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a b s t r a c t

This paper describes a large increase in the stretchability – i.e., resistance to cracking under
tensile deformation – of organic semiconductor films produced by encapsulation. Specif-
ically, encapsulation is shown to greatly suppress crack formation and growth in films
of materials relevant to organic solar cells. Encapsulated films of the organic bulk het-
erojunction blend of poly(3-heptylthiophene) and phenyl-C61-butyric acid methyl ester
(P3HpT:PCBM) exhibit greater crack-onset strain, lower crack density, and lower aver-
age crack length than unencapsulated films. Films of P3HpT:PCBM on polyurethane (PU)
showed cracks at 6.6 ± 0.5% without encapsulation and 40 ± 4% with encapsulation. Films
of the conductive polymer poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PE-
DOT:PSS) also demonstrate suppressed cracking when encapsulated, as well as reduced
dependence of resistance on strain after the crack-onset strain (which indicates a greater
usable range of strain for encapsulated vs. unencapsulated films). A finite element model
is used to explain the mechanism suppressing crack growth, which involves delocaliza-
tion of strain aroundminor defects in the films by the encapsulating substrate. In addition,
encapsulation is used to enable the first encapsulated solar cell in which every compo-
nent is intrinsically stretchable. These cells are stretchable to 9–10% strain, with some cells
performing well even after their crack-onset strain of 8–9%, whereas unencapsulated cells
fail at 4% strain. This work highlights the necessity to consider encapsulation – already
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important for protecting the electronically active components of a device from abrasion,
weathering, or chemical damage – as an important factor in the mechanical robustness of
stretchable devices.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Intrinsically stretchable electronics have the potential
to enable applications where robustness and repeatable
stretchability, in addition to flexibility, are required. Pos-
sible applications where stretchable materials would have
a large benefit include soft robotics [1,2], electronic skins
[3,4] and other bio-integrated devices [5], and devices that
require rough or frequent handling, such as portable or
foldable solar cells [6,7] or electronics incorporated into
textiles [8,9]. In addition, manufacturing using roll-to-roll
processes [10] also involves significant mechanical stress
that can lead to cracking and delamination [11]. Common
and highly successful approaches to producing stretch-
able devices include deterministic patterning of serpentine
structures that accommodate global tensile strains by local
bending strains [12,13] or pre-straining the substrate to in-
duce buckling in the active layers [14–17]. An alternative,
complementary approach would be to produce electronic
devices in which every component – the substrates, the
electrodes, the interconnects, and the semiconductors –
were intrinsically stretchable, that is, exhibited reversible
deformability over a large range of strain using all organic
materials [18,19]. This approach might facilitate manufac-
turing (i.e., all components could be printed) for some ap-
plications, such as mechanically robust solar modules and
wearable sensors.

The mechanical properties of intrinsically – or ‘‘molec-
ularly’’ – stretchable electronic materials, such as organic
conductors and semiconductors, are generally measured
with the material as a thin film sitting atop an elastic sub-
strate [20].With such supported films, it is possible tomea-
sure the tensile modulus and to estimate the strain at frac-
ture by measuring the strain at which the first crack ap-
pears (crack-onset strain). While this technique for mea-
suring the ductility is useful for comparing the relative
mechanical stability of two materials, it represents an un-
likely scenario in a real-world device, since these ultra-
compliant devices will be encapsulated. This paper de-
scribes a large increase in stretchability – i.e., a dramatic
suppression of cracking – obtained by encapsulating con-
jugated polymer films and whole devices in thermoplastic
polyurethane (Fig. 1). To understand the mechanism be-
hind the enhancement in stretchability, we used a finite el-
ement model to simulate the localization of strain around
a variety of types of film defects. Finally, we demonstrated
an encapsulated organic solar cell with increased ability to
survive damage by stretching.

2. Background

Some organic materials have demonstrated high de-
grees of mechanical compliance and tolerance to high
strains as either the conducting [21,22] or semiconduct-
ing layers of devices [20,23]. Combining multiple stretch-
able components into a fully stretchable device, however,
remains challenging. Much of the work in the field of
stretchable organic electronics has been focused onmolec-
ular properties of single materials or device components
[24–28], but device-level properties, such as interlayer ad-
hesion, can also have a large effect on the mode and sever-
ity of device failure [29–32]. Adhesion plays an important
role in the response of thin films to strain. For well ad-
hered films, strain of the substrate imposes relatively uni-
form strain on the entire film – including at thin areas and
defects – and thus the global strain determines the local
strain. In contrast, in poorly adhered films, strain lo-
calizes to defects and thin areas, and this localization
produces cracks at smaller strains than would be ob-
served for well adhered films. Lu et al. demonstrated this
effect by stretching copper films on Kapton substrates
and found that, with an adhesion-enhancing chromium
interlayer, the films were plastically deformable up to
52%, whereas films without the adhesion layer cracked
around 30% strain [33]. Organic films have also demon-
strated superior crack resistance with greater adhesion,
as demonstrated by the improvement in the crack-
onset strain in poly(3-hexylthiophene): [6,6]-phenyl-C61-
butyric acid methyl ester (P3HT:PCBM) films with a
layer of poly(3,4-ethylenedioxythiophene):poly(styrene
sulfonate) (PEDOT:PSS) acting as an adhesion layer [34].
Additionally, our laboratory previously found that the
crack-onset strain of films of poly(3-dodecylthiophene)
(P3DDT) was lower than films of poly(3-octylthiophene)
(P3OT) on a poly(dimethylsiloxane) (PDMS) substrate,
which we attributed to the relatively poorer adhesion of
P3DDT than P3OT to the PDMS [20].

We thus hypothesized that encapsulation of organic
semiconductor films would improve mechanical robust-
ness by redistributing and minimizing local strain around
defects. That is, the encapsulant and the substrate would
act in concert to suppress the formation and propagation
of cracks, in the sameway as does a well adhered substrate
acting alone. These effectswould thus result in delayed on-
set and lower severity – i.e., lengths, density, or both – of
cracks in elastic films under strain and in better perfor-
mance of stretchable devices.

3. Experimental design

3.1. Selection of materials

To test the effects of encapsulation on a variety of
stretchable films, we chose to strain the conductive poly-
mer PEDOT:PSS strongly plasticized with a fluorosurfac-
tant, a bulk heterojunction composite comprising P3HpT
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Fig. 1. Optical micrographs of strained poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS, top) and poly(3-heptylthiophene): [6,6]-
phenyl-C61-butyric acidmethyl ester (P3HpT:PCBM, bottom) films, showing thedifference between encapsulated (right) andunencapsulated (left) samples.
The samples were all strained to 50%. A few short cracks (light lines or pinholes) are visible in the encapsulated samples, while the unencapsulated samples
show catastrophic damage.
and PCBM, and an organic solar cell comprising compo-
nents that are all stretchable. We selected PEDOT:PSS as
our organic conductor because of its high conductivity and
high crack onset strain when plasticized with a fluorosur-
factant [21]. Use of poly(ethyleneimine) (PEI) to lower the
work function permits PEDOT:PSS to be used as both the
anode and cathode [35]. In addition, PEDOT:PSS has been
previously demonstrated to be an effective stretchable an-
ode in stretchable solar cells that employed a liquid metal
cathode (top contact) [17,34].

We selected P3HpT:PCBM as the active layer because
P3ATs are the most studied family of conjugated polymers
and their blendswith PCBMcan produce solar cellswith ef-
ficiencies up to 5% [36]. They also exhibit a high degree of
mechanical compliance depending on the length of their
alkyl side chain (the longer the side chain, the lower the
tensile modulus and greater the ductility) [20]. In particu-
lar, P3HpT co-optimizes electronic performance (as mani-
fested in the power conversion efficiency of a photovoltaic
device) andmechanical compliance, owing to its glass tran-
sition temperature (Tg ); P3HpT is the first in the series of
P3ATs with increasing side chain whose Tg is significantly
below room temperature, and can thus be considered a
semiconducting thermoplastic elastomer [37].

Polyurethane (PU) was selected as the substrate be-
cause dip coating it onto glass slides produced substrates
that were transparent, stretchable by many times their
original length, and of controllable thickness (∼150 µm
thick on average in this study). In addition, its high surface
energy (relative to PDMS) [38,39] enabled films to be eas-
ily adhered and transferred from hydrophobic glass slides.
The high surface energy and viscoelasticity also promoted
interlayer adhesion between it and the active film, thus de-
laying the crack onset of the films relative to those trans-
ferred onto a substrate with a lower surface energy, such
as PDMS.

3.2. Testing mechanical properties

We conducted crack-onset strain studies of PEDOT:PSS
and P3HpT:PCBM bonded to PU substrates, as opposed to
pull testing of bulk samples of conjugated polymers, for the
sake of simplicity and because thin films on elastic sub-
strates represented a closer approximation of a real-world
device. In addition, the film-on-elastomer system allows
characterization of the cracking behavior of the system
from zero strain until well after the crack onset strain [21].
The use of a linear actuator ensured that the strain rate
was applied uniformly across all samples. For Sections 4.1
and 4.2, one unencapsulated and one encapsulated sample
were taken from each as-cast film tomitigate the effects of
sample-to-sample variation. Solar cells were strained us-
ing a purpose-built stage in a nitrogen-filled glove box dur-
ing testing to minimize oxidation.

4. Results and discussion

4.1. Cracking properties of P3HpT:PCBM

To explore the effects of encapsulation on semicon-
ducting films under strain, we measured the crack-onset
strain, average crack density at 50% strain, and average
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Fig. 2. Evolution of resistance vs. strain for PEDOT:PSS films, showing differences between encapsulated and unencapsulated samples. Encapsulation
reduced damage due to cracking, though there was still significant reduction in performance above 50% strain.
crack length at 50% strain. Films of P3HpT:PCBM on PU
showed cracks at 6.6 ± 0.5% without encapsulation and
40 ± 4% with encapsulation. In addition, cracks in the un-
encapsulated filmswere large and clearly visible right after
the crack-onset strain, while those in encapsulated films
were very small, pinhole cracks (Fig. 1). The crack densities
of the unencapsulated films and encapsulated films at 50%
strain were 890 ± 80 and 46 ± 6 cracks mm−2, while the
average crack lengths were 27 ± 4 and 9.2 ± 0.7 µm, re-
spectively. Overall, these values demonstrate a strong sup-
pression of cracks in this material due to encapsulation.

4.2. Electrical response of encapsulated PEDOT:PSS to strain

To quantify the evolution of electrical conductivity of
thin stretchable films with strain, we measured the re-
sistance of both unencapsulated and encapsulated PE-
DOT:PSS films from 0% to 80% strain (Fig. 2). Below 35%
strain, the films followed identical trends, but as cracks be-
gan to appear, the resistance of the unencapsulated sam-
ple increased rapidly. Above 50% strain, the conductivity
of both the encapsulated and unencapsulated samples de-
creased rapidly with increasing strain. We attribute this
decrease in conductivity to cracks that appeared in the
films. The unencapsulated PEDOT:PSS had a crack-onset
of 38.4% ± 1.4%, while encapsulation slightly delayed the
crack-onset to 41.4% ± 0.6%. Encapsulation also signifi-
cantly inhibited the ability of the cracks to grow, resulting
in shorter cracks and more percolated pathways to main-
tain electrical conductivity. We measured crack density at
50% strain (Fig. 1) to be roughly the same for the unencap-
sulated and encapsulated samples (99 ± 13 vs. 91 ± 22
cracks mm−2, respectively), but the cracks in the unencap-
sulated sample were much longer on average (89±10µm
vs. 43±4µm for the encapsulated sample). The crack den-
sity varied significantly between samples, possibly due to
slight differences in strain rate, air temperature, humidity,
or other processing conditions, but the cracks in the unen-
capsulated samples were uniformly longer.
4.3. Simulations of strain delocalization by encapsulation

To investigate the mechanism responsible for the
improved robustness of encapsulated films, we performed
finite element analysis. Localization of strain, which leads
to crack formation and propagation, occurs where a small
defect has formed in the fabrication process or general use
of the device. We therefore introduced several types of
defects into the simulation: a small crack perpendicular
to the direction of strain, a pinhole defect (circular hole
through the film with diameter equal to one quarter the
thickness of the film), and an area of thinning in the
active layer of the device. The thin film was given the
mechanical properties (tensile modulus, tensile strength,
Poisson ratio, density) [40] of PEDOT:PSS, and the substrate
and encapsulant were given those of PU [41].

As shown in Fig. 3(a)–(h) and Fig. 4, encapsulation
greatly reduced the local strain near pinhole defects and
microcracks in the device. Delamination also played a role,
because defects in delaminated regions were less con-
strained than in regions adhered to the substrate, result-
ing in greater local strain. The strains were most delocal-
ized when the films were adhered to both the bottom sub-
strate and the top encapsulating substrate, producing local
strains that were closer to the value of the overall strain
(see Table 1; overall strain was 31%, see Section 6.6 for
details). The simulations also support the hypothesis that
there is a positive feedback loop between cracking and de-
lamination. For example, the strain along the edge of an
unencapsulated, non-delaminated crack (Fig. 3(a)) would
likely lead to delamination of the film from the bottom
substrate, since the strain is highest along the interface be-
tween the film and the substrate. This delamination would
allow the crack to open, as in Fig. 3(c), and would result
in further cracking of the film. Rows 2, 4, and 5 of Table 1
describe the strain in the active film in areas likely to de-
laminate from one of the substrates, since these points are
offset from the defect in the direction of strain. In addi-
tion,when the local strain is high in these locations, it tends
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Fig. 3. Finite element analysis results showing encapsulation suppressing cracking by strain delocalization. The first and third columns show the simulation
of unencapsulated samples (a, c, e, g, i, and k), while the second and fourth columns show the simulation of encapsulated samples (b, d, f, h, j, and l), with
the encapsulating layer made invisible for the figure. Each row shows the effect of a different defect on the film: a thin vertical crack (a–d), a small pinhole
defect (e–h), and an area of local thinning (i–l). The first two columns compare unencapsulated and encapsulated filmswhich are laminated to the substrate
(a, b, e, f, i, and j), while the third and fourth columns compare unencapsulated and encapsulated films which are delaminated from the substrate (c, d, g,
h, k, and l). All delaminated defects produce higher local strain than the laminated defects. Maximum local strain is reduced by encapsulation in all cases
(see Table 1). The total strain along the horizontal axis is 31.0%.
Table 1
Equivalent strains near the defects shown in Fig. 3. Strain around the defects of films adhered to both a bottom and an encapsulating substrate was most
delocalized, with all local strains closer to the overall strain of 31.0%, than the strains of corresponding defects for the other conditions.

Location and defect type Unencapsulated Encapsulated Unencapsulated, with
delamination

Encapsulated, with
delamination

1. Tip, vertical crack 0.303 0.288 0.873 0.318
2. Next to edge, vertical crack 0.653 0.432 0.274 0.684
3. Top edge of pinhole, perpendicular to strain 0.452 0.314 0.639 0.347
4. Left edge of pinhole, parallel with strain 0.088 0.411 0.112 0.435
5. Inside edge of pinhole 0.438 0.226 0.121 0.185
6. Thin area 0.364 0.351 0.383 0.369
to be highest at the interface between the film and one of
the substrates, and it falls off rapidly away from the inter-
face. The areas described by rows 1, 3, and 6, on the other
hand, are likely to crack before delaminating, since they
are offset from the defect perpendicular to the direction of
strain. This offset is in the direction in which cracks gen-
erally propagate after initial formation. We also simulated
a film with no defects other than a small area of delami-
nation, but there was no localization of strain due to the
unbroken symmetry of the substrate and thin film.

4.4. Performance of encapsulated, stretchable solar cell and
evolution with strain

To demonstrate the improved robustness of these en-
capsulated films, we fabricated encapsulated, stretchable
solar cells with the following architecture: PU/PEDOT:PSS/
PEI/P3HpT:PCBM/PEDOT:PSS/PU (Fig. 5). The encapsu-
lated devices showed a crack-onset strain of 8%–9%, a
large increase over the unencapsulated devices, which
cracked after only 3%–4% strain (Fig. 6). Though the crack-
onset strains of encapsulated layers of PEDOT:PSS and
P3HpT:PCBM were both approximately 40%, the incorpo-
ration of the PEI layer, as well as the added complexity
of the complete device (e.g., more chances for defects to
occur and more interfaces at which delamination can oc-
cur), had the effect of greatly reducing the stretchability of
the complete device. Until the devices cracked, however,
they showed little degradation in performance with strain
(Fig. 7). After cracking, the short circuit current of most de-
vices fell rapidly due to the increase in series resistance of
the PEI-modified contact, though some cells continued to
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Fig. 4. Side view showing the structures simulated in Fig. 3 (for clarity, the figure shows unencapsulated devices only, i.e., Fig. 3(a), (c), (e), (g), (i), (k)).
Encapsulated structures (i.e., Fig. 3(b), (d), (f), (h), (j), (l)) would have another thick layer of polyurethane on top of the active layer.
Fig. 5. Diagram of cell architecture and fabrication. PEDOT:PSS top and bottom contacts were spin-coated on separate glass slides treated with
tridecafluoro-1,1,2,2-tetrahydrooctyl trichlorosilane (FOTS) and patterned with damp swabs. PEI was spin-coated on the eventual top contact, followed
by P3HpT:PCBM. All layers were annealed as described in the methods section. The bottom contacts were transferred to the PU substrate and wires were
attached. A second transfer lifted the top contact, the PEI, and the active layer together off the second FOTS-coated slide. Finally, a wire was added to the
top contact and the device was complete, with encapsulation to enhance stretchability then optional.
Fig. 6. Pictures of the solar cells. a: active area of an unencapsulated device, strained to 6.1%. b: active area of an encapsulated device, strained to 7.5%. c:
active area of an encapsulated device, strained to 13.8%. d and e: unencapsulated and encapsulated devices, after straining to 6.1 and 13.8%, respectively
(same samples as a and c). Long, catastrophic cracks can be seen in a, c, and d, and also exist in e (visible with microscope, as in c, but not in this picture),
but do not exist in b. The active areas are visible as dark patches near the centers of d and e, with the small PEDOT:PSS contacts extending rightward to
where the wires are attached with silver paint. The notched pattern on the right side of the devices is produced during the transfer of the active layer and
PEI-modified electrode, but the areas left behind in the transfer are not necessary for the device.
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Fig. 7. Evolution of the response of the solar cells with strain. Plot a is a representative JV curve of an encapsulated, stretchable solar cell. Cracking began
at 8%–9% strain, followed by complete failure around 13% strain. Just after the crack-onset strain, the cracking was localized to only one area in some
devices, allowing some cells to perform at levels close to their initial performance even past 10% strain. Others, such as this one, saw a marked increase
in series resistance due to the cracking of the PEI-modified electrode. Plots b through e show the evolution of the figures of merit, showing failure of the
unencapsulated cells at much lower strain. In d, total loss of functionality is plotted at zero (*). The fits in b–e are to the function f (x) = 0.5erf[ax+ b] + 1,
where erf(x) is the error function, and are for visual effect only. The device which produced plot a is shown in Fig. 5(c) and (e), and has fill factor 0.40 and
efficiency (h) 1.25%.
output power when cracks did not appear globally in the
films. Multiple cells were thus able to perform above 80%
of their initial efficiencies past 10% strain. Unlike the sin-
gle films, the complete devices exhibited cracks which ran
acrossmost of the length of the films, consistentwith a sig-
nificant increase in brittleness due to the PEI [21]. There
was little to no leakage current due to the cracks (which
was a significant problem for cellsmadewith a liquidmetal
top contact [34]), as there was little change in the nega-
tive bias dark current and virtually no change in open cir-
cuit voltage until total failure of the devices. The fill fac-
tor remained constant until the series resistance increased
greatly due to cracking and turned the entire solar re-
sponse curve linear. We note that these effects were mea-
sured for uniaxial deformation only and did not test the ef-
fects of biaxial loading. Orthogonal axes cannot however
be strained independently, and it is likely that stretching
along an axis orthogonal to the first stretched axis would
produce cracks at smaller strains than were measured for
unstretched films.

We note that the power conversion efficiencies of the
devices of ∼1.25% are not competitive with the state of
the art in the literature. While the open-circuit voltages
are typical of P3AT:PCBMdevices, the fill factors and short-
circuit current density are low. The low fill factor and cur-
rent was clearly influenced in part by a high series resis-
tance, which was consistent with the use of PEDOT:PSS
as both the anode and cathode, which has significantly
lower conductivity than ITO and evaporated metal con-
tacts, such as aluminum or silver. We cannot rule out pos-
sible detrimental effects of the multiple manipulations re-
quired to transfer the active layer and contacts from passi-
vated glass slides to the elastomeric polyurethane, which
could potentially introduce defects and thin areas and de-
crease the parallel (shunt) resistance, and thus the fill
factor. The development of high-conductivity stretchable
transparent electrodesmight reduce losses associatedwith
series resistance (and thus fill factor) while developing
new crosslinked elastomers might permit the direct cast-
ing of organic electronic materials from solution to avoid
potential damage caused by mechanical transfer of the
layers.

5. Conclusions

We demonstrated that encapsulation increases theme-
chanical robustness of stretchable thin films anddevices by
delocalizing strain around defects and suppressing crack
formation and growth. This increased robustness was ob-
served in conjugated polymer films, as well as in the
first encapsulated, stretchable solar cells, i.e., solar cells in
which all layers, including the substrate, encapsulant, and
both electrodes, were intrinsically stretchable. We expect
these results to be applicable to a wide variety of materi-
als, making them relevant for a range of applications in-
volving stretchable thin films and stretchable electronics
in general. As we only tested the effects of encapsulation
by polyurethane, however, future studies could determine
if the effect is enhanced by tailoring the properties of the
encapsulant (e.g., adhesion, elastic modulus, Poisson ratio,
strength, and toughness) to provide themaximum increase
in robustness given the specific properties of the encap-
sulated film or device. For the encapsulated, stretchable
solar cell, significant enhancement in both stretchability
and efficiency should be made possible by further study of
stretchable semiconducting and conducting materials, es-
pecially the development of stretchable conductors with
work functions differing from that of PEDOT:PSS.
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6. Experimental methods

6.1. Materials

Poly(3-heptylthiophene) was purchased from Rieke
Metals, Inc., and used as received. [6,6]-phenyl C61 bu-
tyric acid methyl ester (PCBM) was obtained from Sigma-
Aldrich with >99% purity. Polyurethane (PU, Tecoflex
SG-80A, kindly donated by Lubrizol) was used as received.
(Tridecafluoro-1,1,2,2-tetrahydrooctyl)-1-trichlorosilane
(FOTS) was obtained from Gelest. PEDOT:PSS (Clevios
PH1000) was purchased from Heraeus. DMSO was pur-
chased from BDH with purity of 99.9% and Capstone (FS-
30) fluorosurfactant were purchased from Sigma-Aldrich.
Polyethylenimine (PEI), Ortho-dichlorobenzene (ODCB),
acetone, isopropyl alcohol (IPA), ethanol, and tetrahydro-
furan (THF) were obtained from Sigma-Aldrich and used
as received.

6.2. Preparation of substrates

Glass slides were cut with a diamond-tipped scribe into
2.5 cm squares for spin coating, or 5×2.5 cm rectangles for
fabrication of PU substrates. They were then subsequently
cleaned with Alconox solution (2 mg mL−1), deionized
water, acetone, and then isopropyl alcohol (IPA) in an
ultrasonic bath for 10 min each and then rinsed and dried
with compressed air. Next, the glass was plasma treated at
∼30 W for 3 min at a base pressure of 200 mtorr ambient
air to remove residual organic material and activate the
surface. They were then enclosed in a vacuum desiccator
with a vial containing ca. 100 µL FOTS and left under
dynamic vacuum for 3 h. The FOTS-treated glass slides
were rinsed with isopropanol and dried under a stream of
compressed air before use.

PU substrates were fabricated by dip coating 5×2.5 cm
glass slides, treated with FOTS, into an 18% PU solution in
tetrahydrofuran (THF). The slides were dried for at least
3 h in a fume hood, and then overnight in a vacuum oven
to remove residual THF. The resulting substrates are clear,
smooth, and stretchable to hundreds of percent strain, and
about 150 µm thick, on average. For the resistance vs.
strain and crack-onset studies, the substrates were then
cut in half to create 1.25 × 5 cm strips.

6.3. Resistance vs. strain and crack-onset studies

To increase the conductivity and stretchability of our
PEDOT:PSS solution we added 7% DMSO and 16% Capstone
FS-30, respectively. The latter is a replacement for
Zonyl FS-300 (recently out of production), which greatly
enhances the mechanical compliance of the films [21]. The
PEDOT:PSS solution was spin coated on FOTS treated 2.5×

2.5 cm glass slides (120 s at 500 RPM, 30 s at 2000 RPM),
and annealed on a hot plate for 30min at 100 °C. Theywere
then transferred to 1.25 × 5 cm PU strips by conformably
adhering the strips on half of the slide, applying gentle
pressure, and gently removing the PU, thus lifting off the
PEDOT:PSS film as well. Leads were then attached by silver
paint on the ends of the strips. Once the silver paint was
dry the strips were either encapsulated, with another strip
of PU applied in the sameway, or left unencapsulated. They
were then strained on a linear actuator at a rate of roughly a
few percent per min, though extra timewas needed before
measurements were made to allow the resistance values
to stabilize. While we did not measure the effect of strain
rate on the cracking behavior, our experience leads us to
believe that significantly greater rates of strain would lead
to greater effective brittleness, as is common for polymeric
materials.

P3HpT:PCBM (40 mg/mL solution in ODCB, allowed to
stir overnight and filtered with a 1-µm glass microfiber
(GMF) syringe filter) was spin coated on FOTS treated 2.5×

2.5 cm glass slides (240 s at 500 RPM, 30 s at 2000 RPM).
They were then annealed on a hot plate in a glove box for
25 min at 110 °C and allowed to slowly cool on the hot
plate. They were then transferred in the same manner as
the PEDOT:PSS films, encapsulated or left unencapsulated,
and strainedusing a computer-controlled linear actuator at
a rate of about two to three percent per min. At each step,
optical micrographs were taken to observe the film sur-
faces. The crack-onset strains were defined by the strain at
which the first crack was observed by optical microscopy.

6.4. Fabrication of encapsulated, stretchable solar cells

Fully stretchable solar cells were composed of a
P3HpT:PCBM active layer and two electrodes of PE-
DOT:PSS, one of which having been modified with PEI to
lower its work function [35,42,43]. Solar cells were fabri-
cated by sequentially spin coating two layers of PEDOT:PSS
(16% Capstone FS-30, 7% DMSO, 500 rpm for 120 s and
2000 rpm for 30 s, annealed at 100 °C for 10 min after
each coating), PEI (0.55% solution in ethanol, 3000 rpm
for 30 s, annealed at 100 C for 10 min), and P3HpT:PCBM
(40 mg mL−1 in ODCB, 500 rpm for 240 s and 2000 rpm
for 30 s, annealed for 25 min in a nitrogen filled glove
box) on an FOTS coated 2.5 × 2.5 cm glass slide. It was
found that the PEI layer negatively impacted the conduc-
tivity of the PEDOT:PSS if only one layer was used, but the
problem was solved by spin-coating an additional layer of
PEDOT:PSS before spin-coating the PEI on top. The trans-
parency of this contact was not problematic since it was
not the transparent electrode in our device architecture.
Before spinning the PEI, a small strip of the PEDOT:PSS was
removed with a wet swab to avoid effects arising from in-
homogeneities in thickness and coverage at the edge of
the film. Ethanol was used for the PEI solution because
spinning a methoxyethanol solution on PEDOT:PSS dra-
matically reduces the stretchability of the film (possibly
due to extraction of the fluorosurfactant plasticizer) [21].
While the PEI spun out of ethanol still embrittles the films,
the catastrophic failure observed when spinning PEI out of
methoxyethanol does not occur.

The other contacts were created by spin coating
PEDOT:PSS (same parameters as above, but only a single
layer) on a separate FOTS coated glass slide, patterning
the film into contacts with a damp swab, annealing as
above, and then transferring the contacts to a 5 × 2.5 cm
PU strip as described in the previous section. Silver paint
was used to attach leads to the PEDOT:PSS strips, and the
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contacts and paint were further dried in under vacuum for
5 min. The active layer and second electrode were then
transferred in the samemanner, with the areas of the solar
cells determined by the alignment of the smaller PEDOT
contacts and the swabbed edge of the other (PEI modified)
PEDOT layer. Silver paint was added to attach leads to the
top contact, and the device was moved into a nitrogen
filled glove box for testing. If the device was encapsulated,
another layer of the PU substrate was placed on the device
and adhered with gentle pressure.

6.5. Photovoltaic measurements

We performed all photovoltaic measurements in a ni-
trogen filled glovebox using a solar simulator approximat-
ing the AM 1.5 G spectrum with a flux of 100 mW/cm2

(ABET Technologies 11016-U up-facing unit calibrated
with a reference cell with a KG5 filter). The current den-
sity versus voltage was measured using a Keithley 2400
SourceMeter. Samples were strained in the glove box by
a purpose-built stage for holding and straining the de-
vices [17]. The open circuit voltages and fill factors of the
cells are independent of areas of the cells, but the currents
and efficiencies were normalized to take the strain into ac-
count.

6.6. Computational modeling of strain

In order to obtain the strain distribution maps of the
PEDOT thin films on polyurethane (PU) under tension with
and without encapsulation with PU, computer-assisted
design (CAD) models of the geometries were created in
Autodesk Inventor 2016 with the corresponding material
parameters applied to all parts. The part dimensions in
the model were as follows: the PEDOT film was 0.2 ×

20 × 40 µm, the PU substrate was 60 × 20 × 40 µm,
and the encapsulating PU was 10 × 20 × 40 µm. We
reproduced 3 sets of equivalent assemblies and introduced
‘‘defects’’ into the PEDOT film of each assembly: two of
each kind—point defects, cracks (symmetrically located
with respect to the delaminated/non-delaminated film
boundary), and film thinning (areas of the film with a
thickness of only 75% of the bulk film thickness) spanning
the width of the assembly. Each assembly set bore one
kind of a defect. The layers were stacked accordingly with
interfaces simulated as ‘‘bonded’’, except the delaminated
areas of the PEDOT/PU substrate interface was simulated
as ‘‘sliding no separation’’. A static linear finite element
analysis (FEA) simulation of the stretching of the assembly
to 31.0% strain was then performed. This choice of strain in
all simulations corresponds to the arbitrarily selected force
required to generate adequate strain in the first simulation
and was subsequently used for the rest of the simulations;
the trends in the localization of strain near the defects,
however, do not depend on the choice of overall strain.
The mesh size was selected as the 0.05 fraction of the
smallest dimension of a part, while the minimal element
size as the 0.1 fraction of the mesh size. The constraints
were the following: one end of the assembly (as described
by rectangles formed by thickness and width of parts) was
fixed with zero degrees of freedom, while the opposite
end of the assembly was displaced (with one degree of
freedom) by 12.38 µm inducing 31.0% strain.
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