copying and redistribution of the article or any adaptations for non-commercial purposes.

CHEMICAL
REVIEWS

Mechanical Properties of Organic Semiconductors for Stretchable,
Highly Flexible, and Mechanically Robust Electronics

Samuel E. Root, Suchol Savagatrup, Adam D. Printz, Daniel Rodriquez, and Darren J. Lipomi*

This is an open access article published under an ACS AuthorChoice License, which permits @

Department of NanoEngineering, University of California, San Diego, 9500 Gilman Drive, Mail Code 0448, La Jolla, California
92093-0448, United States

ABSTRACT: Mechanical deformability underpins many of the advantages of organic
semiconductors. The mechanical properties of these materials are, however, diverse, and
the molecular characteristics that permit charge transport can render the materials stiff
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and brittle. This review is a comprehensive description of the molecular and f{e _,-
o g 9 g o o

morphological parameters that govern the mechanical properties of organic semi- W '
conductors. Particular attention is paid to ways in which mechanical deformability and " morphology

X K R R . . . i molecular structure/
electronic performance can coexist. The review begins with a discussion of flexible and 7
stretchable devices of all types, and in particular the unique characteristics of organic
semiconductors. It then discusses the mechanical properties most relevant to deformable — K
devices. In particular, it describes how low modulus, good adhesion, and absolute g
extensibility prior to fracture enable robust performance, along with mechanical strain . 7
«. PR q B q mechanical properties applications
imperceptibility” if worn on the skin. A description of techniques of metrology precedes
a discussion of the mechanical properties of three classes of organic semiconductors: 7-
conjugated polymers, small molecules, and composites. The discussion of each class of materials focuses on molecular structure
and how this structure (and postdeposition processing) influences the solid-state packing structure and thus the mechanical

properties. The review concludes with applications of organic semiconductor devices in which every component is intrinsically
stretchable or highly flexible.
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Figure 1. Length scales and framework governing for storage or dissipation of mechanical energy. Embodied in the molecular structure are the restoring
forces of covalent bonds, but also the intramolecular forces manifested in electrostatic interactions between distal units and dihedral potential energies
between adjacent ones. The conformation of molecules in solution influences the structure and mechanical properties of the film upon the process of
solidification, and is in turn predicted by statistical thermodynamics. The packing structure is determined by sterics, electrostatic interactions, and
molecular recognition. This structure produces the overall morphology of the solid film. Amorphous chains within the bulk store elastic energy
entropically. Finally, the deformability of the bulk structure is determined in large part by defects. The effective mechanical properties of a thin film can
be treated using thin-film mechanics. (Drawing illustrating “packing structure” reproduced with permission from ref 31. Copyright 2010, American

Chemical Society.)
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1. INTRODUCTION

Developments in semiconductor technology have left few
aspects of modern life untouched." These developments have
been driven by the concerted efforts of chemists, physicists, and
engineers over the last 50 years. The fruit of this labor is reflected
in an exponential rate of progress, which was identified by Intel’s
Gordon Moore in 1965."” Moore predicted that the density of
transistors on an integrated circuit would double approximately
every two years. The technologies that have enabled this periodic
doubling underpins several other exponential improvements, for
example, the capacity of memory circuits, the resolution of digital
imaging, and the overall cost-per-function of semiconductor
devices. The outcome in all cases is an increase in electronic
performance. One can imagine, however, analogous trends
describing the evolution of other physical parameters of
importance for semiconducting devices, not just performance
and efficiency derived from miniaturization. One such parameter
could be mechanical compliance.”~® Development of electronic
materials and devices with the goal of deformability, for example,
would permit the fabrication of robust devices for portable

electronics,”’” the production of flexible solar modules® and

displays””' using roll-to-roll printing methodologies,"'* and
the property of “mechanical invisibility”'® for wearable”'* and
implantable' "¢ applications. The research done on rigid

semiconductor systems is,'”'® of course, a prerequisite for
deformable electronics to achieve a useful level of function, but
mechanical resilience or toughness would be the goal."

One class of materials that since its inception has been
associated with flexible, printed electronics is organic semi-
conductors.”® In fact, deformability is the characteristic that
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underpins most touted advantages of organic electronic
materials, especially if they are to be manufactured by roll-to-
roll printing.”'~** While it might be natural to assume that the
carbon framework common to all organic molecules would
afford some level of softness (by analogy to biological materials)
the diversity of structures of organic semiconductors embodies a
rich mechanical behavior that is only sometimes best described as
“plastic” (in the sense of “deformable”).” Even semiconducting
polymers, whose repeating structures evoke comparisons to
engineering plastics, do not exhibit high strength and toughness
characteristic of, for example, high molecular weight poly-
ethylene or nylon.”*>" The requirement that z-conjugated
organics still transport charge with efficiency that is comparable
to structurally simpler inorganic semiconductors seems to
necessitate rigidity in the molecular backbone®® and assembly
into ordered aggregates in the solid state.”” 3! Moreover, the
presence of side chains, required for processing from solution,
nearly always reduces the cohesion of these materials by reducing
strong van der Waals forces that would exist between
unsubstituted main chains.”*™>* Mechanical performance is
also limited by synthetic procedures. That is, the synthesis of
semiconducting polymers often leads to degrees of polymer-
ization that can be both more broadly distributed and
significantly smaller than those obtained for commodity
polymers and engineering plastics. Low degrees of polymer-
ization are a consequence of the poor solubility of 7-conjugated
systems with increased molecular weight. Additionally, there are
the practical difficulties of combining AA and BB monomers in a
ratio of exactly 1:1 (as required by the Carothers equation to
achieve high molecular weight) when performing polycondensa-
tion reactions at a small scale.” Solid samples comprising short
polymer chains and high dispersity exhibit reduced densities of
entanglements, which limit the cohesion®® and extensibility.36
While it may seem from this discussion that organic
semiconductors could never have the excellent thermomechan-
ical properties characteristic of engineering plastics (which are,
after all, optimized for some combination of toughness, strength,
extensibility, high-temperature operation, and other parameters),
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there is a reason to be optimistic. That is, in most thin-film
devices, the active layer is not responsible for bearing the load.
The substrate and encapsulant®” are usually 1 or more orders of
magnitude thicker than the active material’® and are responsible
for providing the strength to keep the device intact. Thus,
properties that describe the ability of a material to store or
dissipate mechanical energy (resilience and toughness) take on
less importance for organic semiconductors than for engineering
plastics. Instead, the properties that seem to be of increased
importance in thin-film organic semiconductors are low tensile
modulus in the elastic regime (to minimize interfacial stresses
upon deformation and to permit mechanical imperceptibility
when worn on the skin'’) and absolute extensibility prior to
fracture. (We note, however, that intentional fracture of organic
semiconductors is one possible route toward producing
stretchable devices.””) In many cases, consideration of the strain
in the active materials is more important than consideration of
the stress, because deformation of the active material is driven by
deformation of the substrate. Because of the mismatch in
thickness between the substrate-encapsulant and the active
material, the force needed to deform the ultrathin active layer is
vanishingly small. Toughness and cohesive fracture energy take
on increased importance in twisting and shear deformations (and
deformations that act to delaminate the device stack)*”***" and
during thermal cycling, when unequal coefficients of thermal
expansion place stress on the layers. In such scenarios, metrics
related to the energy density absorbed during the course of
deformation should of course be maximized to the extent
possible.*”

This review takes the position that despite the apparent mutual
incompatibility of charge transport and mechanical deformability
in organic electronic materials, the chemistry of these materials
nevertheless provides several routes to achieving mechanical
softness combined with state-of-the-art electronic properties.
Such approaches include tailoring of the chemical structure (e.g.,
the lengths and composition of the side chains and rigidity of the
backbones) and tuning properties familiar to the polymer
engineering community (e.g,, molecular weight, polydispersity,
and cross-linking).”> Quite often, the mechanical properties of
organic semiconductors are determined not only by molecular
structure but also by the ways in which the molecules pack in the
solid state.”*”**" The solid-state packing structure is determined
by the phase behavior of the molecules and the conditions of
deposition and processing post deposition.**”*’ Moreover,
organic semiconductors accommodate mechanical energy by a
range of mechanisms across many length scales, from sub-T,
bond rotations to the breakage of covalent bonds. Figure 1
illustrates the molecular mechanisms by which strain is
accommodated across various length scales and strain regimes.

This paper is a comprehensive review of the literature related
to the mechanical properties of organic semiconductors. The
focus is on the molecular and morphological determinants of
these properties, the relevant physics of polymeric solids,
theoretical and computational approaches to predicting these
properties, techniques for metrology, examples of materials that
have been synthesized that exhibit especially high deformability,
and applications in devices. Progress in this field can benefit from
what is known about the mechanical properties of commodity
polymers and engineering plastics; however, the necessity to
retain optoelectronic properties in organic semiconductors
substantially constricts the available options for designing new
materials. For example, rigid molecular chains and highly
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aggregated morphologies, which are conducive to charge
transport, tend to make materials stiff and brittle.”"

In examining the literature, we found that work related to
determining the mechanical properties of 7-conjugated materials
went through three distinct phases. The first phase (1980s)
coincided with the advent of conductive polymers, during which
time it first seemed possible to combine metal-like conductivity
with the processability of plastics.”*~>" The second phase (1990s
to 2000s) saw a lull in interest in the thermomechanical
properties of organic semiconductors, possibly because of the
development of the organic thin-film transistor,> light-emitting
device,”® and solar cell.**™° Synthesizing new materials,
understanding their charge-transport physics, and producing
optimized devices required significant resources, which in
general were not allocated toward understanding the mechanical
properties. The third phase (2010s to the present) was
characterized by a reaction to activity in the field of soft
electronics based on metals and inorganic semiconductors.
Inorganic materials can be rendered stretchable using specialized
device layouts, ie, wavy interconnects and topographic
features.'”'®*" 7% These strain-relief structures permit the use
of metallic films, semiconductor nanoribbons, and whole
integrated circuits, which though not quite deformable by
themselves (especially under tensile deformation), can be
rendered stretchable and highly flexible using the appropriate
layout.'>*" This work suggested to the community interested in
organic semiconductors that it no longer had a monopoly on
deformability. Moreover, the success of these devices highlighted
the inferiority of organic semiconductors with respect to both
charge transport (the mobility of silicon is 2—3 orders of
magnitude higher than even the best organic semiconductors®?)
and lifetime (organics are susceptible to degradation when
unencapsulated®’).®* These results spurred activity on increasing
the mechanical deformability of organic semiconductors and in
pursuing areas in which organics retained their advantages
against competition from conventional electronic materials.

1.1. Deformable Organic Electronics as a Subset of All
Deformable Electronics

Stretchable and ultraflexible electronics originated in the late
1990s and early 2000s and are primarily attributed to the work of
Wagner and Suo.'®°7*%°% Early systems of materials included
films of metals and other materials on thin flexible foils'® and
elastomers. Such thin films could accommodate strain by
intentional fracture®®*® or mechanical buckling.”” Exploiting
these routes of deformation was facilitated by the development of
the theory of “film-on-foil” mechanics.'®°® This vein of research
was later substantially developed by the work of Rogers and co-
workers,”” who developed device layouts using fractal,”
. : 3,70 .
interconnecting structures, and topographically patterned
island-bridge approaches® to direct strain away from the active
components of devices. This work produced a number of
impressive demonstrations, including an electronic eye cam-
7,72 . . L © T
era, implantable devices for in vivo electrophysiological
: 73 L 1S . .
mapping of the heart’” and brain, * and myriad examples in
energy” and healthcare.”'>”*~7 An effort in parallel by Someya
and co-workers used organic active materials and stretchable
. . 7 .
composite interconnects’” whose goal was also largely to direct
. . 78—82
strain away from the active components (though the same
authors were also among the first to study the effect of
mechanical strain on the charge-transport properties of organic
: 83 4,84
semiconductors””). Bauer and co-workers”®" have also made
significant contributions to this field, especially in the area of
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Figure 2. Approaches taken to impart stretchability or extraordinary flexibility to electronic devices. (a) Intentional fracture can produce percolated
conductive pathways that open and close with strain. Reproduced with permission from ref 90. Copyright 2007, American Institute of Physics. (b) Wavy,
fractal, and island-bridge type geometries have been used extensively for stretchable devices based on inorganic thin films. Reproduced with permission
from ref 10. Copyright 2010, Nature Publishing Group. (c) Ultrathin substrates can be used for lightweight, flexible, and low-cost electronics.
Reproduced with permission from ref 88. Copyright 2015, Nature Publishing Group. (d) Intrinsically or molecularly stretchable materials use the
materials themselves to accommodate strain. Reproduced with permission from ref 25. Copyright 2015, American Chemical Society.

86,87 38,88

stretchable batteries,® soft actuators, solar cells, and
metrology.”” Figure 2 illustrates the approaches taken by
members of the community to permit semiconductor devices
to accommodate strain.

An alternative approach to these composite systems, in which
the conductors or semiconductors are dispersed in or on top of a
matrix, is one in which the active material itself accommodates
the strain.” Such an approach would simplify patterning, as all
materials could be printed in the same layer without relief
structures. The ability to avoid patterning interconnects in
complex serpentine patterns, which occupy a large footprint,
could also increase the density of the active components. In this
approach, which might be selected when digital patterning and
low cost are more important considerations than complex
function or high-performance operation, organic materials are a
logical ogtion. In addition to facile replication by screen,”"
gravure,” or slot-die printing,” rapid tailorability in circuit
design can be accomplished by digital inkjet printing.”* The
advantages of low cost and rapid fabrication are complimented by
several other characteristics unique to org&anics: tailorability by
synthesis,”” tunable color’® and bandgap, " oxide-free interfaces
for biological integration,”®"” low-cost disposal or recycling,"*’
and the potential for self-repair'®"'°* and biodegradability.

The challenges associated with organics for ultracompliant
applications include, significantly, that the molecular and
microstructural characteristics needed for charge transport,
namely rigid, 7-conjugated polymer chains and highly ordered
aggregates in the solid state, also tend to render such materials
stiff and brittle. This apparent trade-off is not a fundamental rule,
however, and can be negotiated. The simple fact that electronic
performance and brittleness or elastic modulus are not directly
correlated (Figure 3) admits to several conceivable strategies to
combine charge transport and deformability. These strategies (to

6470

4 T T T T 10
f=4
E X {8
3T . &
= R le g
2 o
P o ° o 14 g
2 1L 8 o o
E o 2 [¢] o 2 ,g
lafed oo
of # g a % 8 a a Jo
0.0 0.2 0.4 0.6 0.8 1.0
Relative PCE

Figure 3. Plot of relative tensile modulus (black circles) and crack-onset
strain (red triangles) for a library of semiconducting polymers described
in ref 108 vs relative power conversion efficiency (PCE) of a bulk
heterojunction consisting of the polymer mixed with PC4BM. The lack
of correlation suggests that it should be possible to coengineer
mechanical deformability with electronic performance.

be covered in detail in this review) include the use of
plasticizers,”'* various processing techni%ues (for example,
to improve the entanglement density),’”'® and the use of
flexible side chains and unconjugated linkers in the main
chain.'*>195107 It i first, however, necessary to understand the
relevant mechanical properties of existing organic semiconduc-
tors, and how they are similar to or different from those of other
organic solids, using a combination of experimental and
theoretical techniques. Success in understanding the molecular
and microstructural determinants of both charge transport and
mechanical properties would bring the field closer to achieving
electronics with truly “plastic”, i.e., deformable, character. Such
an outcome would have two major consequences. The first is that
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it would permit devices that are destined for commercialization
to be more mechanically robust. The second is that it would
permit a new class of electronic materials and devices that
exhibited extraordinary deformability for devices like electronic
skin and wearable and implantable health monitors.

2. THERMAL AND MECHANICAL PROPERTIES AND
HOW TO MEASURE THEM

In considering which mechanical properties are desirable for
deformable applications of organic electronics, we find that the
terminology in this field is not always used consistently."” The
field sometimes refers to qualities such as “stiffness,”
“compliance,” “hardness,” “resilience,” “toughness,” “ductility,”
and “elasticity” in ways that differ from the precise meanings used
in the mechanics community, whose lexicon is well established.
On the other hand, the descriptor “flexible” is so inclusive in that
it does not distinguish qualities afforded by the dimensions of the
material from qualities afforded by the material itself. That is, any
material can be made flexible if it is sufficiently thin.'® The
descriptor “stretchable” is imprecise because it does not convey
whether the deformation is elastic (reversible) or plastic
(irreversible), and does not define the range over which it
exhibits one or the other behavior. In this review, we use
“flexible” to mean any form of any device that can be bent to radii
of curvature smaller than 1 cm, regardless of the thickness of the
substrate, and “stretchable” to mean a device or material that can
be elongated by approximately 5% or more, regardless of whether
the deformation is elastic or plastic. The rarity of the term
“deformable” in this field has preserved its generality, and we use
it liberally throughout this review in its colloquial sense. A
material or device that is “deformable” is thus taken to be an
order of magnitude more flexible and stretchable than a typical
silicon wafer with a thickness of ~200 pm. The adjective
“extensible” will be used to mean “having a high strain at fracture”
(in a pull test) or “having a high crack-onset strain” (if the film is
measured on an elastomer).

The mechanical properties of organic solids most relevant to
deformable devices include the elastic modulus (usually obtained
as the tensile or Young’s modulus),'” elastic range and yield
point,"" toughness,''" and strain to fracture’ (Figure 4). These
properties are determined not only by the structure of individual
molecules, but how these molecules pack in the solid state.*’
Measuring the mechanical properties of thin films poses
particular challenges because (1) it is difficult to handle thin
films for a conventional pull test''*'"* and (2) pilot-scale
synthetic procedures usually do not produce enough material for
more than a few films. These challenges have been met by the
development of “film-on-elastomer” methods for approximating
the range of behavior to tensile strain.''® These “film-on-
elastomer” methods provide the benefits of simplicity to perform
and applicability to a range of materials, but require multiple
techniques to reconstruct the stress—strain behavior."'’ There
are other methods, which may require specialized equipment,
however, that obtain these data directly. For example, a method
resembling a conventional pull test using a thin film supported by
water can obtain a stress—strain curve in a single step (Figure
5).114 For measurements of cohesion and adhesion using stresses
applied perpendicular to the plane of the films, double-cantilever
beam and four-point bending experiments have proven to be
valuable.”>~*7** VIS~ Comparisons of the results between
methods do not always yield the same values, but these
discrepancies often produce insights, and the results of one
measurement may be more relevant than the results of another to
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Figure 4. Hypothetical stress—strain curve showing the critical features.
The stress is an intensive property equal to the force per unit area normal
to the load. The strain is the engineering strain, (I-Iy)/l,, where [ is the
deformed length and [ is the length at equilibrium. The elastic modulus
of a film, Ej, is the slope of the curve in the linear, elastic regime. The area
under the curve in this region is the resilience, which has units of energy
per volume. The yield point represents the stress and strain at which the
material undergoes irreversible deformation. The strain at fracture
represents mechanical bifurcation of the specimen. The area under the
entire curve is called the toughness and has units of energy per volume.
Quantities labeled in green can be obtained using film-on-elastomer
methods, that is, the modulus by buckling, the yield point by onset of
buckling, and the strain at fracture by the crack-onset strain. Reproduced
with permission from ref 110. Copyright 2015, American Chemical
Society.

a particular application. The section will conclude with a
discussion of which mechanical properties are desirable for
deformable applications.

2.1. Glass Transition Temperature

The glass transition temperature (Tg) is a second-order phase
transition that ultimately describes the thermally activated
reorganization of chains in the amorphous domains of a polymer
specimen.''” A plot of density vs temperature exhibits a change in
slope in the vicinity of T, (Figure 6).* Similarly, a plot of heat
flow vs temperature measured by differential scanning
calorimetry (DSC) reveals an increase in heat capacity. Below
T,, a polymer is said to be glassy; above the Ty, it is rubbery. In a
purely amorphous sample (e.g, atactic polystyrene), the material
flows readily above its T,. A semicrystalline sample above its T},
but below the temperature at which its crystalline domains melt
(T,,), exists as a solid at ordinary time scales and is said to be in its
elastomeric state. The position of the T, of a polymer relative to
its operating temperature is thus an important predictor of the
mechanical properties of a polymer. The T, also influences the
morphological stability of the solid state of the polymer, which
can be problematic if the morphology that is most conducive to
device performance is not the most thermodynamically stable
one.''” Devices based on composite systems, e.g., bulk
heterojunction solar cells, can phase separate with deleterious
consequences if operated above their Tg.“9 The requirement
that a bulk heterojunction solar cell have a high T, for
morphological stability and a low T, for mechanical stability is
another competing criterion. For an account of the role of T, in
the operation and stability of organic rphotovoltaic devices, see
the comprehensive review by Miiller.'"”

Despite its importance, the glass transition of many organic
semiconductors is not easily determined. The change in heat
capacity in the vicinity of T, for organic semiconductors is often
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Figure 5. Tools for measuring the mechanical properties of organic thin films. (a) The film-on-water method. Reproduced with permission from ref 111.
Copyright 2015, Nature Publishing Group. (b) Schematic diagram of surface wrinkling used to determine the tensile modulus of films. The thickness of
the film (d;) and the modulus determines the buckling wavelength. (c) Buckling wavelength can be determined by the spacing of the diffraction pattern
for measurements of modulus or in the technique of buckle-onset to determine the yield point. Reproduced with permission from ref 110. Copyright
2016, American Chemical Society. (d) A linear actuator or (e) bending experiment can be used to determine the crack-onset strain at the high- and low-
strain regimes. Reproduced with permission from ref 118. Copyright 2016, American Chemical Society.

too weak to detect by DSC.'°*'*°~'** Other techniques, such as
dynamic mechanical analysis (DMA)'?° or variable-temperature
ellipsometry (which has been applied to polyolefins'*”'** as well
as conjugated polymers'*”), are often required. The glass
transition can also be predicted computationally, as atomistic
and coarse-grained molecular dynamics (MD) simulations have
been used to obtain values that are in good agreement with
experiment. 130

2.2. Elastic Modulus, Poisson Ratio, and Elastic Range

Several bulk mechanical properties can influence the mechanical
robustness of organic semiconductor films for deformable
applications (Figure 4). The elastic moduli quantify the ability
of a material to store mechanical energy reversibly. They can be
expressed in three common forms depending on the mode of
deformation: the tensile modulus (E), the shear modulus (G),
and the bulk modulus (K). For isotropic solids, these quantities
can be interconverted. In thin films, the easiest to measure and
perhaps the most relevant property is the tensile (Young’s)
modulus, E. This quantity refers to the force required per unit
cross sectional area normal to the load (stress, 6) to deform the
material a fraction of its initial length (strain, &) reversibly under
uniaxial deformation. The shear modulus describes the response
of a material to shear stress and is defined as the ratio of shear
stress to shear strain. The bulk modulus describes the volume
change of a material undergoing an infinitesimal change under
uniform (i.e., hydrostatic) pressure. For isotropic, homogeneous
materials, the elastic moduli along with the Poisson ratio (v),
which describes the negative fractional deformation of a material
along the two axes perpendicular to the strained axis, are
sufficient to fully describe the elastic behavior of a material. That
is, a material stretched axially by 1% with concomitant reduction
of the transverse dimension by 0.5% has a Poisson ratio of 0.5.
The tensile modulus is expressed in units of force per cross-
sectional area (N m™> or Pa). A typical value of E for
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polycarbonate is ~1 GPa; for silicone rubber it is ~1 MPa.
Values for the common semiconducting polymer regioregular
poly(3-hexylthiophene) (P3HT) range from 0.1—1 GPa,
depending on the sample and, given its T, near room
temperature of 12 °C, the temperature at which the measure-
ment was taken. The elastic moduli and Poisson ratio are valid
only for small strains within the elastic regime of the material or
less than approximately 10%. The area under the curve for the
linear portion of the stress strain curve is called the modulus of
resilience (U,), and represents the total amount of energy per
unit volume (e.g., ] m ™) storable by the solid before the onset of
plastic deformation.

The tensile modulus is highly relevant for deformable
applications because it can be tuned to minimize interfacial
stresses (among other layers in the device or between the device
and another surface, i.e., the skin) and it is closely related to
molecular structure and solid-state packing structure. The
modulus is often correlated to other mechanical properties and
even to optoelectronic properties. The molecular mechanisms
responsible for storing mechanical energy in the elastic regime
depend on the phase of the solid. For crystalline solids and the
crystalline phases of semicrystalline solids, displacement of the
molecules from their equilibrium positions in the lattice produces
arestoring force. For van der Waals solids, the restoring force can
be described by a Lennard-Jones or similar potential. For glassy
phases below T,, elastic deformation is mediated by van der
Waals forces, but also by deformation of covalent bonds. For
semicrystalline polymeric phases above Ty, in which the polymer
chains are unfrozen, chains are aligned along the axis of tensile
deformation; this reduction in degrees of freedom produces a
restoring force, as polymer chains tend toward increasing their
configurational entropy. Elastomers thus behave as “entropic
springs,” in which changes in internal energy are negligible, and
changes in entropy dominate.
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The tensile modulus can be measured using several different
techniques, and in many cases the technique chosen depends on
the amount of material available and the forms into which it can
be processed. If enough material is available for a conventional
pull test, a typical specimen can be cast into the appropriate size
and shape (e.g., dog-bone), and its force—displacement curve can
be measured and transformed into its stress—strain curve using
the dimensions of the sample.“’?’6 In practice, this method is
limited to simple polymeric structures like the poly(3-
alkylthiophene)s (P3ATs), whose synthetic procedures compris-
ing only a few steps can produce quantities of material large
enough (e.g, > 100 mg) for a bulk measurement. Designer
materials, i.e., low-bandgap polymers exhibiting the alternating
donor—acceptor motif,” are synthesized at laboratory scale in
only modest quantities. The quantities of materials available at
the laboratory scale are limited in the case of conventional
reactions by low concentrations and in the case of microwave-
assisted reactions by small reaction vessels. Moreover, vastly
greater quantities of material are required for conventional
mechanical tests, which require a bulk sample, than for a charge-
transport measurement,"""** which requires a thin film (~10
ug, excluding a 10-fold greater fraction of wasted material if the
film is produced by spin coating). Given the importance of
mechanical properties in determining the lifetime and stability of
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organic devices, there has thus been a drive toward obtaining
properties directly from thin films.

Pull testing of bulk samples of organic electronic materials was
used extensivelgr in early work using materials such as
poly(acetylene)**” and unsubstituted polyaromatic™® species
synthesized by simple routes, such as oxidative polymerization.
An early test of regiorandom P3ATs synthesized in this way
revealed a striking decrease in tensile modulus with increasing
length of the alkyl side chain,” which is a common effect
observed among P3ATs and other conjugated polymers.*"****
More recently, block copolymers of P3HT and poly(ethylene)
have been synthesized and determined by conventional pull
testing to exhibit decreasing tensile modulus with increasing
fraction of the insulating component, but also extraordinary
ductility and toughness.”* The effect of molecular weight on the
mechanical properties of P3HT has also been measured on bulk
samples (Figure 7a);*® greatly increased ductility and toughness
with molecular weight (though similar tensile modulus)
measurements pointed to the importance of entanglements,
even in semirigid polymers such as P3HT. Direct tensile testing
of bulk samples of low-bandgap polymers or semiconducting
small molecule films has not been reported.

Techniques used to determine the tensile moduli of thin films
circumvent the need to produce large amounts of material and
also the need to manipulate fragile, freestanding films.""*
Moreover, the mechanical properties of thin films often differ
from those of bulk samples of the same material,"** and thus
direct measurements on thin films may produce results that are
more in line with the properties exhibited by the materials in
working devices. Techniques that have been developed include
direct pull testing of thin films on water,"'""'* nanoindenta-
tion,"2°7"%% and the buckling-based method."'? Kim and co-
workers have pioneered the use of a water-based pull test, in
which a film is coated on a flat substrate and then gently floated
onto the surface of water (Figure 7b).""""'* A highly sensitive
load cell coupled to a linear actuator is used to obtain a plot of
force vs displacement. Critical to this method is ensuring that the
contacts do not tear the delicate thin film; slabs of poly-
(dimethylsiloxane) (PDMS), which adhere to top surfaces of the
termini of the floating thin films by van der Waals forces, are used
in place of a clamp and thus minimize mechanical damage. The
water-based technique has been used to measure the stress—
strain behavior of P3HT as a function of regioregularity''* (the
films become more deformable with increasing regiorandom-
ness, though the charge-carrier mobility decreases) and also of
all-polymer active layers for intrinsically stretchable solar cells."""
As the film is not bonded to a solid substrate in the water-based
method, the results may thus be influenced by concentration of
strain in thin areas and defects within the thin film."*” The force
required to stretch the sample will thus be lowered, as will the
stress, which is calculated on the assumption that the cross
section of the sample is mathematically uniform. For example,
the water-based method produced values of tensile moduli that
were 3—6 times lower than values produced by the buckling
method (described below). In a recent study that compared the
results of the two methods,"*” the differences in moduli were
attributed to the combined effects of inhomogeneities in film
thickness, void space in the films behaving differently under
tension and compression, and differences in strain rate.
Nevertheless, the advantage of the water-based technique is
that it provides the full stress—strain behavior (not just the tensile
modulus), it is simple to perform, and it provides convenient
comparisons between materials.
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Copyright 2013, Elsevier. (b) Tensile test obtained using the film-on-
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The buckling technique uses the wavelength of the sinusoidal
wrinkles that form in a thin film when it is compressed on a
compliant substrate and has been implemented successfully to
measure the tensile moduli of a variety of organic thin films,
including several examples of semiconducting polymers and
small molecules.''”"'"* The buckling phenomenon was described
for metal films on PDMS substrates by Whitesides and
Hutchinson,'* and the mechanics were adapted into a
metrology technique for measuring the elastic properties of
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thin films by Stafford and co-workers.'"” The method was
extended to organic semiconductors by Khang and co-work-
ers'” and then used extensively by O’Connor and co-
workers,””*"'*! along with our group,””'**"**'** for a variety
of materials.*” The technique has been reviewed before by
Stafford and co-workers,"'* and a description of it was included in
an earlier review by our group in the context of the mechanical
stability of organic solar cells,*” so here we will focus on the
practical issues related to measurement of tensile modulus for
organic semiconductors.

Briefly, the buckling wavelength increases with the stiffness
(modulus and thickness) of the thin film, and thus the modulus
(Eg) can be obtained by plotting the buckling wavelength (1) vs
film thickness (d;); E; increases with the cube of the slope, 1/d;
according to eq 1.'"?

1 - l/fz /1 ’
1 —y* N\ 27d; (1)

Accurate values of the modulus of the PDMS substrate (E,) and
the Poisson ratios of the film () and the substrate (v,) are
needed for the determination of Eg. There is a practical difficulty
in casting films directly on the elastomeric substrate, typically
PDMS, because it swells when in contact with organic solvents.
This challenge can be overcome by first casting the film on a
passivated glass or Si/SiO, substrate, and transferring the films by
kinetic (rapid) transfer'*” using PDMS as a carrier substrate. It is
often best to cure the PDMS (Sylgard 184 cured at the normal
ratio of 10:1 base:cross-linker) for 36 h at room temperature, so
that the bulk structure is solid, but that the top surface is still
somewhat tacky. If the film is too strongly adhered to the original
substrate to remove using fast transfer, transfer can be facilitated
by using immersion in water. If direct transfer fails, it may be
necessary to form a bilayer film using a second material with a
known tensile modulus (E;,) and thickness (d¢,). The modulus
of the film (E;) can then be related to the modulus of the bilayer
film (E.) using eq 2.

E = 3ES(

1 4+ m*n* + 2mn(2n* + 3n + Z)E .

E. =
ot (1 4+ n)*(1 + mn) o
Ep dis
wherem = —, n = —=
Eq dg ()

The small compressive strain is typically generated by
prestraining the PDMS and then releasing the strain once the
thin film has been transferred. The buckling wavelength should
be measured immediately (within 1 h) after the film is transferred
to the PDMS and compressed, so that time-dependent relaxation
of the PDMS, thin film, or both, does not affect the result.

The advantage of the buckling technique is that it does not
require specialized equipment for measuring mechanical proper-
ties; all that is required is a microscope and a technique for
measuring the thickness of thin films, such as stylus profilometry,
atomic force microscopy, or ellipsometry. While it is necessary to
know the tensile modulus of the PDMS substrate, this quantity
can be measured using a conventional pull tester available to
most laboratories (or in principle simply by suspending weights
from a sample and measuring the displacement). Moreover, the
buckling-based measurement provides a measure of the tensile
modulus that is not subject to the influence of defects. The
buckling wavelength is usually measured at multiple locations
using image analysis, and reported results are usually averages. A
disadvantage of the technique (unlike water-supported pull
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testing or nanoindentation) is that it measures only a single
mechanical property. The buckling technique is thus one of three
techniques that can be used in concert to approximate the key
features of the stress—strain curve (Figure 7c), which also include
determination of yield point by onset of buckling (Section 2.3)
and crack-onset strain (Section 2.4).

In the development of the buckling-based method, Stafford
and co-workers showed that the tensile modulus of plasticized
polystyrene as measured by nanoindentation was in good
agreement with the buckling-based method.'"* Nanoindentation
is one of the standard measurement techniques for thin films and
has been successfully used to measure the hardness and tensile
modulus of thin films of ceramics and metals. Typically, the
material properties are calculated from the shape of the curve of
the load vs depth of penetration and indenter type. Significant
challenges arise when the method is applied to materials with
submicron thickness. Such measurements are complicated by
effects of the substrate, along with viscoelastic behavior, which
produces a dependence of the mechanical properties on the rate
of the displacement of the indenter tip. In order to eliminate the
effect of the underlying substrate on the measurement of the
tensile modulus, one strategy is to use films thicker than 1 pm.
For example, Venkatanarayanan et al. measured the tensile
modulus of two conjugated polymers, poly(p-phenyleneviny-
lene) (PPV) and polyacetylene (PA), using nanoindentation on
films thicker than 3 ym and observed good agreement to the
values they obtained by molecular dynamics simulations."**

2.3. Yield and Ductility

The elastic behavior of a solid material terminates with either
brittle fracture or plastic yield. At the yield point, the energy
stored during elastic deformation (i.e., the modulus of resilience,
U,) is converted to plastic deformation. That is, this energy
overcomes the barrier imposed by intermolecular forces and
entropic effects in the elastic regime and the molecules adopt a
new configuration at mechanical equilibrium. For van der Waals
solids, yield corresponds to molecules sliding past each other,
and is facilitated by a low glass transition, for example, by the
presence of side chains. In semicrystalline semiconducting
polymers whose structure permits interdigitation between the
side chains in the crystallites, there are strong intermolecular
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forces along all axes in the lattice, and these materials tend to
exhibit brittle behavior as opposed to plastic deformation.®"

The yield point in conjugated polymers has practical
consequences.'” The lower limit of this quantity, generally
expressed as a strain, defines the elastic range, up to which a
material can be expected to be deformed many times over its
lifetime with little change in performance.'** In applications
requiring repeated deformation (e.g., devices integrated with the
moving parts of the body or of machines), it is thus desirable to
operate within the elastic range. For applications that require
only one-time bonding to curved surfaces (e.g, windshields,
lenses, and architectural elements),”'*® permanent plastic
deformation may be acceptable.'*” Whether or not the effects
of plastic deformation are deleterious depend on the ways in
which the deformed microstructure influences optical absorp-
tion'*® or charge transport.'*’ During tensile loading, polymer
chains tend to align along the axis of strain; this alignment
corresponds to increased tensile strength along the strained axis
and birefringence in semiconducting polymers. O’Connor and
co-workers have used this approach to generate organic
photovoltaic devices based on a stretched P3HT :fullerene active
layer. This device behaves essentially as a polarization-dependent
photodetector.'** Strain alignment also produces anisotropy in
elastic modulus'*” and charge transport.””" Generally, measure-
ments of field-effect mobility have been highest along the
strained axis for stretched samples of P3ATs.">""** The extent of
chain alignment in strained films of P3HT has been measured
experimentally by O’Connor et al.">' and has been predicted
computationally using coarse-grained molecular dynamics;'
the results of both of these techniques have excellent agreement.
Mechanical strain can also produce changes in texture, as has
been observed in P3HT, in which molecules partially reorient
with their 7-stacking axes perpendicular to the substrate. Gargi et
al. demonstrated that this reorientation increased the mobility in
samples of biaxially strained P3HT, which exhibited highly face-
on stacking, relative to samples that were unstrained, which
comprised a blend of face-on and edge-on stacking.'*’

The yield point can be measured using a variety of techniques.
In a pull test, the yield point occurs just after the end of the linear
portion of the stress—strain curve. Using film-on-elastomer
techniques, the yield point can be estimated by the onset of
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buckling.""” In this experiment, a thin film on an elastomeric

substrate is cyclically strained by incrementally increasing
amounts, e.g., 0% — 1% — 0% — 2%, etc. At the first appearance
of buckles upon returning the film to 0% strain, it can be assumed
that the yield point has been surpassed. The appearance of
buckles can be determined by inspection using optical
microscopy for stiff and highly absorbing materials (i.e., easy-
to-see films). In the case of transparent or hard-to-see films, the
onset of buckling can be inferred from the production of a
diffraction pattern when passing a laser beam through the sample
(Figure Sc). Printz et al. found a dependence of the yield point on
the length of the alkyl side chain, namely that the elastic limit
increases with increasing length of the side chain.''” Interest-
ingly, the yield point also increased with decreasing thickness, as
observed in films of poly(3-dodecylthiophene) (P3DDT, Figure
8b).

2.4. Moduli of Resilience and Toughness

The deformation of a sample is characterized by two energy
densities: modulus of resilience (U,) and modulus of toughness
(U,). The modulus of resilience is the total energy stored by the
sample within the elastic regime and is calculated as the area
under the linear portion of the stress—strain curve. The modulus
of toughness is the total energy absorbed by the sample at the
point of fracture and is the total area under the stress—strain
curve from 0% strain to the point of fracture. The toughness
increases with the product of strength and extensibility, and
generally increases with increasing intermolecular forces and
with molecular weight. The absolute extensibility prior to
fracture, however, may not be the most important predictor of
the ability of encapsulated devices to survive extreme
deformation. Rather, the substrate and encapsulant, rather than
the active layer, bear the load. For extreme deformations, it may
be sufficient for a material to be neither strong nor tough,
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assuming the active materials are at least as deformable as, and
have good adhesion to, the substrates and encapsulants.®”

2.5. Crack-Onset and Fracture

Once the mechanical energy density absorbed by a specimen
exceeds its modulus of toughness, its bulk structure fractures.
The molecular mechanisms responsible for fracture of organic
structures depend on the molecular weight and phase of the solid
sample. For small molecular semiconductors,"* fracture occurs
when the van der Waals forces between molecules are overcome.
For crystalline solids, the van der Waals cohesive pressure is
theoretically greater than 10° Pa (>1000 atm),"*” and thus it is
likely that fracture initiates at boundaries between crystallites. In
samples of semicrystalline polymers, scission of covalent bonds
and pulling out of chains can both be active:"** chain scission*®
is favored with high T, and density of entanglements (which
scales with molecular weight) and pullout is favored with low T,
and low molecular weight.">*'>’

Catastrophic decohesion of a sample is generally measured by
the strain at failure in a bulk tensile test—i.e., when the sample
bifurcates. For thin films, the strain at fracture can be measured
using the water-supported tensile test, or indirectly by measuring
the strain at which the first crack appears when the film is bonded
to an elastomer (the crack-onset strain). The water-based
method generally produces a smaller value for fracture strain than
the crack-onset strain."”” The origin of the discrepancy is that
thin films have inhomogeneities in thickness that can be a
significant fraction of the thickness of the film. Concentration of
strain at thin areas and defects produce cracking at smaller strains
than would be expected for a mathematically smooth film. This
argument is analogous to the one given for the lower tensile
moduli obtained using the water-based method. This effect is
counterbalanced somewhat by the fact that the fracture strain in
the water-based method represents complete bifurcation of the
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sample, whereas the crack-onset strain where the film is bonded
to an elastomer represents only the first appearance of a crack as
visible by optical microscopy.

While it might seem that fracture would mean the demise of a
device based on organic semiconductors, fracture is not always
catastrophic. The extent to which fracture is deleterious to
performance depends on the extent of the cracks and the
direction of charge-transport in the device. For example, in
organic solar cells and light-emitting devices, charge-transport is
perpendicular to the plane of the device; for field-effect
transistors, it is in-plane. Thus, cracking in devices with
perpendicular charge transport is not necessarily catastrophic,
as cracked devices can in principle behave as multiple devices
connected in parallel.>® Short-circuiting of the electrodes
through the active layer, however, will eventually lead to
complete failure of such devices. In devices operating using
lateral, in-plane transport, operation will continue if there is a
percolated pathway between electrodes." Intentional fracture
has long been a method for introducing stretchability into
metallic thin films,**°*'°* and such an approach has also proven
effective in organic field-effect transistors.*”

2.6. Cyclic Loading and Fatigue

A device in outdoor or on-body environments will be subjected
to cyclic deformations.”"** The ultimate effects of cyclic loading
in engineering materials are deleterious.'®® That is, strain
hardening produced by the accumulation of dislocations within
crystalline grains harden and embrittle metallic samples,'®” and
chain scission embrittles plastics. Like engineering plastics,
semiconducting polymers also undergo fatigue, as Printz et al.
showed for poly(3-heptylthiophene) (P3HpT, Figure 9).'%!
When cyclically strained 10 000 cycles above the yield point,
P3HpT exhibited a loss in tensile modulus (as deduced by a
decrease in buckling wavelength) and increase in brittleness (as
deduced by an increase in the linear density of cracks at a given
applied strain). Interestingly, fatigued films of P3HpT exhibited a
correlation between tensile modulus and brittleness that was
opposite to what was expected for other conjugated polymers,
including P3ATs with increasing length of the alkyl chain (for
which stiffness increases with brittleness).'®" For fatigued films,
low tensile modulus correlated with brittleness. Moreover,
analysis of the UV—vis spectra by the weakly interacting H-
aggregate model showed deaggregation of the polymer chains by
a reduction in the vibronic absorptions characteristic of 7—x
stacking. Thus, cyclic loading and fatigue have dually detrimental
effects: by degrading the microstructure in a way that is
deleterious to charge transport but also increasing the
susceptibility to mechanical failure.'®'

2.7. Adhesive and Cohesive Fracture Energy

The Dauskardt laboratory has described extensively the adhesive
and cohesive energies of organic semiconductors and devi-
ces. >0V Eilms with poor adhesion'™ or cohesion
are susceptible to delamination, which results in catastrophic
failure of devices. Adhesion and cohesion depend on chemical
bonding, van der Waals interactions, and chain entanglements.
Methods for probing the adhesion and cohesion of thin films
include the four-point bending technique (FPB, Figure 10a) and
the double-cantilever beam technique (DCB, Figure 10b).
Briefly, FPB is most appropriate for measuring the interfacial
adhesion between layers, although it can be used to measure layer
cohesion as well. It involves placing (or sandwiching) a thin film
between two beams and applying a load using bending pins with
inner and outer symmetry. The thin film/beam sandwich has a
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starter notch equidistant from the pins on the side under tension.
To prevent the fracture from propagating from the notch
through the film and to the other beam, a small area of material
known to have poor adhesion is sometimes added to direct the
fracture to the interface of interest.

The experimental setup for DCB is a thin film or films
sandwiched between two beams; at one end of the beams, a load
is applied normal to the surfaces. This technique can be utilized
to probe either adhesive or cohesive failure. The cohesive
fracture energy determined by DCB can be considered to be
essentially the same as toughness in the case of a homogeneous
thin film sandwiched between two essentially rigid beams.
However, in the case where additional layers are sandwiched
between the beams, these layers can plastically deform ahead of
the fracture path; this scenario results in a measured fracture
energy greater than the film toughness. Typical values for the
cohesive energy obtained using the DCB and FPB tests for
organic electronics are typically less than S J m™, with
PEDOT:PSS measured to be 2.5 ] m~%"'¢ although very high
molecular weight P3HT (100 kDa) blended with PCBM has
been measured as high as 17 J m™2%°

2.8. Viscoelasticity

All polymers, especially those above or near their glass transition
temperatures, are at least partially viscoelastic, and thus exhibit
mechanical behavior that depends on time. A viscoelastic solid is
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solid-like at short time scales and small deformations, and fluid-
like at long time scales and large deformations. Viscoelastic
properties of polymeric materials can be characterized using
dynamic mechanical analysis (DMA).">* This technique
measures the complex dynamic modulus (composed of the
storage and loss modulus) by monitoring the ratio of an
oscillating stress and strain—either tensile, compressive, flexural,
or shear—in a deformed sample as a function of frequency and
temperature (<0.5% strain). DMA is typically performed on free-
standing films and has been used to study only a few conju%ated
polymers, which include P3ATs,"**~"'%® polytriarylamine,'®” and
poly(diphenylacetylene)'®® derivatives.

Chen and Ni performed some of the earliest work aimed at
corrleating the structure and viscoelastic properties of regioran-
dom P3ATs. The authors performed temperature-dependent
DMA on a series of bulk samples of regiorandom P3ATs with
varying side-chain lengths (P3BT, P30T, and P3DDT). Three
characteristic thermal transitions were observed: a y-transition
associated with methylene linkages in side chains (<—150 °C), a
P-transition associated with side chains, and an a-transition (Tg)
associated with dihedral twists of the thiophene backbone. The
P-transition was observed to increase with length of the side
chain, while the a-transition exhibited the opposite trend. In
going from P3BT to P3OT the T, decreased to below room
temperature, enabling P3OT and P3DDT to undergo
viscoelastic stress relaxation under ambient conditions.'” van
der Leur et al. investigated the frequency dependence of the a
relaxation mode for a series of P3ATs (P3HT, P30T, and
P3DDT), and observed a 15—20 °C increase in the glass
transition when increasing the frequency from 0.1 to 10 Hz.'®°
More recently, Smith et al. have used DMA to measure the room-
temperature storage and loss modulus of a series of P3ATSs
containing randomly incorporated unsubstituted thiophene rings
along the backbone. In all cases, at room temperature the storage
modulus was observed to be on the order of 10 times larger than
the loss modulus indicating that the response was predominately
elastic.'**

A particularly striking example of a soft, viscoelastic conjugated
polymer was a poly(diphenylacetylene) derivative reported by
Jin et al. that was shown to exhibit gum-like mechanical behavior
atroom temperature. The authors found that the addition of long
alkyl side chains to the off-axis phenyl units resulted in
fluorescent materials that exhibited significant viscoelastic
relaxation at room temperature. Room temperature DMA
revealed placement of the side chain at the meta position of
the phenyl unit led to a much softer and stickier materials than
the para position. Unfortunately, the diphenyl acetylene
backbone has poor charge-transport characteristics, so these
materials would principally be of use for their fluorescence
properties.16

2.9. Which Properties Are Desirable?

For an engineering plastic, the desired mechanical behavior is
straightforward to specify. For example, automotive plastic in a
dashboard must survive high temperatures in the summer, while
plastic used in machinery must have high mechanical strength
and temperature stability. Semiconducting polymers, however,
exist as a thin film and are not expected to bear significant
mechanical loads. (These polymers would not be able to do so
anyhow because their electronic function requires them to be
very thin.) For materials expected to endure only tensile modes
of deformation (e.g, stretching and bending), it is sufficient in
most cases for a material to have a low tensile modulus and high
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crack-onset strain. Each material in a multimaterial stack will have
different tensile moduli, and the magnitude of these differences
will determine the interlayer stresses, which contribute to
delamination. As deformation of the substrate (and encapsulant)
will dictate the deformation in the active materials due to the
much greater thicknesses of the substrate, the simplest route to
minimizing interfacial stresses is to lower the modulus of the
active material. For stretchable substrates (e.g, PDMS or
thermoplastic polyurethane, E < 1 MPa), the typical modulus
of an organic semiconductor would have to be lowered by several
orders of magnitude to achieve the elastic response of the
elastomeric substrate. For skin-wearable devices, the concept of
“mechanical invisibility”, imperceptibility of the device by the
wearer requires low stiffness, or a combination of low modulus
and low thickness, and an elastic range that is commensurate with
that of skin. Depending on the region on the body and the axis
along which it is stretched, human skin exhibits an extensibility of
ca. 30%. In all cases, the extensibility (i.e., the crack-onset strain)
of the active material should be equal to or greater than that of
the substrate, unless cracking itself is used as a means to impart
stretchability.

In modes of deformation characterized by bending and
stretching, it is the absolute extensibility prior to fracture, rather
than the energy absorbed over this range, that will determine the
failure of devices. It may, for example, be acceptable to have an
organic semiconductor with properties resembling those of a
hydrogel:'®” low modulus, large extensibility, and either low or
high toughness. Modes of deformation that generate significant
shear (ie., twisting) or forces normal to the plane of the active
layer, in effect require the active layer to behave as glue, and thus
toughness and cohesive energy play a critical role.

Adhesion is a parameter that depends on the characteristics of
both the active material and the adjacent layers.*”"' It is critical
in all forms of deformation, as strong bonding between adjacent
layers can mitigate unequal elastic moduli and hold the device
stack together. For obvious reasons, it increases the stability of
devices in twisting and shear modes of deformation. For example,
DuPont et al. found that interpenetration of PEDOT:PSS
electrodes into P3HT:PCBM active layers shifts the plane in
which the device stack was most likely to fracture from the
interface between PEDOT':PSS and the active layer to the bulk of
the active layer (Figure 11a).""* Adhesion also plays a role in the
fracture behavior within thin films under tensile and bending
deformations. It is well-known that adhesion layers act to
distribute strain and mitigate cracking. Lu et al. showed that
copper films on polyimide substrates could be stretched to 50%
with an adhesion layer of chromium.”® The same concept applies
in organic thin films.** For example, PEDOT:PSS similarly
behaves as an adhesion promoter for P3AT:PCBM films on
PDMS.'"” Encapsulation layers also play a significant role in
reducing the occurrence of cracks. For example, Sawyer et al. was
able to increase the crack-onset strain of both PEDOT:PSS and
P3HpT:PCBM by a factor of 3 simply by encapsulating the stack
in an overlayer of thermoplastic polyurethane (Figure 11b).”

3. THEORETICAL MODELS

Experimental characterization techniques have been comple-
mented by a variety of theoretical treatments to provide a more
detailed understanding of the thermal and mechanical properties
of organic semiconductors. These methods range in sophisti-
cation from back-of-the-envelope calculations using semi-
empirical bond-connectivity indices'> to large-scale molecular
dynamics simulations (both atomistic™> and coarse—grained”o)
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and sophisticated finite-element models for device-scale
deformation and fracture phenomena.'”’ Insights obtained
from computation have the potential to augment the under-

standing of experimental findings. Computational resources
available at the time of this writing'”" can simulate solid-state
structures with good resemblance to experimental thin films, and
are now able to make experimentally testable predictions. It can
be expected that computation will play an increasing role in
developing experimentally testable hypotheses and co-optimiz-
ing the mechanical and optoelectronic properties of organic
semiconductors.

3.1. Semi-Empirical Approaches Using Connectivity Indices

A simple model for estimating the mechanical properties of
polymeric materials, usin§ structure—property relationships, has
been developed by Seitz.”>* These predictions are based on five
molecular properties: the molecular weight, van der Waals
volume, the length and number of rotational bonds in the repeat
unit, and the glass transition temperature of the polymer. While
originally developed for amorphous polymers, the method was
applied successfully (though unmodified) to semicrystalline
semiconducting polymers.'” Despite the ability to predict the
tensile moduli of simple polymers such as P3ATs, significant
problems in predicting the properties of polymers with complex
molecular structures limit the transferability of the method.**
Details of the implementation of this method can be found in
previous publications.”*'*”'** Such simple methods are useful
for quick predictions on paper, which may save researchers time
in the laboratory, but are only practical for relatively simple
molecular structures. For more sophisticated polymers,
computation is required.

3.2. Molecular Dynamics Simulations of P3ATs

Molecular dynamics (MD) simulations use the numerical
solution of Newton’s equations of motion to model interactions
between organic molecules based on semiempirical atomistic
force fields. Such simulations have been successfully used to
predict the mechanical properties of conjugated polymers and
composites. For polymeric systems, due to the difference in time
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Figure 12. Coarse-grained molecular dynamics simulations of poly(3-hexylthiophene) (P3HT). (a) Schematic diagram showing the competition
between atomistic detail and computational efficiency when one decreases the resolution. (b) Calculated stress—strain behavior of P3HT using one-site
and three-site coarse-grained models. The three-site model reproduced the experimental value of the tensile modulus. (c) Calculated stress—strain
behavior of P3HT and P3HT:Cg, bulk heterojunction. The model correctly predicts the stiffening effect of the fullerene on the polymer. Reproduced
with permission from ref 130. Copyright 2016, American Chemical Society.
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scales between fast dynamic modes (e.g,, vibrations of covalent
bonds) and slow modes (e.g, reptation of chains), simulations
using coarse-grained (CG) models are often used for the sake of
computational efficiency. In a CG model, groups of covalently
bonded atoms are mapped into representative CG beads.'”” The
resolution of the model decreases when these beads are used to
represent greater numbers of atoms. The resolution can range
from a united-atom treatment, where all hydrogen atoms are
grouped into the atom to which they are bonded,'”” to extremely
coarse models in which several monomers are mapped to a single
coarse-grained bead.'”* Coarse-graining thus represents a
compromise between atomistic detail and computational
efficiency. For example, P3HT could be simulated using a fully
atomistic model (Figure 12, left), a three-site model (middle), or
a single-site model (right). A CG procedure allows for the
simulation of larger systems and longer time steps than can be
achieved using atomistic models.

Tummala et al. described the first use of MD simulations to
predict the mechanical properties of P3HT and its blends with
fullerenes.”® In one study, the authors used atomistic models to
predict the effects of molecular weight and entanglement on the
uniaxial tensile response.'”’ They have additionally simulated the
effect of various fullerene-based electron acceptors on the
mechanical properties of the composite film.”*> The authors
found that degrees of polymerization of at least 50 were required
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to obtain elastic behavior. To predict the solid-state structure of
larger systems comprising longer polymer chains, two CG
models have been proposed: the one-site model of Lee et al.'”
and the three-site model of Huang et al.'’*"”” We compared the
abilities of these two models to predict the glass-transition
temperature, density, and tensile modulus of P3HT and its blend
with Cg.'*" The three-site model gave values close to the
experimentally determined values for these quantities, whereas
the one-site model overestimated the density and under-
estimated the tensile modulus. An important observation that
arose from this study was that there were a significantly lower
number of calculated interior kinks per chain,'”® proportional to
the density of entanglements, in the P3HT:Cg, blend films (2.4
kinks per chain) compared to films of the neat polymer (7.0).
This observation is consistent with increased brittleness that is
always observed in bulk heterojunction films compared to films
of pure polymers. One limitation of the CG approach is its
limited transferability. When the three-site model was extended
to attempt to predict the tensile modulus of P3ATs with longer
side chains, the absolute values were overestimated when
compared to experiment. This lack of transferability is possibly
due to the inadequacy of representing the thiophene ring as a
symmetrical CG bead and implies that, at this level of resolution,
predictive models for materials with even minor changes to the
molecular structure require parametrization from atomistic
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simulations. Nevertheless, it seems that CG models are adequate
to predict a wide range of thermomechanical properties of the
P3ATs with degrees of polymerization of 150 or more. Potential
future work in this area includes simulating the effect of substrate
interactions and including a realistic polydispersity in the
simulations.

3.3. Molecular Dynamics Simulations of Low-Bandgap
Polymers

Atomistic MD simulations have been applied to low-bandgap
polymers exhibiting the donor—acceptor (DA) motif. Using the
quantum mechanically informed force fields computed by
Jackson et al, our group recently simulated the mechanical
properties of PDTSTPD, PTB7, and TQ1 (Figure 13a).'%>""”
These materials were chosen to represent a range of solid-state
packing structures adopted by DA polymers, from the semi-
crystalline PDTSTPD, to PTB7, which exhibits local order, and
TQI, which is amorphous. Perhaps the most striking finding of
this study was the importance of the ways in which a film
solidifies from solution or from the melt influence the mechanical
properties (Figure 13b). For example, we have shown that glassy
morphologies of the low-bandgap polymers PDTSTPD, PTB7,
and TQI can be prepared in two ways (Figure 13c).'" In the first
way, an equilibrated melt is quenched rapidly, to generate a
thermodynamically favored glass (melt-quenched morphology).
In the second way, implicitly solvated polymer molecules are
permitted to self-aggregate prior to deposition (self-aggregated
morphology). This process, which is intended to mimic casting
from a poor solvent, generates a kinetically trapped structure.
Compared to the melt-quenched morphology, the self-
aggregated morphology contains a greater fraction of void
space (~10% greater) and a significant reduction in the fraction
of entanglements.'® These two structural features are predicted
to decrease the elastic modulus and extensibility.

4. MECHANICAL PROPERTIES OF CONJUGATED
POLYMERS

This section is the first of three (4—6) that focus on particular
classes of organic semiconductors. In this section, we examine
the most attractive from a mechanical stability standpoint:
conjugated polymers. Important differences between conjugated
polymers and engineering plastics, e.g., polyolefins, suggest that
lessons learned from many years of research in the polymer
research community to increase the elasticity and toughness of
materials are not directly applicable to organic semiconductors,
in part because of the requirement that elastic and tough
conjugated polymers must retain charge transport properties.
Significant work has been done in the last three years to elucidate
the effects of molecular structure on the bulk properties in the
categories of molecular parameters covered in this section.

4.1. Molecular Weight

Along with molecular structure, the most important molecular
parameter used to improve the mechanical performance of
commodity polymers and engineering plastics is molecular
weight. The molecular weight of a polymer is most commonly
described by one of two measures, the number-average molecular
weight (M,) and the weight-average molecular weight (M,,). The
M, is a conventional average. It is obtained by summing the
molecular weights of every molecule in the system and dividing
by the number of molecules. It can be an inaccurate predictor of
the mechanical properties of a polymeric sample, however,
because one or more fractions with a given molecular weight may
comprise the bulk of the weight of the entire sample. (For
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example, a system comprising a single chain with a molecular
weight of 1000 kDa, and ten unreacted monomers.) The M,,, on
the other hand, is biased toward the fraction of the sample with
the greatest molecular weight and is thus a more accurate
predictor of the mechanical properties of the system. The two
molecular weights are calculated using the equations below:

_ZMN
" XN
_ XM\,
" X MN

In these equations, i is the degree of polymerization, and thus M,
and N; are the weight and number of molecules with degree of
polymerization i. As M,, is always greater than M,, the ratio of
M,,/M, is greater than 1, and this quantity is termed the
dispersity (D), which reflects the narrowness of the distribution
in molecular weight for a given sample.

The principal effect of the molecular weight on the mechanical
properties is to increase its strength and toughness by increasing
the density and quality of entanglements. The effects of
molecular weight on the mechanical properties have been
characterized most thoroughly for P3HT (see Figure 7). These
properties have been assayed by traditional pull testing of bulk
samples®® but also on thin films using the film-on-water and film-
on-elastomer techniques.'*” Pull testing of bulk samples revealed
similar moduli for samples from 20 to 110 kDa, though the high
molecular weight samples (90 and 110 kDa) exhibited very high
extensibilities (nearly 300%) prior to fracture, with the greatest
toughness for the 110 kDa sample.”® A similar trend was
observed for films tested while suspended on water. In that case,
the modulus increased with molecular weight, but saturated at
approximately 40 kDa, while the maximum extensibility
increased (>100%) for 80 kDa, the highest molecular weight
tested.”” Results from pull testing mirrored the key features of
those obtained using film-on-elastomer methods. However, the
compressive mode of deformation used in the buckling
technique produced values of moduli that were 3—6 times
greater than those obtained using pull testing. Microstructurally,
low molecular weight is correlated with the presence of highly
ordered needle-like aggregates, which in principle could stiffen
the films. However, the opposite effect is usually observed, and
some high-molecular-weight samples exhibit significant aggre-
gation characteristic of extensive 77-stacking.'**

We close this section with a caveat on measuring molecular
weights. Because of the ubiquity of the equipment and
experimental simplicity, it is common practice to measure M
and M,, using size-exclusion (gel-permeation) chromatography
(SEC or GPC), which uses a column filled with porous beads.
The molecules with the largest hydrodynamic volumes bypass a
large fraction of the pores, and thus have the smallest retention
time (ie., they elute first). Conversely, molecules with the
smallest hydrodynamic volumes have the longest integrated
pathways through the pores, and elute later. The apparatus is
calibrated using polystyrene samples of molecular weights that
are well-known (i.e., by light scattering). As SEC/GPC provides
a measure of the hydrodynamic volume, not the molecular
weight, the technique is subject to inaccuracies when the
solution-phase conformations of the polymers under study are
significantly different from those of the standards. This
procedure overestimates the molecular weiﬁht of conjugated
polymers by a factor of approximately 2,"*° because these
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structures adopt an extended conformation in solution, i.e.,, when
the molecular weights of rigid conjugated polymers are
compared to standards that adopt ideal random coils in solution.
Heeney and co-workers found that the molecular weights of
P3HT are overestimated by a factor of 1.67 when the results of
SEC/GPC are compared with those of NMR or matrix-assisted
laser desorption ionization time-of-flight secondary ion mass
spectrometry (MALDI-TOF-SIMS)."®" Since P3HT is expected
to be more flexible than most donor—acceptor polymers (which
contain fused rings and significantly higher barriers to rotation),
the factor by which the molecular weight determined by SEC/
GPC is greater than the actual molecular weight is expected to be
greater than 1.67.

4.2. Entanglements

The excluded volume of long polymer chains gives rise to a
structure in the solid and melt phase in which the molecules can
be highly entangled, as chains can slide past, but not through,
each other. Consequently, the motion of an individual polymer
chain consists of reptation through a tube-like region along the
chain contour called a primitive path.'*>'** Interior kinks are
defined as nodes along the primitive path that represent the limit
to which the contour can be reduced to a minimum length
without violating the topological constraint of excluded volume
of the chains.'”® The density of entanglements is proportional to
the number of interior kinks per chain and can be quantified in
MD simulations using the Z1 algorithm of Krdger and co-
workers."**'®> This quantity thus increases with degree of
polymerization, and it manifests physically in the rheological
properties of polymer melts and solutions and in the mechanical
properties of solid films. A polymeric solid with a highly
entangled microstructure exhibits high viscosity, tensile strength,
toughness, and extensibility. A metric that describes the
likelihood that a polymeric sample will exhibit entanglements
is termed the entanglement molecular weight, which is believed
to have a value of ~10 kDa for P3HT in principle, though ~20
kDa as typically measured by GPC. The density of entangle-
ments is also affected by blending, and a MD study by our
laboratory showed that BHJ films of P3HT:PCBM are
significantly less entangled than pure P3HT."* This finding is
consistent with increased brittleness of the BHJ relative to the
pure polymer. Polymers such as donor—acceptor materials,
which have substantially greater radii of gyration than P3HT with
a similar contour length, also exhibit entanglements (Figure 14),
the density of which depends strongly on the way in which the
solid film was formed. For example, MD simulations predict that
a thermodynamic glass prepared by quenching an equilibrated
melt structure will exhibit a significantly greater density of
entanglements than a solid structure prepared by depositing
preaggre%ated polymer chains from solution (i.e., from a poor
solvent).'”> These simulated results in particular suggest
prescriptions for increasing the entanglement density, and
hence the mechanical stability, through the judicious choice of
solvents and thermal treatments.

4.3. Side-Chain Length, Branching, and Attachment Density

The unsubstituted 7-conjugated main chain of a semiconducting
polymer is generally insoluble. To render semiconducting
polymers soluble, alkyl side chains are usually attached. Side
chains afford solubility by reducing strong van der Waals forces
between the main chains, and also permit greater entropic
freedom of the polymer structure in the solution phase.'*° These
side chains also have a strong effect on the thermomechanical

properties.”” In general, the effect of increasing lengths of side
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chains is to decrease the tensile modulus and increase the crack-
onset strain for materials with a common backbone structure and
similar molecular weights. This effect was observed strikingly in
both regiorandom33 and regioregular34 P3ATs, as the tensile
modulus was found to decrease significantly from poly(3-
butylthiophene) to poly(3-dodecylthiophene), the material with
the longest side chain tested.'*® The decrease in tensile modulus,
and increase in extensibility, mirrored a similar trend in glass
transition temperature, which decreases with increasing length of
the side chain.'*® The intuitive rationale for the decrease in glass
transition temperature and increase in softness is similar to its
effect on solubility: longer side chains decrease the van der Waals
energy between the main chains and, in the case of mechanical
deformation, reduce the densitzr of load-bearing carbon—carbon
bonds along the strained axis.”

For regioregular P3ATs, the largest reduction in stiffness and
increase in extensibility with increasing length of the side chain
occurs between P3HT and P3HpT, where Hp = heptyl (see
Figure 6a)."** This behavior is reflected in the glass transition
temperature. In particular, the T, of P3HT is ca. 12 °C, while that
of P3HpT is ca. — § °C, significantly below room temperature.'**
Given this extensibility, P3HpT:PCBM has been used in the
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active layer in the first solar cell in which each polymeric
component is an elastomer,”” i.e., an “all-rubber solar cell”, and
P30T has been used in biaxially stretchable solar cells that can be
bonded to hemispherical surfaces without cracking or
wrinkling."*” Copolymers that exhibit side chains of mixed
lengths have also been examined for their mechanical properties.
Savagatrup and Printz et al. measured the tensile moduli of block
and statistical copolymers of poly(3-hexylthiophene) and
poly(3-octylthiophene), along with physical blends of these
materials."** This approach produced compromises, as opposed
to the “best of both worlds”, between mechanical deformability
and optoelectronic properties. Recently Smith et al. reported a
detailed study of a series of rr-P3ATs with randomly
incorporated unsubstituted thiophene units.'®* The authors
found that 1:1 random copolymer containing P3DDT and PT
led to a co-optimization of the electrical and mechanical
properties. Compared to the P3DDT homopolymer, there was
approximately a 5-fold increase in both the conductivity and
mobility. This improvement in electrical performance was
accompanied by a 760% increase in toughness.'®* This study
clearly demonstrated the importance of side chain length, and
grafting density on the bulk material properties.

The effects of side chains on the mechanical properties of
semiconducting polymers with molecular structures that are
significantly more complex than P3AT have also been studied.
With these materials too, one finds a strong role of side chains.
Roth and Savagatrup et al. measured the tensile modulus and
crack-onset strains of a library of over 50 low-bandgap
polymers,"”® whose photovoltaic properties were described by
the Krebs laboratory'®’ (Figure 15). A trend in the data was
increased deformability for polymer structures bearing branched
side chains, as opposed to linear ones. An interesting historical
note is that the softening effect of the side chains in comb-like
polymers included for processability was regarded as catastrophic
for materials intended for structural applications.”” In the case of
deformable organic semiconductors, however, we argue that
increased compliance and extensibility produced by side chains is
desirable.

4.4. Regioregularity

In the early 1990s, McCullough'®*'® and Rieke'*” independ-
ently published methods leading to the regioregular synthesis of
P3ATs (rr-P3ATs, in which the monomers are all coupled with
the same head-to-tail configuration such that all of the side chains
point in the same direction). Given a large improvement in
conductivity, mobility, and performance in solar cells of rr-
P3ATSs compared to regiorandom material (rra-P3AT), there has
been limited interest in materials exhibiting less-than-high
regioregularity. The principle way in which regiorandom
couplings reduce the abilities of these materials to transport
charge is to twist the backbone out of planarity and thus increase
the bandgap and decrease the mobility. Increased flexibility of the
chains also prevents crystallization, i.e., rra-P3HTs are
amorphous,141 and also has a softening effect on the solid
films. Kim and co-workers recently published a study in which
the regioregularity of P3HT was varied from 64% to 98%.""*
They observed a monotonic increase in both the degree of
crystallinity, from 0% to 48.4%, and hole mobility, from 4.84 X
107% to 1.81x 107" em®* V7' s™.'"'* These increases in
crystallinity and mobility were coupled with a decrease in the
extensability from 5.3% to 0.6% and an increase in the tensile
modulus from 13 to 287 MPa, indicating that as regioregularity
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Figure 1S. Structures of acceptor (a) and donor (b) units, and
mechanical properties (c), of a library of low-bandgap polymers.
Reproduced with permission from ref 108. Copyright 2016, American
Chemical Society.

increased and ordering improved, the films became less soft and
more brittle."*

4.5. Main-Chain Rigidity: Fused Rings, Isolated Rings, and
Aliphatic Spacers

One would expect based on intuition that the deformability of
the solid film would be a manifestation of the flexibility of the
individual polymer chains. This intuition has been supported in a
few studies, but the conclusions are not easily generalizable. In
one of the first contributions to the field of intrinsically
stretchable organic semiconductors, Miiller et al. synthesized a
block copolymer of polyethylene and P3HT. Films of these
materials exhibited still-unmatched extensibilities (up to 600%),
and retained charge-carrier mobilities of up to 2 X 107> cm* V™!
s™! with as great as 90 wt % of the insulating fraction.”* For
polymers in which every atom in the backbone is conjugated,
much less is known. The deformability of PBTTT, which
contains the fused thienothiophene (TT) unit, is substantially
less than that of P3HT, as noted by O’Connor et al,”' but a direct
comparison of the effect of the rigidity of the backbone is
problematic because the space provided by the unsubstituted TT
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unit permits intercalation of the side chains of PBTTT, which
also increases the stiffness and brittleness (Figure 16a). In an
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Figure 16. Effect of interdigitation of side chains on the mechanical
properties of conjugated polymers. (a) The noninterdigitated structure
of P3HT (left) and the interdigitated structure of PBTTT (right).
Reproduced with permission from ref 31. Copyright 2010, American
Chemical Society. (b) The structure of polymers bearing flexible
conjugation-break spacers. (c) Tensile modulus, crack-onset strain, and
lamellar full width at half-maximum (fwhm) vs ratio of the conjugation
break spacer. Reproduced with permission from ref 28. Copyright 2016,
Wiley-VCH Verlag, GmbH & Co. KGaA.

early measurement involving low-bandgap polymers comprising
the DPP unit, Lipomi et al. observed that the incorporation of the
TT unit produced a somewhat (~25%) lower modulus than the
bithiophene (2T)-containing polymer.”*® In a large-scale
screening of a combinatorial library of low-bandgap polymers,
it was again observed that structures comprising fused rings were
stiffer and more fragile than similar compounds with isolated
rings.'”® While this effect is intuitive and provides a foundation
for future work in this area, it should be noted that other
parameters, e.g., molecular weight, were not rigorously
controlled. In a more controlled study, Lu et al. reported a
detailed characterization of a series of DPP-based polymers
containing tetrathienoacene units.'”' They found that the
addition of an extra unsubstituted thiophene spacer along the
conjugated backbone improved the ductility (in comparison to a
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control without the spacer), enabling the film to accommodate
up to 40% strain without cracking. The improved ability to
accommodate strain while retaining good charge-transport
characteristics was attributed to an increased propensity for
edge-on backbone configurations compared to the control which
exhibited a bimodal distribution of orientations among the
crystallites.'”!

Recently, Mei and co-workers introduced the concept of
conjugation-break spacers (CBSs) to increase the flexibility of
DPP-based low-bandgap polymers. A series of polymers starting
with the fully rigid DPP-0 and the fully flexible DPP-100
containing aliphatic propylene groups in every repeat unit
(Figure 16b)."”* The hypothesis was that such flexible units
would increase the entropy of the melt phase compared to fully
conjugated analogues, and thus decrease the melting temper-
ature (T,,).""” Because of the rigidity of most conjugated
polymers, they tend to decompose at a lower temperature than
that at which they melt. The high melting temperatures of
conjugated polymers precludes possible benefits of melt
processing, e.g., highly crystalline samples crystallized from the
melt, injection molding, hot embossing, and extrusion-based
printing. Savagatrup et al. hypothesized that the melt-processable
films containing the flexible CBS units would have increased
deformability.”” What was found instead (Figure 16c) was that
the fully flexible DPP-100, which contains an aliphatic spacer
within every monomer residue, formed the stiffest, most brittle
solid! This finding was rationalized by comparison to GIXS data,
which showed that the DPP-100 had the smallest lamellar
spacing (and thus possibly interdigitation the strongest
secondary interactions between the main chains) and the
greatest lamellar order (smallest full-width at half-maximum,
fwhm). This study highlights the dual roles of the main chain, as
it simultaneously determines the flexibility of the isolated
molecules, which is easy to predict, and also the solid-state
packing structure, which is not.**

The concept of a conjugation-break spacer has also been
explored by the Bao laboratory.'”® Aliphatic spacers along the
axis of the conjugated backbone were first employed to improve
the solution processability of isoindigo based conjugated
polymers without compromising device performance."”® This
concept was further expanded upon through the synthesis of a
series of DPP-based polymers with a variety of conjugation-break
spacers containing different molecular structures.'”” The
hypothesis was that the addition of chemical moieties with the
ability to form dynamic noncovalent cross-linking sites would
help dissipate mechanical energy due to tensile loading and
potentially enable self-healing properties. The authors found that
the incorporation of a 2,6-pyridine dicarboxamide unit as the
conjugation-break spacer along the backbone (10 mol %) led to
the best improvement in extensibility without a significant
sacrifice in the charge transport properties. Additionally, this
material was reported to exhibit healing characteristics when a
damaged film was exposed to high temperature and solvent

102
vapor.

4.6. Small-Molecule Additives

One commonly used strategy in polymer engineering to increase
the deformability of the solid is the use of plasticizers. These
compounds are small molecules, e.g., phthalates, that suppress
the T, by increasing the free volume, along with the compliance
and extensibility. Semiconducting polymers are frequently
processed with small molecule additives, especially in solar
cells. These compounds, which have included 1,8-dithiooc-
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tane'”® and diiodooctane,”® and low-molecular-weight

PDMS,"** have various effects that under favorable circum-
stances promote the formation of an ideal donor—acceptor
morphology between the conjugated polymer and electron
acceptor, typically a methanofullerene. Several of these
compounds have also been found to have a plasticizing effect
on bulk heterojunction films of PA3HT:PC¢BM.>* It is unclear,
however, if the plasticizing effect is because of the effect of the
additive on the morphology, or because additive remaining in the
film behaves as a conventional plasticizer. It is possible that both
mechanisms are operative. We will return to the effects of
plasticizers, namely the strong effect of Capstone (formerly
Zonyl) fluorosurfactant on the deformability of PEDOT:PSS,'**
and of polystyrene additives on bulk heterojunctions consisting
only of semiconducting small molecules.""*

4.7. Special Case: PEDOT:PSS

The conductive polyelectrolyte complex known as poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PE-
DOT:PSS) is ubiquitous in organic electronics.”””'*>~'%
This material consists of long chains of PSS™ complexed with
shorter chains of PEDOT**® and in neat form exhibits stiff,
brittle behavior characteristic of PSS.'”* Several stretchable
composite materials have been generated using PEDOT:PSS as
the conductive phase and an elastomeric component as the
stretchable matrix.”®"*°> While the mechanical properties of neat
PEDOT:PSS are unfavorable,'** it is only moderately conductive
in its native state (<1 S cm™") and is thus nearly always processed
with a high-boiling, polar additive, such as dimethyl sulfoxide
(DMSO). This solvent has the effect of encouraging the growth
of conductive PEDOT grains;”"” increased percolation improves
the conductivity of the film (>1000 S cm™). PEDOT:PSS is
coated as a commercial suspension in water, and thus cannot be
printed on hydrophobic substrates. In order to decrease the
surface tension, PEDOT:PSS is often mixed with a fluorosur-
factant of the general form CF;(CF,),(CH,CH,0),H (called
Capstone by DuPont, formerly called Zonyl), which in small
weight fractions (>0.1%) permits wetting on hydrophopic
substrates.”***®° These additives, DMSO and Capstone, are
ubiquitous in the solution processing of PEDOT:PSS and also
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have effects on the mechanical properties. In particular, DMSO
has a small stiffening and embrittling effect, which is over-
whelmed by the strong plasticizing effect of the fluorosurfac-
tant.'®* This additive, in concentrations between 1% and 10%,
has the effect of decreasing the tensile modulus by a factor of 100,
and the extensibility by a factor of 10.'%*

5. MECHANICAL PROPERTIES OF SMALL-MOLECULE
SEMICONDUCTORS

This section focuses on molecular semiconductors, which have
purported advantages of high purity, monodispersity, and high
crystallinity. The absence of entanglements and other morpho-
logical features of polymers that confer mechanical benefits have
suggested that solid films of molecular materials could not be
deformed significantly. Recent work, however, suggests that,
while the energy required to deform or fracture these materials is
lower than that of polymers, the range over which these materials
can be deformed is quite high (>10% for some materials) but
only if the molecules contain solubilizing pendant groups.''® The
role of the substrate and encapsulant to bear mechanical loads
partially reduces the requirement that the active materials
themselves be strong or tough. The small amount of energy
required to deform or fracture films of small-molecule semi-
conductors relative to polymers thus does not imply that small
molecules cannot be used for deformable applications. This
section discusses the molecular mechanisms by which van der
Waals solids, such as these, accommodate mechanical energy.

5.1. Unsubstituted Acenes

The semiconducting cores of small-molecular semiconductors
tend to comprise multiple fused rings. An early calculation of the
tensile modulus of naphthalene and anthracene produced values
of 8.1 and 84 GPa.’"® Tahk et al. measured the mechanical
properties of a vapor deposited thin film of pentacene using the
buckling technique.'”” While the film cracked extensively under
the small compressive strains (<4%) required for the measure-
ment, the authors were nevertheless able to extract a value for
tensile modulus of 16 GPa, one of the highest values ever
measured for an organic semiconductor. Pendant groups,
installed on conjugated cores for solubility, increase the free
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volume in solid films and permit greater deformability. The
modulus of TIPS-pentacene is thus reduced to 3.0 GPa, as
measured by the buckling technique."'® Cun et al. used a
combination of STM and density functional theory (DFT)
calculations to determine a modulus of N,N’-dihexadecyl-
quinacridone, whose conjugated core is isosteric with pentacene,
of 0.92 GPa.>”’ It thus seems from these measurements that the
newest generation of low-bandgap small-molecule semiconduc-
tors (which all bear pendant groups) would have significant
deformability.

5.2. Solution-Processable Small Molecules

Our research group recently measured the mechanical properties
(modulus and crack-onset strain) for several high-performance
small-molecule organic semiconductors (Figure 17)."'® These
materials were the electron donors SMDPPEH and DTS-
(FBTTh,), and the electron acceptors HPI-BT and PC,;BM.
We also measured the mechanical properties of the donor:-
acceptor blends and determined the effect of additives
(diiodooctane and polystyrene) on the properties of BH]J films
of DTS(FBTTh,),:PC,;BM. For all small-molecule films except
PC,,BM, we found surprisingly low tensile moduli (<3 GPa) and
high crack onset strains (>5%, and as high as 14.28% for
DTS(FBTTh,),).""® We attributed the ability of these materials
to accommodate such large plastic deformations to molecules
sliding past each other in the solid films, facilitated by the
presence of alkyl pendant groups. Blending the two donor
materials with PC,;BM had the effect of increasing the modulus
and lowering the crack-onset strain, which was also observed in
polymer:fullerene BHJ films. While blending of the two donor
materials with HPI-BT produced compliant (<1 GPa) and
ductile (7—12% strain) films, they were not efficient (PCE < 1%),
though there are potentially many alternative nonfullerene
acceptors. The deformability of DTS(FBTTh,),:PC,;BM films
could be increased somewhat to a maximum of 4.67% strain with
a corresponding modulus of 12.5 GPa using diiodocotane and
polystyrene with a molecular weight of 900 kDa."'® While the
extensibility of DTS(FBTTh,), is promising for some
applications, more work is required to understand the molecular
mechanisms for the accommodation of strain without cracking.

5.3. Fullerenes and Soluble Fullerenes

By far the most common electron-transporting materials in
organic electronics are fullerenes. These materials have the
advantage of high electron mobilities and solubilities when
appropriately derivatized, as in the methanofullerene PC¢;BM. In
solar cells, soluble fullerenes often adopt a ternary morphology
with conjugated polymers—comprising fullerene-rich, polymer-
rich, and mixed phases—that are beneficial for charge
separation.***”?9%2% Unfortunately, solid films of pure
methanofullerenes such as PC4BM and PC, BM have high
moduli and crack at low strains."** For example, pure films of
PC4,BM were measured to have a tensile modulus of 25.6 GPa,
and a crack-onset strain of 3.5%.'** Owing to its oblong shape
and the fact that it exists as a mixture of isomers, films of PC,;BM
are more deformable (modulus of 5.39 GPa and crack-onset
strain of 5.25%)."*> Given the observation that some disorder
may actually be beneficial for lowering the modulus and
increasing the extensibility, we tested the hypothesis that
blending PC4BM with PC; BM would produce films with
increased deformability compared to pure films of either
material. This outcome would be beneficial for an additional
reason in that “technical grades” of methanofullerenes, which are
incompletely separated (but otherwise pure) blends of the two
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materials, are less processed than the pure fullerenes and
therefore have a lower embodied energy and reduced cost."*?
Indeed, the maximum extensibility (14.7%) was achieved for a
1:1 mixture, and the lowest modulus (5.13 GPa) was achieved for
a technical §rade comprising 93.5% PC,;BM and the remainder
PCsBM.'** We attributed the increased deformability of the
blends to void space created by inefficient packing of dissimilar
molecules. While the mechanical properties of films of pure
fullerenes and their derivatives are not favorable, blending can
recover some deformability.

6. COMPOSITE SYSTEMS

This section describes the mechanical properties of blends of
polymers, and of polymers with small molecules. The importance
of composite films is exemplified by the bulk heterojunction, e.g,,
blends of conjugated polymers with methanofullerenes, used in
organic solar cells.”'>”"" Composite structures introduce
additional challenges and constraints to the goal of maximizing
the deformability of the active layers without sacrificing
electronic performance. Some small molecules behave as
plasticizers in a polymeric matrix; others behave as antiplasti-
cizers. In fact, the stiffening and embrittling effects of fillers can
have multiple origins. The details of molecular recognition (i.e.,
whether or not a small molecule intercalates in a regular way
between the side chains of a polymer''”*'**"?) also have an
effect on the mechanical properties of the bulk structure.”'* This
section describes the molecular and microstructural bases for the
mechanical properties of composite films compared to those of
the pure components. To avoid repetition, interested readers are
referred to the discussion of composite systems comprising two
small molecules in section 5.2.

6.1. Polymer:Fullerene (Bulk Heterojunction) Composites

One of the most well-known classes of organic electronic devices
is the organic solar cell (OSC).”"* The active layer of an OSC
comprises an electron-donating material and an electron-
accepting material. In the vast majority of devices, the donor is
a semiconducting polymer and the acceptor is a methanofuller-
ene (e.g,, PC;;BM), which can be present in amounts as great as
80%, by weight.”'® The mechanical properties of the
methanofullerene thus have a strong effect on the deformability
of the composite film, called the bulk heterojunction (BHJ).**'"”
The current model for the solid structure of the BHJ for many
systems of polymers and fullerenes (exemplified by
P3AT:PCBM) comprises three phases: an ordered polymer
phase, a fullerene-rich phase, and a mixed phase.45 Methano-
fullerenes in general behave as antiplasticizers for conjugated
polymers.'** That is, they increase the glass transition temper-
ature of the blend, increase the elastic modulus, and decrease the
crack-onset strain,'**'**

The effect on the mechanical behavior can be predicted using a
simple composite theory first applied to the bulk heterojunction
by Khang and co-workers.'”” This theory requires knowledge of
the mechanical properties of the filler itself, in this case, the
methanofullerene. As we have seen in section 5.3, the mechanical
properties of pure methanofullerenes vary on the basis of the size
and shape of the fullerene, e.g, films of PC,BM are more
deformable than PC4BM, and also by the extent of separation
between fullerenes of different sizes and shapes. That is,
deformability is maximized with some intermediate combination
of PC;;BM and PC¢;BM, which can be obtained naturally in an
incompletely separated sample, so-called “technical grade”
material."** The mechanical properties of the pure films thus
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influence the mechanical properties of the BHJ and even the
microstructure of the polymeric phase. Analysis of the UV—vis
spectra of P3HT with different blends of methanofullerenes,
ranging from pure PCqBM to pure PC; BM, showed that
technical grades of PC,;BM (which were 6.5% PC4BM) had a
favorable combination of deformability and power conversion
efficiency (PCE). Interestingly, analysis of the UV—vis spectra of
these BH]J films using the weakly interacting H-aggregate model
revealed that the order in the polymer phase was correlated with
order in the fullerene phase (Figure 18)."** It is possible that
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reduced order in the polymer phase allowed recruiting of
polymer chains from the polymer crystallites into the disordered
mixed phase because of the partial miscibility of the fullerene and
amorphous polymer. Increased deformability for BHJs compris-
ing incompletely separated fullerenes may thus arise from two
effects: inefficiently packed fullerene in the fullerene-rich phases
and reduced aggregation of the polymer phases. The net effect of
the fullerenes on the mechanical properties of the BH]J is still
nonetheless deleterious, and these effects amount to one of the
reasons that the research community is seeking nonfullerene
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acceptors (NFAs),”"” some of which have achieved performance
equal to that of fullerenes in solar cells.”'® As of this writing, the
mechanical properties of polymer:NFA BHJs have not been
explored extensively.

6.2. Polymer:Polymer Composites

The favorability of the mechanical properties of polymeric
materials derive from their high degrees of polymerization, which
facilitates coordination of many van der Waals interactions along
adjacent molecules, along with entanglements. It is thus
reasonable that using an all-polymer blend would lead to a
significantly more deformable semiconducting composite, i.e.,
for solar cells, than one in which one of the components was a
small molecule. The Kim group recently described the
mechanical properties of a blend of PBDTTTPD (donor) and
P(NDI2HD-T) (acceptor) for an intrinsically stretchable solar
cell, and measured the mechanical properties of the blend using
the film-on-water method.'"" The all-polymer active layer
exhibited a maximum extensibility of 7.2% and tensile modulus
of 0.43 GPa, compared to 0.12% and 1.76 GPa for the
PBDTTTPD:PC¢,BM film (Figure 19)."'" Moreover, the
blend containing PCyBM exhibited high brittleness.

Blends of polymers have also been investigated as a means to
improve the extensibility of organic semiconductors for
transistor applications. The O’Connor group recently reported
a new composite design strategy in which a brittle high
performance donor—acceptor polymer (PCDTPT) was blended
with a more ductile semiconducting polymer (P3HT) to
improve extensibility without sacrificing the charge-transport
characteristics.”' When supported by an elastomeric substrate,
the composite was shown to reversibly orient and relax under
large tensile strains up to 75% and up to 100 strain cycles. When
subsequently transferred to a rigid test bed, the film was shown to
exhibit high charge-carrier mobility in both unstrained and
strained states. The high mobility was attributed to vertical phase
segregation of PCDTPT toward the interface with the gate
dielectric.”"’
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7. EFFECT OF MICROSTRUCTURE AND MORPHOLOGY

The solid-state packing structure has a large influence on the
mechanical properties of an organic semiconductor. The
microstructure and morphology is, in turn, strongly influenced
by the processing conditions, e.g., solvent used, kinetics of
solidification, and postdeposition treatment. In many cases, the
molecular structure plays a subordinate role to the solid-state
microstructure. Indeed, the ease with which the mechanical
properties can be manipulated by the conditions of processing
suggests that in some cases, the most important role of the
molecular structure is to influence self-aggregation in solution
and packing in the solid state. Results of MD simulations from
which one can derive similar conclusions are discussed in section
3.3.

7.1. Correlation of Mechanical Properties with Aggregation

Spectroscopic and micrographic tools have been used to
correlate solid structure to mechanical properties. For example,
O’Connor and co-workers have used the weakly interacting H-
aggregate model, originally developed by Spano and co-
workers,”® to correlate the order present in P3HT and
P3HT:PCBM films to the stiffness and ductility (Figure 20).*
In particular, when the UV—vis spectra are deconvoluted into
signals originating from vibronic transitions of aggregated
material and amorphous material, spectra with the greatest
aggregated fraction are associated with the stiffest and least
extensible films. The aggregated fraction, and hence the
mechanical properties, can be controlled using the rate of
solvent evaporation. Our group employed the weakly interacting
H-aggregate model in our studies on the effects of mixed ratios of
side chains in P3ATs,"** the purity of the fullerene
component,'* cyclic loading and fatigue,'®" and the role of
interdigitation of side chains and intercalation of small
molecules.”'*

While the electronic properties of the most deformable films
generated by manipulating the processin§ conditions were
generally inferior to those of the stiffer films,”” Awartani et al. was
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nevertheless able to use films with low levels of local order to
make polarization-dependent organic photodetectors in which
the active layer could be stretched by 100% without fracturing."**
Birefringent absorption in these films was the result of strain-
alignment of polymer chains. In addition to aligning of the main
axis of the polymer chains along the strained direction, stretching
can also produce changes in texture. Indeed, partial reorientation
of P3HT chains from predominantly ed§e-on to partially face-on
has been observed under both uniaxial " and biaxial tension."*’

7.2. Interdigitation of Side Chains

In most semiconducting polymers, the lamellar stacking axis,
along which the side chains are oriented, shows that the side
chains are arranged end-to-end; that is, they do not interdigitate.
In the case of decreased attachment density of the side chains,
however, or under the right conditions of processing, it is
possible for the side chains to interdigitate.””’*** Polymers
exhibiting interdigitation, e.g, PBTTT, often exhibit highly
crystalline microstructures, with highly developed vibronic peaks
by UV—vis, which are indicative of H-aggregates. The
interdigitated microstructural motif is indicated by a shortening
of the lamellar reflection by grazing-incidence X-ray scattering
(GIXS). As Cates-Miller et al. have shown, interdigitation can be
disrupted by the intercalation of fullerenes (and perhaps other
molecules) between the side chains of the polymers, which
decreases the scatterin$ angle (i.e,, indicates a larger distance) of
the lamellar reflection.''”*'* While stereotypically noninterdigi-
tated, the side chains of P3HT will interdigitate in samples with
low degrees of polymerization (i < 36)*° or if treated with the
vapor of carbon disulfide.””> The interdigitated structure of
P3HT, called “form II”, was remarked to have brittle mechanical
properties, though these were not quantified.”*’
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7.3. Intercalation of Fullerenes and Small Molecules

When semiconducting polymers with low attachment density of
side chains are blended with fullerenes or small molecules,
intercalation of these small molecules along the polymer
backbone can occur.”'” Depending on the relative size of the
small molecule and the free volume available between the side
chains, this intercalation can either prevent polymer crystal-
lization or produce bimolecular crystallites.”'* As an example, the
polymers PT2T and PBTTT (Figure 2la), both of which
allowed intercalation of the fullerenes, were inspected by UV—vis
spectroscopy (Figure 21b).”'* The spectra of the neat polymers
showed vibronic peaks indicative of aggregation; upon the
addition of fullerene, the vibronic peaks completely disappeared
in the PT2T spectrum indicating disruption of polymer ordering,
yet remained in the PBTTT spectrum; the retention of these
peaks hinted at bimolecular crystallization, which degrades the
photovoltaic performance at low loadings of fullerenes because
the bicontinuity of the blend is destroyed (Figure 21c).”'* These
observations were attributed to differences in the molecular
structures of the polymers. PT2T is a poly(terthiophene) with a
similar structure to P3HT,”** except every third thiophene is
without a side-chain, and the 3-alkylthiophenes are tail-to-tail
coupled rather than head-to-tail. This molecular structure
created a large enough free volume between side-chains for
fullerene to intercalate, however, the spacing was still relatively
small and the cofacial z-stacking—and likely the lamellar
stacking—was disrupted.””* Conversely, PBTTT, which has a
larger distance between side-chains due to the thienothiophene
spacer, was able to accommodate intercalation of fullerenes
without the disruption of aggregation.””> When the tensile
moduli of these polymers and their blends with fullerene were
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Figure 22. Examples of intrinsically deformable devices. (a) A skin-wearable solar cell capable of surviving 1000 cycles of compression, which produced
bending radii of ~100 ym, as indicated in the finite-element model shown. Reproduced with permission from ref 145. Copyright 2015, Elsevier. (b) A
stretchable organic thin-film transistor using carbon nanotube electrodes. Reproduced with permission from ref 39. Copyright 2014, Wiley-VCH Verlag,

GmbH & Co. KGaA.

compared to P3HT and P3HpT, we found the surprising result
that the moduli of the blends were linearly correlated with the
moduli of the neat polymer (Figure 21d).”'* This observation
suggested that—at least for polythiophenes—the tensile
modulus of polymer:fullerene blends was dominated by the
same molecular interactions that determined the tensile modulus
in the neat polymers rather than the extent of molecular mixing.

8. INTRINSICALLY DEFORMABLE ORGANIC DEVICES

While the focus of this review is on chemical physical parameters
that determine the ability of organic solids to store or absorb
strain energy, the ultimate goal of researchers in the field of
organic electronics is to construct useful devices (Figure
22).2*%%**7 This section describes examples of whole organic
devices that have the characteristic that the active layer
accommodates significant (>10%) deformation intrinsically.
This criterion is strict in that it requires each component—
substrate, electrodes, and active materials—to accommodate
strain. Examples of intrinsically deformable devices include solar
cells (Figure 22a),''"'%%2%% light-emitting devices,”"****? thin-
film transistors (Figure 22b),””"***** and biosensors.'>**" We
find that in devices with the greatest performance, the choice of
materials was made with regard to the molecular structures and
solid-state packing structures that were known to produce the
greatest deformability.

8.1. Solar Cells
The organic electronic device for which the greatest amount of

effort has been spent to increase its deformability is the solar
cell.*” Truly deformable organic solar cells would be beneficial
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for three reasons. First, the ability of multilayer modules to
survive the rigors of roll-to-roll coating would increase the
attractiveness of solution-based printing.12’23‘40’108’232 Second,
the use of mechanically robust active materials would reduce the
burden on the substrate and encapsulant’” to supply the
mechanical stability, and it would thus be possible to reduce
the thickness of these layers.>® (The substrate and the
encapsulant presently account for the greatest fraction of the
cost and embodied energy of organic solar modules.”*****)
Moreover, reduction in the weight of solar modules by using
ultrathin substrates would reduce the cost of support racks and
thus the so-called balance-of-system costs. Third, deformable
organic semiconductors would increase the lifetime of devices in
both portable applications”* and in the outdoor environment,"'
where modules must be stable against the forces of the
environment.

The first stretchable organic solar cell was not intrinsically
stretchable; rather it used microscale wrinkles to accommodate
strain.*” This device was rendered stretchable by spin-coating
the layers on a PDMS substrate prestrained by up to 30%. Upon
release of the prestrain, the stiff active materials buckled. The
active layer used (P3HT and PC4 BM) was stiff and brittle, and
cracked readily when the device was stretched beyond the level of
the prestrain.'> Kaltenbrunner et al. used a similar approach to
make stretchable solar cells on ultrathin poly(ethylene
terephthalate) (PET) foil*® The first report of stretchable
solar cells using intrinsically stretchable organic components
(except for the cathode, which was the inorganic liquid eutectic
gallium—indium) compared the evolution in photovoltaic
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properties of cells with active layers of both P3HT:PC4;BM and
DPPT-TT:PCy;BM."*® The DPP-based polymer exhibited
larger extensibilities in part because of the large, branched alkyl
side chain."*® The effect of side chains in stretchable solar cells
was later found to be critical, and a direct comparison of P3HT
and P3DDT containing bulk heterojunctions revealed highly
stretchable behavior in uniaxially deformed cells.”*

Biaxial stretchability for bonding to hemispherical substrates at
room temperature was demonstrated using P30T, owing to its
low Tg.147 This report was unique at the time in its use of an
inverted architecture, which had PEDOT:PSS as a transparent
anode (top contact in the inverted architecture) and
PEDOT:PSS treated with poly(ethylenimine) (PEI) as the
transparent cathode (bottom contact). The stretchability of solar
cells could be further enhanced using a stretchable encapsulant,
e.g., thermoplastic polyurethane, as was demonstrated by Sawyer
et al. in the first “all-rubber” solar cell, which was composed of
components that were entirely elastomeric (except for the
PC;;BM).”” In the absence of the encapsulant, strain is
concentrated to thin areas and defects in the active film, and it
thus cracks at strains smaller than would be observed for a
mathematically uniform film. The ultimate extensibility of these
devices was limited by the use of methanofullerenes as electron
acceptors, which embrittle the films."** To avoid the embrittling
effects of methanofullerenes on the mechanical properties of
semiconducting polymers, all-polymer active layers can be
employed. To this end, Kim and coworkers fabricated cells
with active layers consisting entirely of polymers, which was the
highest performing stretchable organic solar cell produced to
date.""" In order for these extraordinarily robust and compliant
devices to have an impact in portable and outdoor applications,
however, stretchable substrates and encapsulants must be
developed that have impermeability to water vapor and oxygen.

8.2. Light-Emitting Devices

The arguments in favor of intrinsically highly deformable organic
light-emitting devices (OLEDs) are largely similar as they are for
organic solar cells: displays based on organic materials could be
fabricated at low cost by printing, as could inexpensive panels for
solid-state lighting. Rollable, foldable, portable, lightweight, and
mechanically robust displays would be useful in consumer
electronics devices, along with military and disaster relief
applications. The first example of a stretchable organic light-
emitting device was described by Someya and co-workers.”’
These authors used stretchable composite materials based on
carbon nanotubes to provide electrical connections in a
stretchable active matrix display. In this case, however, the
emissive organic semiconductors were not deformable. The first
intrinsically stretchable organic light-emitting device, and
perhaps the first intrinsically stretchable organic electronic
device of any kind, was an organic light-emitting electrochemical
device produced by Pei and co-workers.” The authors
demonstrated the ability to shape this device with heating. The
electrodes that enabled this technology were based on silver
nanowires in an early demonstration,'*® and later carbon
nanotubes.”’> The blue emissive polymer used was PF-B, a
polyfluorene copolymer. This structure has long alkyl side chains,
which is consistent with the level of deformability possible, and
was also mixed with the ionic conductor poly(ethylene
oxide)dimethacrylate ether (PEO—DMA) and lithium trifluor-
omethanesulfonate (LiTf). It is likely that the ionic conductive
polymer behaved as a plasticizer, though the authors did not
investigate the mechanical properties of the emissive layer. The
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authors later showed a yellow emissive device using the
poly(phenylenevinylene) (PPV) derivative “super yellow”,
which achieved impressive extensabilities of 120%.”*° An
ultraflexible device was demonstrated by White et al. using the
paradigm of ultrathin substrates previously demonstrated by the
same laboratories for organic solar cells.”

8.3. Thin-Film Transistors

Perhaps the most fundamental organic electronic device is the
thin-film transistor (OTFT),>” because of its practical
importance as well as its usefulness in establishing charge-
transport characteristics of materials.'*> Several approaches have
appeared in the literature whose goals have been to impart
stretchability to OTFTs.””” An advantage to mechanical
deformability for OTFTs is the ability to pattern devices directly
on flexible and stretchable substrates without the need for
complex, patterned interconnects and relief features."> For
example, the Bettinger laboratory used the buckled, wavy
approach to generate the first stretchable OTFT,”" while
Chortos et al. showed that the cracks in the channel layer
produced by stretching in P3HT devices were not sufficient to
destroy charge transport.”” Other composite approaches based
on conjugated polymer nanofibers™*”~**" have also been used,
but the intrinsic deformability of the semiconductor is masked in
cases where a stiff material is cast into a nanofiber. Goffri et al.
reported a multicomponent design strategy in which the
semiconducting polymer is mixed with a commodity semi-
crystalline polymer to obtain vertically stratified structures in a
one step process. They found that the fraction of semiconducting
polymer could be reduced to as low as 3 wt % without any
degradation in device performance. It can be expected that the
mechanical properties of this composite system would be
dominated by the semicrystalline commodity polymer, however,
no mechanical characterization was performed.***

Approaches toward intrinsically stretchable OTFT's have their
roots in measurement of the effects of strain on charge-transport
properties of flexible devices.">' Early work by Someya
elucidated the effect of mechanical strain on the charge-transport
properties of small molecular semiconductors.”> Among the
authors findings were the importance of compressive strain on
decreasing the intermolecular separation and hence increasing
the charge-carrier mobility.*> In a later study, Sokolov et al.
introduced the metric of mobility factor, Fyy = A%/ %strain,
which quantifies the relationship between mobility and strain.”*’
In experiments on flexible transistors under tensile and
compressive strain, the authors uncovered an important role of
strain on the strain-evolved surface energy of the dielectric layer,
which depending on the materials selected for the device
produced a value of Fy that was either positive or negative.”*’
The effects of strain could be mitigated by using an inorganic
dielectric layer bearing a dense alkyl monolayer.

It has long been known that stretched films of conjugated
polymers exhibit anisotropic charge transport, with the most
facile direction being parallel to the stretched axis.'>” The
microstructural rationale is alignment of chains,"** which has
been confirmed by X-ray diffraction,'*”'*" by birefringent
absorption by UV—vis,'"*® and by molecular dynamics simu-
lations."*® The Bao laboratory used a method based on soft
contact lamination and delamination to measure the hole
mobility of conjugated polymers,”** which, though not a device,
will be a useful tool for the efficient determination of the effect of
strain on the transport properties of organic semiconductors.
One of the most successful examples of an intrinsically
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stretchable semiconductive polymer for TFT applications was
that of Wu et al.,, who used an isoindigo-based donor—acceptor
polymer bearing long, branched carbosilane side chains to
achieve mobilities >1 cm? V™! s7! even at strains as large as
60%.'"” Jeong and co-workers comprehensively reviewed
approaches to generating active layers for deformable
transistors.™

8.4. Biosensors

Integration of 7-conjugated materials with biological systems,
“organic bioelectronics”,”” requires seamless interfaces between
devices and the biological milieu.””" In the case of wearable
devices, materials must accommodate the natural stretchability of
the skin,”** which extends by 30% or more, depending on the
location and axis of strain.”*® Low stiffness, i.e., the combination
of low thickness with low tensile modulus, would permit a strong
chemical interface, which would be required for the detection of
biological signals."* One of the advantages of stretchable thin-
film and patch-like devices is imperceptibility by the user."” This
attribute, sometimes called “mechanical invisibility”, would lower
the barriers to use and increase compliance of patients and the
willingness of other users to adopt these wearable technologies.’
Work on ultraflexible and stretchable devices using intrinsically
deformable organic semiconductors is still in its early stages, but
several proof-of-concept devices have been demonstrated.

Using ultrathin (1.4 pm) plastic foils, Kaltenbrunner et al.
showed extraordinary bending stability of OTFTs for eventual
use in “imperceptible” biological applications.'* Schwartz et al.
combined an organic transistor with a microstructured
compressible gate dielectric in a flexible OTFT that was
sufficiently sensitive to measure the pulse pressure waveform
of the human radial artery.”*” Malliaras and co-workers have used
the organic electrochemical transistor (OECT) for a variety of
wearable devices for healthcare.” For example, PEDOT:PSS can
be use to transduce electrical signals from the cardiac cycle
(electrocardiography, ECG), eye movements (electrooculog-
raphy, EOG), and neurological rhythyms (electroencephalog-
raphy, EEG).”*"'?”**® Small electrical potentials drive ions in and
out of the PEDOT:PSS channel to modulate the conductivity.”®
The mechanical interfaces in this type of device are unexplored,
though typical formulations of PEDOT:PSS tend to be brittle.""*
While PEDOT:PSS is not a semiconductor, it is widely used for
neural interfacing as exemplified by the work of Martin and co-
workers. 7%+

9. CONCLUSIONS AND OUTLOOK

Mechanical deformability is the property that enables essentially
all advantages of organic electronic materials. Printed organic
solar cells, light-emitting devices, thin-film transistors, and radio
frequency identification tags must survive the rigors of roll-to-roll
coating and also the mechanical insults of portable applications
and the outdoor environment. Furthermore, organic bioelec-
tronic devices must conform to the skin or the surfaces of internal
organs to transduce biochemical signals; without a conformal
mechanical interface, however, there can be no chemical
interface. Achieving mechanical robustness in thin film devices
is tantamount to minimizing the elastic modulus, increasing the
toughness, elastic range, ductility, or other mechanical proper-
ties, depending on the application and the expected modes of
deformation. These mechanical properties depend on molecular
structure and the ways that these structures pack in solid films.
While molecular structure plays a role in determining the
mechanical properties of a film, e.g., the size of side chains for a
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given attachment density is a good predictor of softness, the
influence of molecular structure manifests strongly in its effect on
structure in the solid state. Indeed, a recurring finding is the
influence of how processing conditions influence mechanical
properties. The conditions of spin coating can, for example,
influence ordering and degree of crystallinity in a thin film. Self-
aggregation in solution may produce kinetically trapped films
upon solidification that exhibit a density of entanglements that is
not ideal for applications intended to be robust. Interdigitation of
side chains can produce stiffer and more brittle films. A complete
understanding of the mechanical properties of 7-conjugated
materials must include expectations about how a given molecular
structure will assemble in solution and then in the solid state.

The challenges of measuring the mechanical properties of
delicate thin films of organic semiconductors have led to the
development of metrological techniques with broad applicability
to other types of thin solid films. For example, the film-on-
elastomer and film-on-water methods can be readily applied to
films of other technologically important polymers, such as optical
coatings, photoresists, paints, and scratch-resistant layers. One
aspect of organic semiconductors that is still poorly understood is
time-dependent mechanical behavior. In order to understand the
ways in which the microstructure of an organic semiconductor
evolves over time when strained, i.e., creep, experiments should
be designed specifically for thin films to anticipate these effects.

Organic semiconductor devices are already commercial in the
form of large-area ultrahigh-definition display panels. Whether or
not organic electronics meet their expectations in the areas of
large-area solar panels or biosensors, it seems likely that at least
some of these applications will be realized eventually. In the near
term, we expect that a deeper knowledge of the mechanical
properties of these materials will facilitate production of flexible
devices on thin plastic foil, and enable their long-term reliability
against mechanical and theromomechanical deformations. In the
long term, work directed toward understanding and improving
the thermomechanical properties of these materials may suggest
ways in which other properties might be brought about that are
reminiscent of biological materials, including biodegradability
and self-repair. Thus, 7-conjugated materials could more fully
embody colloquial meanings of “organic” and “plastic”, by which
they are often referred.
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