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ABSTRACT: The fabrication of deformable devices has been explored
by interconnecting nonstretchable unit devices with stretchable
conductors or by developing stretchable unit devices consisting of all
stretchable device components such as electrodes, active channels, and
dielectric layers. Most researches have followed the first approach so
far, and the researches based on the second approach are at the very
beginning stage. This paper discusses the perspectives of the second
approach, specifically focusing on the polymer semiconductor channel
layers, that is expected to facilitate high density device integration in addition to large area devices including polymer solar cells
and light-emitting diodes. Three different routes are suggested as separate sections according to the principles imparting
stretchability to polymer semiconductor layers: structural configurations of rigid semiconductors, two-dimensional network
structure of semiconductors on elastomer substrates, and ductility enhancement of semiconductor films. Each section includes
two subsections divided by the methodological difference. This Perspective ends with discussion on the future works for the
routes and the challenges related to other device components.

1. INTRODUCTION

Deformable electronics have received great attention during the
past decade because new devices are needed beyond the flexible
electronics. Currently these electronics include foldable
stretchable devices with relatively simple structural designs
such as photovoltaics,1 batteries and capacitors,2,3 resistive or
capacitive tactile sensors,4−6 and light-emitting diodes.7,8

Recently, the deformable electronics are extended to active-
matrix electronic skins (E-skins) and implanted health care
sensors that are expected to replace mechanoreceptors of human
beings.9−12 As described in recent reviews,13−16 the deformable
electronics are expected to advance forward high resolution
active-matrix stretchable displays and textile-based wearable
devices.17 To realize the integrated high resolution deformable
devices, the unit devices should be operated by transistors, which
is a daunting scientific and engineering challenge.
The fabrication of deformable devices has been explored via

two different approaches (Figure 1): (I) fabricating conventional
nonstretchable unit devices on a rubber substrate or ultrathin
film polymer substrate and interconnecting the unit devices with
stretchable circuits made of wavy metal lines (Figure 1A); (II)
developing stretchable unit devices consisting of stretchable
components such as electrodes, active channels, and dielectric
layers in addition to the circuits (Figure 1B). So far, most re-
searches on stretchable devices followed the first approach.18−22

For approach I, the stretchable interconnects on the rubber
substrate absorb the stress and stretch selectively along with the
rubber substrate. Since the stretchability is imparted by the
interconnect, the nonstretchable unit devices are not damaged
even at large tensile strains.21 Recent ultrathin active-matrix

E-skin devices are also based on a similar concept.23 The
extremely small curvature of the device following the topology of
human skin allows stable operation of the device under severe

Received: October 14, 2015
Revised: December 8, 2015
Published: December 24, 2015

Figure 1. Schematic representation of the different types of stretchable
devices. (A) The stretchable serpentine metal lines are connected to the
nonstretchable unit devices on a rubber substrate. The stretchability is
imparted by the stretchable interconnections (approach I). (B)
Stretchable unit device is made up of all stretchable device components,
here the substrate, electrode, active, and dielectric layers (approach II).
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body motions. The fabrication via approach I is an extension of
the conventional device fabrication, which is a great advantage in
engineering. But, device density and stretchability are in trade-off
because the stretchable metal interconnects and circuits in the
approach I require a large space for effective stretching.
Studies on approach II are not established yet. Recent updates

are found in some review articles.24−26 Conventional semi-
conductors and dielectric layers are solid thin films with a small
yield strain, so they are subjected to the formation of cracks or
permanent dislocations during repeated bending cycles. Such
defects cause the leakage currents in the dielectric layer and a
large drop of the charge mobility in the semiconductor. A large
tensile strain to dielectrics and semiconductors is expected to
cause catastrophic damage on the transistor performance.
Therefore, development of stretchable dielectric materials and
semiconductors is a big challenge in approach II. There can be a
few routes to stretchable semiconductors and dielectrics.
Configuring the structure into an appropriate shape to make
the systems stretchable is a possible route. Similarly to the wavy
metal electrodes, this route allows the hard semiconductors and
dielectrics to be stretchable, but the related studies are still
rare.27−29 Development of intrinsically elastic semiconductors
and dielectric materials also deserves more studies because such
materials can provide ultimate deformability of the device and
allow high density integration. A few intrinsically stretchable
electronic materials have been attempted such as electrochemical
gels for highly stretchable light-emitting7,30 and two-dimensional
(2D) materials for stretchable transistors by relatively small
tensile strain (∼5%).31,32 Rubber composites or electronic
materials with a low glass transition temperature (Tg) may be an
effective way to make them intrinsically elastic.24,33−36 A large
number of highly stretchable composite conductors have been
reported for uses as electrodes and circuits; however, elastic
composite semiconductors and dielectrics are at the very initial
stage of research.
The term “stretchability” has been used in a fuzzy way without

clear definition. Discussion on stretchability needs quantitative
mathematical expression. Usually, stretchability (εs) is defined as
the applied strain (εapp) beyond which the material ruptures or its
performance has permanent degradation by a large number of
repeated tensile tests. A simple case is a free-standing film, in
which the interaction between the film and a rubber substrate can
be excluded. The mechanical failure of the free-standing film
takes place when the maximum tensile strain (εmax) of the
specimen caused by the external strain is equal to the intrinsic
critical strain (εcr) for the material to rupture, εmax = εcr.

37

Considering a mechanical stability during a large number of
stretching events, one can define the critical strain as the yield
strain of thematerial. When a film is coated on a stretched rubber,
the film can accommodate the compressive loading implied by
prestrain (εpre). Prestrain can be included in the stretchability of
the film. We often observe that some films fracture catastro-
phically during repeated stretching even when they accom-
modate buckles by prestraining. This mechanical failure is related
to the maximum bending strain of the film. Therefore, the
prestrain for the stretchability should be defined by the maximum
strain that the film can endure without any mechanical failure,
not by the applied prestrain. Under this assumption, we suggest
to define εs as follows:

ε ε
ε

ε ε
= +

/s pre
cr

max app (1)

This equation indicates that the stretchability can be increased by
adding prestrain (εpre) on the film, by minimizing the value of
εmax/εapp, or by increasing εcr of the material. It is notable that
when a film is subjected to plastic deformation on a rubber
substrate, the mechanical behavior is not instant to the external
stimulation. A viscoelastic film stretched on a rubber substrate
slowly loses the compressive stress by stress relaxation.38 In this
case, the stretchabilty should be defined to involve the stretching
frequency, which has not been studied yet. This time-dependent
behavior can be important especially in polymer semiconductors
because of their low temperature transitions from elastic to
plastic deformation. To simplify the concepts of stretchability,
we do not consider the time dependency of the film in this
Perspective.
On the basis of eq 1, we classified the possible routes to the

approach II for achieving high stretchability of polymer semi-
conductors. The next three sections introduces some recent
attempts related to the routes. The structural configuration of
rigid semiconductors (section 2) employs the addition of εpre and
the reduction of εmax/εapp, and the two-dimensional (2D) rubber
composites (section 3) are related with the reduction of εmax/
εapp, and the ductility enhancement of polymer films (section 4)
increases εcr. Each section includes two subsections divided by
the methodological difference. This paper ends with perspectives
discussing the possible opportunities of deformable polymer
semiconductors and on the future tasks to achieve.

2. STRUCTURAL CONFIGURATIONS OF RIGID
SEMICONDUCTORS

Employing thin layers of rigid electronic materials that are
lithographically defined into 2D features is an attractive idea.
An advantage of this approach comes from the ability to integrate
high-performance material platforms with high engineering
control. The device components are well-developed. This ap-
proach has successfully used for fabrication of sophisticated
electrodes but not much for semiconductors. This section covers
the principles of structural semiconductor configurations to
attain stretchability.

2.1. Out-of-PlaneWavy Structure Using Prestrain (εpre).
A rigid semiconductor film placed on a prestrained elastomer
substrate undergoes a compressive force in the lateral direction
after the prestrain on the rubber substrate is released. When the
adhesion between the semiconductor film and the rubber
substrate is strong enough, the film forms the out-of-plane
sinusoidal wrinkle structure.39 Figure 2A illustrates the prestrain
strategy in a semiconductor film on a rubber substrate. When
the film is fully stretched, εapp is equal to εmax; therefore, the
stretchability is usually determined by the prestrain of the
substrate.37 In the out-of-plane sinusoidal structure without
prestrain, the stretchability is expressed as εs = (Lmax − L0)/L0,
where Lmax = 2N∫ 0

π[1 + ((2πA/λ) cos(2πx/λ))2 dx]1/2 with an
amplitude (A) and wavelength (λ).40 The wavelength and
amplitude are governed by the moduli of the film (Ef) and
substrate (Es), the thickness (hf) of the film, and prestrain (εpre).
Since Rogers and co-workers demonstrated the highly
stretchable devices using the wrinkled Si nanoribbons,41 many
researchers have utilized the process in a wide range of
applications.18−22,42,43 Recently, Bettinger and co-workers used
the buckles to fabricate large-area stretchable organic thin film
transistors that can operate under strains up to 12%.44 They
examined two source/drain electrodes configurations that are
parallel and perpendicular to the grooves (Figure 2B). Devices
fabricated on the topographic substrates exhibited stable

Macromolecules Perspective

DOI: 10.1021/acs.macromol.5b02268
Macromolecules 2016, 49, 433−444

434

http://dx.doi.org/10.1021/acs.macromol.5b02268


operation with maintaining high mobilities and on−off ratios
compared to the devices fabricated on flat substrates. The
saturation mobility gradually decreased as the strain was
increased to 12% in both the configurations, but it showed the
possibility of stretchable transistors on the periodic grooves.
Currently, most studies taking advantage of this out-of-plane

configuration have been the fabrication of stretchable organic
photovoltaics (OPVs).1,45,46 Stretchable OPVs can draw new
possibilities of portable devices that can be folded and installed
on the surfaces with complicated curvatures and human bodies
with large stretching motions. Bao and co-workers demonstrated
the first stretchable OPVs on a prestrained rubber substrate.1

The out-of-plane wrinkle structure of the bulk heterojunction
layer imparted the stretchability on the solar cells. They used
PEDOT:PSS as the electrode and liquid metal contacts for the
device interface. Another example was accomplished by Someya
and co-workers.45 They fabricated an OPV on a ultrathin
poly(ethylene terephthalate) (PET) substrate and then trans-
ferred it onto a prestrained rubber substrate (Figure 2C). Again,
the wrinkles of the OPV allowed high stretchability (up to 50%
tensile strain) and foldability (Figure 2D). The stretchable
performance should be investigated further because power
conversion efficiencies of OPVs using PEDOT:PSS are still
inferior to those of OPVs using ITO electrodes. Very recently,
Lee and co-workers succeeded to prepare highly conductive
PEDOT:PSS with conductivity more than 4000 S/cm, and they
achieved power conversion efficiency of 6.6% that is nearly
comparable to the value from the ITO-based OPVs.46

Unfortunately, the large-area wrinkle causes the structural
colors from the periodic sinusoidal structure.47 Localized out-of-
plane sinusoidal structures in unit devices and their connection
to intrinsically stretchable interconnections may remove the
structural colors; it may also realize simultaneous achievement of
high device density and high stretchability. A few processes have
been developed for generating localized wrinkle patterns in a
continuous thin film, including stamp-mediated patterning of
localized wrinkles,48−50 local air expansion-induced wrinkles,51

and local heating-induced wrinkles. Transfer of a patterned

semiconductor channel on a prestrained rubber can be another
approach to impart stretchability and high resolution.52

2.2. In-PlaneWavy StructureMinimizing theMaximum
Tensile Strain (εmax). In-plane serpentine patterns fabricated on
rubber substrates are well established.37,53−58 Figure 3A shows

the unit cell of a generic serpentine that is defined by four
geometric parameters of the pattern: the width (w), the arc radius
(R), the arc angle (α), and the arm length (l). The thickness of
the pattern is usually not taken into consideration in the plane
strain mode. In this planar configuration, the stretchability is

Figure 3. (A) Schematic representation of a serpentine unit cell where
w, R, α, and l are the width, the radius of the arc, the arc angle, and the
arm length of the serpentine unit, respectively. Figure adapted with
permission from ref 37. (B) The shape of the serpentine under the
practical constraints (X = 0 and Y = 10w). Figure adapted with
permission from ref 37. (C) Structure and strain distribution of the
multiserpentine trace. Figure adapted with permission from ref 54.
(D) Colored scanning electron microscopy image of the fractal
structured electrode. Figure adapted with permission from ref 58.

Figure 2. (A) Schematic illustration of the wrinkle generation in a semiconductor layer on a rubber substrate by applying the prestrain to the rubber
substrate. λ,A, and h denote wavelength, amplitude, and film thickness, respectively. (B) Stretchable device configurations of organic thin film transistors
fabricated on a wrinkled rubber substrate. The source/drain electrodes are arranged parallel and perpendicular to the topographic features. Figure
adapted with permission from ref 44. (C, D) Schematic diagram of the ultralight, deformable organic solar cell (C), and an ultrathin solar cell (D). The
solar cell was fabricated on a prestrained rubber substrate (left), where the device under compressive force is shown at 30% compressive strains after
the prestrain was releasd. Figure adapted with permission from ref 45.
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governed by the four parameters because the dimensionless
parameter is a generic function for linear elastic materials, εmax/
εapp = f(α, w/R, l/R). The analytical functional form is com-
plicated, so it is not easy to tell the pure effects of the three
variables. In general, the stretchability increases with small w/R,
large l/R, and large α.54 For a simple but frequently observed
case, l = 0 and α = 0°, the dimensionless parameter is simplified,
εmax/εapp = (4/π)(w/R)(2 − w/R)−1.37 When w/R ≪ 1, the
dimensionless parameter becomes more intuitive, εmax/εapp ≈
(2/π)(w/R). From eq 1, the stretchability can be 15% when
w/R = 0.1 and εcr = 1% (for example, a pattern with 3 μm width
and 30 μm arc radius). Narrower serpentines (smaller w) can
provide more stretchability. In practical circuit design, the design
of the serpentine structure is subjected to fabrication constraints.
Practically accessible minimumwidth is predetermined (typically
a few micrometers) and the breadth (Y) of the serpentine ranges
5w−15w, and the serpentine do not overlap (X ≥ 0).7 With the
constraint Y = 10w, the optimal design for the minimal value of
εmax/εapp is determined as α = 8.7°, w/R = 0.71, and l/R = 4.12
(Figure 3B).7 By a predetermined minimumwidth in fabrication,
the other dimensions are determined. It is notable that εmax is
strongly dependent on the adhesion with the rubber substrate.
Strong adhesion can greatly reduce εmax, so increasing the
stretchability. There have been many researches on stretchable
electrodes to minimize εmax at high values of tensile strain
(for example, εapp = ∼50%).37,53−58 Since conventional semi-
conductors in FETs are solid thin films, the strategies for
stretchable semiconductors may have clues from those for the
stretchable electrodes.
A semiconductor pattern with a single-line serpentine is

disadvantageous in the channel width. Increasing the width (w)
can improve the device performance, but it reduces the
stretchability. Increasing the amplitude can reduce the
accumulated strain, but it is not desirable for high density device
integration. Subdividing the serpentine line in several lines of
smaller width can reduce more strains without sacrificing the
electrical performance or changing the amplitude (Figure 3C).
The stretchability of this multiserpentine trace with w0 improves
the stretachability more than a single serpentine trace with the
same w0,

54 which may enable to achieve both high stretchability
and high device performance. This multiserpentine trace is also
advantageous in prevention of sudden crack propagation in the
serpentine. The cracks in the single serpentine result in abrupt
failure of the device, whereas the rubber between the serpentines
of a multiserpentine trace plays as a buffer to block the
propagation of the cracks.54,59 Two-dimensional (2D) serpen-
tine layouts may also be useful especially to the devices that are
stretchable in biaxial directions.57 One-dimensional (1D)
serpentine is weak to the tensile stress along the perpendicular
direction to the serpentine direction. Recently 2D fractal
structures were suggested for highly deformable electrodes in
any tensile direction (Figure 3D).58 Such structure may be
another approach to attain biaxially deformable semiconductors
if the width of the semiconductor fractal line is small for high
density device integration.
So far, there has been no report that utilized the serpentine

structure to create an active channel of a semiconductor. This is
partly because the serpentine structures of the brittle inorganic
semiconductors are less effective in obtaining large stretchability.
The stress accumulated in the serpentines may alter considerably
the channel performance. And the other reason is that the current
serpentine strutures are too large for high performance semi-
conductor channels. In order to achieve both the large

stretchability and high performance, the width of the serpentines
should be reduced greatly (probably in the level of 1 μm) with
excellent adhesion with the elastomer substrates. Decreasing the
thickness of the channel layer can be another approach to
enhanced flexibility of the structure; hence, the 2D semicon-
ductors such as transitionmetal chalcogenides (MoS2,WS2,MoSe2,
WSe2, etc.) are good material candidates for this approach.60−63

Currently, the synthesis of the 2D material thin films in large area
(in wafer scale) is a challenging task to be achieved.

3. TWO-DIMENSIONAL NETWORK STRUCTURE ON
ELASTOMER SUBSTRATES

In the approach of structural configuration discussed in section 2,
the charges transport along the curved lines with feature sizes
larger than a few micrometers. Film-type semiconductor channel
layers are more desirable for the fabrication of high-density field-
effect transistors. Dynamic cross-links between the synthetic
polymers by hydrogen bonds, metal−ligand coordination
complex can facilitate responsive mechanical properties.64

Recently, a few approaches were suggested to obtain stretchable
semiconductor films. The approaches covered in this section
attempt to produce a network of 2D electrical percolation
formed on an elastic substrate.

3.1. Semiconductor Nanofibril Network Film Indented
in an Elastomer Substrate.When a tensile load is applied to a
thin film constructed with nanofibrils, the potential energy (E) of
the film is a sum of the energy contributions from the nanofibrils,
E = Estretch + Ebend + Evdw.

65 Since the interfibril interaction energy
(Evdw) is the weakest among the three energies, the initial load is
mostly carried by Evdw. Figure 4A shows simulation results of a

Figure 4. (A) Structural changes of the carbon nanotube networks
under different levels of tensile strain. Here, the different color indicates
the stress levels in the CNT network. Blue color represents zero or
compressive stress, while the red color corresponds to maximum stress.
The inset represents a structural change under biaxial elongation. Figure
adapted with permission from ref 65. (B) Schematic illustration of the
stretchable P3HT nanofibril network (active channel layer) on the SEBS
rubber surface and (C) transfer curve of the nanofibril field effect
transistor at different tensile strains. (B) and (C) adapted with
permission from ref 59.
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CNT network under uniaxial elongation.65 As the strain
increases, the film experiences considerable shrinkage in the
transverse direction and the nanofibrils tend to align through
rotation and sliding. At a certain level of tensile load, the overall
distance between the nanofibrils becomes small enough to form
bundles. The strain-induced alignment leads to the formation of
thick bundles of the nanofibrils.65,66 The thick nanofibril bundles
have enhanced rigidity that is proportional to the diameter of the
bundles, so they maintain a network of the bundles at higher
tensile strains. Deformation of the network along the tensile
direction leads to apparent stretching of the thin film even when
the network filaments are not stretchable. At large strains, the
bundles are separated into several blocks with relatively smaller
deformation within the blocks, and then the bundles inter-
connecting the blocks are pulled out to cause mechanical failure
of the nanofibril film.65−70 Once this plastic deformation takes
place, the microstructure is irreversible.
On the basis of the failure mechanism described above,

mechanical stability of the nanofibril film at high tensile strains
can be improved by several ways. First, restricting the viscoelastic
behavior of the nanofibrils such as sliding, rotating, and pulling-
out can enhance mechanical stability of the nanofibril film at high
tensile strains. When the nanofibrils are embedded or indented
in an elastic medium having strong adhesion, the mechanical
deformation of the nanofibrils is affined until the tensile load is
comparable to the potential energy for stretching (Estretch).

66

When the semiconductor layer is to be used in a field effect
transistor, indentation of the semiconductor nanofibrils in the
top surface of the rubber substrate is more desirable to make
effective contacts with source (S) and drain (D) electrodes.
The mechanical stability can be enhanced also by cross-linking
the nanofibrils instead of relying on the weak molecular
interactions. Since the damping factor (ξ) of a network is
inversely proportional to the strength (k) of the cross-linked
network (ξ ∝ 1/k1/2), strong cross-links prevent the plastic
deformation of the nanofibril films. The pore size of the
nanofibril network is another critical parameter for stretchability.
To attain high channel performance and reliability of the
semiconductor layer, surface coverage of the nanofibrils should
be large, but it is not favorable for high stretchability because of
the small pore size. Bundling of the nanofibrils may be a good
solution for this issue. Repeated tensile stretching of the nano-
fibril film leads to a bundle network with larger pores.
This nanofibril network has been used to produce stretchable

transparent electrodes. Improved adhesion between rubber
substrate and a network of 1D nanomaterials could provide
high conductivity and stretchability.26 Various coating processes
are available, such as spin-coating, spray-deposition, bar-coating,
or screen printing. The electrical conduction was improved by
adding binders and surfactants7,71 or forming hybrid structures
with graphene oxide, CNT, and graphene.26,72 Very recently,
Jeong and co-workers utilized this approach to demonstrate a
stretchable polymer semiconductor network film.59 Conjugated
semiconducting polymers have typically poor miscibility with
other polymers because of their strong assembly into π−π
stacked directional crystals.73 They took advantage of the phase
separation between poly(3-hexylthiophene) (P3HT) and poly-
(styrene-b-ethylenebutadiene-b-styrene) (SEBS) during spin-
coating. P3HT formed a nanofibril network film on the top
surface of the SEBS layer because of the low surface energy of
P3HT. The P3HT nanofibrils were indented in the SEBS rubber
surface but exposed to the air, which facilitated the use of the
nanofibril network as a channel layer (Figure 4B). Once the

nanofibrils were formed, they self-organized into nanobelt-like
bundles. This multiserpentine structure in nanoscale enabled high
stretchability without losing electrical conduction, as described in
section 2.2.65,66 The network thin film showed stable transistor
performance during repeated stretching tests at 50% tensile strain
with small change of mobility and on−off ratio.59

3.2. Microcrack Formation in Semiconductor Films.
The formation of cracks in a thin film is generally considered
deleterious. But, microcracking in a film may lead to improved
toughness.74 Here is a scenario desirable for high tensile
endurance of a semiconductor film. A film begins to crack at a
critical stress, and the stress−strain curve becomes nonlinear
which is due to the combination of compliance increase and
dilatational strain around the microcracks. If the material is
unloaded prior to mechanical failure of the film, the microcracks
remains opened. If the microcracks are stable so they grow very
slowly, repeated cycles of loading and unloading causes the
generation of new microcracks.75 In the end, the film will form a
network of ligaments of the semiconductor film. This microcrack
formation increases the mechanical stability of the film to tensile
strains; also, it can maintain the electrical percolation through the
network of the film ligaments.76−79 This scenario is not usually
acceptable for a brittle solid film on a solid substrate because the
microcracks are not stable; hence they grow rapidly. But, the
scenario may be applied to a ductile film on an elastic substrate.
Lacour and co-workers observed that a thin Au film on an
elastomer substrate can deform elastically under large tensile strain
without forming plastic deformation.76 Finite and reproducible
electrical conduction was maintained over repeated tensile tests.
The microcracks in the Au film were elongated by deflecting and
twisting out of plane (Figure 5A). The out-of-plane deformation
resulting from the highly compliant elastomer substrateminimized
the energy released at the crack tips; hence, the microcracks were
stable enough not to grow across the metal film.76

Typical polymer semiconductors have lower moduli than
those of metals, and their films have comparable ductility with
those of metal films.80 These relatively ductile property of
polymer semiconductors can be used for microcrack-assisted
stretchable semiconductor thin films. Bao and co-workers
investigated the formation of microcracks generated in P3HT
films.81 When a P3HT thin film was transferred onto a
polyurethane (PU) substrate, macroscale cracking took place
below 15% tensile strain, and the crack width continued to
increase to the level of 10 μm (Figure 5B). Meanwhile, when a
P3HT was directly spin-coated on a PU substrate, onset of
observable microcracks occurred at about 50% strain, and the
crack width was limited in micrometer scale even at 200% strain
(Figure 5C). The polymer chains in the film with the microcracks
were aligned in the direction of stretching (investigated by
dichroic ratio), whereas the chains in the macroscale cracks
showed negligible alignment. This result is attributed to the
enhanced adhesion between the P3HT film and the PU
substrate, which improves ductility of the P3HT chains by
limiting the localization of strain that is responsible for the large-
scale crack formation.82−84 Similar microstructural development
was observed when a thin PU film was placed on the P3HT film
spin-coated on the PU substrate. Using the upper PU film as the
gate dielectric layer, the gate effect of the P3HT film was
investigated under repeated 40% strain (Figure 5D). Device
performance showed degradation in both the perpendicular and
parallel directions to the stretching (Figure 5E),81 but the gate
effect of the P3HT layer was preserved. Similar results were
reported in pentacene devices.85 O’Connor et al. reported that
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the mobility of P3HT increased perpendicular direction but
decreased in the parallel direction.83 The crack formation and
failure mechanisms should be investigated in more details for
various device setups.

4. ENHANCING DUCTILITY OF POLYMER FILMS
Compared with inorganic semiconductor thin films, polymer
semiconductor thin films are more compliant to flexible
electronics and applicable to continuous roll-to-roll manufactur-
ing process. From the literature data, mechanical flexibility of
polymer semiconductors is highly variable.80,86−88 Stiffness of
polymer semiconductor thin films increases with high degree of
crystallinity and long conjugation length, which is unfortunate
because such stiff semiconductors show better electronic
performance but less stretchable. If the ductility of the polymer
semiconductor thin films is improved without degrading their
electronic performance, it will be a promising approach to
enhance stretchability of the polymer thin films. This section
introduces design of molecular structures and addition of
plasticizers to obtain high ductility of semiconducting polymer
thin films.
4.1. Control of Molecular Structures. The sp2-hybridized

highly conjugated polymer main chains give rise to the electronic

band structure at the expense of conformational freedom. The
π−π interaction between the conjugated backbones due to their
high polarizabilty is another contribution to the chain
rigidity.89−91 Recent studies reveal that the length of alkyl side
chains attached to the polythiophene backbones in poly(3-
alkylthiophene) (P3AT) plays a critical role in reduction of the
rigidity of their thin films.88,91 Lipomi and co-workers have made
large attention to this issue. Details are summarized in their
recent review article.77 The reduced volume fraction (vf)
occupied by the polythiophene backbone chain is the main
reason for the rigidity decrease; vf = 0.31 for butyl side chains, and
vf = 0.20 for dodecyl chains. The glass transition temperature
(Tg) of P3HT is known to be near room temperature
(∼20 °C),92,93 while theTgs (<0 °C) of poly(3-heptylthiophene)
(P3HpT) and poly(3-octylthiophene) (P3OT) are substantially
below room temperature (Figure 6A).88,91 Seitz et al. reported a
semiempirical theory predicting the modulus of simple
conjugated polymers.94 The tensile modulus (Ef) of a thin film
is related to the bulk modulus (B) and the Poisson ratio (v),
Ef = 3B(1 − 2v). The bulk modulus is related to the cohesive
energy (Ecoh), the van der Waals volume (Vw), and the molar
volume (V) at a temperature (T), B ≈ 8.23Ecoh[(5V0

4/V5) −
(3V0

2/V35)].94 The cohesive energy is calculated from semi-
empirical parameters derived from the bond connectivity indices
in amethod described by Fedors.95 The Poisson ratio is related to
the cross-sectional area (A) of the monomer, v = 0.513 − 2.37 ×
106√A, and the area is determined, A = Vw/(NAlm), where lm is
the length of the monomer. Prediction of the tensile modulus
based on the empirical equation is consistent with measured
values.91 The tensile modulus of P3HT is typically∼1GPa which
causes cracks at low tensile strains (<2.5%); meanwhile, the
tensile moduli of P3HpT and P3OT substantially decrease
to ∼0.1 GPa. Further increase of the length of the alkyl side
chains does not result in further decrease of the tensile modulus.
Decrease of the tensile modulus should be accompanied by

high device performance. So far, the correlation between the
stretchability of polymer semiconductors and their device
performance is rarely investigated. Very recently, Lipomi and
co-workers studied a series of P3AT to find an optimal
semiconducting polymer which is valuable for high stretchability
without the loss of device performance.88,96 Unfortunately,
severe degradation of the hole mobility was measured in P3HpT
and P3OT (Figure 6B). Since the injection barriers at Au/P3AT
interface are small, the performance degradation is attributed to
the structural difference of the semiconducting polymers. But,
they found that P3HpT:PCBM mixture can increase the hole
mobility of the polymer, so the power conversion efficiency of
the bulk heterojunction solar cell was comparable to the value of
P3HT:PCBM combination (Figure 6B).80,96 Although the
tensile modulus of the mixture film increased with the increasing
wt % of PCBM, the P3HpT:PCBM solar cell showed enhanced
stretchability compared to the P3HT:PCBM solar cell. This
molecular structure control should be studied for various types of
semiconducting polymers, especially for high mobility polymers.
The active channels for solar cells should be accompanied by the
development of flexible n-type materials instead of PCBM.97

A more progressive work was conducted by Qiu and co-
workers.98 They synthesized polythiophene-b-rubber-b-poly-
thiophene (P3HT-b-PMA-b-P3HT) triblock copolymer to
obtain the thermoplastic elasticity. The triblock copolymer self-
assembled into a well-ordered nanofibrillar structure by thermal
annealing (Figure 6C). The elasticity was derived from the
rubbery matrix poly(methyl acrylate) (PMA) and the hard

Figure 5. (A) Schematic model of tribranched cracks in a thin film (left)
and the simulation result of the model (right). The color indicates the
strain accumulated in the percolating ligament. Figure adapted with
permission from ref 75. (B, C) Effect of the strain on the structure and
morphology of the P3HT film on the PU surface. P3HT film was
transferred on the rubber (B) and directly spin-coated on the rubber
(C). (D, E) Schematic of the top-gated field effect transistor where the
stretchable P3HT is used as the active channel layer (D) and its
normalized mobility change under biaxial tensile deformation (E).
(B)−(E) adapted with permission from ref 81.
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nanofibril microdomains, which is typical in block copolymer-
based thermoplastic elastomers. It showed an elastic behavior
with a small Young’s modulus (6 MPa) and a large elongation at
break (140%) (Figure 6D). Although the charge mobility is far

inferior to the industrial standard, semiconductor−rubber block
copolymer systems would provide a powerful platform for the
preparation of semiconducting polymers with intrinsic stretch-
ability.

Figure 6. (A) Comparison of the tensile modulus of the P3AT at glass transition temperature (Tg) above and below room temperature. Figure adapted
with permission from ref 91. (B) Electronic and mechanical properties of P3HT and P3HpT and its polymer:fullerene blends. The favorable and
unfavorable properties are indicated in green and red, respectively. Figure adapted with permission from ref 96. (C) AFM topography image of P3HT-b-
PMA-b-P3HT triblock copolymer shows the nanofibrillar structures. The inset is the chemical structure of the triblock copolymer. (D) The stress−
strain curve of the triblock copolymer. (C) and (D) adapted with permission from ref 98.

Figure 7. (A) Glass transition temperature (Tg) of poly(L-lactic acid) as a function of a plasticizer (ATBC) weight fraction (W1). The hollow circle (○)
indicates the solution cast and the solid square (■) represents the melt-blended and injection-molded sample. The lines present theoretical predictions:
dotted line with the Fox equation and solid line with the Couchman−Karasz equation. Figure adapted with permission from ref 100. (B, C) Young’s
modulus of plasticized PEDOT:PSS as a function of the surfactant weight fraction ( fs) and a demonstration of a deformable LED fabricated on the
plasticized PEDOT:PSS circuit. Figures adapted with permission from ref 108. (D) Schematic description of coaxial electrospinning setup, the P3HT/
PCL mixture solution is fed through the inner nozzle, and a small amount of pure chloroform is provided to retard the evaporation of the solvent.
(E) The channel current vs drain-source voltage (IDS−VDS) characteristics of the pure P3HT/PCL mixture nanofibers FET. (D) and (E) adapted with
permission from ref 110.
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4.2. Addition of Plasticizers. Plasticization of polymers
with additives has been commonly used in polymer process-
ing.99,100 The additives can be small molecules with high boiling
points, oligomers, and polymers with a low Tg. The primary role
of a plasticizer is to reduce glass transition temperature (Tg) of
the polymer by increasing the free volume; hence, the tensile
modulus decreases. Tg of a plasticizer-containing polymer
mixture can be estimated by a simple equation proposed by
Fox101

= +
T

w
T

w
T

1

g

1

g1

2

g2 (2)

where subscripts 1 and 2 refer to plasticizer and polymer,
respectively, andw is the weight fraction up to the solubility limit.
The simple equation has been used to estimate the change of Tg
of crystalline polymers and proved consistent with experimental
results. Figure 7A shows the change of Tg of poly(L-lactic acid), a
crystalline polymer, as a function of the weight fraction (w1) of a
plasticizer, acetyl tributyl citrate (ATBC). From the experimental
results and the Fox equation, Tg of the mixture is inversely
proportional to the weight fraction of the plasticizer. For
example, Tg of P3HT (∼20 °C) may be reduced to ∼−5 °C at
w1 = 0.2 provided the plasticizer (Tg = −60 °C) is miscible with
P3HT. Since the tensile compliance becomes prominent when
the Tg of a polymer is below room temperature, the change of Tg
can result in considerable decrease of the tensile modulus.
Very recently, the plasticization of PEDOT:PSS has been

attracting much interest because the enhanced compliance of the
plasticized PEDOT:PSS showed a considerable degree of
flexibility and the possibility of stretchable electrodes.1,102−107

Addition of high-boiling liquids such as sorbitol,102 dimethyl
sulfoxide (DMSO),103 Zonyl fluorosurfactant,1,104 nonionic
surfactant (Triton X-100),105 and amine-containing poly-
mers106,107 are known to enhance both the conductivity and flexi-
bility of the PEDOT:PSS. Very recently, Jeong and co-workers
demonstrated that addition of a large amount (∼70 wt %) of
surfactant (Triton X-100) in the PEDOT:PSS/surfactant
mixture reduced greatly the Young’s modulus (Figure 7B) and
imparted a 10% stretchability to a free-standing film and a 50%
stretchability to a film coated on a rubber substrate (Figure 7C).108

The play-dough-like viscoelastic property of the plasticized
PEDOT:PSS allows molding of the PEDOT:PSS into various
microstructures by simply pressing a PDMS stamp on the
PEDOT:PSS thin film.
So far, plasticization of semiconducting polymers has not been

studied actively. It is because plasticization is expected to cause
considerable decrease of charge mobility, which is contrast to the
enhanced conductivity in the plastisized PEDOT:PSS.102−108

Still there has been no report to disprove this antithetical
relationship109 between the electronic performance and the
mechanical compliance of semiconductors. But, recent studies
on the elastic polythiophene/rubber composites report that the
charge-carrier mobilities of the composites showed mobilities
comparable to the values of their continuous thin film
counterparts.59 The enhanced mobility along the high quality
nanofibrils of the polythiophenes is the main contribution to the
preservation of the charge mobility. This concept may be utilized
in the addition of plasticizing polymers (low-Tg polymers). Phase
separation between the plasticizing polymer (A) and polymer
semiconductors (B), forming minor domains of the plasticizer
in a continuous semiconductor matrix, may reduce the tensile
moduli of their thin films. Previous study based on the

electrospinning of a mixture solution of P3HT and poly(ε-
carprolactone) (PCL) showed that the charge-carrier mobility is
degraded by only 1 order (from 0.017 to 0.012 cm2/(V s)) even
when PCL was mixed by 20 wt % (Figure 7D,E).110 The other
P3HT fiber-based works showed reasonable device perform-
ances.111,112 Takanogi derived a mathematical model as an aid to
understanding the viscoelastic behavior of a binary polymer
blend in terms of the properties of the individual components.113

If the volume occupied by the interface between the domain
phase and the matrix phase is negligible, the modulus of the
composite (Ec) is predicted by Takayanagi’s equation

λ φ φ λ= + − + −
−⎛

⎝⎜
⎞
⎠⎟E

E E
E

1
(1 )c

A B

1

B
(3)

where EA and EB are the Young’s modulus of the plasticizer (A)
and the semiconductor domain (B); λ and φ are the volume
fraction of domain phase and the volume fraction of the
plasticizer in the domain phase. The volume fraction of the
plasticizer (vA) in the composite is thus vA = λφ. If the domain
phase consists of the pure plasticizer (φ = 1), which is reasonable
because solubility of semiconducting polymers in the plasticizer
phase is not high, Takayanagi’s equation is simplified by their
volume fractions of the plasticizer (A) and semiconductor (B)114

λφ λ υ υ= + − = +E E E E E(1 ) Ac A B A B B (4)

In order to describe mixtures of crystalline polymer matrix, Gray
and McCrum proposed an empirical logarithmic mixing rule115

υ υ= +G G Glog log logc A A B B (5)

In both equations, the modulus of a polymer composite is
sensitively dependent on the volume fraction of the plasticizer.

5. PERSPECTIVES
The routes introduced in this article for obtaining stretchable
polymer semiconductors are in their very initial stages or have
not been explored yet. Each route has challenging engineering
hurdles to be overcome. The out-of-plane approach requests
prestrain of the rubber substrate, which is not appropriate to
current printed electronics. The buckling induced by the large
modulus difference between the rubber substrate and the top
layer can cause severe stress in the channel layer during the
repeated tensile stretching. Localized buckling of the unit devices
looks more desirable instead of buckling over a large-size film.
It may remove the structural colors reflecting from the large-area
buckles and allow direct printing of polymer semiconductors on
the rubber substrates. The serpentine configuration needs high
density coverage of the semiconductor pattern to obtain high
performance channel layer. The crack formation and its pro-
pagation in the semiconductor line patterns should be studied in
a systematic way because the microstructures in polymer thin
films vary sensitively by the coating conditions and molecular
structures. Prediction of the mechanical behaviors of the polymer
serpentine lines is more complicated compared to themetal lines.
So far, the 2D percolating networks made of nanofibrils or
microcracked ligaments showed possibilities of stretchable
semiconducting polymer films. In the nanofibril network, the
dimensions of the nanofibrils and their areal density in the film
should be uniform. In use of metal nanowires or CNTs, the
presynthesized materials are uniformly dispersed in the solution
and deposited on the substrate without changing their initial
structures; hence, the concentration is the governing parameter
in the uniformity of their films. When polymer solutions are
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coated, the nanofibrils in situ grow during the coating process, so
the dimensions of the resulting nanofibrils depend on the coating
conditions. Although direct coating of uniform polythiophene
nanofibrils has been reported,116−118 polymers with better
charge mobilities should be produced in uniform nanofibrils.
In the microcrack approach, reliability under severe tensile
conditions should be confirmed, and the size of the microcracks
needs fine control for reproducible device performance. A few
recent studies attempted to control the propagation of
microcracks in thin films,119,120 but more experimental and
theoretical studies are needed to suggest optimal morphologies
of the microcracked thin films for the use as channel layers.
Highly ductile semiconductors are advantageous in that they can
be immediately applied to current printed electronics. The
ductile characteristic provides good adhesion to the device
components such as substrates, electrodes, and dielectric layers.
However, achieving ductility without losing the channel
performance is a challenging task. Ductility is a function of
temperature. Even polythiophenes with long alkyl chains such as
P3HpT and P3OT are brittle at below 0 °C. Synthesis of a
rubber-like semiconductor with a Tg far lower than 0 °C is
desirable. Block copolymers with a continuous network of
semiconducting microdomains in a viscoelastic matrix are
attractive materials. Addition of plasticizers decreases the charge
mobility as the volume fraction of the plasticizer increases. The
plasticizers can also change the work functions of the metals and
semiconductors. Current status of this approach lacks guidelines
about choosing proper plasticizers for semiconducting polymers
of interest.
In all the routes discussed above, strong interlayer adhesion is

important. Specific adhesions between the semiconducting
polymer phase and the rubber or additive phase, such as
hydrogen bonding and chemical cross-linking, considerably
improve the mechanical and electrical stabilities. The atmos-
pheric plasma deposition process investigated by Dauskardt and
co-workers may be a promising way to prepare multilayers
with strong adhesion in a relatively inexpensive way over
a large area.121−123 To provide correct information on the
device characteristics, testing device performance needs stand-
ardized procedure. Stretchability of polymers can be sensitive to
temperature (especially at low temperatures for polymer
semiconductors). Stability in a cyclic change of temperature
should be tested in addition to the mechanical tests at room
temperature because the rubber substrate of the deformable
devices are subjected to repeated thermal expansion and
contraction. The real strain in the measurement area should be
provided for proper analysis on the effect of deformation. The
apparent strain applied to the overall specimen is usually larger
than the real strain in the specimen.
This Perspective deals with possible routes to stretchable

semiconductors. Stretchable high-k dielectric materials are also
essential in the fabrication of intrinsically stretchable transistors.
So far, the electrolyte gels have been the only choice for the
stretchable dielectric material.124−126 The large capacitance is a
great advantage of the electrolyte gel. The ions in the electrolyte
gels are reported to dope in semiconducting polymers, so the
channel shows the electrochemical transistor behavior. Micro-
patterning of thin electrolyte gels (<100 nm thick) is critical in
realization of electrolyte-based transistors.127 The ion molecules
in the ion gel dielectric have sluggish translation under gate
potential. This sluggish translation cannot catch up with the
switching potential as the frequency increases ( f > 100 Hz);
hence, the capacitance drops sharply at high frequencies.

Thin ion-gel dielectric is expected to reduce this drawback
because the switching of the dielectric layer can be instant to the
high frequency potential changes. In addition, the electrostatic
attraction between the separated charges in a thin ion-gel layer is
expected to prevent the diffusion of the ion molecules into the
active layer, which can stabilize the performance of the devices
for long-term use. Jeong and workers reported the preparation of
thin ion gels (h < 100 nm).127 The thin ion-gel transistors
showed excellent gate modulation of the drain current and stable
operation at low voltages (−0.3 V). The transistors showed a
very small hysteresis during the repeated cycles, which is not
usually observed in ion gel gated transistors. Combination of
stretchable semiconductors with the ion-gel dielectric can enable
immediate fabrication of all-stretchable transistors. However,
realization of thin ion gels with a well-defined micropattern is a
challenging task because of the rapid dewetting of the gel solution
on most substrates. Another way to produce a stretchable
dielectric layer is a rubber composite with high-k nanomaterials
which have not been reported so far.
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