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Flexible photovoltaic (PV) devices have attracted enormous attention from academy and industry as a

convenient alternative energy source for indoor and outdoor applications. Flexible PV panels can be

easily integrated with infrastructures of various shapes and sizes, meanwhile they are light-weight and

thus suitable for applications where weight is important. In this review, we will describe the progress that

has been made in the field of flexible PV technologies. In addition, a summary will be provided with

perspective on the future development of flexible solar cells and new opportunities offered by these

devices.
1 Introduction

Electricity is the most extensively used form of energy, which is
convenient to transport and store, and to convert to other forms
of energy, such as mechanical energy, thermal energy, etc.
ingfeng Lin is a PhD candidate
t the Department of Electronic
nd Computer Engineering in
he Hong Kong University of
cience and Technology. He
eceived his BS degree in Elec-
ronic Science and Technology
rom the University of Science
nd Technology of China. His
urrent research interests focus
n the novel fabrication of three-
imensional nanostructures,
nd the applications of func-
ional nanomaterials for energy
arvesting, energy storage, and
anoelectronics.

ngineering, The Hong Kong University of

, Kowloon, Hong Kong, China. E-mail:

ese Academy of Sciences, 99 Haike Road,

i 201210, China

nics and College of Optoelectronic Science

cience and Technology, Wuhan, 430074,

Engineering & Materials Engineering,

USA

niversity of Houston, Houston, TX 77204,

hemistry 2014
However, it has been primarily produced by burning fossil fuels
due to historical reasons. Unfortunately, the reserve of fossil
fuels is limited and burning them is causing increasing envi-
ronmental issues.1–4 Therefore, exploring clean and renewable
energy sources is becoming a pressing task to researchers all
over the world.

Solar energy is one of the most abundant and rene-
wable energy sources that is used in the world. Photo-
voltaic (PV) devices, which directly convert solar energy into
electricity, have been regarded as promising candidates
for a CO2 emission free energy supply.5 Indeed, installed solar
PV capacity has increased rapidly from just 1 GW in 2000 to 67
GW in 2011, and is projected to be over 600 GW by 2035.4

Among various PV technologies, thin lm PV is considered
more cost-effective than traditional crystalline Si-based PV,
which is not only more expensive, but also heavier and more
fragile.6 More importantly, the light-weight, mechanically
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exible thin lm technologies open up new opportunities for PV
device design, i.e. exible solar cells, which offer a convenient
alternative energy source for indoor and outdoor applications.7–9

Flexible PV panels can be easily integrated with infrastructures of
various shapes and sizes, consequently stimulating the design of
innovative energy-generating products. Additionally, these exible
modules are light-weight and thus suitable for applications
where weight is important, meanwhile they possess a
much faster payback than conventional PV modules. Up-until-
now, a lot of different PV materials have been developed
with diverse deposition methods on a variety of exible
substrates to manufacture exible solar cells. Accordingly,
based on the PV materials used, exible solar cells are
usually categorized as (1) Si based exible solar cells, (2)
compound exible solar cells, and (3) organic solar cells. In
this review, we will describe the progress that has been
made in the eld of exible solar cells. In addition, a summary
will be provided with perspective on the future development of
exible solar cells and new opportunities offered by these
devices.
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2 Si based flexible solar cells
2.1 Flexible thin lm c-Si solar cells

Among the various PV technologies, crystalline silicon (c-Si)
solar cells hold the dominant market share due to the advan-
tages of material abundance, broad spectral absorption range,
high carrier mobilities, and its mature technology.10 Wafer
based solar cells have gained efficiencies as high as 24.7% in the
research lab.11 When the thickness decreases to <50 mm, a cell
efficiency of 21.5% can still be obtained.12 Meanwhile, further
reducing the c-Si thickness down to a few micrometers can
signicantly reduce material usage and cost. Compared with
bulk wafers, thin lm c-Si solar cells have a potentially higher
open circuit voltage (Voc) and efficiency limits imposed by Auger
recombination,13 making thin lm c-Si highly attractive for high
performance exible solar cells. However, the preparation of
thin lm c-Si still remains a challenge. The conventional wire
saw technique used for wafer slicing creates large amounts of
micron-size silicon powder “kerf”.14 As the wafer thickness
(several tens micrometer) is much smaller than the wire
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diameter (150–200 mm), the kerf loss as a fraction of the total
ingot will be dramatically increased. In order to develop low-
cost exible PVs, several methods have been investigated to
fabricate c-Si thin lm and solar cells.

2.1.1 Epitaxial growth and layer transfer. One of the most
famous approaches is the so-called ELTRAN (Epitaxial Layer
TRANsfer) process which enables a high quality mono-
crystalline silicon thin lm on foreign substrates.15 The
process sequence starts with the epitaxial growth of mono-
crystalline silicon thin lm on silicon wafer with a separation
layer. Aer device fabrication, the silicon thin lm is bonded
to a foreign substrate, and detached from the wafer. In this
way, the starting wafer can be reused for another process
cycle, rendering a reduction of materials waste. The growth of
silicon thin lm can be conducted using either liquid phase
epitaxy (LPE)16 or chemical vapour deposition (CVD).17 The
key step of the ELTRAN process is the fabrication of a
separation layer.

Porous silicon (PS) is the most popular choice, which allows
both the growth and separation of high quality epilayers. The PS
is formed by the anodic dissolution of silicon wafer in HF
solutions.18 The porosity can be controlled by varying either the
current density or HF concentration. Typically, a bi-layered PS
with a high porosity (50–70%) layer beneath a low porosity
(10–20%) layer is required for the growth and transfer process.17

A high temperature treatment (>1050 �C) in a H2 atmosphere
induces a restructurization process in the PS, driven by the
lowering of the free surface energy.19 As a result, the low-
porosity layer forms a quasi-monocrystalline silicon (QMS) lm
with enclosed voids several tens of nanometers in diameter,
serving as the seeding layer for epitaxial growth. Meanwhile,
large voids with a lateral extension of several tens of microme-
ters are formed in the high-porosity layer. The remaining few
bridging silicon allow the epilayer to be detached from the
substrate wafer (Fig. 1a).
Fig. 1 (a) Epitaxial grown silicon thin film on bi-layered PS. Reprinted
from ref. 17. (b) 150 mm flexible c-Si solar cell based on porous silicon.
Reprinted from ref. 20. (c) Flexible c-Si solar cell modules fabricated by
an undercut etching of bulk silicon. (d) SEM image of themicrobar after
undercut etching and schematic illustration of an individual microcell.
Reprinted from ref. 22.

This journal is © The Royal Society of Chemistry 2014
Aer in situ device fabrication, the device is mounted to a
transparent exible polymer foil and detached from the host
wafer directly by mechanical force. The whole fabrication
process is ended by the evaporation of Al back contact.
Following this process, Werner and co-workers successfully
demonstrated exible c-Si solar cells with 150 mm diameter
sandwiched in two plastic sheets (Fig. 1b).7,20 Taking advantage
of the high quality monocrystalline characteristics, an efficiency
up to 14.6% was achieved in 2006.20 Recently, based on PS,
Solexel announced 156 � 156 mm2 square exible c-Si solar cell
products with a record efficiency as high as 20.1% in 2012.21

2.1.2 Etch-release method. In addition to the epitaxial
growth of c-Si thin lm, the mature micro-fabrication tech-
niques from the semiconductor industry also provide alterna-
tive strategies for the exible thin lm c-Si solar cells. As shown
in Fig. 1c and d, Yoon et al. demonstrated ultrathin mono-
crystalline silicon exible PV modules composed of well
organised interconnected microbar solar cells.22 These micro-
bars are fabricated through the anisotropic undercut etching of
silicon wafers. As shown in the SEM images of Fig. 1d, the
undercut etching facilitates the release of microbars from the
wafer with narrow anchors. In order to complete the microcell
fabrication, the p–n junction, top contacts and back-surface
eld are created by selective-area diffusion, as shown in the
schematic illustration of Fig. 1d. A so and elastomeric stamp,
usually polydimethylsiloxane (PDMS), is used to retrieve these
microcells from the wafer and print them onto a exible poly-
mer substrate. The interconnection of microcells can be
obtained through metal evaporation or direct conductive ink
printing. The individual microcells of 15–20 mm thickness show
efficiencies in the range of 6–8%, which can be increased to 10–
13% with back reectors. The efficiency of the exible module
remains unchanged at a bending radius of 4.9 mm and only
shows little degradation with bending up to 200 cycles, indi-
cating good mechanical robustness for exible applications.

A similar approach has been developed by Cruz-Campa et al.
to fabricate exible PV modules composed of hexagonal silicon
segments (14 mm in thickness) with an efficiency of 14.9%.23

2.1.3 Exfoliating from bulk silicon wafer. Besides the
above-mentioned strategies, a much simpler exfoliation
method has been demonstrated recently.24–26 A Ni lm is rst
deposited by sputtering24 or electroplating25,26 as the stressor
layer with controlled thickness and stress. Then a exible
handle layer is attached to the stressor, which prevents multiple
fractures and the cracks formed during spalling.24 Initiated by a
pre-determined crack, the silicon thin lm is nally exfoliated.
IBM demonstrated exible solar cells with efficiencies of 4.3%
on monocrystalline silicon foils prepared by the controlled
spalling.24 The major factor causing this low efficiency is the
thin thickness of the silicon foil (�3 mm) that cannot absorb
light sufficiently. The thickness of the exfoliated layer can be
controlled by varying the metal thickness, deposition condi-
tions and the pre-determined crack parameters. With
controlled conditions, Saha et al.,26 reported a thicker (�25 mm)
silicon foil which enables a double side texturing process and
promising performances with a short circuit current density (Jsc)
and efficiency up to 34.4 mA cm�2 and 14.9% respectively.
J. Mater. Chem. C, 2014, 2, 1233–1247 | 1235
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Note that all the above-mentioned approaches can be clas-
sied into three subdivisions: preparation of the Si active layer,
transfer of the silicon thin lm, and fabrication of devices. The
device fabrication can be conducted either before or aer the
layer transfer process. However, the preferred sequence is that
most of the fabrication process should be performed before the
transfer, concerning the high temperature issue.20 Besides the
active layer preparation and substrate materials, the exible
solar cell fabrication process is similar to the conventional
wafer based solar cells that includes the doping of the back-
surface eld, diffusion of the selective emitter, deposition of
passivation, anti-reection layer and the contacts.
Fig. 2 (a) Schematic of the structure of Si:H films as a function of R and
db. Reprinted from ref. 30. Photographs of (b) a research cascade
deposition system at the Shanghai Advanced Research Institute,
Chinese Academy of Sciences, and (c) United Solar's 30 MW contin-
uous roll-to-roll Ovonic a-Si PECVD processor. Reprinted from ref. 31.
2.2 Flexible thin lm a-Si:H/mc-Si:H solar cells

Compared with exible c-Si solar cells, hydrogenated amor-
phous (a-Si:H)/microcrystalline (mc-Si:H) silicon thin lm solar
cells have the advantages of better weak light performance,
large scale production under a lower temperature and superior
exibility, which is quite suitable for the large scale deployment
of low-cost PVs on a exible substrate.

2.2.1 Materials and facilities. The active layer of a-Si:H/mc-
Si:H single junction solar cell is a stack (�300 nm or several
micrometers thick) composed of three silicon layers, i.e. the n-
and p-type doped layers and an intrinsic (i-) layer between them.
The n- and p-layers create a rectier diode, while the i-layer
absorbs the most incident light.

The silicon lms are generally obtained in a plasma-
enhanced chemical vapour deposition (PECVD) system using
H2 diluted SiH4 as the source precursor while PH3 and B2H6 are
the n- and p-type dopant sources. Other techniques, such as hot
wire CVD (HWCVD),27 inductively coupled plasma CVD
(ICPCVD),28 and very high frequency PECVD (VHF-PECVD),29 are
also being investigated for high quality or high-throughput
solar cell manufacturing. The crystal phase of Si:H can be
controlled by the H2-to-Si:H4 dilution ratio (R) and the lm
thickness (db).30 When increasing R or db, a transition starting
from the amorphous growth region, to the mixed phase
(amorphous and microcrystalline) growth region, and nally
the pure microcrystalline growth region can be observed
(Fig. 2a). This phase diagram provides a guideline for the
optimization of active materials and the cell performance.

Although single-chamber processes for a-Si:H solar cell
deposition have been utilized to lower the equipment cost,
cascade (Fig. 2b) or cluster deposition systems with multiple
chambers for different layers are preferable to avoid contami-
nation from doped layers to i-layers. In the case of mass
production, exible a-Si:H and mc-Si:H solar cells are preferred
to be fabricated through a roll-to-roll production line. As shown
in Fig. 2c, the roll-to-roll system contains not only the PECVD
chambers for the deposition of active layers, but also the
processes to fabricate the whole solar cells, including cleaning
of the substrates, connecting hole punching, sputtering, laser
scribing, printing of top contacts, evaluation, and
encapsulation.31,32

In practice, tandem cells and triple-junction cells have been
extensively investigated and are used for most commercial
1236 | J. Mater. Chem. C, 2014, 2, 1233–1247
modules, aiming at increasing the performance by maximizing
the full solar spectrum absorption.33–35 The bandgaps of a-Si:H
and mc-Si:H in the multi-junction devices are tuned to �1.7 eV
and �1.1 eV for blue and infrared spectrum absorption
respectively.35 Amorphous silicon-germanium alloy (a-SiGe:H) is
an additional material choice for absorbing the green and red
photons, with a tunable bandgap through controlling the
silicon-to-germanium ratio.8Different congurations of tandem
and multi-junction solar cells have been demonstrated based
on these materials, such as a-Si:H/a-Si:H tandem cell,33 a-Si:H/
mc-Si:H tandem cell36 and a-Si:H/a-SiGe:H/a-SiGe:H triple-junc-
tion cell.8

2.2.2 Device structure conguration. Two different cong-
urations, i.e. “superstrate” and “substrate”, have evolved in PV
device design based on the starting materials in the fabrication
process.37 In the “superstrate” design, incident light will have to
pass through the transparent substrate before entering
absorbing layers. However, most transparent plastics will suffer
serious deformation under the general processing temperature
(�300 �C). Thus “substrate” design, congured as an n–i–p
structure, is generally accommodated in exible a-Si:H solar
cells, using metal or opaque plastic foils with good temperature
tolerance. Stainless steel is the most popular choice owing to
the advantages of low cost, high mechanical strength and ease
of preparation.8,38,39 For example, United Solar (Uni-Solar), a US
PV manufacturer, demonstrated triple-junction amorphous
silicon alloy solar cells on stainless steel (Fig. 3a) with an initial
efficiency of 14.6% and a stable efficiency of 13% in 1997.8,40

Due to the characteristic of being light weight, plastic
substrates possess unique advantages for applications like
aerospace and wearable PV devices. Some heat-resisting plastic
lms like polyimide (PI) can endure the elevated temperature
during PECVD and sputtering processes to deposit silicon thin
lm solar cells, as shown in Fig. 3b.41 Although the mechanical
strength and thermal stability of polymers are not comparable
This journal is © The Royal Society of Chemistry 2014
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Fig. 3 (a) Roll of laminate roofing product integrating Unites Solar
Ovonic triple junction a-Si on stainless steel with a membrane at Solar
Integration Technology's plant in CA, USA. Reprinted from ref. 40. (b)
Triple junction a-Si cells on Mo-coated Kapton VN. Reprinted from ref.
41. (c) Schematic of the peel–stick process. Reprinted from ref. 45.
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with that of metal foils, high efficiency devices have also been
realized.32,42,43 Fuji Electric developed a-Si:H/a-SiGe:H based
tandem solar cells on plastic substrate and achieved a stabilized
efficiency of 9% in a 40 cm� 80 cm cell.32 The fabrication of this
exible solar cell was conducted in roll-to-roll apparatuses.
Similarly, Uni-Solar demonstrated triple-junction ultra-light-
weight a-Si:H/a-SiGe:H/a-SiGe:H solar cells on �25 mm plastic
substrate using roll-to-roll deposition. This material gives an
initial aperture-area efficiency of 9.84% and specic power
of �1200 W kg�1.44

In addition to searching for suitable heat-resisting polymers
as substrate materials, the advanced design of the processing
sequence can also allow the fabrication of exible solar cells on
plastics. As shown in Fig. 3c, Lee et al. developed a peel-and-
stick method to construct a thin lm solar cell on universal
substrates without changing the material deposition conditions
and performance.45 This was realized by separating the attach-
ment of solar cell onto the substrate from the material deposi-
tion process. The solar cells were rst fabricated using
conventional parameters on nickel coated Si wafer rather than
the plastic. Then the solar cell was coated with a polymer and
attached to a thermal release tape as a temporary holder and
soaked in a water bath at room temperature. Water-assisted
subcritical debonding separates the device from the wafer,
leading to the free-standing solar cell on polymer substrates.
Aer releasing the tape, ultrathin exible solar cells are
obtained which can be transferred and attached to universal
substrates.
Fig. 4 (a) Photograph of a 3 mm thick Si film wrapped around a plastic
rod with a diameter of 7 mm. (b) Cross-sectional SEM image of a
double-sided nanotextured Si film. Reprinted from ref. 53. (c) SEM
image of a nanodent array on an aluminium substrate. (d) a-Si:H solar
cells on a nanodent array alumina substrate. Reprinted from ref. 54.
2.3 Efficient light management for Si thin lm solar cells

As described above, exible Si based PV devices usually consist
of a rather thin active layer. Therefore, efficient light absorption
in such thin lm exible Si based solar cells is essential for
enhancing energy conversion efficiency and lessening cost,
which requires a broadband antireection effect and efficient
light trapping mechanism.46,47 A variety of nanostructures with
photonic materials have demonstrated a promising capability
This journal is © The Royal Society of Chemistry 2014
of capturing the incident photons over a broad range of wave-
lengths and incident angles.48–52

In this regard, Wang et al. recently demonstrated a large-
area free-standing ultrathin single-crystalline Si at the wafer
scale as a new Si material for the fabrication of double-sided
nanocone solar cells.53 The ultrathin single-crystalline Si was
fabricated by KOH etching the Si wafer to a uniform thickness
from 10 mm to thinner than 2 mm. These ultrathin Si lms
exhibit excellent mechanical exibility and bendability, as
demonstrated in Fig. 4a, a 3 mm thick Si lm wrapped around
a rod with diameter of 7 mm. Furthermore, double-side
nanotextures were patterned on the free-standing ultrathin Si
lms for efficient light absorption, as illustrated in Fig. 4b. It
was demonstrated that the top-side texturing enhanced the
photocurrent largely due to the antireection effect caused by
the gradual effective refractive index, while the back-side
patterning increased the photocurrent further by the light
scattering effect. Following the nanotexturing processing, a 6.8
mm thick front-side nanotextured solar cell with a power
conversion efficiency of 6.2% was fabricated without support-
ing substrates, which opens up new possibilities for exible
single-crystalline Si PV devices.

On the other hand, in the substrate conguration of exible
thin lm a-Si:H/mc-Si:H solar cells, the metal or plastic foils
generally have at surfaces without well designed light trapping
textures. There have been few available strategies to directly
fabricate textured structures for efficient light management on
exible substrates before, except for depositing textured TCO
layers. Recently, Li and co-workers demonstrated a-Si:H thin
lm solar cell with enhanced light absorption and performance
on low-cost nanodent array aluminium foils, as shown in Fig. 4c
and d.54 Prepared by a facile electrochemical anodization of
J. Mater. Chem. C, 2014, 2, 1233–1247 | 1237

http://dx.doi.org/10.1039/C3TC32197E


Journal of Materials Chemistry C Feature Article

Pu
bl

is
he

d 
on

 1
6 

D
ec

em
be

r 
20

13
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
So

ut
he

rn
 C

al
if

or
ni

a 
on

 0
6/

10
/2

01
6 

01
:4

2:
13

. 
View Article Online
aluminium, this light trapping structure allows efficient scat-
tering and the excitation of waveguide modes, surface plasmon
polaritons (SPPs) and localized surface plasmon resonances
(LSPs). The Jsc and efficiency were improved by 31% and 27%
respectively. In conjunction with a roll-to-roll anodization
process,55 this novel substrate holds attractive potential to be
integrated with the present roll-to-roll fabrication system of
exible solar cells.
3 Flexible compound solar cells

Besides c-Si, a-Si:H and mc-Si:H, crystalline compound semi-
conductor materials, such as CdTe, Cu (In,Ga)Se2 (CIGS), and
III–V semiconductors have also been intensively studied for
low-cost PV modules with high efficiency and excellent
stability. The deposition of compound semiconductors onto
exible substrates initiates new elds of solar cell applications,
as well as enabling the implementation of roll-to-roll deposi-
tion methods and the monolithic integration of solar cells. For
example, the demonstration of a CIGS solar cell grown on
exible polyimide lm with a power conversion efficiency of
18.7% revealed that exible solar cells with a performance
comparable to those on rigid substrates can be achieved.56 A
recent innovation of the precise controlling over the amount of
copper atoms penetrating into the CdTe layer boosted a power
conversion efficiency of 11.5% for a CdS/CdTe solar cell based
on a exible molybdenum foil substrate.57 On the other hand,
single crystalline III–V compound solar cells with power
conversion efficiencies over 30%, which consist of lattice-
matched epitaxial layers grown on a Ge or GaAs substrate, have
already been put to practical use in power generators for space
satellites. Recent demonstration of a conversion efficiency of
44.4% for GaAs multi-junction solar cells in Sharp makes these
solar cells the best candidate for terrestrial concentrator PV
systems (Sharp, 2013). Research in advanced materials and
mechanics has uncovered ways to build mechanically exible
and even stretchable GaAs solar cell systems, due to decades of
tremendous efforts in PV technology.58,59 In the following
sections, exible solar cells made of CdTe, CIGS and GaAs will
be introduced as they are relatively mature material systems.
Meanwhile, it is worth pointing out that even though CdTe
and GaAs have been heavily used for thin lm PVs, their
toxicity has become a rising concern, in this regard, earth
abundant and environmental friendly PV materials such as
copper–zinc–tin–selenide (CZTS) have also been actively
explored.60–63
3.1 Flexible CdTe solar cells

Up-until-now, CdTe has been one of the leading thin lm PV
materials due to its optimum band-gap of 1.5 eV for efficient
PV conversion. High efficiency, decent stability, and most
importantly, low dollar per watt cost of CdTe solar cells make
CdTe an attractive active material. The present status of the
thin lm CdTe solar cells is 19.6% efficiency for lab scale
devices on transparent conductive oxide (TCO) coated glass
superstrates (GE, 2013), 13.8% efficiency for devices on exible
1238 | J. Mater. Chem. C, 2014, 2, 1233–1247
polymer sheet substrates (Swiss Federal Laboratories for
Materials Science and Technology (EMPA) and DuPont, 2011),
and 11.5% efficiency for devices on exible metallic foil
substrates.57 The industrialization of the CdTe PV technology
has pushed the efficiency of the CdTe PV module efficiency to
16.1% (rst solar, 2013).

3.1.1 Substrate conguration. In conventional CdTe solar
cells based on TCO glass superstrates, glass takes up 98% of
the device thickness and weight. Glass is known to be rigid
and brittle, which requires extra care and substantial support
for fabrication and installation. However, the weight and
mechanical issues with glass can be eliminated by the utili-
zation of exible substrates, such as metallic foils or polymer
sheets. Starting from the 1990s, attempts have been made to
develop CdTe solar cells on metallic molybdenum foils in a
substrate conguration where a power conversion efficiency
of 5.3% were reported with the thermally evaporated CdTe
absorber layer.64 With magnetron sputtering used for the
deposition of CdTe and CdS and an interlayer of ZnTe:N
employed between CdTe and the back contact, an efficiency
of 7.8% was demonstrated for CdTe solar cells on molyb-
denum substrates.65 The barriers in the development of CdTe
devices on metallic substrates are factors including the mis-
matching of thermal expansion coefficients, diffusion of
impurities during CdCl2 annealing, and difficulties to form
efficient ohmic back contact between CdTe and metallic
substrates.

Thereaer, considerable effort, such as introducing tellu-
ride as the back contact for the CdTe solar cell, immersing the
CdTe device in a CuCl2 solution to obtain Cu-doping for CdTe,
and preparing ZnTe:Cu or ZnTe as the interlayer between CdTe
and the back contact Mo to facilitate the formation of an
ohmic contact to CdTe, has been spared to improve the
performance of exible CdTe solar cells based on metallic
substrates.66–68 However, the efficiencies of CdTe solar cells
fabricated on exible metallic substrates have stayed below 8%
for the last ten years until the recently reported 11.5% for a
CdTe cell based on a Mo substrate.57,69–71 The reason for the
achievement of the breakthrough efficiency of 11.5% for CdTe
cells on Mo substrates was the precisely controlled Cu doping
of the CdTe layer.57 It was demonstrated that adding 0.8 � 1015

Cu atoms per cm2 to a 5 mm thick CdTe layer resulted in an
abrupt decrease in resistivity by three orders of magnitude and
an increase in hole density from less than 1012 cm�3 to 3.8
(�0.6) � 1014 cm�3 as determined by Hall effect measurement.
By performing electron beam-induced current (EBIC)
measurement, the depth-dependent collection efficiency of
solar cells with and without Cu doping showed that the effi-
ciently collected carriers were those generated close to the
electrical back contact, while the effective carrier collection for
Cu-doped CdTe cells happened in a region close to the CdS
layer (Fig. 5a and b). Based on this unique feature, over 90% of
the usable sunlight is absorbed in the rst micrometer of the
CdTe layer near the CdS layer, Cu doping shis the region of
the effective collection of carriers to the region of carrier
generation, which leads to a dramatic increase in the effi-
ciency. As conrmed with capacitance–voltage measurements,
This journal is © The Royal Society of Chemistry 2014
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Fig. 5 EBIC measurements of CdTe solar cells processed (a) without
Cu and (b) with 1 � 1015 Cu atoms per cm2. Proposed energy band
diagrams for CdTe solar cells (c) without and with (d) optimum Cu
doping. Reprinted from ref. 57.

Fig. 6 (a) Current density–voltage (J–V) and power-voltage measure-
mentcurvesof thecertified18.7%efficiencyCIGSdevice. (b)Photograph
of CIGS solar cells on a polyimide film. Reprinted from ref. 56.
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the Cu-doped CdTe cell had a space charge region of about
1.8 mm (about 5 mm for Cu-free CdTe cell) which led to the
effective carrier collection caused by sufficient band bending
close to the CdS layer to generate a strong electric eld (Fig. 5c
and d).

3.1.2 Superstrate conguration. On the other hand, exible
CdTe/CdS solar cells have been developed on polyimide lms in
a superstrate conguration where the cells are grown on TCO-
coated polyimide substrates. Solar cells of 8.6% efficiency were
reported on ZnO:Al-coated in-house built polyimide lm with a
‘li-off’method in 2001.72 Later on, the efficiency for CdTe cells
on polyimide substrates was further increased to 11.3% by
utilizing indium tin oxide (ITO) as the front contacts for the
cells.73 By using commercially available thin polyimide (Uni-
pex™) foils as the substrate, solar cells with an efficiency of
11.4% were presented.74 The development of coating polyimide
lm with Al doped ZnO as the front electrical contact and highly
transparent and resistive ZnO as the buffer layer led to the
achievement of 12.4% efficiency for exible CdTe cells in 2009.75

To date, the highest reported efficiency for exible CdTe cells
with superstrate conguration on polyimide substrates is
13.8%.76 Higher efficiencies for exible CdTe cells are antici-
pated, while tremendous efforts are being made towards the
back contact improvement and doping control of exible CdTe
solar cells.
3.2 Flexible CIGS solar cells

Cu (In,Ga)Se2, also known as CIGS, is cadmium-free which is
a more environmentally friendly material for thin lm solar
cells. The solar cells fabricated with polycrystalline CIGS as
the absorber layer have yielded the highest power conversion
efficiency of 20.4% among the thin lm solar cell tech-
nologies [EMPA, 2013]. Meanwhile, CIGS thin lm solar cells
are of interest for space power applications because of the
near optimum bandgap for AM0 solar radiation spectrum
in space. Development of lightweight exible CIGS solar
cells deposited on exible stainless steel (SS) foils or poly-
imide lms have the potential for achieving high specic
power. Up to date, the highest exible cell efficiency of 18.7%
for CIGS cells has been demonstrated on a polyimide lm
(Fig. 6).56
This journal is © The Royal Society of Chemistry 2014
3.2.1 Mo, Ti, Al substrates. For exible CIGS PV devices,
various substrate materials, such as Mo, Ti, stainless steel,
enameled mild steel and Al foils, exible zirconia sheets,
polyimide lms and polyethylene terephthalate (PET) sheets
have been studied.77–84 The rst demonstration of exible CIGS
solar cells on Mo substrates was reported with an efficiency of
8.3% by International Solar Electronic Technology back in
1993.77 Aer years of research work, the Institute for Advanced
Industrial Science and Technology (AIST, Japan) was capable
of fabricating exible CIGS cells on Mo foil with efficiencies
above 14% in 2010.85 An efficiency of 12% for exible CIGS
cells on Ti foil was demonstrated in 2000.78 Later, Hahn-
Meitner-Institut (HMI, Germany) reported an improved value
of 15% for exible CIGS cells on Ti foil without anti-reection
coating and a value of 17.4% with anti-reection coating.86,87 In
2009, an efficiency as high as 17.9% was reported for exible
CIGS cells on Ti foil by deploying a three state coevaporation of
CIGS deposition and a ZnS(O,OH) buffer layer.88 By depositing
alkali-silicate glass thin lm onto Ti foil, an efficiency of 17.4%
was demonstrated for exible CIGS cells.79,89 Al foils have also
been studied as exible substrates for CIGS solar cells and the
highest efficiency value of 17.1% was obtained (Nanosolar,
2011).

3.2.2 Steel substrates. Steel foil is a promising substrate
for exible CIGS solar cells because of its stability at the high
temperatures involved during CIGS processing and the
commercial availability. The highest efficiency of 17.7% for
exible CIGS cells on stainless steel was reported in 2012.90

Compared to stainless steel, mild steel as a exible substrate
can introduce impurity diffusion in the CIGS layer. By depos-
iting enamel layers as the insulating layer onto mild steel foil,
a power conversion efficiency of 17.6% (certied) was
obtained.81

3.2.3 Polymer substrates. The development of high effi-
ciency exible solar cells based on polymer substrates is limited
by the requirement of low CIGS deposition temperatures
restricted by the thermal–physical properties of polymers (pol-
yimide as the generally used material). CIGS layers with suitable
structural and optoelectronic properties should be deposited at
temperatures lower than 500 �C as polyimides have the
tendency to degrade at higher temperatures. The rst report of
exible CIGS solar cells on polyimides showed an efficiency of
J. Mater. Chem. C, 2014, 2, 1233–1247 | 1239
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8.7% achieved by a two-step process of sputtering metal
precursors followed by a selenization reaction in 1996.82 A
signicant improvement was achieved in 1999 with an effi-
ciency of 12.8% by coevaporation of the CIGS layer on a spin-
coated polyimide lm atop NaCl/glass, followed by a li-off aer
the solar cell fabrication.83 Moreover, optimization of the buffer,
window, grid and antireection layers to reduce the optical and
electronic losses resulted in the improved efficiency from 13.2%
in 2004 to 16% in 2009 and 17% in 2011.91–93

3.2.4 Mini-module production. Furthermore, mini-
modules and a large-area scale-up of exible CIGS solar cells
has also been developed on different substrates. Mini-
modules with energy conversion efficiencies of 15.0% on
enameled mild steel and 15.9% on zirconia sheets have been
reported by using monolithic integration.81,94 Furthermore, a
monolithically integrated mini-module with an efficiency of
14.8% has been fabricated on polyimide substrate with a
CIGS layer grown at EMPA and laser patterning done by the
company Flisom AG.92 Further development and optimization
could lead to 20% efficiency exible solar cells based on
polyimide substrates, close to that based on rigid glass
substrates.56,95
Fig. 7 Schematic diagram of the key processes for fabricating the
flexible III–IV solar cells involving (a) controlled spalling to separate
the solar cell structure from the growth wafer, (b) selective removal of
the excess Ge and the buffer layer to expose the solar cell structure, (c)
front grid and ARC deposition and cell isolatoin. (d) Photograph of the
final 100 mm diameter flexible InGaP/(In)GaAs tandem solar cell on
plastic. Reprinted from ref. 113.
3.3 Flexible GaAs solar cells

3.3.1 Thin lm GaAs PV cell technology. Crystalline GaAs
has been used as a highly efficient absorbing layer in PV devices,
GaAs solar cells with efficiencies above 25% were reported at
1-sun concentration and air mass 1.5 global (AM1.5G) and 1-sun
AM0 back in the 1990s.96 Besides the high efficiency, GaAs
compound materials have advantages, including high photon
absorption by the direct band gap energies, higher resistivity
against high-energy rays in space, and smaller heat degradation
compared with Si solar cells. GaAs solar cells made by the
method of epitaxial li-off (ELO) make it possible to remove the
underlying GaAs or Ge substrates and place the thin lm solar
cells on the top of any other lower band gap solar cells or
transfer the thin lm solar cell to new support substrates that
are thin, exible and lightweight.97–99 ELO of GaAs yields the
highest reported efficiency of 28.8% post li-off, which shows
the negligible effect of the transferring technique on cell oper-
ation (Alta Devices, 2013).100,101 Enhanced efficiencies can be
realized by stacking GaAs cells either monolithically or
mechanically on booster cells or lower band gap materials, such
as CIS, Si, Ge, InGaAs, etc. A world record-setting efficiency of
37.9% at AM1.5G has been demonstrated for an InGaP (1.88
eV)/GaAs/InGaAs (0.97 eV) triple-junction solar cell fabricated
using the inverted layer transfer process (Sharp, 2013).102,103 The
inverted epistructures make it possible to grow the lattice-
matched and lattice-mismatched subcells in one growth run on
one side of the parent substrate and in the proper optical
sequence.

3.3.2 Flexible GaAs solar cells. Specically for the space
application, lightweight, thin and exible GaAs solar cells
have been developed. Paper-like InGaP/GaAs solar cells with
an efficiency of 29.4% on exible metal lm was rst reported
by Sharp Corp. in 2005.104,105 Later in 2006, Sharp discussed
1240 | J. Mater. Chem. C, 2014, 2, 1233–1247
the application of exible InGaP/GaAs cells for space solar
panel and a prototype unit panel using laminated cells was
developed for space application.106 In the same year, Spec-
trolab Inc., a subsidiary of Boeing, reported a demonstration
of a large-area (26.6 cm2) and ultra-thin (less than 10 mm)
InGaP/GaAs solar cells with an efficiency of 21%.107 The rst
ight demonstration of lm laminated InGaP/GaAs solar cells
was presented by Japan Aerospace Exploration Agency (JAXA)
in 2012.108 The main feature of the mounted cells was that
they were laminated with a transparent polymer lm in place
of the coverglass to take advantage of their exibility and
lightweight.

3.3.3 Module fabrication. For single-junction GaAs solar
cells, Alta Devices reported a module efficiency record of
23.5% under AM1.5G at one sun illumination.109 Research on
exible GaAs modules has demonstrated the integration of
thin lm GaAs solar cells with so, elastomeric substrates to
yield systems with linear elastic mechanical responses to
strains. A exible GaAs multijunction solar blanket with a
three- and twelve-cell coupon with a coupon efficiency of 28%
under AM0 conditions was reported by Spectrolab in 2006.110

GaAs single-junction cells on PET (50 mm) based exible
modules showed a capability of bending to a radii of curvature
of less than 5 mm without degradation in performance.111

Moreover, stretchable solar modules with single-junction and
multijunction GaAs solar cells was demonstrated.58,59 In 2012,
MicroLink Devices reported the exible solar sheets consisting
of arrays of interconnected large-area ELO GaAs solar cells
with an efficiency of 29%.112 A novel layer transfer technique
called controlled spalling was developed and employed in the
fabrication of ultralight exible dual-junction GaAs solar cells
on plastic (Fig. 7).24,113 The bending endurance of the exible
GaAs cell was successfully demonstrated up to 1000 cycles at a
radius of 10 mm without any noticeable change in device
characteristics.
This journal is © The Royal Society of Chemistry 2014
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4 Flexible and stretchable organic
solar cells

The exibility and low cost fabrication of organic PVs (OPVs)
have attracted enormous attention from academy and industry
as alternatives to conventional inorganic solar cells.114–117

Traditionally, OPVs are fabricated on rigid glass substrates
coated with indium tin oxide (ITO) as the transparent
conductor. In order to take full advantage of OPVs for vehicles
and buildings where the surface is usually non-planar,118 ex-
ible or even stretchable substrates are preferred. However, the
brittleness of ITO prevents OPVs from being exible. Therefore,
intensive efforts have been devoted to develop highly conduc-
tive and transparent ITO-free electrodes in order to fabricate
OPVs on exible substrates. In this section, we will review the
current status of exible and stretchable OPV devices. Earlier
efforts focused on using carbon-basedmaterials, such as carbon
nanotubes,119–122 graphene123–126 and conducting polymers127–129

as transparent conductors. The transparency and sheet resis-
tance were recently improved using metal-based nanowires,
such as Ag and Cu nanowires.130–132 From a different application
perspective, OPVs with specially designed stretchable electrodes
demonstrated robust mechanical properties, while maintaining
excellent OPV performance.133,134
Fig. 8 (a) The structures of SWCNT, graphene, PEDOT:PSS. AFM
images of SWCNT network films (b) before and (c) after PEDOT:PSS
deposition and annealing at 110 �C for 20min. (d) Transparency of a 30
nm-thick nanotube film with 200 U sq�1 sheet resistance, together
with the transparency of ITO on glass (15 U sq�1). (e) J–V character-
istics of P3HT:PCBM devices under AM1.5G conditions using ITO on
glass and flexible SWNTs on PET as the anodes, respectively. Inset:
Schematic and photograph of a highly flexible cell using SWNTs on
PET. Reprinted from ref. 121.
4.1 Flexible organic solar cells

4.1.1 Carbon-based transparent electrodes. Single walled
carbon nanotubes (SWCNTs) have shown great promise in
replacing ITO.119 They have demonstrated potential for use in
organic exible displays,120 which require high optical trans-
parency and moderate conductivity. A solution processed
SWCNT network was investigated as a transparent conductive
electrode in polymer-fullerene bulk-hetero-junction solar
cells.121,122 As shown in Fig. 8a–d, the printing method generates
relatively smooth and homogenous lms with a transmittance
of 85% at 550 nm and a sheet resistance of 200 U sq�1.121 The
root-mean-square roughness is reduced from 7 nm to 3.5 nm
aer PEDOT:PSS coating. Fig. 8e demonstrates an efficiency of
2.5% for a PET/SWCNTs/PEDOT:PSS/P3HT:PCBM/Al device
structure, compared to the 3% for the ITO based structure.
However, due to inter-tube resistance, the conductivity is still
limited by a higher sheet resistance, which nally results in a
higher series resistance and lower ll factor (FF). Bending tests
indicate that the carbon nanotube network is mechanically
resilient and there is no efficiency degradation, even at �5 mm
of radii of curvature. In contrast, devices based on ITO on the
same 125 mm thick PET substrate begin to fail at a radius of
1 cm. Reducing inter-tube resistance and improving conduc-
tivity are essential in the adoption of carbon nanotubes as
transparent electrode materials for OPVs.

The increasingly facile production method of graphene
lm,123,124 combined with its high conductivity, transparency
andmechanical strength, have made it a potential candidate for
transparent electrodes. Solution-processing was employed to
deposit graphene lms with the thickness <20 nm. The gra-
phene lm shows >80% transmittance but with a high sheet
This journal is © The Royal Society of Chemistry 2014
resistance ranging from 5 kU sq�1 to 1 MU sq�1. As a result,
solution-processed graphene-based OPVs show inferior Jsc and
FF.125 Chemical-vapor-deposited graphene lm gives a much
smoother and more homogeneous lm and a lower sheet
resistance of around 600 U sq�1 as well as a transmittance of
86% at 550 nm, which indicates that the lm quality plays a
critical role in sheet resistance. Non-covalently functionalized
graphene was also proposed to make hydrophilic surface for the
spreading of PEDOT:PSS without losing conductivity. The
devices based on graphene modied by pyrene buanoic acid
succidymidyl ester (PBASE) exhibit power conversion efficien-
cies (PCE) of up to 1.71%. In particular, the FF increases from
24.3% to 51.3%. The PBASE incorporation drastically decreases
the series resistance of the device, and the PCE of the solar cells
made with modied graphene anode can reach 38% of that of a
structurally identical cell with an ITO anode.126 Compared to the
20 U sq�1 sheet resistance of ITO, graphene's intrinsic
boundary resistance of around 1000 U sq�1 is still large.
Conductivity enhancement could be achieved by growing a large
area of graphene lm and decreasing the lm boundary
J. Mater. Chem. C, 2014, 2, 1233–1247 | 1241
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Fig. 9 (a) Schematic of the Cu nanofibers preparation method. Left:
schematic of an electro-spinning setup. Right: fabrication process of
Cu nanofibers. (b) J–V curve and device structure (inset) using Cu
nanofiber film as the transparent electrode. (c and d) Sheet resistance
of Cu nanofibers and sputtered Cu film vary with bending radius and
strain. (e and f) SEM images of the Cu nanofiber network and sputtered
Cu film after the bending test, scale bar 10 mm. Reprinted from ref. 140.
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resistance. Meanwhile, the functionalization of graphene
and rigorous optimization should also be done for graphene-
based OPVs.

4.1.2 Conducting polymer transparent electrodes. Con-
ducting polymers are promising candidates for exible trans-
parent electrodes. Considering that carbon nanotubes and
graphene-based electrodes still require PEDOT:PSS as an
interlayer before depositing the active layer, directly spin-
coating PEDOT:PSS on exible substrates will denitely simplify
the fabrication process and pave the way to low cost, light-
weight, exible OPVs. Zhang et al. rstly conrmed the feasi-
bility of substituting ITO with a modied PEDOT:PSS as the
transparent anode in OPVs.127 Based on the MEH-PPV/PCBM
system, PEDOT:PSS doped with d-sorbitol showed power
conversion efficiencies reaching 0.36% compared to 0.46% for
an ITO anode. The conductivity of pristine PEDOT:PSS is about
0.006 S cm�1, which is in the insulating regime. In recent years,
modied PEDOT:PSS has demonstrated increased conductivity
with the addition of inert solvents, such as dimethyl sulfoxide
(DMSO), N-methylpyrrolidone (NMP), N,N-dimethylformamide
(DMF), ethylene glycol (EG), etc. The spin-coated lm of
PEDOT:PSS doped with 6% EG shows a conductivity of 731 S
cm�1 and enhanced conductivity of 1418 S cm�1 aer solvent
post treatment. For modied PEDOT:PSS lm, a low sheet
resistance (<65 U sq�1) with a high transparency (>80%) has
been achieved.128 The improvement of conductivity could be
attributed to the removal of insulating PSS from the PEDOT:PSS
layer.129

4.1.3 Metal-based transparent electrodes. The improved
conductivity of modied PEDOT:PSS is still much lower than
that of ITO. Ag-grids were introduced between the substrate and
PEDOT:PSS to increase conductivity and reduce device series
resistance.130–132 The screen-printed Ag grids in combination
with highly conductive PEDOT:PSS demonstrated a typical
sheet resistance of 1 U sq�1 with an active area of 4 cm2.
However, the grids account for 6.4–8% of the surface area,
which does not contribute to the photocurrent. This shadow
effect could be minimized by using metal-based nano-
structures, which was reported in both hybrid solar cells and
dye-sensitized solar cells.135,136 Solution processed Ag nanowire
mesh was also proposed in OPVs as a transparent electrode
alternative to ITO.137 A slightly higher Jsc was obtained
compared to that of the device on ITO, benetting from the
scattering effect of random silver nanowires. A comprehensive
study on the Ag nanowire electrode shows that the long and thin
Ag nanowire is benecial with respect to sheet resistance and
optical transmittance. Both Au coating and mechanical
pressing can effectively reduce the junction resistance of Ag
nanowires. Ag nanowires also demonstrate outstanding
mechanical properties. Compared to the sheet resistance of ITO
on polyethylene terephthalate (PET) jumping to 6 kU sq�1 aer
being bent, Ag nanowires show little difference, even aer being
bent to 5 mm 100 times.138 Meanwhile, Peumans et al. showed
that a high roughness value of the Ag nanowire electrode could
lead to a low shunt resistance with poor device performance. In
order to avoid this adverse effect, they demonstrated that by
embedding Ag nanowires into the conducting polymer, low
1242 | J. Mater. Chem. C, 2014, 2, 1233–1247
roughness Ag nanowires/PEDOT:PSS composite electrodes
show an excellent performance of 3.8%, which is better than
that of the ITO/PET based structure.139

Considering the relatively high cost of silver, electrospun Cu
nanober webs were developed as less expensive alternatives for
transparent electrodes.140 Fig. 9a shows the schematic and
fabrication process of Cu nanobers. Firstly, CuAc2/PVA
composite nanobers were prepared by electro-spinning. Then
the bers were calcinated in air to form CuO nanobers. Finally,
the CuO nanobers were reduced to Cu by annealing in an H2

atmosphere. Fig. 9b shows the current density–voltage (J–V)
curve of the Cu nanober-based OPV device with 3% efficiency.
Fig. 9c and d shows the much better exibility of the Cu
nanober based transparent electrodes than that of the sput-
tered Cu thin lm on PDMS substrate. Furthermore, the Cu
nanober electrode demonstrated little degradation, while the
Cu sputtered lm showed an increase of 2 orders in sheet
resistance upon stretching to 10% strain. SEM images in Fig. 9e
and f also veried that Cu nanobers still maintained the
morphology; whereas the Cu sputtered lm broke with some
cracks aer the bending test. Because calcination and the
annealing process were used, a fused junction was formed
between Cu nanowires with remarkably reduced junction
resistance. Another approach was recently developed by Garnett
et al., who used light-induced plasmonic effect to weld Ag
nanowires into interconnected networks with signicantly
reduced junction resistance.141 Physical parameters and PV
This journal is © The Royal Society of Chemistry 2014
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performance of various types of transparent electrodes on PET
substrates are summarized in Table 1.
Fig. 10 Photographs of (a) a solar cell on a pre-strained PDMS
membrane before deposition of the EGaIn top electrodes, and (b) a
purpose-built stage for applying strain to the devices. Reprinted from
ref. 133. (c) Extreme bending flexibility demonstrated by wrapping a
solar cell around a 35 mm radius human hair. (d) Stretchable solar cells
made by attaching the ultrathin solar cell to a pre-stretched elastomer.
They are shown 0% (left) and at 30% (middle) and 50% (right) quasi-
linear compression. Scale bar (both c and d) 2 mm. (e) SEM image of
the PET surface in a compressed state. Scale bar 500 mm. (f) Current–
voltage curves at 1 (black), 11 (red) and 22 (blue) cycles for both the fully
extended and 50% (quasi-linear) compressed states. Reprinted
from ref. 134.
4.2 Stretchable organic solar cells

Compared to their exible counterparts, stretchable OPVs have
a much more robust mechanical property and can tolerate a
range of strain or compression whilst maintaining a superior
performance. The compliance of stretchable OPVs allows them
to cover moving parts or bond to a curved surface, such as joints
in robotic elements and automobiles.118 The strategy is to
exploit the buckling instability that occurs when a compressive
strain is applied to a system comprising a rigid lm on an
elastomeric substrate. Bao's group fabricated the rst stretch-
able OPVs and investigated their mechanical properties.133

Eutectic gallium indium (EGaIn), a liquid metal alloy, was
employed as the top electrode. Conventional top contact-evap-
orated aluminum cracks catastrophically upon release of the
pre-strain. Fig. 10a and b show photographs of a P3HT:PCBM
lm deposited on pre-strained PDMS substrate and the testing
equipment for stretchable OPVs, respectively.

While converting the stretching motions to microscopic
bending strain, the peak strain experienced by a thin lm under
bending strain is directly related to the thickness of the
substrate, and inversely related to the radius of curvature, as
given by142

3 ¼
�
df þ ds

2r

�
� 100%

where 3 is the peak strain, df is the thickness of the lm, ds is the
thickness of the substrate, and r is the radius of the curvature.
In OPVs, the 3 and df are typically constant. If ds is reduced, rwill
decrease correspondingly; that is, the thinner substrate will be
much more tolerable towards bending strain.

An ultrathin lightweight OPV stretchable device was fabri-
cated with extreme exibility.134 The thickness of the PET
substrate was only 1.4 mm and that of the total device was less
than 2 mm. As shown in Fig. 10c, the complete device can wrap
around a human hair with a radius of 35 mm. When attached to
a pre-strained PDMS substrate, the device shows excellent
stretchable properties. Fig. 10d shows a stretchable solar cell at
various level of compression (le) 0%, (middle) 30%, and (right)
50%. Repeated stretching and compression tests showed a
gradual decrease in the Jsc, the FF and a marginal loss in power
over more than 20 full cycles (Fig. 10f).
Table 1 Parameters and performance of various transparent electrodes

Transparent
electrode

Transmittance
at 550 nm (%)

Sheet
resistance (U sq�1) VOC (V) Jsc(

CNT 85 100 0.61 7.
Graphene 85 100–1000 0.55 6.
Ag grids 78 1 0.54 6.
Ag nanowires 82 12 0.61 9.
Cu nanobers 90 25 0.55 10.
PEDOT:PSS 88 60–176 0.58 11.
ITO 90 20 0.61 10.

This journal is © The Royal Society of Chemistry 2014
Stretchable OPVs have demonstrated the unique advantage
over conventional inorganic solar cells of being highly stretch-
able. However, better efficiency and longer lifetimes are neces-
sary to make stretchable OPVs more competitive compared to
their inorganic counterparts. Much progress has been made in
the past few years. By designing various molecular structures to
tune electronic energy levels and broaden absorption, chemists
have developed systematic strategies to enrich the library of
organic photovoltaic materials with signicantly improved
PCE.143,144 Improved fabrication and encapsulation technology
will further enhance OPV device lifetime. Thus it is very likely
that stretchable OPVs with greater efficiency and lifetime will be
demonstrated in the near future.
on PET substrate based on the P3HT:PCBM system

mA cm�2) FF (%) PCE (%)
Bending angle/
radius of curvature Reference

8 52 2.5 5 mm 121
1 51 1.7 138� 124 and 126
3 57 1.9 5 mm 132
7 64 3.8 5 mm 139
4 53 3.0 6 mm 140
9 61 4.2 35 mm 129 and 134
6 67 4.3 1 cm 116

J. Mater. Chem. C, 2014, 2, 1233–1247 | 1243
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5 Summary and outlook

This article has reviewed recent progress on exible solar
cells from a number of different aspects, including PV
materials, substrate materials, efficient light management, as
well as transparent electrodes. As a matter of fact, with the
fast evolving of portable and personal electronic devices such
as smart phones, embedded sensors, and portable display
devices, etc., the lightweight and exibility of these compo-
nents/devices has become more important and attractive. In
this regard, research on exible power generation devices,
such as solar cells, will receive increasing attention. Mean-
while, exible PV technologies will not only impact on
portable electronics, but also signicantly reduce the cost of
deployment/installation, which is one of the major compo-
nents of the cost breakdown of solar panel utilization.

Although crystalline Si PV have been dominating the PV
market, thin lm PV seems to be advantageous over thick
crystalline Si for exible applications. Nevertheless, it is worth
noting that thin crystalline Si and GaAs exible PV technolo-
gies are emerging. These technologies can provide higher
power conversion efficiencies as compared to polycrystalline
compounds or organic thin lm PV, due to high material
quality. However, the major bottle neck for their large scale
application is the low throughput and high cost fabrication
process. Although the competition is erce, in the near future,
the exible PV applications will still be dominated by a-Si,
CIGS, etc.
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