTZ copolymers,®® and poly(2,5-bis
(3-alkylthiophen-2-yl)thieno-[3,2b]thiophene), or PBTTT,** and
so on. The initial increase in mobility is often attributed to an
increase in tie-chain content as a result of increasing populations
of chains that are long enough to provide electrically connective
pathways between crystalline domains.?>**>”! In stark contrast
to the strong-MW dependence of macroscopic mobility measured
by field-effect transistors, the weak MW-dependence of local
intra-grain mobility measured by pulse-radiolysis time-resolved
microwave conductivity (PR-TRMC) provides evidence that
charge transport through amorphous regions in low-MW poly-
mers limits macroscopic mobility in transistors and highlights
the importance of intercrystallite tie chains in high-MW counter-
parts.65 The mobility subsequently plateaus beyond a critical
MW, presumably after the formation of the fully percolated net-
work that can support macroscopic charge transport,1>°657:61
Although this percolation threshold has typically been reported
to be 20-30 kg mol™" for P3HT,°*¢¢ this threshold MW has
varied from study to study, and as an ensemble average, it does
not speak to variations in the molecular weight distribution
(MWD). The convolution of MW and MWD has especially chal-
lenged the interpretation of how chain length impacts charge
transport as conjugated polymers—typically made by condensa-
tion reactions—often exhibit broad MWDs.? To deconvolute,
researchers have started to use specialized polymerization
schemes®”“® or post-synthesis fractionation***° to obtain poly-
mers with narrow MWDs. Blending of polymers with controlled
and narrow MWD offer subsequent opportunities to systemat-
ically vary and probe the effects of MWD on charge transport.
As these synthetic and post-synthetic schemes of separation
are specific to polymer chemistries and have predominantly
been developed for P3HT, systematic studies on the impact of
MW and MWD have thus largely been limited to these model
polymers and their blends.®**®7° Himmelberger et al., for
example, blended low-MW P3HT (M, of 8 kg mol™) with
three different high-MW P3HTs (M, of 29, 42, 61 kg mol™,
respectively, each having a polydispersity index of 1.2) to
access a unique MWD in each blending experiment, as a proxy
to accessing different tie-chain content.®® Although the mobil-
ity data qualitatively agree with the notion that more tie
chains are formed with increasing fraction of the high-MW
P3HT in each blend, the extent of intercrystallite connectivity
was not determined. To gain insight on quantitative relation-
ships between MW and tie-chain fraction, Duong et al. first
used time-dependent X-ray diffraction and UV-vis absorption
spectroscopy to examine the crystallization kinetics of P3EHT;
they demonstrated that electrical percolation in P3EHT occurs
when the interaggregate separation is on the order of the
polymer chain persistence length.3' Gu et al. applied the
Huang-Brown model,'*’? a framework initially used to
describe the structural origins of mechanical properties in
polyethylene, to quantitatively elucidate the effect of tie
chains on charge transport in P3HT.?' The Huang-Brown
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model assumes that polymer chains with end-to-end distances
greater than, or equal to, the distance between adjacent crys-
tallites will form tie chains.'®”* A critical tie-chain fraction of
1073, shown in Figure 6, is required to support macroscopic
charge transport, below which intercrystallite connectivity
limits charge transport, and above which intracrystallite para-
crystalline disorder is the bottleneck. For a polymer chain of a
given MW (hence a given contour length), the polymer persis-
tence length dictates the span of the chain, and whether it is
long enough to bridge the crystalline domains that are sepa-
rated by a critical distance. This work again points out that
quantitative understanding of chain rigidity, alongside the
mesoscale structure, is crucial for the investigation of factors
that governs charge-transport properties. Further highlighting
the importance of intercrystallite connectivity, Zhao et al. cre-
ated a non-conjugated polymer, DPP-C3, by placing a propyl
spacer along the backbone in the repeat unit of a conjugated
diketopyrrolopyrrole (DPP)-based polymer, DPP-C0.”% In the
absence of intrachain transport, DPP-C3 transistors exhibit a
low mobility of 0.009 cm?® V™' s~ but the incorporation of as
little as 1 wt % of the conjugated counterpart, DPP-CO, pro-
vides the essential connectivity between crystallites and
improves the mobility of transistors by nearly two orders of
magnitude to 0.81 cm?® V™' s™%. These results demonstrate
that long polymer chains with effective conjugation along
their backbone can provide the necessary electrically connec-
tive pathways between domains.”?

More recently, copolymers with alternating donor-acceptor
structure along the backbone have garnered significant inter-
est because, intriguingly, transistors comprising them exhibit
high mobilities above 1 cm? V™! s~! despite the absence of
long-range order.®*”* Notable examples include the aforemen-
tioned IDTBT, which has significantly weaker long-range order
than P3HT as evidenced by X-ray diffraction, but transistors
comprising IDTBT exhibit mobilities up to 3.6 cm? V=1 s711
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FIGURE 6 Field-effect mobility of transistors comprising P3HT
blends (each having a unique MWD), as a function of the tie-
chain fraction (frc). A sigmoidal line was added for visual
guide.21 Reprinted with permission from (ACS Macro Lett. 2018,
7, 1333-1338, https://pubs.acs.org/doi/10.1021/acsmacrolett.
8b00626). Copyright (2018) American Chemical Society.
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These findings initially seem to challenge the picture for
charge transport that had been constructed based on conven-
tional polythiophene derivatives. But subsequent understand-
ing reveals that these donor-acceptor polymers form
aggregates that can provide the short-range order and their
rigid polymer backbones facilitate the interconnection
between these aggregates, allowing for efficient local inter-
molecular hopping. The unifying requirement for efficient
macroscopic charge transport thus still appears to be connec-
tivity between ordered domains, be it between neighboring
crystallites in materials that possess long-range order, or
aggregates in those that only exhibit short-range order.*>”* In
the absence of aggregates or crystallites, charge transport in
truly amorphous conjugated polymers is limited by slow
interchain hopping, an inefficient process that is subjected to
large activation energies.15

It is widely acknowledged that the morphology of conjugated
polymers strongly depends on the conditions with which they
are processed. Hence, microstructural parameters can be
tuned via processing conditions to optimize the morphology
for macroscopic charge transport. Foremost, much work has
been done to grow single crystals of conjugated polymers.
Merlo et al. first grew nanofibers of P3HT by precipitation
from p-xylene solution. These fibers resulted in field-effect
transistors with mobilities up to 0.06 cm? V=1 s71.757% Intrigu-
ingly, the average mobility (~ 0.02 cm® V™' s of such
nanofiber-based transistors along the =n-stacking direction is
not significantly higher than that of transistors comprising
drop-cast semicrystalline P3HT films that are percolated.?!
This comparison serves as indirect evidence for the assertion
that once tie chains offer intercrystallite transport routes,
macroscopic charge transport is limited by interchain hopping
along the n-stacks within crystallites.’>?! Many other methods
have been used to produce nanoscale single crystals of
P3HT,”” including spin-coating under controlled solvent vapor
pressure,”® directional epitaxial solidification,®® and controlled
cooling from anisole.”® Similar mobilities at 0.02 cm? V' s7*
was achieved for transistors comprising such single-
crystalline P3HT fibers.”%”® These single-crystal studies pro-
vide important insights on understanding intracrystallite
charge transport. Yet, the mobilities of such single-crystalline
fiber-based transistors are not drastically different from those
comprising polycrystalline P3HT. That the mobility of P3HT
transistors maxes out speaks to the quality of crystallites lim-
iting charge transport beyond percolation and suggests
improving intracrystallite order as a means to further opti-
mize charge transport. For example, Clark et al. investigated
the optical absorbance spectra of P3HT films that were spin-coated
from a variety of solvents; they found films spun from solvents
with high boiling points to generally exhibit a higher fraction of
aggregates, as calculated by a weakly interacting H-aggregate
model, with these aggregates exhibiting better intrachain order
(smaller free exciton bandwidth) compared to those in films spin-
coated from solvents with low boiling temperatures. This improved
ordering within crystallites in turn leads to improved charge trans-
port (up to one order of magnitude increase in mobility from
~1072 to ~1072 em? V! s7Y), as quantified by the field-effective
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mobility of transistors comprising such active layers.®° We note
that this study implicitly assumed a constant tie-chain fraction,
even for films that were processed differently. It is, however,
unlikely for the tie-chain content to be invariant because processing
conditions will alter the crystallinity and crystallite size. The depen-
dence of tie-chain fraction on processing conditions should be an
important subject for future studies; therefore, we can better assess
the dominant structural parameter that governs charge transport.

There is also a correlation between charge transport and the crys-
talline texture, that is, the out-of-plane orientation of crystallites
with respect to the substrate. Sirringhaus et al. initially demon-
strated access to different crystallite orientations by altering the
regioregularity of P3HT and the casting method; transistors com-
prising P3HT crystallites that are preferentially oriented edge-on
exhibit mobilities that are three orders of magnitude higher than
those with crystallites that are preferentially oriented face-on.>?
There exist, however, studies that contradict the simplistic picture
that lateral in-plane charge transport is most favorable when crys-
tallites are preferentially oriented edge-on. O’Connor et al. showed
mechanically straining P3HT thin films to improve the mobility
along the strain direction despite inducing a higher population of
face-on crystallites.®! And transistors comprising predominantly
face-on oriented poly{[N,N-9-bis(2-octyldodecyl)-naphthalene-
1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,59-(2,29-bithiophene)},
or P(NDI20D-T2), have been reported to exhibit electron
mobilities as high as 0.18 cm? V' s7.82 These exceptions point
to the complexities of how mesoscale structure impacts charge
transport. The authors attributed the unconventional efficient
transport in this largely face-on oriented polymer to enhanced
hopping through the small fraction of out-of-plane n-stacks in
connected domains.

Although the effect of out-of-plane orientation of crystallites
on charge transport may be second-order to domain connec-
tivity, the in-plane orientation of crystallites plays a more sig-
nificant role.®® A substantial boost in mobility can come from
uniaxially aligning conjugated polymers to promote preferen-
tial in-plane orientation of the polymer backbone, thereby
facilitating efficient charge transport in the direction of align-
ment.>° In fact, almost all record-breaking mobilities have
resulted from transistors comprising conjugated polymers
that have been uniaxially aligned. For instance, transistors
comprising spin-cast poly[4-(4,4-dihexadecyl-4H-cyclopenta
[1,2-b:5,4-b']dithiophen-2-yl)-alt-[1,2,5]-thiadiazolo[3,4-c]pyri-
dine], or PCDTPT, exhibit a mobility of 0.6 cm? vt 5_1,84 but
those comprising nanogroove-aligned PCDTPT exhibited
mobilities above 10 cm? V=! s, highlighting the crucial role
of in-plane orientation on charge transport.”'® A wide array
of other techniques have been developed to induce preferen-
tial alignment of conjugated polymers to improve charge
transport, as nicely summarized in the recent review by Khim
et al.>® Macroscopic charge-transport enhancement along the
alignment direction can arise from changes in the properties
of the crystallites, grain boundaries, or intercrystalline amor-
phous regions.?¥®> Although changes to the crystallite proper-
ties can be probed directly using a suite of structural
characterization tools, changes to the amorphous regions are
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much more challenging to assess.®®” By demonstrating a
much higher macroscopic charge-transport anisotropy than
the local charge-transport anisotropy in highly strain-aligned
P3HT, for example, O’Connor et al. argued that the overall
improved charge transport along the alignment direction can
be attributed to favorably aligned tie chains in the amorphous
regions that connect the well-oriented aggregates®® This
study highlights the critical role of polymer tie chains on
charge transport in these semicrystalline films, as we believe,
without tie chains, the crystallites, be them aligned or
unaligned, would still be isolated and the macroscopic charge
transport to remain limited by slow interchain hopping in the
amorphous region between these crystallites.

Theoretical Studies

Building upon the progress on experimental work, our under-
standing of charge transport in conjugated polymers has also
benefitted from contributions from theoretical studies. Predic-
tive models of charge-transport processes have provided
insights on the complex structure-property relationships,
enabling, to first order, the rational design of conjugated poly-
mers.*®® However, it remains challenging to develop theoret-
ical models that can simultaneously capture the intricacies of
local molecular structure and mesoscale morphology. Most of
the theoretical studies in the literature have focused on either
the microscopic picture or have coarse-grained the micro-
scopic; therefore, they can address the mesoscale structure.*’

Although the coarse-grained macroscopic models have an
advantage of being much less computationally taxing, they
cannot capture the microstructural details of semiconducting
polymers needed for understanding charge transport. For
instance, the widely used Gaussian disorder model
(GDM),%%°° which describes a 3D material as a spatially and
energetically disordered grid of sites, does not distinguish
intrachain and interchain transport and has a spatial resolu-
tion that is comparable to typical device dimensions.*'*
Although GDM is able to explain observations, like the
electric-field dependence of charge mobility, it lacks sufficient
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microstructural details to fully shed light on such heteroge-
neous systems. In an attempt to capture additional detail,
Noriega et al. reported a transport model that incorporates
individual polymer chain conformations.® Their results pro-
vide a theoretical basis for charge transport across multiple
scales: at short distances, charges move most efficiently along
the polymer backbone, and at longer distances, charge trans-
port occurs with multiple interchain hops, reducing the effec-
tive rate of charge transport.>®

Mollinger et al. extended the framework developed by Noriega
et al. for amorphous polymers to investigate semicrystalline
polymers and provided a direct connection between micro-
structure and charge transport under an external field.*!
Shown in Figure 7a, the polymer thin film is approximated in
two-dimensions with circular crystallites evenly distributed
on a triangular lattice having a center-to-center spacing, s, and
an edge-to-edge spacing, d. In this scheme, two paths for inter-
crystallite charge transport are highlighted; Path 1 in which
charge travels along the polymer tie chain between two crys-
tallites, and Path 2 in which charge transport takes place
through interchain hopping. With WLC-generated polymer
chain conformations, the authors modeled charge transport
using dynamic Monte Carlo simulations, with pchain, #hop, and
Ucrystal describing on-chain mobility, inter-chain mobility in
the amorphous regions, and an intra-crystallite mobility that
is averaged over all chain orientations, respectively. Figure 7b
shows the time-dependent mobility for semicrystalline films
with crystallite fractions (f) varying from 0 to 0.9, visualizing
the multiscale nature of charge transport. In these simula-
tions, the long (microsecond) and short (picosecond) time
scales essentially correspond to the respective long (microme-
ter) and short (Angstrom) length scales of interest. In the case
of an amorphous film (f = 0.0), intrachain transport occurs
With pichain at short distances (Angstrom) while interchain
hopping, with a corresponding mobility of up.p, dominates
over much longer distances (micrometer). At intermediate dis-
tances (~ 1-10 nm), perysta dominate in semicrystalline films.
For highly crystalline films, transport is largely determined by

Fraction
Crystallinity
— 0.0
—0.1
—0.2

Mobility (cm?/s)

10™ 10" 10" 10° 10° 107 10° 10°
Time (s)

FIGURE 7 (a) Schematic representation of the 2D model developed by Mollinger et al. showing an array of crystallites arranged on a
triangular lattice. (b) Multiscale mobility for different areal coverage of crystallites. Three relevant mobility values are evident, with
Hchains Hhops @Nd ficrystal describing on-chain mobility, inter-chain mobility in the amorphous regions, and an intra-crystallite mobility
that is averaged over all chain orientations, respectively.*’ Reprinted with permission from (ACS Macro Lett. 2015, 4, 708-712).

Copyright (2015) American Chemical Society.
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Uerystal- The outcome of this model is consistent with prior
experimental work that pointed to the importance of a per-
colative network of crystallites formed with tie chains to sup-
port macroscopic charge transport. Consistent with the
extended Huang-Brown model reported by Gu et al, this
model also highlights how an analytical understanding of
chain conformations allows subsequent determination of the
statistical probability of forming tie chains and, accordingly,
the percolation threshold. This predictive model has also been
used to rationalize experimentally observed trend in mobility
as a function of MW.?! Segatta et al. further introduced a
mesoscopic model with control over additional morphological
details that simultaneously considers single-chain characteris-
tics and the global semicrystalline morphology, the results of
which again confirm the importance of interconnected crystal-
lites for efficient macroscopic charge transport.*? Recent work
by Jankowski et al. with more sophisticated theorectical treat-
ments, in which they combined the large simulation volumes
from optimized molecular dynamics (MD) simulations of
P3HT with quantum chemical calculations (QCC)-informed
charge transport, further bolsters the critical role of tie-chain
connectivity in charge transport.gz'93

Theoretical efforts have shed light on our understanding of
charge transport at different length scales and confirmed the
importance of the interconnection between crystallites. Con-
sidering existing experimental results and ongoing experi-
ments, future theoretical studies should incorporate the
effects of crystallite orientation to assess the relative impor-
tance of these structural parameters on charge transport.

OPPORTUNITIES FOR IMPROVING CHARGE TRANSPORT

Although the effect of microstructure on charge transport is
multifaceted and cannot be easily reduced to a single univer-
sal parameter,’® our collective mechanistic understanding
from both experimental and theoretical studies has pointed to
the importance of interconnected ordered domains. This
necessity is uniquely attributable to the macromolecular
nature of conjugated polymers. Unique to polymeric semicon-
ductors and not found in molecular semiconductors are thus
efficient intrachain transport that is faster intermolecular hop-
ping and electrical connectivity between ordered domains
facilitated by the presence of polymer tie chains. Optimization
that leverages this criterion to improve macroscopic charge
transport can be broadly grouped into three main categories.

Leverage the Macromolecular Nature of Conjugated
Polymers to Promote Favorable Intrachain Transport
High-performance polymers should have rigid backbones
without significant torsion. Present high-performance donor-
acceptor polymers typically have persistence length on the
order of 10 nm or above, compared to the persistence length
of P3HT at 3 nm.*® The benefits of backbone rigidity have
been particularly demonstrated with IDTBT copolymers. Tran-
sistors having mobilities as high as 3.6 cm® V=! s™* has been
attributed to its rigid and torsion-free backbone.'**® Simula-
tion results show that mechanical stretching can also rigidify
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polymer chains, increasing the effective persistence length
and leading to higher-yet overall conductivities.>® Post-
synthesis chain alignment strategies should thus be used in
conjunction with rigid conjugated polymers to further reduce
intrachain defects and align polymer chains and crystallites to
enable the most efficient intrachain charge transport.>*%819°

Establish Connectivity Between Ordered Domains to
Bypass Charge-Transport Barriers in Amorphous Regions
To avoid inefficient interchain hopping in the amorphous
regions of conjugated polymers, connections between adjacent
ordered domains by polymer tie chains are indispensable. The
formation of such physical connections depends on the poly-
mer chain contour length, the polymer chain persistence
length, and the characteristic spacing between neighboring
ordered regions.?! For such purposes, polymers with high
MWs'>63%¢ and high crystallinity?’"®° are needed. And, as
described above, polymers with rigid coplanar backbones
have higher persistence length, which should in turn also facil-
itate the formation of tie chains.?*

Enhance Interchain Coupling to Improve Local Hopping
Because typical device dimensions are much larger than the poly-
mer chain length, macroscopic charge transport inevitably
involves numerous hopping events between polymer chains. In
the percolated network of a conjugated polymer, charge trans-
port is ultimately limited by interchain transport within ordered
domains.’®?* Hence, the overall charge transport can be
improved by enhancing local interchain coupling. The aforemen-
tioned backbone planarity is also beneficial to enhancing
interchain transport, because the less-twisted polymer chains
can n-stack more readily and improve the interchain order-
ing.”®'%° Side chains, although primarily used as solubilizing
groups, can be commonly engineered to modulate the n-x stac-
king distance to improve local packing.’®'°* Mei et al. replaced
branched alkyl side chains with less sterically-hindered siloxane-
terminated side chains in a isoindigo-based polymer. This chemi-
cal substitution of the side chain led to a nearly 5% reduction in
the n-stacking distance and more than six times higher in transis-
tor mobility to 2.0 cm? V=! s 7.7 Kang et al. moved the side-chain
branch point away from the backbone in a DPP-based polymer,
enabling a 3% reduction in the n-stacking distance and stronger
intermolecular packing.'®® This small structural change led to an
almost 10-fold increase in transistor mobility to 9.8 cm? V= s,
Similarly, Bridges et al. systematically shortened the n-stacking
distance in cyclopentadithiophene-benzothiadiazole copolymers
by moving the branch point further away from the conjugated
backbone.’®® As the n-stacking distance decreases from 3.8 to
3.5 A, the mobility of the resulting transistor increases from
~107* to 0.4 cm? V! s™%. Another way to tune interchain inter-
actions is through heteroatom substitution.'®**%° With a series
of naphthalenediimide-based copolymers, Zhao et al. demon-
strated that selenophene heterocycles endow closer n-x stacking
distances of the conjugated core than the thiophene-containing
counterparts, leading to a mobility of 7.8 cm?® V= s7%, three
times higher than that exhibited by transistors comprising the
thiophene copolymers.'°¢
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CONCLUSIONS AND OUTLOOK

In this review, we have described the multiscale scheme of
charge transport in conjugated polymers and proposed strate-
gies for its improvement. Continuous progress in both experi-
ments and theories has partially addressed the key challenges
of linking molecular characteristics of conjugated polymers
with their macroscopic properties. Classical polymer physics,
often overlooked in the field of polymer transistors, may pro-
vide the missing pieces for solving the puzzles presented by
such structurally heterogenous materials. Summarizing
structure-property relationships, we assert that the presence
of interconnected ordered domains is a key to optimizing
charge transport in conjugated polymers. Based on this gen-
eral principle, we recommend three strategies for improving
charge transport in conjugated polymers: promote intrachain
transport, establish intercrystallite connectivity, and enhance
interchain coupling.

With improved predictions for mesoscale ordering given
molecular structure and chain characteristics, we hope to
one day be able to specify a priori, and design accordingly,
chemical structures and processing conditions to achieve the
optimal structure and ordering over multiple length scales for
efficient charge transport. Coupled with proper device engi-
neering on other transistor parameters, like channel length
and contact resistance,107 continual developments of new
materials and refinement of our understanding of them should
lead to steady increases in the performance of polymer tran-
sistors, realizing their potential in applications, like displays
and sensors, that have demanding performance requirements.
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