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a b s t r a c t

We report the flexible transparent Cu nanowire mesh electrode fabricated by simple transfer printing

from flexible PDMS stamp as a potential replacement for the conventional ITO electrode in organic solar

cell applications. Fabricated Cu mesh electrode shows a greater flexibility than conventional ITO

electrode deposited on plastic substrates, and exhibits high optical transmittance and electrical

conductance. It can be bent to 3 mm radius of curvature with no degradation of the conductance. Large

area nanoscale metal electrodes on flexible substrates are demonstrated using a roll-to-roll process. The

organic solar cell made with the transparent Cu electrode performs as good as the one with ITO

electrode, which indicates that such electrode has the potential to replace conventional ITO electrode

for low-cost, large-area flexible organic solar cell applications.

& 2010 Elsevier B.V. All rights reserved.
1. Introduction

Organic solar cells (OSCs) offer a promising alternative to
inorganic solar cells due to their low cost, easy fabrication, and
compatibility with flexible substrates over large areas [1–5]. In
particular, flexible OSCs [6] have potentials to apply to packaging,
clothing, flexible screens, and recharging small mobile electronics.
Recently, significant advances have been made for the realization
of low-cost and large-area flexible OSCs by focusing on the
materials and processing methods [7,8]. The possibility of mass
production of flexible OSCs using roll-to-roll fabrication has also
been demonstrated by Krebs et al. [9]. Most of the organic solar
cells have been made on indium tin oxide (ITO) substrate because
ITO offers transparency in the visible range of the electromagnetic
spectrum as well as electrical conductivity. Therefore, current
high performance organic solar cells are mostly fabricated on ITO
electrode [10–15]. However, ITO is not the best choice for low-
cost and high-performance flexible OSC applications, because the
high quality ITO, especially high conductivity, requires high
temperature annealing, which is incompatible with plastic-based
flexible substrates. The poor conductivity of the ITO film on
flexible substrates reduces the fill-factor (FF) of the device
ll rights reserved.

: +1 734 763 9324.
resulting in low power conversion efficiency of large area OSCs
[16]. The rather brittle ITO film is also not sufficient for flexible
applications. In fact, the poor mechanical stability of ITO can
cause device failure when the ITO-coated flexible substrate is bent
[16–18]. Moreover, the price of ITO drastically increases due to
the limited supply of the indium element and the increasing
demand from the rapidly expanding display market. These
aspects of ITO potentially prevent the realization of low-cost
and high-performance large scale OSC fabrication. Several alter-
native materials as transparent conductive electrode (TCE) includ-
ing carbon nanotube networks [18–21], conductive polymers
[22–24], and random Ag nanowire mesh [25] have been recently
investigated and showed adequate performance. However, they
suffer from either low conductivity or high surface roughness,
which cause reduced FF and power conversion efficiency. We
have recently developed another type of TCE based on periodic
metallic nanostructures on glass substrates using nanoimprint
lithography (NIL) and demonstrated that high optical transmit-
tance and high electrical conductivity could be achieved at the
same time by controlling the line-width and the thickness of the
metallic nanostructures [26]. Specifically, it has been shown that
conductivity of such transparent metal electrode was enhanced
by a factor of three at the cost of a small decrease in optical
transmittance by just doubling the metal thickness. The high
conductivity of TCE is one of the most important parameters for
high-performance large area organic solar cell applications. It is
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also easily anticipated that the performance of the transparent
metal electrode does not depend on the kinds of the substrate
because such electrode does not require another processing to
enhance its performance such as high temperature annealing
needed for high performance ITO. One requirement for realizing
transparent metal electrode on flexible substrates is to develop
efficient nanofabrication technique because the NIL used for glass
substrate requires high temperature and pressure, which are not
compatible with flexible substrates. Therefore, in this paper, we
demonstrate a transparent Cu nanowire mesh electrode on poly-
ethylene terephthalate (PET) substrate by simple transfer printing
from flexible poly(dimethylsiloxane) (PDMS) stamp. The fabri-
cated transparent Cu electrode shows optical transmittance
comparable to the ITO electrode in the visible range, but a lower
sheet resistance (Rsh) than that of typical ITO electrode. Moreover,
it is much more flexible than the sputter-deposited ITO on plastic
substrate, and can be bent to �3 mm radius of curvature with no
degradation of the conductance. We also demonstrate the poten-
tial of large area fabrication of such transparent metal electrode
using a roll-to-roll process. Organic solar cells made with the Cu
mesh electrode performs as good as those made with conven-
tional ITO electrode, which indicates that the transparent Cu
electrode can potentially replace the ITO electrode with better
flexibility and lower cost.
Fig. 2. SEM images of (a) the SiO2 mold for NIL, (b) the imprinted resist template,

(c) the fabricated PDMS stamp, and (d) the transferred Cu mesh electrode onto

PEDOT:PSS coated PET substrate.
2. Experimental

2.1. Nanoscale metal transfer printing using PDMS stamp

Fig. 1 shows the schematic diagram of the fabrication of the
PDMS stamp and the transfer printing of Cu nanowire mesh
electrode using the PDMS stamp. Nanoimprint lithography (NIL)
[27] was first performed to fabricate the resist template (MRI-8030,
Microresist Technology GmbH) required for the fabrication of the
PDMS stamp. The SiO2 mold (Fig. 2(a)) for NIL consists of two sets
of orthogonally oriented grating structures with a depth of 130 nm
but with different periods. One grating has a period of 700 nm and
 NIL  PDMS fab
:Casting an

 Printing Metal deposition

SiO2 mold

NIL resist

:40 nm Cu / 2 nm Ti :10psi, 100
PEDOT co

Fig. 1. Schematic diagram of the fabrication of the PDMS stamp and the transfer prin

template. (b) The PDMSs are drop-casted and cured. High modulus PDMS is first drop-ca

casted and cured at 65 1C for 2 h to mechanically support the first layer. (c) The PDMS i

thick Ti are sequentially deposited by electron-beam evaporation. (e) The Cu mesh on

100 1C for 2 min. (f) Lifting up the PDMS stamp leaves the Cu mesh electrode on PEDO
a line-width of 70 nm, and the other 10 mm period and a line-width
of 400 nm [26,28]. The PDMS stamp was fabricated from the
imprinted resist template by drop-casting and curing [28,29]. The
stamp is made of two different PDMS materials. High modulus
PDMS was first drop-casted and cured at 65 1C for 5 min to
faithfully replicate the nanoscale features [30]. Next commercial
PDMS, sylgard 184, was drop-casted and cured at 65 1C for 2 h on
top of the high modulus PDMS layer to provide the flexible
mechanical support to the patterned layer. After removing the
PDMS stamp from the resist template, 40 nm thick Cu and 2 nm
thick Ti were sequentially deposited on the PDMS stamp by
electron-beam evaporation at a rate of 2 Å/s. After a brief O2

plasma treatment of the Cu/Ti layer, the metal was transferred on
to a 30 nm thick poly(3,4-ethylenedioxythiophene):poly(styrene-
sulfonate) (PEDOT:PSS) layer spin coated on PET substrate under a
rication
d curing

 PDMS demolding

 Removing PDMS

°C, 2min
ated PET

ting of Cu nanowire mesh electrode. (a) The conventional NIL produces the resist

sted and cured at 65 1C for 5 min. The commercial PDMS, sylgard 184, is then drop-

s demolded after cooling down to room temperature. (d) 40 nm thick Cu and 2 nm

the PDMS stamp is transferred onto PEDOT:PSS coated PET substrate at 10 psi and

T:PSS coated PET substrate.



ARTICLE IN PRESS

Backup 
roller

Backup 
roller
Backup 
roller

UV source 
(to fully cure UV epoxy)

Flexible mold
(epoxysilicone on PET)

Metal (e.g. Au)

Partially UV 
cured epoxy

PET

Fig. 3. (a) Schematic of the R2R transfer printing process, (b) SEM images of the imprinted epoxysilicon grating structure on the replicated flexible mold, (c) the transferred

Au nanograting on UV-cured epoxy coated on a PET substrate, and (d) photograph of large area (32 mm�184 mm) Au nanogratings on UV epoxy coated PET substrate.

Inset photograph shows the transparency of the Au nanogratings transferred to PET.
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pressure of 10 psi and a temperature of 100 1C for 2 min. An
amount of 0.1 wt% glycerol was added to PEDOT:PSS to prevent the
pre-mature drying of the PEDOT layer prior to the transfer process.
Besides Cu, other metals such as Au and Ag can also be used. We
present here results obtained with Cu. Cu is well suited for practical
organic solar cell applications due to its much lower cost and
similar work function to ITO (ca. 4.7 eV). The period (700 nm), line-
width (70 nm), and thickness (40 nm) of the Cu mesh electrode
fabricated were chosen to provide sufficient optical transmittance
and electrical conductance for organic solar cell applications. Those
parameters are conveniently varied to meet specific transmittance
and conductance [26,28]. The metal transfer process is accom-
plished due to the difference in adhesion strength between the
PDMS/Cu and the Ti/PEDOT:PSS interfaces. Since the PDMS has low
surface energy [31], the adhesion of Cu to it is poor. Moreover, the
sticky surface of the unbaked PEDOT:PSS leads to a strong adhesion
to the thin Ti layer during the printing process resulting in
successful transfer of the Cu mesh on to the PEDOT:PSS layer. To
increase the yield of the printing process, the surface of the PDMS
stamp can be treated with an anti-sticking layer (e.g. 1H,1H,2H,2H-
perfluorodecyl trichlorosilane) before the metal evaporation. Fig. 2
shows the scanning electron micrographs (SEM) of the SiO2 mold,
the imprinted resist template, the PDMS stamp, and the transferred
Cu mesh electrode on PEDOT:PSS coated PET substrate. As shown
in Fig. 2(d), the large area Cu mesh pattern was uniformly
transferred with high yield.
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2.2. Fabrication of nanoscale metal electrode using roll-to-roll

printing process

The fabrication of the nanopatterned metal electrode using the
developed metal transfer printing method can potentially be
extended to cost effective and large area fabrication similar to the
roll-to-roll nanoimprint lithography (R2RNIL) [32,33] with the use
of flexible molds. As a proof of principle, we have developed a roll-
to-roll process and demonstrate nanoscale metal (e.g. Au) gratings
on large area PET substrates. Fig. 3(a) shows the schematic of a
continuous R2R transfer printing process. For this demonstration,
surfactant (1H,1H,2H,2H-perfluorodecyl trichlorosilane) treated
UV curable epoxysilicone patterns [34] with a period of 700 nm
and a duty cycle of about 50% on PET substrate were used as a
flexible mold (Fig. 3(b)). Here we used the mold with 50% duty
cycle because we focused on demonstration of the feasibility to
R2R fabrication of metal transfer printing. It is desirable to have
the mold with narrow line-width for high transparency electrode.
To fabricate the flexible epoxysilicone mold, a flexible fluoro-
polymer mold made of ethylene-tetrafluoroethylene (ETFE) [23]
was first fabricated from an original large area SiO2 mold with a
period of 700 nm and duty cycle of about 50% by a thermal NIL
process at 220 1C for 5 min [32]. The ETFE mold was then used to
fabricate epoxysilicone mold on PET substrates by UV R2RNIL
process [32] (web speed of 20 mm/s and a roller imprinting force
of 220 N). An anti-sticking layer (1H,1H,2H,2H-perfluorodecyl
trichlorosilane) was then thermally deposited on the fabricated
epoxysilicone stamp before metal (e.g. Au) evaporation in order to
reduce the adhesion of the metal layer to the mold. After a 40 nm
thick Au deposition the epoxysilicone stamp was wrapped on the
tensioned belt around rollers in the R2RNIL system as shown in
Fig. 3(a). The Au nanogratings on the protrusions of the stamp
were then transferred onto a partially cured UV epoxy (NOA72)
on PET substrates in a roll-to-roll fashion. The partially cured UV
epoxy on PET substrate served as an adhesion layer between the
metal and the PET substrate instead of PEDOT due to the easiness
of producing a uniform, large area coating on PET substrate. In this
work the partially cured UV epoxy layer was prepared separately
by using the same R2RNIL apparatus. NOA72 resin was uniformly
coated on PET substrate using doctor blade and covered with the
low-surface energy ETFE film. Rolling and low power (120 mJ/
cm2) UV exposure produced a uniform and partially cured UV
resin on PET substrates, which was followed by ETFE film removal
to complete the substrate preparation. The partially cured
UV epoxy on PET was brought into intimate contact with the
Au-coated epoxysilicone stamp under the roller pressure. The UV
epoxy was fully cured by high power (2470 mJ/cm2) UV exposure.
Fig. 3(c) and (d) shows a SEM image and a photograph of the
Au nanogratings on UV-cured epoxy coated on PET substrate
fabricated by this technique. As shown in Fig. 3(d), large area
(32 mm�184 mm) Au nanogratings were successfully fabricated.
This result implies that the fabrication of the nanopatterned metal
electrode can be extended to large area continuous processing,
which could help to realize low-cost and flexible transparent
electrode.
0
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Fig. 4. Optical transmittance of 40 nm thick Cu nanowire mesh electrode with the

sheet resistance of 22 O/& on PEDOT coated PET substrate (�) and the commercial

ITO electrode on PET substrate (60 O/&) (’). Inset: the photograph of the flexible

Cu mesh electrode on PEDOT coated PET substrate.
2.3. Fabrication of organic solar cells

To evaluate the potential use of the fabricated transparent Cu
metal electrode as a high transparency conducting electrode for
organic optoelectronic devices, bulk heterojunction organic solar
cells based on a blend of poly(3-hexylthiophene) (P3HT) and
[6,6]-phenyl C61 butyric acid methyl ester (PCBM) as active
materials were fabricated using such an electrode and compared
to the one made with the commercial ITO electrode on PET
substrate. ITO electrode on PET substrate (Sigma Aldrich, 60 O/&)
was cleaned separately in acetone and isopropyl alcohol (IPA)
under sonication for 30 min each and treated by oxygen plasma
for 60 s. Filtered PEDOT:PSS purchased from H.C. Starck was then
spin-coated on to each transparent electrode (Cu mesh on PEDOT
coated PET and ITO on PET) at 1500 rpm for 30 s producing a
80 nm thick layer, and was then baked at 120 1C for 15 min. Next,
samples were then transferred to N2 purged glove box where a
blend of P3HT and PCBM (1:1 ratio by weight) in chlorobenzene
was spin-coated after filtration onto the PEDOT:PSS layer at
1000 rpm for 30 s to give a �100 nm thick layer; and then
annealed at 130 1C for 20 min. P3HT and PCBM were purchased
from Rieke Metals Ltd. and American Dye source, respectively,
and were used as received. Finally, thermal evaporation of a 1 nm
thick LiF layer followed by a 70 nm thick Al layer through a
shadow mask (diameter of 1 mm) completed the organic solar cell
fabrication. Here, we used spin casting to coat the active layer
uniformly as a demonstration of flexible OSC. However, other
coating techniques compatible with large scale coating of active
layer such as ink-jet [35], screen [36,37], gravure [38], squeezing
[39], and spray [40] printing can be readily used. Current density
versus voltage characteristics were measured with HP4156B
semiconductor analyzer by illuminating the OSC devices with
AM 1.5G simulated sun light (Oriel Solar Simulation, 100 mW/cm2).
The light intensity was calibrated by power meter (OPHIR,
Nova-Oriel).
3. Results and discussion

3.1. Characteristics of the transparent Cu mesh electrode on flexible

substrates

The optical transmittance of the fabricated Cu mesh electrode
on PEDOT coated PET substrate in the visible wavelength range
was measured and shown in Fig. 4. As a comparison, the optical
transmittance of the commercial ITO coated PET (Sigma Aldrich,
60 O/&) was also measured and included in the figure. All the
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Fig. 5. (a) Normalized conductance versus inverse of the radius of curvature of the Cu wire mesh (�) and the ITO electrode (’). The Cu mesh electrode on PEDOT coated

PET substrate showed a superior flexibility and can be bent to �3 mm radius of curvature with no degradation of conductance. SEM images of the ITO (b) and Cu mesh

electrode (c) after the bending test, respectively. In contrast to Cu mesh structure, the ITO severely cracked from the bending.
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transmittance measurement was referenced to air. ITO has a peak
transmittance of 85% at 465 nm and an average transmittance of
82% in the whole visible range. The transmittance of the Cu mesh
electrode is very flat over the entire visible range and the average
transmittance is about 78%. The measured sheet resistance of the
transparent Cu electrode is 22 O/&, about three times lower than
that of the ITO. Though only one set of metal line-width and
thickness parameters were used in this work, our previous studies
have shown that the optical transmittance and sheet resistance of
the transparent metal electrode can be controlled relatively
independently by adjusting the line-width and thickness of the
metal grating [26]. In particular, it has been demonstrated that
the sheet resistance of the transparent metal electrode was
reduced by a factor of three by doubling the thickness of the
metal, while the transmittance only reduces by a few percent
[26,28]. In contrast, the ITO transparency will be greatly compro-
mised if its conductivity is to be increased.

The fabricated Cu electrode was found to be much more
flexible than the ITO by bending test and the results are shown in
Fig. 5. In case of the transparent Cu mesh electrode, it can be bent
to 3 mm radius of curvature with no degradation of the conduc-
tance. On the other hand, the conductance of the ITO started to
decrease even at �30 mm radius of curvature and dropped close
to zero at �7 mm radius. One should note that the conductance of
the ITO was measured right after the specific bending radius was
reached. Micro-cracking in ITO film on the order of 20 mm was
observed after the bending test (Fig. 5b), which was responsible
for the reduction in conductance. In contrast, the fine metal lines
were intact even after the sharp bending to 3 mm radius of
curvature (Fig. 5c).
3.2. The performance of organic solar cells

The current density (J) versus voltage (V) characteristics were
measured in air by illuminating the OSC devices with AM 1.5G
simulated sun light (Oriel Solar Simulator, 100 mW/cm2). As
shown in Fig. 6, the J–V characteristics of the solar cells having the
transparent Cu and ITO electrode are very similar to each other,
indicating that such electrodes are interchangeable. The power
conversion efficiency of the device with Cu electrode, about 2.1%,
is comparable to that of the device with ITO electrode, 2.24%. Both
devices have similar open circuit voltage (Voc) and FF which are
0.6 V and 62%, respectively. The short circuit current (Jsc) is 5.7
and 5.9 mA/cm2 for the device with Cu and ITO electrode,
respectively. The slight lower Jsc of the Cu device can be
attributed to the lower transmittance of the Cu mesh electrode
at the light absorption range of the active layer than that of the
ITO electrode.
4. Conclusions

In summary, we have demonstrated the flexible transparent
Cu nanowire mesh electrode fabricated by a simple transfer
printing method using a flexible PDMS stamp. This method can be
expanded to large area fabrication such as roll-to-roll process.
Fabricated Cu mesh electrode showed a much greater flexibility
than the conventional ITO electrode with high optical transmit-
tance and electrical conductance. The organic solar cell made with
the transparent Cu electrode worked as good as the one with the
ITO electrode. For the prospect of using the transparent metal
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electrode to replace the conventional ITO electrode, we believe it
will outperform the ITO electrode in large area solar cell
application due to its superior flexibility, lower sheet resistance,
and the low cost of the Cu material. It is also possible to exploit
the surface plasmon enhancement effect associated with the
metallic nanogratings to improve the light absorption and there-
fore the power efficiency of OSCs [31]. In addition, such electrode
structures may find applications in other areas such as transparent
electrodes for inorganic solar cells made with CIGS semiconduc-
tors, flexible OLED displays, and touch screen applications.
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