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a b s t r a c t

Stretchable polymer solar cells have shown great potential as stretchable power generators for appli-
cations in stretchable electronics, such as wearable electronics, electronic skins and stretchable displays.
However, their mechanical stability and power conversion efficiency (PCE) thus are still far below the
requirement for the practical applications. Here, we have developed highly efficient and stretchable
polymer solar cells (PSCs) based on a random buckling process. The stretchable PSCs are fabricated by
attaching the ultrathin PSC onto a pre-stretched elastomeric substrate and then releasing the prestrain to
form random bucklings. Its PCE of 5.8% under 70% tensile strain is the largest to date among the reported
PSCs. The stretchable PSCs exhibit small fluctuations in performance after 400 stretching-releasing cy-
cles. This is an important step towards producing stretchable PSCs for commercial applications.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Stretchable electronics are a type of mechanically robust elec-
tronics represented by next-generation wearable and implantable
devices which can be bended, folded, crumpled and stretched
[1e5]. In order to facilitate the application of these modern
stretchable electronic devices, the highly efficient and stretchable
polymer solar cells (PSCs) are one of the best candidates for sup-
plying energy to stretchable electronic devices [6,7]. Construction
of common PSCs mainly consists of transparent electrodes, trans-
port layers and absorption layer. For intrinsically stretchable de-
vices, all functional layers must be elastic. However, It has been
demonstrated that polymer-fullerene derivative active material
films commonly used in PSCs have an elongation at break of only
0.3% [8], so that the intrinsically stretchable PSCs have not been
successfully fabricated by far. To overcome the limit of the low ul-
timate strain of the polymer-fullerene derivative films, mechanical
buckling on a rigid film has been developed by applying
compressive strain to a pre-stretched elastomeric substrate.
Stretchable PSCs based on the mechanical buckling by fabricating
the PSCs on a pre-stretched poly(dimethylsiloxane) (PDMS)

elastomer have be demonstrated [9]. However, its strain of 22.2%
and PCE of 2.0% were not sufficient to meet the demand of practical
applications. Siegfried Bauer et al. presented a stretchable PSCs by
fabricating the PSC on an ultrathin PET substrate and attaching it to
a pre-stretched adhesive tape to form random buckles [10]. The
maximal tensile strain was improved to 400% successfully, and the
energy conversion efficiency of 4.0% has been achieved. However,
its 22 stretching-releasing cycles was not sufficient for practical
applications. The damage to the electrodes of the ultrathin PSCs
during the stretching-releasing process caused by its direct contact
with adhesive tape is one of the possible reasons for the low me-
chanical stability. So far, high efficiency andmechanical stability are
still challenges for the stretchable PSCs.

On the other hand, flexible transparent conductive electrodes
(TCEs) is one of the limitations for the efficient stretchable PSCs.
Excellent ductility, high transmittance and conductivity are
required for flexible TCEs. Traditional indium tin oxide (ITO) elec-
trode is too friable to be suitable for highly flexible TCEs. Poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) has
been used in stretchable PSCs as the flexible TCEs, while its sheet
resistances (RS) is higher than metallic electrodes by one order of
magnitude [9,10]. Recently, ultrathin metallic TCEs fabricated on
metal oxide layer such as WO3, MoO3, ZnO with high ductility,
transmittance and conductivity are realized and they meet the re-
quirements of the electrodes in the flexible optoelectronic devices* Corresponding author.
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TCEs [11e14].
In this work, we demonstrate highly stretchable PSCs with high

efficiency and improved mechanical robustness. The PSCs with an
ultrathin flexible metallic TCEs were fabricated on an ultrathin
photopolymer film and then attached to elastomeric support to
form random bucklings. The mechanical stability has been
improved by inserting a sacrificial layer between the ultrathin PSC
and elastomeric support to avoid their direct contact. The stretch-
able PSCs exhibit power conversion efficiency of 5.8% under 70%
tensile strain state, which is the highest PCE reported to date for the
stretchable PSCs to the best of our knowledge. More importantly,
the stretchable PSCs exhibit only small fluctuations in performance
after 400 stretching-releasing cycles. This simple and low-cost
method is compatible with most PCSs fabrication processes, such
as thermal evaporation, spin coating, and ink-jet printing, so that it
could be applied to more efficient solar cells with complex
structures.

2. Experiment details

The pre-cleaned Si substrate was treated with Octadecyltri-
chlorosilane (OTS) [15] to realize a hydrophobic surface with low-
ered surface energy, so that the ultrathin PSCs can be peeled off
from the substrate completely. The ultrathin photopolymer film
(NOA63, Norland Inc.) was spin-coated onto the Si substrate at
12,000 rpm for 90 s and then exposed to an ultraviolet light source
for 5 min with a power of 125 W. The thickness of the NOA63 film
used as ultrathin flexible substrate was about 2.7 mm. Thicknesses
of the NOA63 filmweremeasured using an XP-2 stylus profilometer
(Ambios Technology, Inc.). The ultrathin anode composed of a
wetting layer of 3 nmMoO3, a seed layer of 1 nm Au, a middle layer

of 7 nm Ag and a hole transport layer of 10 nmMoO3 was deposited
on the ultrathin polymer substrate by thermal evaporation in
sequence at a vacuum of <5 � 10�4 Pa. The transmission spectra
and the sheet resistance of the TCEs were measured by a UVeVis
spectrophotometer (UV-2550, SHIMADZU Co.Inc.) and a four-probe
meter, respectively. The SEM images were characterized by a field
emission scanning electron microscope (SEM, JSM-7500F, JEOL).

Architecture illustration of ultrathin PSC and schematic illus-
tration of the fabrication process of stretchable PSCs are shown in
Fig. 1. The PSCs were fabricated on ultrathin flexible metallic TCEs.
First, a solution of PCDTBT and PC71BM (1:4 w/w, polymer con-
centration of 25 mg/mL) in 1,2-dichlorobenzene was spin-coated
on top of the TCE at 3000 rpm for 30 s as the photoactive blend
layer. The resulting layer with a thickness of about 80 nm was
annealed on a hotplate at 70 �C for 1 h in the glove box. Then, a
cathode of 1 nm LiF,1 nmAl, 80 nmAgwere thermally deposited on
PCDTBT:PC71BM film. Finally, a NPB film with a thickness of 0, 10,
20,30 and 40 nm was coated on the cathode as a sacrifaced layer.
Two rigid plastic tapes were adhered to the two opposite sides of
the adhesive elastomer (3M VHB 4905) where the distance be-
tween the two rigid tapes was exactly 5 mm. The elastomeric
substrate was stretched until the distance between the two rigid
tapes reached 15 mm by a home-made moving stage. The ultrathin
PSC that was peeled off completely from the Si substrate was
adhered onto the pre-stretched elastomeric substrate between the
two rigid tapes by contacting with NPB sacrificial layer. The active
area of the cell was roughly 3 � 1.5 mm2, and we aligned the long
dimension of devices in the direction of stretching. We defined the
length of the device to be L, so the maximum value of L (Lmax) was
3 mm.We released stress bymoving the rigid tapes closer together,
allowing the elastomeric substrate to relax, which compressed the

Fig. 1. Schematic illustration of the fabrication process of stretchable PSCs.

Fig. 2. (a) Transmittance spectra and sheet resistance of the ultrathin flexible TCEs with and without 1 nm Au seed layer. (b) SEM images of the ultrathin flexible TCEs with and
without the 1 nm Au seed layer.
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