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The intrinsic flexibility of thin-film materials imparts mechanical resilience, enables convenient roll-to-roll processing,[1] and
permits the fabrication of collapsible and portable devices.[2]
Several of the most interesting and important potential applications of these materials, however, require elasticity under tensile
strain (“stretchability”) as well as flexibility.[3–5] Full mechanical
compliance is a prerequisite for biocompatibility,[6,7] integration with textiles,[8] moving parts of machinery and internal
organs,[9,10] and one-time bonding to curved surfaces such as
the exteriors of buildings, automobiles, and lenses.[11] While the
extremely creative recent work of Rogers[12] and Someya,[13–15]
has demonstrated stretchable devices such as biological sensors,[10] photodetectors on hemispherical substrates,[16] and
active-matrix displays,[15] stretchable sources of power have
received less attention. In a recent demonstration, Bauer and
coworkers produced a dry-cell battery by dispersing the components in an elastomeric matrix,[17] while Yu et al. reported
a stretchable supercapacitor based on thick, buckled films of
carbon nanotubes.[18] Primary, renewable sources of power,
e.g., solar cells, for stretchable devices would advance the field
further. This communication describes the use of mechanical
buckling to produce the first intrinsically stretchable organic
solar cell, which can accommodate strains of 27%, reversibly.
There are two common strategies used for imparting
elasticity to materials that are intrinsically rigid. The first
method is to disperse the conductive material in an intrinsically elastic matrix.[14,19] The second is to exploit the buckling
instability that occurs when compressive strain is applied
to a system comprising a rigid film on an elastomeric substrate.[20] When the substrate compresses, sinusoidal waves
arise in the thin film whose pitch is related to the differences in mechanical properties of the thin film and the
substrate, the thickness of the film, and the magnitude of the
strain.[21] The early important work on this form of “physical
self-assembly” was performed by Whitesides,[20,22] Wagner,[23,24]
and Suo,[23] using evaporated metals on poly(dimethylsiloxane)
(PDMS) substrates. The waves in buckled thin films convert tensile strains of the whole film to bending strains of the individual
buckles within the film, and thus convert a film that is brittle
upon tensile strain to one that is elastic. Rogers and coworkers,
who used buckling to produce “wavy” single-crystalline silicon,
produced high-performance microelectronic devices that can be
repeatedly stretched,[3,25] bonded to hemispherical substrates,[16]
or conformed to a mammalian heart[9] or brain.[10]
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Using a procedure first described by Stafford et al.,[21]
Khang and coworkers recently used buckling to determine
the elastic moduli of materials of interest in organic electronics.[26] The authors applied small compressive strains
(2%) to films of poly(3,4-ethylenedioxythiophene):poly(styren
esulfonate) (PEDOT:PSS) and a blend of regioregular poly(3hexylthiophene) (P3HT) and (6,6)-phenyl-C61-butyric acid methyl
ester (PCBM) on a PDMS support. The authors found buckles
in the films whose micron-scale pitch increased with the value
of the pre-strain and the thickness of the films, and decreased
with the stiffness of the film. They determined values of elastic
moduli for these materials (1.3 GPa for PEDOT:PSS and
6.2 GPa for P3HT:PCBM) that were similar to those reported in
the literature using more direct, but less convenient, methods of
metrology.[26] The authors did not, however, use these buckled
films in devices.
Solar cells comprising organic semiconductors are potentially low-cost alternatives to devices made of crystalline and
polycrystalline silicon and other thin-film materials.[27] In principle, the inferior performance and environmental stability of
organic semiconductors can be offset by the low intrinsic cost
of organic materials, the relaxed requirements of purity, the
minute thicknesses of material required (≤100 nm), and the
relative ease with which they can be processed from solution.
The strategy that encompasses most research on organic
photovoltaics (OPV) is a combination of increasing the efficiency,[28] lowering the cost,[29] and prolonging the lifetime[30]
of the devices. The hope is to achieve a lower amortized cost
per peak watt with OPV than with other technologies. Another
strategy is to focus on areas where OPV can “run away” with
part of the market by exploiting characteristics of OPV that
inorganic materials do not possess. For example, OPV devices
can be bent, reversibly, into hairpin turns.[31] This extreme
level of compliance suggests that they could also be made to
be stretchable using the buckling phenomenon. The ability
to stretch an OPV device reversibly could enable integration
of solar energy with moving parts and curved surfaces other
than cones and cylinders. Additionally, elastic solar cells would
be more resistant to fracture under tensile and bending strain
than non-stretchable devices, and might increase the lifetime of
OPV devices against mechanical failure.[32]
The most well characterized system in the field of OPV comprises a blend of P3HT and PCBM, whose details are described
elsewhere.[2,33,34] Figure 1 summarizes the procedure we used to
fabricate a device of these materials on a pre-strained substrate.
The PDMS membrane was stretched, clamped to a glass substrate (step 1), and spin-coated with PEDOT:PSS, followed by
P3HT:PCBM (step 2). We extruded drops (diameter ∼ 3 mm) of
eutectic gallium-indium (EGaIn; work function = 4.3 eV) from a
syringe,[35] and placed them on the surface of the PEDOT:PSS/
P3HT:PCBM film (step 3). We then removed the clips and
separated the device from the glass (step 4). The device
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Figure 1. Summary of the procedures used to fabricate stretchable
organic solar cells.

contracted spontaneously (step 5), and produced buckles in the
PEDOT:PSS/P3HT:PCBM film. The EGaIn conformed to the
microscopic buckles in the P3HT:PCBM film. We tried using
the conventional top contact—evaporated aluminum—but it
cracked catastrophically upon release of the pre-strain.
We chose to use PEDOT:PSS alone for the transparent, highwork-function electrode—as opposed to tin-doped indium oxide
(ITO) or a combination of ITO and PEDOT:PSS—because ITO
films are brittle, and we were concerned that they would crack
upon release of the pre-strain. The drop of EGaIn, which we
used as a top contact,[35] defined a circular device area, which
compressed into an elliptical shape upon release of the prestrain. We fastened copper wires to the device and placed the
tips of the wires into the drops of EGaIn. In the ambient air,
EGaIn is covered by a “skin” that consists of oxides of gallium.[36] The skin permitted drops of the liquid metal to retain
their shapes when the substrate was tilted or even inverted.[37]
EGaIn is unique among liquid metals because it can wet hydrophobic surfaces, and the oxide skin has the ability to hold onto
metal wires such that they did not need to be repositioned
when straining the devices.[36] We found that the sheet resistance (RS = 750 Ω/sq with 96% transmittance) of a buckled,
100 nm, PEDOT:PSS film alone does not deteriorate at strains
less than the pre-strain, and can be stretched at least 1000 times
(the maximum number of stretches applied) before degradation
in electronic performance (Figure S1, Supporting Information).
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wileyonlinelibrary.com

Figures 2a–f show films of P3HT:PCBM on PEDOT:PSS on a
pre-strained PDMS substrate at six different stages in the strainhistory of the films. The pre-strained (20%) film displayed no
regular features (Figure 2a). The relaxed film exhibited buckles
perpendicular to the axis of pre-strain, with a pitch of 10 µm
(Figure 2b); re-stretching the film produced buckles parallel to
the axis of pre-strain (Figure 2c); and relaxing the film a second
time (Figure 2d) produced buckles with an appearance indistinguishable from Figure 2b. After stretching and relaxing the film
100 times, creases appeared parallel to the axis of the pre-strain
(Figure 2e, inset). Stretching the film beyond the value of the
pre-strain produced cracks in the film (Figure 2f). We attribute
the features (buckles and creases) in the film that run parallel
to the axis of strain upon stretching to and beyond the value
of the pre-strain to the Poisson effect. The axis perpendicular
to the pre-strain undergoes tensile strain upon relaxation and
compressive strain upon stretching. We have not determined
the mechanism by which the PEDOT:PSS/P3HT:PCBM film
accommodates the tensile strain perpendicular to the pre-strain
when fully relaxed and to what extent, if at all, the film delaminates from the PDMS substrate. The Supporting Information contains photographs of the apparatus used to pre-strain to
the substrate, and to apply strain to the devices when tested for
photovoltaic properties (Figure S2).
We first compared the photovoltaic properties of devices on
different substrates and with different transparent electrodes.
Figure 3a plots J–V characteristics of three un-optimized bulk
heterojunction devices in the dark and illuminated with a flux of
100 mW/cm2 simulating the AM 1.5G spectrum: a control device
comprising a glass substrate and a transparent electrode comprising ITO and PEDOT:PSS (“ITO”), a control device without
the ITO (“Glass”), and a device fabricated on a pre-strained
PDMS membrane bearing a PEDOT:PSS film (“PDMS”). We
used layers of PEDOT:PSS of 100 nm, P3HT:PCBM of 90 nm,
identical annealing conditions, and EGaIn top electrodes for
all devices. For each device, we measured the area of contact
between the EGaIn and the P3HT:PCBM; most devices had
areas of ∼0.05 cm2. The control device, “ITO”, has the architecture most similar to the state-of-the art in the literature, with
the notable substitution of EGaIn for evaporated aluminum. As
expected, this architecture produced the most efficient device
with the following figures of merit: short-circuit current density (JSC) = 5.9 mA/cm2; open-circuit voltage (VOC) = 585 mV;
fill factor (FF) = 0.58; and power conversion efficiency (PCE) =
2.0%. (This value of efficiency is lower than that of the best
reported devices based on P3HT:PCBM. We attribute losses in
efficiency primarily to the fact that we did not use electronic
grade P3HT, which has higher purity and regioregularity than
did the material we used.) The control device on glass without
ITO produced lower values for all figures of merit (PCE =
0.50%), but the properties of the device on pre-strained PDMS
were similar to those of the device on a glass substrate.
After determining that an organic solar cell fabricated on
PDMS—without ITO—with a liquid EGaIn top contact was
functional, the next step was to fabricate the same device on
a pre-strained PDMS membrane, release the pre-strain, and
measure the photovoltaic characteristics as a function of strain.
Figure 3b plots current vs. voltage (I–V) of the photovoltaic
response of a representative device with the architecture PDMS
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(∼0.5 mm)/PEDOT:PSS (120 nm)/P3HT:PCBM (90 nm)/EGaIn,
and pre-strained 20%, under seven levels of strain, from 0 to
22.2%. The area of the device under 0% strain was 0.045 cm2.
At each level of strain past 0%, the device exhibited increases
in short-circuit current (ISC) and VOC. (Note that we plotted
current, not current density, to illustrate the change in the
photovoltaic properties during the first application of strain.)
The increase in the area of the device that occurred with strain
cannot, by itself, account for the evolution of the I–V curves,
because Voc should be independent of area.
After the first full cycle of applied strain, the properties of
the device remained approximately constant as a function of
strain: Isc scaled with the area of the device, and Voc was independent. Figure 3c shows four plots of current density (that is,
the current adjusted for the change in area) vs. voltage from
the same device as shown in Figure 3b at 0% and 18.5% strain,
after the second and eleventh full cycles of strain up to 18.5%.
When stretched to 18.5% after eleven full cycles, the device
exhibited the following figures of merit under a flux of 95 mW/
cm2: JSC = 7.4 mA/cm2; VOC = 415 mV; fill factor (FF) = 0.38;
and PCE = 1.2%. Stretching beyond 22.2% produced cracks in
the active layer (visible by eye), and concomitant reductions in
JSC, FF, and PCE (Figure S3, Supporting Information). Devices

Adv. Mater. 2011, 23, 1771–1775

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

wileyonlinelibrary.com

COMMUNICATION

Figure 2. Optical images of PEDOT:PSS/P3HT:PCBM films on a
substrate.

pre-strained to 27% (the maximum prestrain tested) could accommodate strains up
to that amount, reversibly (Figure S4, Supporting Information). We did not determine
the upper limit of the pre-strain, but it is, in
principle, governed by the strain at failure of
the elastic substrate, the flexural modulus
of the active layer (flexibility accommodates
buckles), and the adhesion of the active layer
to the substrate. It was only practical, using
our materials and methods, to impart and
maintain initial pre-strains of 50% through
all steps of fabrication. The devices did not
return to their original lengths after fabrication and release of the pre-strain, however; the initial pre-strains of 50% produced
effective pre-strains of 20%–30% after
processing the PEDOT:PSS and P3HT:PCBM
layers at elevated temperatures because of
permanent stretching of the PDMS substrate
that occurred when heated.
The observation that the photovoltaic
characteristics were nearly independent of
strain is remarkable, because stretching the
device involves a complicated interplay of
processes that could affect the photovoltaic
properties in different ways. For example,
stretching decreases the buckling amplitude
and wavelength, which changes the optical
path length through the PEDOT:PSS and the
P3HT:PCBM and thus influences the absorption of light. The buckling also changes
the geometry of the electric field within
pre-strained PDMS the device. Mechanical effects—stretching,
bending and unbending of polymer chains—
could influence the mechanism of charge
transport in the materials. The fact that the photovoltaic properties are nearly independent of these disparate effects is somewhat serendipitous, because it would simplify integration of
these devices with other components.
The buckling phenomenon provides a convenient platform
on which to impart elasticity under tensile strain to organic
electronic devices that are otherwise inelastic. The devices are,
at present, not competitive with the state of the art in OPV
devices in terms of efficiency, but we expect that an improved
transparent electrode (perhaps the substitution of carbon nanotubes for ITO),[31] the use of a different conjugated polymer,
antireflective coatings, and rigorous optimization would
improve the devices. Two short-term goals are (1) to develop a
stretchable conductor to replace the expensive EGaIn top electrode and (2) to produce devices with biaxial elasticity. Further
work is also required to understand and possibly exploit the
optical, geometrical, and mechanical effects of buckling. For
example, buckling with controlled pitch could be an inexpensive way to increase the absorption of light by controlling the
optical path of the incident flux.[38] Lessons learned could be
applied to other photovoltaic systems, and might lead to more
efficient, mechanically compliant, and ultimately more useful
devices.
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Figure 3. Photovoltaic properties of stretchable OPV devices.

Experimental Section
We began by puddle-casting a mixed and degassed
poly(dimethylsiloxane) (PDMS) prepolymer (Dow Corning Sylgard
184, with a ratio of base to cross-linker of 10:1 by mass) against
the polished surface of a silicon wafer. Curing at 60 °C for at least
2 h provided a PDMS membrane with a thickness of 200–500 µm.
We cut the PDMS membrane into rectangles (3 cm × 1.5 cm) and
placed them on glass slides (2.5 cm × 5 cm) with the side of the
PDMS membrane that was cured against the silicon wafer facing up.
We clipped one end with a binder clip, elongated the membrane by
50% with tweezers, and clipped the free end with a second binder
clip. We chose the width of the glass slide of 5 cm such that the
chuck of the spin-coater would sit in between the two binder clips.
We pre-strained the membranes to 50% beyond their original lengths,
but they did not return to their original lengths after fabricating the
devices and releasing the pre-strain. Further cross-linking or plastic
deformation of the PDMS when exposed to the heat (150 °C) required
to anneal the PEDOT:PSS and P3HT:PCBM films produced smaller,
“effective” pre-strains of 20%–30% when we finally removed clips. We
reported this smaller value for all instances of the word “pre-strain”
in this paper. We used sticky tape to clean the bottom surfaces of the
PDMS membranes and the top surfaces of the glass slides to ensure
conformal coverage of the glass slide with the PDMS. We removed
the steel levers from the binder clips, cleaned the surfaces of the

1774

wileyonlinelibrary.com

stretched PDMS membranes with tape, and activated the surfaces
with UV/ozone for 20 min.
After activating the surfaces, we spin-coated the PDMS with PEDOT:PSS
(H.C. Starck, Clevios PH1000, mixed with 5% dimethylsulfoxide, and 1%
Zonyl FS-300 fluorosurfactant, obtained from Fluka) at 1000 rpm for 60 s,
and then 2 krpm for 60 s. The Zonyl was necessary to promote wetting
of the aqueous PEDOT:PSS suspension on the hydrophobic PDMS
membranes. We annealed the PEDOT:PSS films on a hotplate at 150 °C
for 30 min, turned off the hotplate, and allowed the substrates to cool
for 30 min. It was necessary to place a small aluminum block between
the binder clips on the underside of the substrate, between the binder
clips, so that heat could be conducted efficiently from the surface of the
hotplate to the glass. At a spin speed of 1000 rpm, the PEDOT:PSS films
were 120 nm thick with RS = 400 Ω/sq. After removing the substrates
from the hotplate, we spin-coated them with 30 mg/mL total of a 1:1
solution of poly(3-hexylthiophene) (P3HT, regioregular, >90% headto-tail regiospecificity, obtained from Aldrich, product of Rieke Metals)
and [6,6]-phenyl C61 butyric acid methyl ester (PCBM, >99%, Aldrich)
in ortho-dichlorobenzene (o-DCB) at 700 rpm for 1 min and 2 krpm for
1 min. We exposed a region of PEDOT:PSS by wiping away some of the
P3HT:PCBM with a swab soaked with chloroform or tetrahydrofuran. We
transferred the substrates to a nitrogen-filled glovebox and annealed the
films on a hotplate at 150 °C for 30 min, turned off the hotplate, and
allowed the substrates to cool for 30 min. We removed the substrates
from the glovebox and applied drops of eutectic gallium-indium (EGaIn,
Aldrich, ≥99.99%) to the P3HT:PCBM film by extruding EGaIn from a
stainless steel syringe needle. It was helpful to separate the drops from
the syringe needle using a wooden stick. We calculated the areas of the
devices by measuring the circular or elliptical contact area of the EGaIn
from the underside of the device using a ruler and a microscope. Most
devices had areas of ∼0.05 cm2.
After placing the drops of EGaIn on the P3HT:PCBM film and the
exposed region of the PEDOT:PSS, we attached copper wires to the
drops of EGaIn, and secured the wires to the glass substrate, or to a
purpose-built portable stage to impose strain, with electrical tape
(see Supporting Information). The total time outside the glovebox
after annealing the P3HT:PCBM films was ∼20 min. We returned the
devices to a glovebox and used a Newport solar simulator with a flux
of 100 mW/cm2 that approximated the solar spectrum under AM 1.5G
conditions. We measured the current density vs. voltage in the dark and
under illumination using a Keithley 2400 Sourcemeter and collected the
data electronically using a custom LabView script.
We measured Rs of PEDOT:PSS films using a four-point probe method
using four equally spaced, collinear probes connected to a Keithley 2400
Sourcemeter. We recorded optical micrographs of buckled films using a
Leica DM4000M microscope under bright-field illumination. From these
images, we divided the width of the image by the number of buckles to
yield the average pitch of the buckles. We performed measurements of
optical transmission (UV–vis) of PEDOT:PSS films using a Cary 6000i
spetrophotometer, and measurements of thickness with a Veeco Dektak
stylus profilometer.

Supporting Information
Supporting Information is available from the Wiley Online Library or
from the author.
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