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A B S T R A C T : T h e u s e o f p o l y ( 3 , 4 -
ethylenedioxythiophene):poly(styrenesulfonate) (PE-
DOT:PSS) in electrodes and electrical circuits presents a
number of challenges that are yet to be overcome, foremost
amongst which are its relatively low conductivity, low
coatability on hydrophobic substrates, and decreased con-
ductivity at large strains. With this in mind, this study suggests
a simple way to simultaneously address all of these issues
through the addition of a small amount of a nonionic
surfactant (Triton X-100) to commercial PEDOT:PSS solutions. This surfactant is shown to considerably reduce the surface
tension of the PEDOT:PSS solution, thus permitting conformal coatings of PEDOT:PSS thin film on a diverse range of
hydrophobic substrates. Furthermore, this surfactant induces the formation of PEDOT nanofibrils during coating, which led to
the high conductivity values and mechanical stability at large strains (ε = 10.3%). Taking advantage of the superior characteristics
of these PEDOT:PSS thin films, a highly flexible polymer solar cell was fabricated. The power conversion efficiency of this solar
cell (3.14% at zero strain) was preserved at large strains (ε =7.0%).
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■ INTRODUCTION

Conductive polymers have been widely investigated as a
potential new type of flexible transparent electrode. Of these,
part icular interest has been given to poly(3 ,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PE-
DOT:PSS) because the aqueous solution used for its coating
is environmentally friendly and its electrical properties are
relatively stable in ambient air.1 At present, PEDOT:PSS
aqueous solutions are commercialized under trade names of
Baytron, Clevios, Orgacon, etc., with many different for-
mulations available offering a range of viscosities and
conductivities. These products have been investigated as
potential replacements for brittle indium−tin oxide (ITO)
electrodes2,3 and have already been widely used as a hole-
transporting layer in optoelectronic devices because of the fact
that their high work function facilitates the injection/extraction
of holes.4

Nevertheless, there are a number of challenges that need to
be overcome before PEDOT:PSS can be extensively used in
commercially produced electrodes and electric circuits, among
which are its relatively low conductivity, low coatability on
hydrophobic substrates, reduced conductivity at large strains,
and instability of its conductance when exposed to humid-
ity.5−10 Furthermore, from a practical perspective, all of these
challenges need to be addressed simultaneously. It is already
known that the effect of humidity can be mitigated to some
degree by using a barrier layer to block the penetration of
oxygen and water molecules.11,12 The low conductivity of

pristine PEDOT:PSS has been improved by the addition of
organic compounds such as dimethyl sulfoxide (DMSO),13

ethylene glycol (EG),14,15 diethylene glycol,16 and sorbitol.17

Such chemical treatments have been discussed in detail in a
review by Po et al.18 The highest conductivity (∼1000 S/cm)
was obtained by the addition of DMSO or EG to pristine
solutions.13−15 The conductivity has also been enhanced to
over 4000 S/cm by treating the film with sulfuric acid,19,20 but
the use of this hazardous chemical process is not desirable for
commercial device fabrication.
Unfortunately, these aqueous solutions of PEDOT:PSS and

polar compounds cannot be coated onto hydrophobic
substrates. A PEDOT film with excellent conductivity can be
coated on a hydrophobic surface via vapor-phase polymer-
ization;21 however, this approach does not take full advantage
of the direct printing of PEDOT:PSS. Consequently, a
nonionic fluorosurfactant polymer (Zonyl) has been used to
improve the wetting of PEDOT:PSS solutions.16,22 Bao et al.
recently reported that a small fraction of Zonyl (0.1 wt %) has a
synergistic effect with DMSO in enhancing the conductivity of
PEDOT:PSS.23 In this way, they succeeded in preparing a
highly conductive PEDOT:PSS thin film (42 Ω/□ at 82%
transparency) on a hydrophobic poly(dimethylsiloxane)
(PDMS) substrate. The stability of a PEDOT:PSS thin film’s
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conductivity under different bending strains has also been
investigated, revealing that the highly conductive films obtained
by adding polar solvents (EG or DMSO) experience
considerable degradation in conductivity at large strains
(>2%). This electrical instability at large strains, which is not
observed in metallic electrodes,24,25 is attributed to the
increased modulus of the film, followed by evaporation of the
solvent. Thus, a simple approach that can address all of the
issues associated with PEDOT:PSS thin films is urgently
needed.

Although the exact reason for the enhanced conductivity in
the presence of additives still warrants further investigation, it is
clear that any PEDOT microphase should interconnect to form
a bicontinuous structure with the PSS phase.26 From
percolation theory, one-dimensional conductive fillers are
known to have a lower threshold volume fraction for
percolation than granular or spherical fillers.27,28 Furthermore,
with respect to flexibility, it has been proven that the electrical
properties of a thin film formed by conductive nanofibrils are
preserved under extreme strain situations such as during folding

Figure 1. (a) Surface tension of a PEDOT:PSS solution (Clevios P) as a function of the surfactant (Triton X-100) concentration (wt %) versus the
total amount of PEDOT:PSS. (b) Optical microscopy images of PEDOT:PSS solutions without/with the surfactant (1 wt %) on different
hydrophobic substrates. (c) Change in the contact angle without/with the surfactant (1 wt %). (d and e) Optical microscopy images obtained from
PEDOT:PSS solutions spin-coated without (d) and with (e) the surfactant onto graphene surfaces.

Figure 2. (a) Conductivity of the PEDOT:PSS films on glass as a function of the surfactant weight fraction ( fsurf = 100 (wt %) × Wsurfactant/
WPEDOT:PSS). (b) Conductivity of the PEDOT:PSS films before and after washing the PSS phase with methanol. (c) Transparency of the
PEDOT:PSS films in relation to their thickness. (d) Transmittance (left axis, circle symbol) of a film with a surfactant ( fsurf = 1.0 wt %) at 550 nm
and its sheet resistance (right axis, square symbol).
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and stretching.29−31 Therefore, a network structure that
incorporates nanofibril PEDOT microphases is clearly desirable
in terms of achieving both high conductivity and extreme
flexibility.
In this study, a small-molecule nonionic surfactant (Triton X-

100) was added to a PEDOT:PSS solution in order to facilitate
the deposition of PEDOT:PSS nanofibril thin films onto
hydrophobic substrates. The conductivity, electrical stability on
mechanical bending, and coatability of these films are discussed
herein. Also, flexible polymer solar cells incorporating the film
were assessed with a view to their practical application.

■ RESULTS AND DISCUSSION
Figure 1a shows the change in the surface tension of the
PEDOT:PSS solution as a function of the Triton X-100
concentration (chemical structure shown in the inset) in the
pristine solution (Clevios P). The solid content of the pristine
solution was 1.3 wt %, and the ratio of PEDOT to PSS was
1:2.5 by weight. The surfactant was mixed in the pristine
solution so that the weight fraction ( fsurf) of the surfactant
versus the PEDOT:PSS solute [fsurf = 100 (wt %) × Wsurf/
WPEDOT:PSS] was 0.25−3.0 wt %. Owing to the high surface
tension of the pristine PEDOT:PSS solution (71.03 mN/m),
which is similar to that of pure water (71.97 mN/m), the
pristine solution was readily dewetted on hydrophobic surfaces.
However, the surface tension of the PEDOT:PSS solution was
markedly reduced to 35 mN/m at fsurf = 0.25 wt % and
saturated (30.8 mN/m) at fsurf = 1.0 wt %. As shown in Figure
1b, this decrease in the surface tension has the effect of
reducing the contact angle of the PEDOT:PSS solution on a
variety of frequently used hydrophobic surfaces, including
poly(tetrafluoroethylene) (Teflon), PDMS, poly(ethylene
terephthalate) (PET), graphene, and polyimide (PI). The
concentration of the surfactant was fixed at fsurf = 1.0 wt %. The
contact angles on the substrates are summarized in Figure 1c.
As examples, the contact angle on a Teflon sheet was reduced
from 112° to 63°, and the value on a PDMS substrate dropped
from 106° to 60°. The reduced contact angle enabled coating of
PEDOT:PSS on all of the hydrophobic substrates tested in this
study. In the case of PEDOT:PSS spin-coated onto a graphene
substrate, the pristine PEDOT:PSS solution readily dewetted,
whereas the addition of surfactant created a uniform coating
without any obvious signs of dewetting. A similarly uniform
coating was readily obtained on the other substrates [see the
Supporting Information (SI), Figure S1].
Figure 2a shows the effect of Triton X-100 addition on the

conductivity of PEDOT:PSS films coated onto glass substrates.
The pristine PEDOT:PSS film yielded a low electrical
conductivity (0.24 S/cm), whereas the conductivity of the as-
coated films increases sharply as the surfactant concentration
was increased to a saturation point (∼100 S/cm) at a surfactant
concentration ( fsurf) of 1.0 wt %. The selective removal of the
PSS phase on the surface of the film by methanol drops, while
spinning the specimen on a spin coater (typically, 0.5 mL per
drop at 3000 rpm) increased the conductivity of the film. The
reduced volume allowed the PEDOT microdomains to form an
increased number of direct contacts. From the X-ray photo-
electron spectroscopy (XPS) S 2p spectra, the atomic
percentage of PEDOT on the surface of those films with
surfactant increased from 35 to 45% after the film was washed
with methanol (see the SI, Figure S2). Moreover, the
conductivity of the methanol-washed films (Figure 2b) on a
glass substrate showed an increase of up to 347 ± 75 S/cm over

a pristine PEDOT:PSS film. More importantly, however, the
conductivity of a PEDOT:PSS film with the surfactant ( fsurf =
1.0 wt %) on a glass substrate was increased to 852 ± 143 S/cm
by methanol washing. Similarly, high conductivity values were
also obtained on other hydrophobic substrates such as PDMS,
PI, and PET.
For comparison, a different PEDOT:PSS product (Clevios

PH500) designed for electrode use was evaluated. Figure S3a in
the SI shows the electrical conductivity of this PEDOT:PSS
film as a function of the surfactant weight fraction. The
conductivity of the pristine Clevios PH500 was 0.85 ± 0.08 S/
cm, which was only slightly higher than that of Clevios P (0.24
± 0.1 S/cm). The conductivity of Clevios PH500 also exhibited
a sharp increase with the weight fraction of the surfactant,
becoming saturated (93.46 ± 8.9 S/cm) at fsurf = 1.0 wt % (see
the SI, Figure S3a). Methanol washing was also found to
increase the conductivity of both the pristine and surfactant-
modified films (see the SI, Figure S3b). However, the
conductivity of the pristine Clevios PH500 showed a much
greater increase after methanol washing (525 ± 40.8 S/cm)
than the pristine film of Clevios P (347 ± 75 S/cm). Yet
despite this, the conductivity of a Clevios PH500 film with fsurf
= 1.0 wt % increased to a value (882 ± 75 S/cm) very similar to
that of the surfactant-modified Clevios P film (847 ± 109 S/
cm). These results indicate that the effect of surfactant addition
and methanol washing is not dependent on the specific batch or
formulation of the PEDOT:PSS used.
Figure 2c shows transmittance of the PEDOT:PSS films

containing Triton X-100 ( fsurf = 1.0 wt %) with respect to the
film thickness. The thickness was controlled by repeated spin
coating after the previous PEDOT:PSS layer had dried. In all
cases, a very similar relationship between transmittance and
thickness was discernible. The 40-nm-thick thin film was highly
transparent (96% without glass and 87% with glass) to visible
light. Figure 2d shows the sheet resistance as a function of the
film thickness at a wavelength of 550 nm, in which the sheet
resistance of the 40-nm-thick film was 240 Ω/□ at 96%
transmittance (87% with glass) and that of the 400-nm-thick
film was 32 Ω/□ at 65% transmittance (55% with glass). These
values are the same as those previously obtained by combining
DMSO and Zonyl surfactants.32

It is worth noting in Figure 3 that the conductivity after
washing with alcohol was clearly dependent on the alcohol
species. Specifically, as the number of carbons in the alcohol is
increased, the solubility of PSS decreases, whereas that of
PEDOT increases. Methanol was therefore found to be the
most suitable solvent because it dissolved out the PSS phase
without disturbing the morphology of the PEDOT phase. As a
result, the conductivity achieved by washing with methanol was
not sensitive to the extent of the wash. This is confirmed in
Figure 4a, which clearly shows that the conductivity was
significantly increased after the first drop of methanol,
becoming saturated with further droplets. We therefore sought
to determine whether the conductivity is dependent on the
residence time in alcohol, subsequently finding that immersion
times of 2 and 30 min yielded the same conductivity (Figure
4b).
PEDOT:PSS films are known to have a bicontinuous

structure that arises as a result of microphase separation during
the coating process. Consequently, in order to achieve high
conductivity, the PEDOT phase should consist of nanoscale
microdomains with a good network structure, sharp interfaces
with the PSS phases, and a well-developed crystal structure.
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These two latter aspects are inherently linked because a well-
developed crystal naturally creates sharp interfaces.26 The effect
of the surfactant on the morphology of the PEDOT phase was
therefore investigated by atomic force microscopy (AFM) and
transmission electron microscopy (TEM). The PSS phase was
partially dissolved with methanol in order to obtain clearer
images of the PEDOT phase. The PEDOT phase with
surfactant showed a nanofibril structure, while the PEDOT
phase without surfactant showed the typical aggregation of
nanosized granules. In the TEM images, the darker regions
represent areas of greater electron density, in this case
correlating with the self-assembled PEDOT phase, which has
a greater density than the amorphous phase. The notable

difference between the two was that the pristine PEDOT:PSS
film contained granular PEDOT phases (Figure 5a,b), whereas

the surfactant-modified films formed a network of nanofibrils
(∼30 nm wide; Figure 5c,d). AFM phase images of these
PEDOT:PSS films are shown in Figure S4 in the SI. The effect
of methanol washing on the morphology of PEDOT was
checked. AFM and TEM images of the PEDOT phase obtained
prior to washing the PSS phase with methanol are provided in
Figure S5 in the SI, which shows the same morphologies as
those observed in Figure 5. This indicates that formation of the
nanofibrils was caused by the surfactant not by methanol
washing. Unfortunately, the average length of the nanofibrils
could not be determined because they were simply too dense.
The remarkable improvement in the conductivity observed
with surfactant addition is attributed to the nanofibril-based
network of the PEDOT phase.
In addition, a TEM study was conducted to investigate the

morphology of PEDOT in pristine and surfactant-modified
films of Clevios PH500 (see the SI, Figure S6). This returned
results very similar to those of the Clevios P product, with the
pristine film exhibiting granular PEDOT phases, whereas the
surfactant-modified film had nanofibril PEDOT phases. It is
believed that the surfactant provides these PEDOT chains with
a sufficient increase in the chain mobility to facilitate their self-
assembly into nanofibrils. On the basis of these results, a
proposed morphology of the PEDOT:PSS thin film with Triton
X-100 is illustrated in Figure 5e. The effect of diverse
surfactants on the structure of PEDOT, focusing on the
molecular weights of similar nonionic surfactants, should be
further investigated in the future.
The π−π stacking in the PEDOT phase was investigated by

Raman spectroscopy, with Figure 6 showing the spectra of
PEDOT:PSS films with and without surfactant. This demon-

Figure 3. Conductivity of PEDOT:PSS films (a) without and (b) with
Triton X-100 after washing with various alcohols (methanol, ethanol,
butanol, and octanol in order). Pristine refers to the PEDOT:PSS film
before the washing process.

Figure 4. (a) Conductivity of a PEDOT:PSS thin film with surfactant
as the thin film was washed with different numbers of methanol drops
while it was spun on a spin coater. (b) Conductivity of a PEDOT:PSS
thin film with surfactant as a function of the methanol dipping time.

Figure 5. AFM and TEM images of (a and b) a pristine PEDOT:PSS
film and (c and d) a PEDOT:PSS film with surfactant ( fsurf = 1.0 wt
%). (e) Schematic illustration of a PEDOT:PSS thin film with
surfactant depicting the molecular packing of PEDOT in nanofibrils.
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strates that the addition of surfactant shifts the main peak for
PEDOT (1435 cm−1) to a smaller wavenumber (1430 cm−1),
while the shoulder peak (1450 cm−1) is also significantly
reduced. This leftward shift of the main peak reflects a change
in the resonance of PEDOT chains from a benzoic to quinoidal
structure,33 the latter preferring a planar geometry in the
conjugated backbone that may provide better π−π interaction,
thereby facilitating one-dimensional growth.
To verify the coatability and enhanced conductivity by

methanol washing, inverted organic solar cells with an active
layer area of 5.4 mm2 were fabricated from PEDOT:PSS films
modified with Triton X-100 ( fsurf = 1.0 wt %). The device was
made by a consecutive coating: glass/ITO/ZnO/P3HT:ICBA/
PEDOT:PSS. Note that the hydrophobic photoactive layer
(P3HT:ICBA) prevents the use of pristine PEDOT:PSS films,
while a glass substrate was used for the high annealing
temperature (250 °C) required for a ZnO layer. Figure 7 shows

the current density−voltage (J−V) curves of these inverted
organic solar cells after partial washing of the PSS phase with
methanol. This demonstrates that, without methanol washing,
the power conversion efficiency (PCE) of the device was quite
poor (see the SI, Figure S7), whereas after methanol washing,
the J−V curve was typical of polymer cells and the PCE value
was increased to 3.14%. It is notable that a silver electrode was
not used in this inverted cell and, instead, the enhanced

conductivity afforded by methanol washing allowed PE-
DOT:PSS to function as the electrode.
It has been proven that the physical and electrical properties

of nanofibril-based thin films are stable under large strains.29,30

For example, poly(3-hexylthiophene) (P3HT) nanofibrils
maintain the same conductivity, even at extreme strains,31

which is attributed to the external strain being relieved by a
straightening of the curved nanofibrils. The use of nanofibrils as
active materials is therefore considered a promising option for
the fabrication of highly flexible electronic devices. Figure 8a

shows the electrical conductivities of PEDOT:PSS films, both
with and without Triton X-100, under increasing levels of
strain. The 40-nm-thick films were spin-coated onto a 180-μm-
thick PET substrate. The conductivity of the PEDOT:PSS film
without surfactant was clearly stable at ∼430 S/cm when ε =
2.1% but was degraded to 160 S/cm at ε = 7.0%. On the other
hand, the addition of surfactant ( fsurf = 1.0 wt %) allowed the
film to maintain its initial conductivity (∼830 S/cm), even
under extreme strain (ε = 10.3%). The conductivity was
reduced to 520 S/cm when a folded state was achieved (ε =
14.3%). Interestingly, the PEDOT:PSS films treated with polar
solvents (DMSO and EG) did not show the same high
flexibility. Instead, their conductivity was reduced from 650 S/
cm at 2.1% strain to 363 S/cm at 7.0% strain (see the SI, Figure
S8). This makes it clear that the network of PEDOT nanofibrils
was responsible for enhancing the electrical stability to a greater
extent than is possible with a network made of PEDOT
granules. Figure 8b illustrates the change in the conductivity
during repeated bending cycles. The film without Triton X-100
was performed at ε = 3.5%, whereas for the film with surfactant,
it was carried out at ε = 10.3%. This demonstrates that the
conductivity of a film without surfactant was gradually reduced
at a relatively small strain as the number of bending cycles
increased, whereas the conductivity of a PEDOT:PSS film with
surfactant maintained its initial conductivity (∼830 S/cm) even
at a higher strain level.

Figure 6. (a) Raman spectra for PEDOT:PSS films without/with
surfactant. Deconvolution of the Raman spectra for PEDOT:PSS films
(b) without and (c) with surfactant.

Figure 7. J−V curves of inverted solar cells prepared using different
PEDOT:PSS films with Triton X-100 ( fsurf = 1.0 wt %) on a
photoactive layer. Inset: Photovoltaic parameters and device structure.

Figure 8. (a) Conductivity of the PEDOT:PSS thin films without/with
surfactant as a function of the bending strain (ε). (b) Conductivity
during repeated bending tests at ε = 10.3% for a thin film with
surfactant and at ε = 3.5% for a thin film without surfactant.
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To take full advantage of the benefits of the PEDOT:PSS
film developed, including its improved coatability on hydro-
phobic surfaces and its high conductivity, transparency, and
stability under high strains, highly flexible organic solar cells
were fabricated based on the structure depicted in Figure 9a.
For this, PEDOT:PSS solutions were spin-coated onto bare
graphene substrates (four graphene layers)/PET substrate,
which were prepared by transferring a graphene layer
synthesized by chemical vapor deposition (CVD) onto a PET
substrate.34,35 The optical transparency and sheet resistance of
the graphene after annealing the PEDOT:PSS layer can be
found in Figures S9 and S10, respectively, in the SI. The aim of
inserting a graphene layer between the plastic substrate and
PEDOT:PSS was for the passivation of water- and oxygen-
containing gas molecules, which can improve the long-term
device stability.363738 To prevent crack propagation in the
polymer photoactive layer under large strains, a bulk-
heterojunction layer was employed that consisted of P3HT
nanofibrils and indene-C60 bisadduct (ICBA) or phenyl-C61-
butyric acid methyl ester (PCBM). The preparation of this
photoactive layer was accomplished using the procedure
detailed in our previous report, in which a top electrode
(LiF/Al, 0.8 nm/100 nm) was deposited on the photoactive
layer by thermal evaporation under a high vacuum (10−6 Torr).
Figure 9b displays the J−V curves obtained for each of the

devices. Given that the pristine PEDOT:PSS was dewetted on a
graphene substrate, it is not surprising that this device showed a
poor PCE (η = 0.14%). When PEDOT:PSS was coated onto
UVO-treated graphene, the PCE was increased to η = 1.153%.

The increase in the sheet resistance of graphene (from 0.31 to
3.4 kΩ/□) conferred by UVO treatment reduced the current
(Jsc). In comparison, PEDOT:PSS with surfactant ( fsurf = 1.0 wt
%) showed a greatly enhanced PCE (η = 3.14%) that was
similar to the value achieved with an ITO/PET substrate (η =
3.47%). The related photovoltaic characteristics can be found in
the SI (Table S1). The P3HT:PCBM solar cells all showed the
same tendency with regard to PCE depending on the way in
which the PEDOT:PSS/graphene hybrid electrodes were
prepared (see the SI, Figure S11 and Table S2); the device
fabricated from PEDOT:PSS with surfactant had a PCE of η =
2.55%. Figure 9c shows these PCE values of the P3HT:ICBA
solar cell that was normalized to the strain applied to each
device, with their accompanying photovoltaic characteristics
summarized in the SI (Table S3). From this, it can be seen that,
for a device fabricated using PEDOT:PSS with surfactant, 93%
of the initial PCE value was retained at ε = 7.0%. Furthermore,
this same device demonstrates excellent stability during
repeated bending cycles at ε = 7.0% (red symbols in Figure
9d). In contrast, the device made of pristine PEDOT:PSS
coated onto oxidized graphene retained only 21% of its initial
PCE value at ε = 7.0% (see the SI, Figure S12). It is notable,
however, that both devices were unstable at higher strain (i.e.,
folded) because of mechanical failure of the aluminum
electrode.

■ CONCLUSION
Through this study, we have succeeded in producing a highly
conductive PEDOT:PSS thin-film coating on hydrophobic

Figure 9. (a) Device structure of the P3HT:ICBA bulk-heterojunction solar cell fabricated in this study. (b) J−V curves of the solar cells prepared
using different electrodes without Triton X-100 on graphene, without Triton X-100 on oxidized graphene, with Triton X-100 on graphene, and
without Triton X-100 on an ITO electrode. (c) J−V curves of the solar cells prepared using the PEDOT:PSS film with surfactant (1.0 wt %) at
different bending strains (□). (d) Blue symbols indicating normalized PCE of the solar cells prepared using PEDOT:PSS films without Triton X-100
on oxidized graphene (squares) and with Triton X-100 on graphene (circles) as a function of strain and red symbols showing normalized PCE
during repeated bending tests at ε = 7.0%.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am500769k | ACS Appl. Mater. Interfaces 2014, 6, 6954−69616959



substrates, simply by adding a nonionic surfactant (Triton X-
100) to an aqueous PEDOT:PSS solution. This surfactant was
shown to significantly reduce the surface energy of the
PEDOT:PSS solution, which is a key factor in enabling the
coating of hydrophobic surfaces. Moreover, the surfactant
resulted in the formation of PEDOT nanofibrils, with the
conductive network they form leading to excellent electrical
conductivity (830 S/cm) and low sheet resistance (250 Ω/□ at
96% transmittance at 550 nm). These nanofibrils also provided
the PEDOT:PSS film with high electrical stability, even at
extreme strain (ε = 10.3%). Full advantage was taken of the
characteristics of the PEDOT:PSS film developed in this study
to fabricate a highly flexible bulk-heterojunction polymer solar
cell. A PEDOT:PSS/graphene hybrid electrode was used to
mitigate the effects of humidity, resulting in a solar cell capable
of maintaining its initial PCE (3.14%) under large strain (ε =
7.0%).

■ EXPERIMENTAL SECTION
Preparation of PEDOT. PSS. A PEDOT:PSS solution (Clevious P,

Heraeus) containing 1.3 wt % solids was vigorously mixed with Triton
X-100 (Aldrich) to a ratio of 1:2.5 by weight; i.e., the weight fraction
( fsurf) of surfactant to PEDOT:PSS solute [fsurf = 100 (wt %) × Wsurf/
WPEDOT:PSS] was 0.25−3 wt %. This mixed solution was spin-coated
onto a diverse range of substrates, with the resulting films being
thermally annealed at 140 °C for 10 min in air, and then washed with
methanol.
Fabrication of a Multilayered Graphene Electrode. The graphene

was synthesized by a CVD method, in which a copper foil catalyst was
first inserted inside a quartz furnace tube and annealed at 1000 °C for
160 min under a 10 sccm flow of hydrogen gas (H2). After annealing, 1
sccm of methane gas (CH4) was injected to provide a carbon source
for graphene synthesis, with the temperature being maintained for 5.5
h. Finally, the furnace was cooled to room temperature under a 10
sccm H2 flow.
In order to fabricate a multilayered, stacked graphene electrode, the

copper layer was wet-etched by a 0.1 M solution of ammonium
persulfate and then transferred onto a PET substrate using
poly(methyl methacrylate) (PMMA) as a supporting layer. Once the
PMMA/graphene/PET sample was dry, the top layer of PMMA was
removed with acetone. When this simple wet-transfer process was
repeated, a multilayered graphene electrode was obtained. To provide
a solar cell electrode, a 2.5 × 1 cm pattern was applied to graphene by
a conventional patterning method.
Characterization. The surface tension of the PEDOT:PSS

solutions was analyzed using an optical tensiometer (Biolin Scientific,
Attension Theta Auto 3). The conductivity and sheet resistance of the
films were measured with a four-point probe (CMT-SR1000N and
MCP-T610), while their thickness was determined using an
ellipsometer (Nano View, SE MG-1000 Vis) and a surface profiler
(KLA-Tencor, AS 500). The morphology of the films was investigated
by AFM (Digital Instrument, Nanoscope III) in tapping mode and
TEM (JEOL JEM-2011HC) at 120 kV. A compositional analysis of the
films was performed by XPS (Thermo, K-Alpha). Finally, the optical
properties of the films were assessed with a Jasco V-650
spectrophotometer, and Raman spectra were obtained using a
Raman spectrometer (Horriba Jovin Yvon, LabRam Aramis).
Fabrication and Characterization of Organic Solar Cells. To

fabricate bulk-heterojunction solar cells, a PEDOT:PSS layer (40 nm)
was first spin-coated onto a previously deposited graphene layer on a
PET substrate and then annealed at 140 °C for 10 min in air. The
electrode was then washed by dropping a few drops of methanol onto
it while it was spun in the spin coater. After washing, the samples were
dried at 100 °C for 10 min in a N2 atmosphere. Photoactive solutions
containing 2 wt % polymer (P3HT:ICBA, P3HT:PCBM dissolved in
xylene, 1:1, w/w) were then spin-coated onto the PEDOT:PSS/
graphene hybrid electrodes. To obtain a photoactive layer constructed
from P3HT nanofibrils, the photoactive solution was first subjected to

a cooling-and-heating process. Finally, a top electrode (LiF/Al, 0.8
nm/100 nm) was deposited onto all of the photoactive layers via
thermal evaporation under high vacuum (low 10−6 Torr). The device
area of the resulting solar cells was 5.4 mm2. The photovoltaic
characteristics of these devices were measured using a Keithley 2400
source measurement device under AM 1.5 solar illumination, with an
irradiance of 100 mW/cm2 generated using a 300 W Oriel solar
simulator.
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