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Highly Conductive and Transparent PEDOT:PSS Films with 
a Fluorosurfactant for Stretchable and Flexible Transparent 
Electrodes
Highly conductive and transparent poly-(3,4-ethylenedioxythiophene):poly(st
yrenesulfonic acid) (PEDOT:PSS) films, incorporating a fluorosurfactant as 
an additive, have been prepared for stretchable and transparent electrodes. 
The fluorosurfactant-treated PEDOT:PSS films show a 35% improvement in 
sheet resistance (Rs) compared to untreated films. In addition, the fluorosur-
factant renders PEDOT:PSS solutions amenable for deposition on hydrophobic 
surfaces, including pre-deposited, annealed films of PEDOT:PSS (enabling 
the deposition of thick, highly conductive, multilayer films) and stretchable 
poly(dimethylsiloxane) (PDMS) substrates (enabling stretchable electronics). 
Four-layer PEDOT:PSS films have an Rs of 46 Ω per square with 82% transmit-
tance (at 550 nm). These films, deposited on a pre-strained PDMS substrate 
and buckled, are shown to be reversibly stretchable, with no change to Rs, 
during the course of over 5000 cycles of 0 to 10% strain. Using the multilayer 
PEDOT:PSS films as anodes, indium tin oxide (ITO)-free organic photovoltaics 
are prepared and shown to have power conversion efficiencies comparable to 
that of devices with ITO as the anode. These results show that these highly 
conductive PEDOT:PSS films can not only be used as transparent electrodes in 
novel devices (where ITO cannot be used), such as stretchable OPVs, but also 
have the potential to replace ITO in conventional devices.
1. Introduction

Next-generation optoelectronic devices, such as solar cells, 
electronic paper, touch screens, and displays, based on conju-
gated polymers, small molecules, colloidal semiconductors, 
and carbon allotropes, require materials and processing tech-
niques that are low-cost and compatible with deposition over 
large areas on plastic substrates.[1] The usefulness of these 
materials would be broadened by the ability to accommodate 
bending and tensile strain (flexibility and stretchability), which 
not only make them amenable to devices that require mechan-
ical compliance, but also more durable. Solar cells and displays 
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require at least one electrode material that 
must, additionally, be both highly conduc-
tive and transparent. Currently, indium 
tin oxide (ITO) is the material used as 
this transparent electrode (TE) due to its 
excellent optoelectronic properties, with a 
sheet resistance (Rs) on the order of 10 Ω  
per square (Ω −1) at about 90% trans-
parency (T).[2] However, ITO suffers from 
two major drawbacks that render it a non-
ideal choice as a TE for next-generation 
devices: 1) the increasing price and scar-
city of indium, which makes it difficult for 
its use in low-cost, large-area electronics 
and (2) the brittleness of ITO films, which 
render them unsuitable for applications 
that require stretchability or flexibility.[3] 
There are several emerging materials 
that have shown promise for the replace-
ment of ITO films that have the potential 
for large-area coverage and some degree 
of mechanical compliance. These mate-
rials include carbon nanotubes (CNTs),[4,5] 
graphene,[6] metallic nanowires,[7,8] and 
conducting polymers.[9,10]

Carbon nanotubes possess several 

properties that make them good candidates as electrodes: high 
intrinsic conductivity, solution processability, durability, and the 
potential for production at low cost.[11] However, the large varia-
tions in tube types, such as diameters, lengths, and chirality, the 
difficulties in forming uniform films over large areas, and the 
large tube-to-tube junction resistance have prevented the adop-
tion of CNTs as a TE by industry, though important research on 
dopants and methods of processing continues to improve CNT 
films.[12,13] Graphene, despite its relatively recent discovery in 
2003, has almost matched, if not exceeded, CNTs in perform-
ance as a TE. Bae et al. demonstrated roll-to-roll transfer of 
30-inch graphene films with a sheet resistance and transpar-
ency of 30 Ω −1 at 90% T.[6] This process, however, requires 
chemical vapor deposition (CVD) growth of graphene on a 
copper foil, which must then be etched to transfer the graphene 
film to a flexible substrate and has to be repeated several times 
to achieve such a low sheet resistance. In contrast, solution-
based methods of producing graphene are low-cost and directly 
compatible with flexible substrates; however, their sheet resist-
ance is higher by an order of magnitude or more compared to 
CVD-grown films.[14,15] Metallic nanowires, in particular, films 
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Figure 1.  DC to optical conductivity ratios (σdc/σop) for emerging trans-
parent electrodes (TEs). The star indicates the best results in this work. The 
solid black line at σdc/σop value of 35 indicates the minimum value needed 
for most TE applications. References for graphene from lowest to highest: 
[6,14,36–42]. References for SWNTs from lowest to highest: [5,43–50].  
References for NWs from lowest to highest: [7,16,51,52]. References for 
PEDOT from lowest to highest: PH1000 control [27], doped PH1000 from 
this work [star].
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of silver nanowires (AgNWs), have optical and electronic prop-
erties similar to that of ITO films with the added advantage of 
solution processability and flexibility.[8,16] The stability of these 
films, however, has been in question, and research is currently 
ongoing to determine methods to increase their lifetime and 
stability.[17]

Despite their discovery decades before the emerging nano-
materials described, conducting polymers have only been 
utilized commercially as TEs in niche applications, such as 
in inorganic electroluminescent lamps.[10] In particular, poly-
(3,4-ethylenedioxythiophene) (PEDOT) has been the most suc-
cessful conducting polymer due to its high conductivity (when 
doped) and stability. The most common form of PEDOT is a 
formulation doped with poly(styrenesulfonic acid) (PSS). The 
negatively charged PSS allows PEDOT to be dispersed in an 
aqueous solution and serves as the counterion for the posi-
tively charged, oxidatively doped PEDOT.[18] Aqueous suspen-
sions of PEDOT:PSS are commercially available (95–99% 
water) and allow for facile preparation of films with common 
coating methods, such as spin-coating. The conductivity of the 
resulting PEDOT:PSS film is highly dependent on the ratio 
of PEDOT to PSS and particle size of the PEDOT:PSS disper-
sions in water. Haraeus (formerly H. C. Starck) is a leading  
commercial manufacturer of PEDOT:PSS and has a variety 
of different grades available. The most conductive formu-
lation (CLEVIOS PH 1000) has a reported conductivity of 
about 900 S cm−1 after the addition of 5% dimethylsulfoxide 
(DMSO).[19] The role of the DMSO is as a “secondary dopant,” 
which improves PEDOT:PSS morphology and increases the 
conductivity of a PEDOT:PSS film by 2–3 orders of magnitude. 
Other inert, high-boiling polar compounds have also been used 
to increase the conductivity of PEDOT:PSS films, such as sorb-
itol, N-methylpyrrolidone, and diethylene glycol.[20,21] Despite 
numerous studies on the role of these compounds, the mecha-
nism of the conductivity improvement in these films remains 
unclear. However, it is evident that these additives cause a rear-
rangement in the morphology of the films upon drying. This 
rearrangement may result in larger PEDOT grains or increased 
phase separation between the conducting PEDOT and the 
insulating PSS, leading to a better conducting network and can 
even change the work function of the film.[22,23] Other strate-
gies have been used to improve the conductivity of PEDOT:PSS 
films including the use of a co-solvent system, zwitterionic sur-
factants, or exposing the films to dichloroacetic acid.[24–26] Kim 
et al. have used a solvent (ethylene glycol) and thermal post-
treatment process on pre-deposited films to produce highly 
conductive PEDOT:PSS films, with an Rs of 65 Ω −1 at 80% T, 
and have shown these films to be viable TE materials for ITO-
free organic photovoltaics (OPVs).[27]

In this work, we report PEDOT:PSS films with a record Rs 
of 46 Ω −1 at 82% T and 240 Ω −1 at 97% T. The conduc-
tivity of the PEDOT:PSS film was improved using a combina-
tion of DMSO and the fluorosurfactant Zonyl-FS300 (Zonyl). In 
addition, the fluorosurfactant improved the wetting properties 
of the PEDOT:PSS solution, which enabled the facile deposi-
tion of highly conducting PEDOT:PSS films on a variety of 
hydrophobic substrates that would otherwise not be possible. 
These films were shown to be both stretchable and flexible 
when deposited on a buckled poly(dimethylsiloxane) (PDMS) 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
substrate and capable of replacing ITO as the anode in devices 
such as organic photovoltaics (OPVs).

2. Results and Discussion

2.1. Electrical Conductivity of Films

The following relationship can be used to relate the sheet resist-
ance of a thin TE film to its transmittance:

T (λ) =


1 + 188.5
RS

σ
σ
op(λ)

dc

−2

where λ is the wavelength of light at which the transmittance 
is measured (typically 550 nm), and σop and σdc are the optical 
and direct current (DC) conductivities of the material, respec-
tively.[28] Originally developed for thin metallic films, this rela-
tionship can be extended to alternative TEs as well. Using the 
ratio σdc/σop as a figure of merit, it is possible to quantitatively 
compare the different types of TEs. Figure 1 shows some of 
the best σdc/σop values for TE films (over 80% T at 550  nm) 
of PEDOT, graphene, CNTs, and metallic NWs. It is gener-
ally agreed that TEs need to have σdc/σop of at least 35 for use 
in practical devices, which corresponds to an Rs < 100 with a  
T > 90%. However, some applications such as in LCD displays 
require σdc/σop values of upwards of 50, whereas other appli-
cations such as touch screens require a less stringent σdc/σop 
value of about 10.[1]

In this work, typical values of σdc/σop achieved for 
PEDOT:PSS films were over 40, and the best films exhibited 
values of approximately 50 (depicted by the star in Figure 1), 
which is one of the best reported values for PEDOT:PSS films. 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 421–428
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Figure 2.  DC to optical conductivity ratios (σdc/σop) and sheet resistance 
(Rs) vs Zonyl concentration in wt% for four samples per condition across 
two batches. All samples were one layer and with 5% DMSO, except 
where noted.
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We found that the conductivity of the PEDOT:PSS films were 
further enhanced by adding Zonyl, in addition to DMSO, to 
a PEDOT:PSS solution. Zonyl has been used with PEDOT 
previously to improve the wetting of PEDOT:PSS solutions 
but has not been investigated as an additive to enhance the 
PEDOT:PSS conductivity.[21,29] The sheet resistance of the 
purchased PEDOT:PSS without additives was over 105 Ω −1 
at 97% T (at 550 nm). With the addition of 5 wt% DMSO, the 
Figure 3.  Topography (height) images of PEDOT:PSS films obtained with tapping-mode AFM. 
All images have a size of 1 μm × 1 μm and a height scale of 20 nm. The insets are a 3× zoom 
of the original image. a) 0 wt% Zonyl b) 0.1 wt% Zonyl c) 1 wt% Zonyl d) 10 wt% Zonyl.
sheet resistance decreased to 370 Ω −1 at 
97% T. With the addition of small amounts 
of Zonyl (0.01 wt% to 0.1 wt%), the con-
ductivity further increased by 35% to 
240 Ω −1 with no change in T (∼97% at 
550 nm for one layer films). In fact, even 
without DMSO, Zonyl improved the con-
ductivity of the PEDOT:PSS films by two 
orders of magnitude (see the Supporting 
Information), but the best results were 
obtained using both DMSO and Zonyl as 
additives. Figure 2 shows the Rs and σdc/σop 
of the PEDOT films as a function of Zonyl 
concentration.

We attributed this improvement in con-
ductivity to an increase in phase separa-
tion between the PEDOT and PSS chains, 
which allowed the formation of more con-
ductive PEDOT channels. Figure 3 shows 
high-resolution atomic force microscopy 
(AFM) height images that reflect the mor-
phological changes in the films as the con-
centration of Zonyl was increased. As can 
be seen, with increasing Zonyl concentra-
tions, the separation of the PEDOT and 
PSS increased, and consequently, better 
conductive pathways formed in the film. 
Figure 3a shows the height AFM image 
of the PEDOT:PSS film with no Zonyl. 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 421–428
Small grains of 20–30 nm were observed on the surface, 
which is consistent with the previously reported structure of 
PEDOT:PSS films as PEDOT-rich grains surrounded by thin 
PSS layers.[22] The corresponding phase images of this films 
(Figure 4) corroborated the height image with the bright 
regions corresponding to PEDOT-rich areas and the dark 
regions corresponding to PSS-rich areas. It has been shown 
that for polymer systems, a lower phase angle corresponds to 
a softer material (darker regions).[30] Because PSS is hygro-
scopic, it is expected to swell and be relatively soft compared 
to the more rigid conjugated polymer, PEDOT.[21] Once Zonyl 
is introduced to the film, the grains become elongated and 
start to form longer connected networks of PEDOT-rich 
areas as the PEDOT and PSS regions phase segregate. This 
mechanism has been observed several times in association 
with improved conductivity in PEDOT:PSS films. Xia et al. 
used both a cosolvent system and zwitterionic surfactants to 
induce phase segregation in PEDOT:PSS films.[24,25] Crispin 
et al. performed detailed studies on the effect of adding die-
thyl glycol (DEG) to PEDOT:PSS solutions.[21] The authors 
discovered that DEG induces phase segregation in the film, 
which was confirmed using tapping AFM images. Finally, 
Kim et al. used a thermal post-treatment process to induce 
phase segregation in PEDOT:PSS films after the films were 
deposited.[27] In all of these cases, AFM images showed that 
the PEDOT-rich grains were elongated and formed more 
interconnected networks, which was what we have observed 
in our system. Figure 3c and d (with corresponding phase 
images in Figure 4c and d) show the increase in phase sepa-
ration as the Zonyl concentration was increased to 1 wt% and 
423wileyonlinelibrary.combH & Co. KGaA, Weinheim
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Figure 4.  Corresponding phase images of PEDOT:PSS films of the topography images shown 
in Figure 3 obtained with tapping-mode AFM. All images have a size of 1 μm × 1 μm. a) 0 wt% 
Zonyl b) 0.1 wt% Zonyl c) 1 wt% Zonyl d) 10 wt% Zonyl.
10 wt%, respectively. However, because Zonyl is an insulating 
material and remains in the film, it begins to interfere with 
the conductive PEDOT pathways at high concentrations. As a 
result, the most conductive films were formed with Zonyl at 
about 0.01–0.1 wt%.
4 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Wein

Scheme 1.  Chemical structures of PEDOT:PSS, PCBM, P3HT, and Zonyl FS-300.

PEDOT:PSS PCBM
2.2. Multilayer PEDOT:PSS films

As mentioned previously, the addition of 
Zonyl to a PEDOT:PSS solution increases 
its wettablity on hydrophobic surfaces sig-
nificantly, which is due to the amphiphilic 
nature of the Zonyl molecule. Scheme 1 
shows the chemical structure of Zonyl and 
PEDOT:PSS. Zonyl is composed of both a 
hydrophobic (fluorinated) and hydrophilic 
(ethylene glycol) segment enabling it to 
interact with the corresponding parts in 
PEDOT:PSS and makes the aqueous solu-
tion amenable to deposition on any sub-
strate. This property enables the deposition 
of PEDOT:PSS films on substrates and 
films that are usually dewetted by aqueous 
solutions. In fact, an annealed PEDOT:PSS 
film is hydrophobic due to the PSS regions, 
which prohibits the formation of multilayer 
PEDOT:PSS films to reduce the sheet resist-
ance. As a result, only very thin films, typi-
cally less than 100 nm, can be formed via 
spin-coating of normal PEDOT:PSS solu-
tions. However, with the addition of Zonyl, 
multilayer films can be formed to produce 
highly conductive PEDOT:PSS layers.[31] 
Here, we used a layer-by-layer spin-coating 
process to form multilayer PEDOT:PSS 
films. Figure 5 shows the transparency and 
the sheet resistance as a function of the 
number of layers for PEDOT:PSS films with 
0.1 wt% Zonyl. Each layer was spun coat at 
2000 rpm, the slowest speed possible to produce a uniform 
film across the substrates (2 cm × 2.5 cm). The transparency 
(at 550 nm) decreased linearly at approximately 4.5% loss of T 
per layer. The Rs initially decreased significantly per layer and 
then began to level off as it started to reach the bulk Rs. This 
heim Adv. Funct. Mater. 2012, 22, 421–428
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Figure 5.  Number of PEDOT:PSS layers in a film versus sheet resistance 
(Rs) and transmittance (T) at 550 nm for two separate batches.
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Figure 6.  a) Normalized sheet resistance versus stretching cycles with 
10% strain for 4-Layer, buckled PEDOT:PSS film with 1 wt% Zonyl. Orig-
inal sheet resistance of the film was 150 Ω −1. The increase in sheet 
resistance was due to the breakdown of the silver electrodes that were 
connected to the copper wires used for resistance measurements. After 
5000 cycles the electrodes were repainted and the sheet resistance was 
identical to the original value. b) Optical microscopy image of the buckled 
PEDOT:PSS film (0% strain).
result is similar to what has been observed for thin metallic 
films.[32] At four layers, the film exhibited a sheet resistance of 
46 Ω −1 with a transmittance of 82% T (at 550 nm). With fur-
ther improvements to commercially available PEDOT:PSS for-
mulations, it could be possible to obtain or perhaps exceed the 
performance of ITO using this multilayer deposition method. 
In addition, combining our pre-processing technique with the 
post-processing methods described earlier might also present 
further improvements to the conductivity of PEDOT:PSS 
films.

2.3. PEDOT:PSS Films on Stretchable Substrates

We have recently demonstrated stretchable OPVs using 
PEDOT:PSS as the transparent electrode.[33] For such 
applications, it is not possible to use ITO because it is brittle 
and not compatible with plastic and flexible substrates. One 
of the major challenges using PEDOT:PSS on such substrates 
is its poor wetting, which prohibits the formation of a uni-
form film. However, using Zonyl doped solutions, it was pos-
sible to form uniform and reproducible films on stretchable 
PDMS substrates. Furthermore, our formulation rendered the 
PEDOT:PSS solution wettable on all hydrophobic surfaces we 
have tried, such as organic semiconductors or carbon nano-
tube films. (The more hydrophobic the film the larger amount 
of Zonyl was needed to wet the film properly to form uniform 
thin films.) By spin-coating the PEDOT:PSS on a pre-strained 
PDMS substrate and releasing the pre-strain, we were able to 
form buckles, or waves, which converted tensile strain of the 
film into bending strains of the buckles. A four-layer film with 
1 wt% Zonyl was used for the stretching tests. The sheet resist-
ance of the film when fully relaxed (buckled) was 150 Ω −1  
and the film was pre-strained to 15%. Figure 6a plots Rs as a 
function of 1, 10, 100, 1000, and 5000 cycles of stretching from 
0 to 10%. As can be seen, the sheet resistance remained con-
stant even after 5000 stretching cycles. The increase in the sheet 
resistance during the stretching test was completely due to the 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 421–428
breakdown of the silver paint electrodes. After 5000 cycles the 
electrodes were repainted and the Rs returned to the original 
value of 150 Ω −1. Figure 6b shows an optical microscopy 
image of the buckled films after releasing the strain. The 
buckles were approximately 5–6 μm apart. Furthermore, prelim-
inary evidence suggests that the presence of Zonyl intrinsically 
improves the ability of PEDOT:PSS films to withstand strain 
without adversely effecting its electrical properties.[34]

2.4. OPVs using highly conductive PEDOT:PSS

The sheet resistance of the transparent electrodes plays a crit-
ical role in the power conversion efficiency (PCE) of photo-
voltaics. High values of Rs in transparent electrodes manifest 
in high series resistance, which has the effect of reducing the 
fill factor (FF), and thus the PCE. The effect is pronounced for 
425wileyonlinelibrary.combH & Co. KGaA, Weinheim
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Figure 7.  J–V characteristics of OPVs made with a P3HT:PCBM bulk 
heterojunction structure. a) Comparison between four-layer PEDOT:PSS 
film and ITO + AL4083 as the anodes. b) Comparison between one-layer 
PEDOT:PSS film with and without Zonyl as the anodes.
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large area devices.[35] As a result, alternative electrodes must 
have similar performance to ITO (high conductivity and trans-
parency). Despite the continuing improvement of PEDOT:PSS 
films by manufacturers, thick and highly conductive layers 
of PEDOT:PSS are needed to make the performance of these 
films comparable to that of ITO. As described earlier, our multi
layer PEDOT:PSS films doped with DMSO and Zonyl can 
form highly conductive and transparent electrodes with values 
6 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag 

Table 1.  Photovoltaic parameters for OPVs made with four-layer and one-la
and ITO + AL4083 as the anodes.

Anode Jsc  
[mA cm−2]

Voc  
[mV]

ITO + AL4083 7.75 ± 0.28 603 ± 5

4-Layer PEDOT w/Zonyl 6.69 ± 0.35   580 ± 19

1-Layer PEDOT w/Zonyl 6.77 ± 0.50   553 ± 12

1-Layer PEDOT w/o Zonyl 6.37 ± 0.23   532 ± 10
approaching that of ITO. ITO-free OPV devices were fabricated 
with these films by using a blend of P3HT and PCBM as the 
active layer. Figure 7 shows the current density–voltage (J–V) 
curves for both the ITO free device and an ITO device, coated 
with PEDOT:PSS (CLEVIOSTM AL 4083, which smoothens 
the ITO and facilitates the extraction of holes), as a control. 
The ITO/AL 4083 control anode had an Rs of about 15 Ω −1. 
As can be seen, the performance of the OPVs fabricated with 
PEDOT:PSS as the anode was similar to the conventional ITO 
OPVs. While the ITO-free device exhibited higher open-circuit 
voltage (VOC) and FF, the ITO control produced a greater overall 
PCE because of a greater short-circuit current density (JSC). To 
compare the effect of the Zonyl on the PEDOT in OPV devices, 
one layer PEDOT devices were fabricated: one with no Zonyl 
and one with 0.1 wt% Zonyl. The device with Zonyl doped 
PEDOT showed better PV performance, which was attributed 
to the lower Rs of the film. The PV parameters, including JSC, 
VOC, FF, and PCE, are shown in Table 1.

3. Conclusions

In summary, we have prepared highly conductive and trans-
parent PEDOT:PSS films with the use of the fluorosurfactant 
Zonyl as an additive to both improve the conductivity of the 
film and make it amenable for multilayer deposition on con-
ventional and stretchable substrates. One layer films with 
Zonyl had an Rs of 240 Ω −1 at 97% T (at 550 nm), which 
was 35% better than films without Zonyl. Multilayer deposition 
could be used to produce films with Rs of 46 Ω −1 at 82% T 
(at 550 nm). Stretchable and flexible electrodes were made on 
prestrained PDMS substrates that were able to withstand over 
5000 stretching cycles of 10% strain with no change in Rs. Bulk 
heterojunction OPV devices based on a blend of P3HT:PCBM 
were made using multilayer PEDOT:PSS films as the electrode. 
These OPVs performed comparably to conventional devices 
using ITO. The results indicate that the highly conductive 
PEDOT:PSS films can be used as transparent electrodes in 
novel devices, such as stretchable OPVs, in addition to replacing 
ITO in conventional devices.

4. Experimental Section
Materials: PEDOT:PSS solutions (CLEVIOS PH 1000 and CLEVIOS 

AL 4083) were purchased from Heraeus. The solid content of the PH 
1000 solution was 1–1.3% and had a PEDOT to PSS ratio of 1:2.5 
by weight. Zonyl FS-300 (Zonyl), DMSO, ortho-dichlorobenzene (o-
DCB), poly(3-hexylthiophene) (P3HT, regioregular, >90% head-to-tail 
GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 421–428

yer PEDOT:PSS films with Zonyl, one-layer PEDOT:PSS film without Zonyl, 

FF PCE  
[%]

Device Area  
[cm2]

# of Devices

0.475 ± 0.021 2.22 ± 0.11 0.087 ± 0.014 4

0.555 ± 0.038 2.16 ± 0.29 0.070 ± 0.025 10

0.510 ± 0.025 1.91 ± 0.18 0.048 ± 0.012 11

0.532 ± 0.029 1.81 ± 0.17 0.045 ± 0.008 12
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regiospecificity), [6,6]-phenyl C61 butyric acid methyl ester (PCBM, 
>99%), and eutectic gallium-indium (EGaIn, ≥99.99%) were purchased 
from Sigma–Aldrich and used as received. The PDMS was prepared by 
puddle-casting a mixed and degassed PDMS prepolymer (Dow Corning 
Sylgard 184, with a ratio of base to crosslinker of 10:1 by mass) against 
the polished surface of a silicon wafer. It was then cured at 60 °C for 2 h  
with a thickness of 200–500 μm and cut into desired sizes.

PEDOT:PSS Solution Formation and Film: The PEDOT:PSS was filtered 
through a syringe filter (0.45 μm pore size) to remove any large particles. 
Where noted, 5% by weight DMSO and different amounts of Zonyl 
were added to the PEDOT:PSS solution. The solution was placed on a 
shaker for at least one hour to ensure good mixing before spin-coating. 
The solutions were spun coat on clean substrates (glass or PDMS) at 
2000 rpm for 60 s. They were then placed on a hot plate in ambient air 
for 5 min at 120 °C to dry. For multilayer films, the process was repeated 
after the films were dried.

Characterization of PEDOT:PSS Films: AFM images were taken 
using tapping mode (light tapping regime) using a Multimode AFM 
(Veeco). The Rs was measured using the four-point van der Pauw 
method with collinear probes (0.5 cm spacing) connected to a Keithley 
2400 Sourcemeter. Optical microscopy images of the films were taken 
using a Leica DM4000M microscope under bright-field illumination. 
Optical transmission measurements were performed on Cary 6000i 
spectrophotometer from 250 to 1250 nm. Reported transmittances (T) 
are at 550 nm. Complete spectra are shown in Supporting Information. 
Stretching cycles were performed on an in-house stretching station with 
films on the PDMS substrate (see the Supporting Information). Silver 
paint electrodes were painted on two ends of the substrate (1 cm × 
2 cm) and copper wire was pressed down on top to pin each end of the 
substrate. The copper wires were connected to an Agilent E4980A LCR 
meter to measure 2-point resistance during the stretching cycles.

Fabrication and Characterization of OPVs: The active layer solution was 
prepared with a 1:1 solution of P3HT:PCBM in o-DCB (30 mg mL−1 total). 
This solution was spun coat at 700 rpm for 1 min and 2000 rpm for 1 min 
on the desired substrate (PEDOT:PSS films or ITO). After spin-coating, 
the substrates were transferred to a nitrogen glovebox and annealed on a 
hotplate at 150 °C for 30 min; after annealing, the hotplate was turned off 
and the substrate was allowed to cool gradually for 30 min. The substrates 
were then removed from the glovebox and EGaIn was deposited on 
top for the top electrode. Copper wires were placed in each drop of 
EGaIn and secured to the edge of the substrate with tape. The devices 
were immediately returned to the glovebox (total time in the ambient 
atmosphere was <10 min). The areas of the devices were determined by 
integrating the area of contact between the EGaIn and the P3HT:PCBM 
from an optical micrograph. Typical device areas were ∼0.05 cm2. The 
photovoltaic properties were measured using a Newport solar simulator 
with a 100 mW cm−2 flux that approximated the solar spectrum under AM 
1.5G conditions. We measured the current density vs. voltage in the dark 
and under illumination using a Keithley 2400 Sourcemeter and collected 
the data electronically using a custom LabView script.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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