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organic solar cells, [ 6 ]  and light-emitting 
devices, [ 7 ]  and as electrodes in organic bio-
electronics. [ 8 ]  It can be used either alone [ 6 ]  
or in concert with indium tin oxide (ITO) 
or transparent conductors based perco-
lated networks of conductive nanoparti-
cles. [ 9 ]  General methods of lowering the 
work function of PEDOT:PSS—e.g., using 
thin layers of amine-containing small mol-
ecules [ 7,10 ]  and polymers [ 11 ] —enable its use 
as the cathode for organic solar cells in all-
organic devices. [ 12 ]  The use of transparent 
electrodes as both the top and bottom con-
tacts enable semitransparent solar cells 
and displays. [ 7 ]  The use of polymeric top 
and bottom contacts, in particular, ena-
bles all-solution-processing [ 6 ]  and could 
pave the way toward ultra-compliant—
i.e., stretchable and extremely fl exible—
devices. [ 13 ]  The use of PEDOT:PSS in 
fl exible and stretchable electronics, [ 5 ]  
however, demands a rigorous charac-
terization of its mechanical properties. 
While the tensile modulus of the most 
common formulation of PEDOT:PSS 
can be quite high (≥2 GPa), [ 14 ]  it has also 
demonstrated potential value as a stretch-

able transparent conductor for mechanically robust, portable 
devices for energy [ 15 ]  and biomedical applications. [ 8b ]  Additives, 
such as co-solvents, [ 16 ]  surfactants, [ 4 ]  and other polymers [ 11 ]  
designed to improve the processability or work function of 
PEDOT:PSS for a given application are also likely to change 
drastically the mechanical properties of the pure material. [ 17 ]  
Despite the necessity of additives in essentially all applications 
to PEDOT:PSS in fl exible electronics, [ 12 ]  quantifi cation of the 
substantial effects of these additives on the mechanical prop-
erties has received relatively little attention, [ 13 ]  though previous 
reports have described the mechanical properties as a function 
of relative humidity under strain applied parallel [ 18 ]  and per-
pendicular to the fi lms. [ 19 ]  This paper describes the effect of 
dimethylsulfoxide (DMSO, added to PEDOT:PSS to increase 
its conductivity [ 12 ] ) a fl urosurfactant (Zonyl, added to increase 
its wettability on hydrophobic substrates [ 16 ] ), and polyethyl-
eneimine (PEI, laminated to PEDOT:PSS to alter its work func-
tion [ 11 ] ) on the tensile modulus and ductility of PEDOT:PSS. We 
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  1.     Introduction 

 Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) 
(PEDOT:PSS,  Figure    1  ) is a polyelectrolyte complex used ubiq-
uitously as an electrode in organic electronic and optoelectronic 
devices. [ 1 ]  Its high conductivity [ 2 ]  and transparency, [ 3 ]  low sheet 
resistance, [ 4 ]  and versatility of processing from aqueous solu-
tion [ 5 ]  make it an attractive choice for transparent anodes in 
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then used these highly plasticized fi lms to produce (1) organic 
solar cells using the plasticized formulation of PEDOT:PSS and 
(2) wearable electronic sensors exhibiting detectable responses 
at 20% strain and high mechanical robustness through elastic 
deformation. 

  Stretchable (i.e., elastic or ductile) electronic devices based 
on organic semiconductors could have applications in a wide 
range of fi elds, from energy [ 20 ]  to medicine. [ 21 ]  The most suc-
cessful approaches to the realization of stretchable organic 
electronic devices have relied on directing strain away from 
the active components by using stretchable interconnects or 
buckled, wavy layouts to convert global tensile strains into local 
bending strain to minimize deformation. [ 22 ]  Another approach 
is to use fractured fi lms of organic materials that neverthe-
less maintain percolated pathways to the electrodes. [ 23 ]  Mate-
rials that accommodate strain by virtue of their molecular or 
solid-state packing structures—intrinsic stretchability—could 
simplify processing and fabrication, and lead to better per-
forming devices than those that rely on topographic patterns 
or fractured thin fi lms. [ 24 ]  Our group and others are attempting 
to understand the molecular and microstructural parameters 
that infl uence the mechanical properties of organic semicon-
ductors. [ 25 ]  We believe that a complete understanding of these 
properties will not only facilitate processing of devices for near-
term applications, but could also further the development of a 
new form of stretchable electronics in which every component 
of the device accommodates the strain due to its molecular or 
microstructural characteristics. [ 24 ]  

 PEDOT:PSS is a polyelectrolyte complex prepared by the 
oxidative polymerization of EDOT in the presence of PSS. [ 1 ]  
In solution, it exists as relatively high-MW chains of PSS deco-
rated by relatively shorter oligomers of PEDOT. [ 14 ]  It is perhaps 
the most technologically ubiquitous conductive polymer, and 
is used commonly as an antistatic coating on photographic 
fi lm. [ 26 ]  In research laboratories, it is a component of essentially 
all organic solar cells and light-emitting diodes. Commercially 
available formulations differ primarily on the basis of the ratio 
of PEDOT and PSS. The formulation Clevios PH1000, manu-
factured by Hereaus, has a weight ratio of 1:2.5. It has achieved 
bulk conductivities of ≈500 S cm −1  when 5–7% dimethylsul-
foxide (DMSO) is added as a secondary dopant. [ 27 ]  

 PEDOT:PSS is generally cast into fi lms from aqueous sus-
pension by spin-coating for laboratory-scale devices; [ 4 ]  recent 
work has shown its amenability to spray-coating, [ 5 ]  gravure 

printing, [ 16 ]  and slot-die coating. [ 28 ]  The surface tension of 
pure water renders as-received formulations incompatible with 
hydrophobic substrates. [ 16 ]  Co-solvents (e.g., isopropanol) [ 5 ]  or 
surfactants (e.g., Zonyl fl uorosurfactant, [ 16 ]  now called Cap-
stone by DuPont) are generally required to coat plastic foils or 
organic active layers as is required in “inverted” solar cells. [ 16 ]  
The dramatic effects of these additives on the morphology and 
intermolecular forces of PEDOT:PSS—as manifested in the 
surface energy—suggests that the effects on the mechanical 
properties might be equally dramatic. These effects have not, 
however, been described. 

 The mechanical properties of pure fi lms of PEDOT:PSS have 
been measured by several research groups. Measured by tensile 
testing of relatively thick (≥10 µm) fi lms and fi bers at 50% rela-
tive humidity, PEDOT:PSS exhibited moduli of 1.1–2.2 GPa. [ 18 ]  
Tahk et al. used the method based on the mechanical buck-
ling of thin fi lms of PEDOT:PSS fi lms on PDMS substrates 
and found a similar modulus of 2.2 GPa. [ 14 ]  Interestingly, the 
modulus was relatively insensitive to the ratio of PEDOT to 
PSS in the fi lm. [ 14 ]  The authors attributed this effect to the fact 
that the PSS component had a signifi cantly greater molecular 
weight and dominated the mechanical response of the com-
posite material. [ 14 ]  Dupont and co-workers have noted that thin 
fi lms of PEDOT:PSS exhibit moisture-assisted decohesion. [ 19 ]  
Other PEDOT-containing composites have achieved impres-
sive combinations of elasticity and conductivity. For example, 
EDOT electropolymerized in a solution containing  para -tolue-
nesulfonate and polyurethane can form a conductive composite 
that can be stretched reversibly up to 50%, while maintaining 
a conductivity of up to 100 S cm −1  when stretched up to 100% 
strain. [ 29 ]  A PEDOT:PSS-polyionic liquid blend achieved strains 
of 350% with an decrease in conductivity of only a factor of two 
at the maximum strain (but from a low initial conductivity of 
10 −3  S cm −1 ). [ 30 ]  The commercial formulation of PEDOT:PSS can 
also accommodate strains of up to 30% reversibly, on stretch-
able substrates, though smaller strains of about 10% cause the 
fi lm to deform plastically; repeated strains above the onset of 
plastic deformation are thus accommodated by topographic 
buckles, as opposed to the intrinsic elasticity of the material. [ 17 ]  

 In addition to its role as an electrode, PEDOT:PSS has a ser-
endipitous role as an adhesion promoter between compliant 
substrates and organic semiconductors. For example, our 
laboratory observed that the presence of the PEDOT:PSS—
which has good adhesion to both UV/ozone-activated PDMS 
and polymer:fullerene fi lms—signifi cantly suppressed the 
formation of cracks in devices under biaxial tensile strain. [ 31 ]  
The importance of adhesion on suppressing the formation 
of cracks in compliant thin-fi lm devices has been observed 
before in copper fi lms on polyimide substrates, in which sys-
tems employing a chromium adhesion layer can accommo-
date strains up to 50% without cracking the copper fi lm. [ 32 ]  For 
fi lm-substrate systems exhibiting poor adhesion, global strains 
localize in the fi lm to delaminated regions and cause prema-
ture cracking. [ 33 ]  Moreover, cracks propagate through layers, 
and thus the strain at which an organic electronic device fails 
may therefore depend entirely on the mechanical properties of 
the PEDOT:PSS, regardless of the elasticity or ductility of the 
active materials. In situations that impose stresses at the inter-
face between layers in a device, it is often the interface between 
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 Figure 1.    Chemical structures of PEDOT:PSS, PEI, P3HT, DMSO, and 
Zonyl.
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PEDOT:PSS and the active material that fractures. Fracture 
energies in the range of 0.1 – 1.6 J m −2 , depending on the 
ratio of P3HT to PCBM in the active layer, have been reported 
by Dupont et al. for organic solar cells. [ 34 ]  Factors known to 
weaken the adhesion of PEDOT:PSS with other layers include 
relative humidity, temperature, mechanical stress, and the per-
cent incorporation of PCBM in P3HT:PCBM bulk heterojunc-
tions. [ 35 ]  Our experiments were designed to isolate other para-
meters and test only the effect of DMSO, Zonyl, and PEI on the 
elasticity and ductility of PEDOT:PSS for devices in which each 
component was highly stretchable. 

 Dimethylsulfoxide (DMSO) is added to aqueous inks con-
taining PEDOT:PSS in weight percentages of 5–10% in essen-
tially all applications. The role of polar “secondary dopants” such 
as DMSO, ethylene glycol, and sorbitol is to increase the con-
ductivity signifi cantly, from a native conductivity of <1 S cm −1  
to conductivities approaching 10 3  S cm −1 . [ 4 ]  The effect of these 
secondary dopants is attributed to the enlargement and coales-
cence of conductive grains of PEDOT in the solid fi lm upon 
drying at elevated temperature, which produces large regions 
of uninterrupted pathways for charge carriers to traverse the 
fi lm. [ 36 ]  While it is not believed that DMSO persists in fi lms 
after drying (e.g., on a hotplate), and thus cannot behave as a 
plasticizer, differences in microstructure produced by different 
processing conditions could easily lead to large differences in 
the mechanical properties of thin polymeric fi lms. [ 37 ]  

 Zonyl is a fl uorosurfactant comprising a poly-
(tetrafl uoroethylene) segment and a poly(ethylene oxide) seg-
ment (Figure  1 ). When added to commercial formulations of 
PEDOT:PSS in concentrations as low as 0.01–0.1%, Zonyl 
permits wetting of hydrophobic substrates. It is widely used to 
improve the wetting behavior in roll-to-roll production, espe-
cially given the inability of unmodifi ed PEDOT:PSS formula-
tions to wet organic active layers in organic solar cells with the 
inverted architecture. [ 16 ]  Zonyl was also found to have the addi-
tional advantage of improving the conductivity of PEDOT:PSS 
beyond what is possible with DMSO alone—i.e., as a “tertiary 
dopant.” [ 4 ]  The rationale for this improvement was similar to 
that of the improvement brought about by DMSO, namely a 
coalescing of conductive grains of PEDOT within an insulating, 
continuous phase of PSS, as supported by atomic force micro-
scope (AFM) images. [ 4 ]  The conductivity was maximized for 
fi lms cast from solutions containing 5% DMSO and 0.01–0.1% 
Zonyl. In addition to improved wetting behavior and conduc-
tivity, an incidental observation noted in an earlier publica-
tion suggests that Zonyl may also behave as a plasticizer. [ 17 ]  In 
particular, for PEDOT:PSS on PDMS substrates treated with 
oxygen plasma, the increase in electrical resistance of fi lms cast 
from solutions containing 1% Zonyl was an order of magni-
tude less than that of fi lms prepared without Zonyl, when both 
types of fi lms were strained by 50%. [ 17 ]  Direct measurements of 
tensile modulus and ductility as a function of the concentration 
of the additive, however, were not performed. 

 Polyethyleneimine (PEI) was introduced by Zhou et al. as 
a universal method of altering the work function of electrode 
materials for thin-fi lm applications. [ 11 ]  In particular, a thin 
fi lm of PEI changes the work function of PEDOT:PSS from 
5.1 eV to 4.3 eV. [ 11 ]  This addition of PEI enables the modifi ed 
PEDOT:PSS to behave as the cathode and the unmodifi ed 

PEDOT:PSS to behave as an anode when used together in a 
single cell. Our group has applied this approach to fabricate 
biaxially stretchable, all-polymer solar cells in order to bond 
them to hemispherical surfaces, but we did not examine the 
infl uence of the thin (∼20 nm) PEI layer and its solvent on 
the mechanical properties of the PEDOT:PSS. [ 31 ]  In addition, 
the solvent used to deposit PEI, 2-methoxyethanol (MOE), 
could potentially have an effect on the mechanical properties of 
the PEDOT:PSS fi lms. 

 We measured two parameters of mechanical properties, 
tensile modulus and the crack on-set strain, of PEDOT:PSS 
fi lms comprising different composition of DMSO and Zonyl as 
well as PEDOT:PSS fi lms with a PEI layer laminated on top at 
constant room temperature of 23 °C and relative humidity of 
50%. The tensile moduli were measured using the mechanical 
buckling technique originally described by Stafford et al. [ 38 ]  The 
PEDOT:PSS fi lms were fi rst spin-coated on a passivated glass 
substrate then transferred to a PDMS substrate bearing a small 
pre-strain (2–4%). Release of the pre-strain produced buckling 
in the PEDOT:PSS fi lms. The slope of a plot of buckling wave-
length vs the thickness of the fi lm was used to determine the 
tensile modulus of the fi lm. The crack on-set strain can be used 
to measure the effective ductility of a fi lm/substrate system. 
We measured the electrical conductivity of the fi lms using a 
two-terminal measurement with silver paint as electrodes. The 
absence of signifi cant contact resistance was verifi ed using 
four-terminal measurements for randomly selected samples.  

  2.     Results and Discussion 

 The results of the mechanical measurements are shown 
in  Figure    2  . Zonyl has a dramatic plasticizing effect on 
PEDOT:PSS, as seen in the decrease in tensile modulus 
(Figure  2 a) and increase in crack-onset strain (Figure  2 b). In 
each triad on the plots in which the concentration of DMSO 
in the ink was kept constant at 0, 5, or 10 wt%, the concentra-
tion of Zonyl dramatically increased the ductility of the fi lm, as 
manifested by an increase in the crack-onset strain from ≤5% 
strain for all samples with 0.1% Zonyl, to up 25–40% strain 
for all samples coated from inks containing 10% Zonyl. These 
values are a factor of three greater than previous highest duc-
tility reported in PEDOT:PSS fi lms, which cracked at strains of 
12%. [ 17 ]  Ductility was highly correlated with tensile modulus 
(Figure  2 b). An increase in Zonyl from 0.1 wt% to 1 wt% pro-
duced a decrease in the tensile moduli by a factor of two for 
samples with 5% and 10% DMSO, and by a factor of eight 
for samples with 0% DMSO. Due to the high vapor pressure 
of Zonyl, we expected that a signifi cant fraction remained in 
the PEDOT:PSS fi lm, and that it functioned as a typical plasti-
cizer, i.e., by increasing the free volume in the fi lm and weak-
ening intermolecular forces between the polymer chains. We 
note that obtaining the tensile moduli of fi lms containing 
10% Zonyl by the buckling method was diffi cult, because the 
buckling technique requires that the modulus of the fi lm be at 
least two orders of magnitude greater than that of the PDMS 
substrate. [ 38 ]  We did not observe buckles for the sample spin-
coated from a solution with 0% DMSO and 10% Zonyl. We 
believe this fi lm simply compressed along with the PDMS 
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substrate after release of the pre-strain, rather than formed 
buckles. 

  The data shown in Figures  2 a and  2 b also revealed a depend-
ence of the mechanical properties of PEDOT:PSS on the 
amount of DMSO present in the ink. Films deposited from 
solutions containing 5% DMSO were the stiffest and least duc-
tile, though the effect was not nearly as strong as for Zonyl. 
Unlike Zonyl, signifi cant amounts of DMSO were not likely to 
remain in the fi lm after drying at 100 °C on a hotplate, and thus 
effects produced by DMSO were attributed to changes in the 
microstructure of the fi lm. The relative stiffness and brittleness 

of the fi lms containing 5% DMSO mirrored the effects of 
DMSO on the conductivity (a topic to which we will return), 
which suggest that the interconnectedness of the PEDOT-rich 
domains in the fi lm that are associated with the greatest con-
ductivity also produced the greatest stiffness. 

 While the substantial increase in ductility of the PEDOT:PSS 
fi lms could be optimized by varying the concentration of 
DMSO and Zonyl, we note that the mechanical properties of 
the solar cell devices will be dependent on all of the compo-
nents and not solely on the properties of PEDOT:PSS fi lms. 
Other components of the devices—the active component layer, 
the electrode, the substrate, and the encapsulation—may gen-
erate cracks that lead to the device failure prior to the crack-
onset strain of the PEDOT:PSS fi lms. However, for the case in 
which the active layer and the top electrode are more mechani-
cally compliant than the PEDOT:PSS fi lms, the PEDOT:PSS 
fi lms had a deleterious effect on the effective ductility of the 
devices. [ 31 ]  We also attempted to correlate the mechanical data 
to the conductivity as a function of both the concentrations of 
DMSO and Zonyl present in the aqueous solution.  Figure    3  a 
shows the measured sheet resistance of the PEDOT:PSS fi lms 
with constant thickness of 150 nm. While the effect of DMSO 
on the conductivity of PEDOT:PSS has been studied exhaus-
tively, [ 12 ]  the effect of Zonyl has only been examined one other 
time, and with only one concentration of DMSO. [ 4 ]  Our results 
are largely consistent with those previously reported: the sheet 
resistance of the fi lms coated without DMSO were too high 
for most device applications (>100 kΩ sq −1 ). Similar values of 
sheet resistance were obtained for inks containing both 5% 
and 10% DMSO, with 5% producing somewhat more con-
ductive fi lms (other reports suggest 7% may be the optimum 
value). [ 27 ]  The lowest sheet resistance of 63 Ω sq −1  was achieved 
using 5% DMSO and 0.1% Zonyl. While small concentrations 
of Zonyl increased the conductivity (lowered the sheet resist-
ance) of PEDOT:PSS compared to samples without Zonyl, con-
centration in excess of 0.1% increased the sheet resistance of 
the samples spin-coated from solutions containing either 5% 
or 10% DMSO. This result agreed well with the previous fi nd-
ings by Vosgueritchian et al. where Zonyl at the concentration 
of 0.01% and 0.1% lowered the sheet resistance of PEDOT:PSS 
fi lms containing 5% DMSO when compared to PEDOT:PSS 
fi lms containing 5% DMSO and no Zonyl; however, when the 
concentration of Zonyl increased to 1% and 10%, higher sheet 
resistances were obtained. [ 4 ]  The conventional rationale for the 
improvement in conductivity with either DMSO or Zonyl is 
the apparent enlargement of PEDOT-rich grains within a PSS 
matrix, which are generally assigned on the basis of AFM; how-
ever, morphology at the surface is not necessarily representative 
of the microstructure of the bulk. [ 12 ]  

  We examined the evolution of resistance as a function of 
strain for PEDOT:PSS fi lms coated from solutions containing 
0.1% Zonyl and 10% Zonyl (with a constant 5% DMSO), 
Figure  3 b. The PEDOT:PSS fi lms were spin-coated on passi-
vated glass then transferred to an unstrained PDMS substrate. 
Electrical contact was made using eutectic gallium-indium 
(EGaIn). The resistances of the fi lms were then measured as 
a function of the linear strain applied by a computer-controlled 
linear actuator. As expected from the values of the respective 
crack-onset strain, the relative resistance ( R / R  0 ) of the fi lms 
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 Figure 2.    Mechanical properties of PEDOT:PSS fi lms as a function of 
DMSO and Zonyl concentration in the ink. a) Tensile moduli obtained 
via the buckling methodology. The asterisk (*) refers to the absence of 
data from the sample coated from ink containing 0 wt% DMSO and 
10 wt% Zonyl, which was too soft to measure. b) Crack-onset strains of 
the thin fi lms transferred onto PDMS substrates.



FU
LL P

A
P
ER

431wileyonlinelibrary.com© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

spun using 0.1% Zonyl increased rapidly at relatively low strain 
compared to those of the fi lms spun using 10% Zonyl. For the 
fi lms containing 0.1% Zonyl, the increase in relative resistance 
occurred at the strain slightly greater that the crack-onset strain 
of 2%, and after 8% strain, the resistance of the fi lms were 
greater than the sensitivity limit of our electrometer. We attrib-
uted the initial increase in resistance to the generation of minor 
cracks on the fi lms and the result of increase in the particle 
separation when the fi lms are stretched. The large increase in 
resistance thereafter to major cracks that led to the catastrophic 
failure of the fi lms. We observed a much smaller increase in 
the relative resistance for the fi lms with 10% Zonyl for up to 
∼40% strain and catastrophic failure at ∼80% strain. We note 
that the observed relative resistance had a wider spread between 
samples after the fi lms were stretched beyond the crack-onset 
strain. We attributed this effect to the idiosyncratic nature of 
the formation and propagation of cracks between samples pre-
pared similarly. For example, a sample with a crack spanning 
nearly the entire width of the sample will have a much higher 
resistance than one with two disconnected cracks, which permit 
substantial conductance. 

 We fabricated bulk heterojunction organic photovoltaic 
(OPV) devices to evaluate whether the increase in the sheet 
resistance of the PEDOT:PSS fi lms spun using 10% Zonyl 
would have a deleterious effect on the device performance when 
compared to fi lms spun using 0.1% Zonyl. The sheet resistance 
of the transparent electrodes plays an important role in the per-
formance of the OPV devices. High values of sheet resistance 
directly infl uence the series resistance within an OPV device; 
high series resistance lowers the fi ll factor ( FF ) and the overall 
power conversion effi ciency ( PCE ). We compared OPV devices 
based on P3HT:PCBM with cell architecture of PEDOT:PSS/
P3HT:PCBM/EGaIn using two different PEDOT:PSS solutions: 
(1) 5% DMSO, 10% Zonyl and (2) 5% DMSO, 0.1% Zonyl. 
We chose the solution containing 5% DMSO and 10% Zonyl 
because we found the composition of the fi lms spun from 
this ink to be the most mechanically compliant, but which 
also retained adequate conductivity. The solution containing 
0.1% Zonyl was used previously by our group to optimize PCE 
in OPV devices comprising P3AT:PCBM. [ 25b ]  Figure  3 c shows 
that the  J−V  curves of devices using two different compositions 
of the PEDOT:PSS solutions were similar. The photovoltaic 
performances for the two confi gurations were constant, within 
experimental error, exhibiting  FF  of 54% to 56% and  PCE  of 
1.7%, which agrees well with results reported earlier in litera-
ture with a similar cell architecture. [ 4 ]  These results suggested 
that the higher sheet resistance of the solution containing 5% 
DMSO and 10% Zonyl had minor effects on the performance 
of the solar cells and could be employed in highly stretchable 
devices. 

 To attempt to correlate the microstructure of the fi lms as 
apparent on the surface to the conductivity (sheet resistance), 
we obtained AFM phase images of samples spun from inks 
with all nine combinations of concentrations of DMSO and 
Zonyl ( Figure    4  ). Samples deposited from solutions containing 
either 0% or 5% DMSO and 0.1% or 1% Zonyl (the top-left four 
images) exhibited a qualitative increase in size of the PEDOT-
rich domains as visible in the phase-contrast images (from 
0% to 5% DMSO). Increasing the concentration of DMSO 
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 Figure 3.     a) Sheet resistance as a function of both DMSO and Zonyl 
concentration in the ink. b) Plot of normalized resistance ( R / R  0 ) vs strain 
for PEDOT:PSS fi lms spun from 0.1% and 10% Zonyl (with constant 
5% DMSO) transferred onto PDMS substrates. Shaded areas represent 
the crack-onset strains (CoS) of the respective fi lms. The widths of the 
shaded areas are two times the standard deviations for the measure-
ments of crack-onset strain. The different marker symbols (squares, 
 triangles, etc.) refer to different fi lms coated from the same solution. 
c) Photovoltaic properties of bulk heterojunction devices with the archi-
tecture PEDOT:PSS/P3HT:PCBM/EGaIn comprising PEDOT:PSS fi lms 
spun from 0.1% and 10% Zonyl (both with 5% DMSO). Each curve rep-
resents the average of 8 devices.
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further to 10%—again ignoring the right-hand column—
decreased the sizes of these grains (which is particularly clear 
in the transition from 5% DMSO/1% Zonyl to 10% DMSO/1% 
Zonyl); this reduction in size is correlated to a decrease in con-
ductivity, as we expected due to precedent in the literature. [ 12 ]  
All samples containing 10% Zonyl exhibited high-aspect-ratio 
fi brils at the surface whose size showed no correlation with 
conductivity at any concentration of DMSO; these samples did 
however exhibit the greatest compliance and ductility. The mor-
phology of the surface, however, may not have been representa-
tive of the microstructure of the bulk, given the likelihood that 
Zonyl segregated to the surface. 

  Additives such as poly(ethyleneimine) (PEI) have been used 
to lower the work function of PEDOT:PSS. [ 11 ]  Such materials 
are necessary to produce asymmetry in the work functions in 
devices in which PEDOT:PSS serves as both the anode and 
cathode, such that the electrons and holes drift in the proper 
direction. The effect of treating PEDOT:PSS with PEI on the 
mechanical properties has not been characterized.  Figure    5  a 
compares the crack-onset strains of three pure PEDOT:PSS 
fi lms (i, ii, and v) and two PEDOT:PSS/PEI bilayer fi lms (iii and 
iv) prepared using 5% DMSO and 10% Zonyl and stretched on 
PDMS substrates. Sample (i) represents the PEDOT:PSS fi lms 
that were spin-coated on passivated glass and transferred to 
PDMS substrates; the value is duplicated from Figure  2 ; sample 
(ii) represents the fi lms that were spin-coated directly onto 
PDMS substrates. The minor increase in crack-onset strain, 
or the apparent ductility, of fi lms that were spin-coated directly 

from the fi lms that were transferred is attributed to increased 
adhesion between the PEDOT:PSS fi lms and the PDMS sub-
strates when spin-coated directly on the PDMS. In samples 
represented by (iii) and (iv), a layer of PEI was deposited on 
the PEDOT:PSS fi lms by spin-coating from a dilute solution 
of PEI in 2-methoxyethanol (MOE) after the initial drying of 
the PEDOT:PSS fi lms. We observed signifi cant decreases in 
the crack-onset strain with the addition of PEI layer for both 
transferred and directly spin-coated samples, sample (iii) and 
(iv) respectively. We investigated this increase in apparent 
brittleness by conducting a control experiment in which we 
treated the PEDOT:PSS fi lms with the solution of pure MOE 
via the same spin-coating parameters. The further decrease in 
the crack-onset strain exhibited by sample (v) suggested that the 
MOE signifi cantly embrittled the PEDOT:PSS fi lms, perhaps by 
extracting some of the Zonyl from the fi lms. Figure  3 b shows 
the evolution of relative resistance as a function of tensile 
strain. The results correlated well with the crack-onset strains 
in which the fi lms that were treated with MOE, the most 
brittle fi lms, experienced a rapid increase in  R / R  0  values at 
low strains, ∼8%. Films with a thin layer of PEI showed rela-
tively constant  R / R  0  values up to 16% strain, at which point 
the resistance increased over the detection limit. We observed 
a very different trend in the sample spin-coated with PEI when 
compared to the other samples where the relative resistance 
remained relatively constant through the crack-onset strain and 
suddenly increased beyond the detection limit. We attributed 
this effect to the sudden development of large cracks in the 
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 Figure 4.    AFM phase images of PEDOT:PSS fi lms as a function of the content of DMSO and Zonyl additives in the solution used for deposition. The 
dimensions of each AFM image are 1.5 µm × 1.5 µm.
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bilayer fi lms rather the generation of minor cracks found in the 
other samples. The major cracks that spanned the whole length 
of the fi lms led to the sudden failure of the devices rather than 
the gradual increase in the relative resistance. The increase in 
apparent brittleness in PEDOT:PSS fi lms laminated with PEI 
or exposed to MOE solvent was an unfortunate yet important 

observation that should be taken into account when designing 
organic electronic systems requiring mechanical robustness or 
substantial deformation. 

  To demonstrate the utility of these plasticized fi lms of 
PEDOT:PSS in devices, we fabricated wearable electronic sen-
sors in which we measured the change in resistance as a func-
tion of bending strain (i.e., to signal the bending of a joint). A 
piezoresistive effect—i.e., a change in electrical resistivity upon 
the application of mechanical strain—has been described for 
PEDOT:PSS by Lang and co-workers. [ 39 ]  The authors patterned 
PEDOT:PSS fi lms on polyimide membranes using standard 
photolithography of photoresist and lift-off procedure and fab-
ricated resistors with dimensions of 4 × 4 mm. [ 39,40 ]  We rea-
soned that fi lms of PEDOT:PSS, when plasticized by common 
additives (i.e., cast from inks containing 5% DMSO and 10% 
Zonyl), might behave as piezoresistive strain gauges for appli-
cations requiring extreme mechanical deformation (as would 
be required for medical prostheses and soft robotics). Unlike 
capacitive sensors, resistive modalities are much simpler to 
implement, as they are relatively unaffected by electric fi elds 
or by nearby conductors. The skin-like resistive strain sensors 
comprised PEDOT:PSS fi lms that were transferred onto thin 
PDMS substrates and adhered to a nitrile glove using copper 
tape,  Figure    6  a. We selected materials for this experiment based 
on a fi nite-element analysis whose goal was to predict the max-
imum strain associated with the bending and unbending of the 
fi ngers, Figure  6 b. The simulation accounted for the dimen-
sion of the PEDOT:PSS fi lms and PDMS substrate and sub-
jected them to the bending onto a 5 mm radius of curvature, 
approximately the radius of curvature of the second knuckle. 
As expected, the maximum strain occurred at the apex of the 
curvature with the strain of ∼20%. Our analysis suggested that 
PEDOT:PSS fi lms with 10% Zonyl would survive the repeated 
deformation of 20% strain and that the change in resistance 
would be measurable. 

  Figure  6 c shows the representative result obtained from 
the resistive sensor placed on the nitrile glove. The meas-
ured relative resistance increased by a factor of 2–3 when the 
strains were applied (fi ngers bent). The resistance returned 
to the original value when the strains were removed. This 
behavior was sustained during cyclic loading; we tested 20 
cycles. We observed instantaneous increases in  R / R  0  when 
the strains were applied, and relatively slower decays to con-
stant values over the period of applied strains; however, the 
signal to noise ratios remained relatively high throughout the 
experiment. We attributed the different increase in  R / R  0  values 
among different cycles to the inability of the human hand to 
apply consistent strains. We note that the use of four-terminal 
probe will likely decrease the hysteresis in the measurement; 
however, the average increase in relative resistance due to 
the bending motion would likely remain unchanged. To con-
trol for the inconsistency of human motion, we subjected the 
sensors to the cycling of 0% and 20% tensile strains using a 
computer-controlled linear actuator (Figure  6 d). Unlike the 
wearable sensor shown in Figures  6 a and  6 c, the electrodes 
used for the experiment shown in Figure  6 d were droplets of 
EGaIn rather than copper tape. Given the similarity in results 
obtained between four-terminal measurements with brass con-
tacts, and two-terminal measurements using EGaIn and copper 
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 Figure 5.    a) Comparison of the crack-onset strains of the PEDOT:PSS 
fi lms spun using 5% DMSO and 10% Zonyl with fi ve different treatments: 
neat PEDOT:PSS fi lms (both transferred from passivated glass, (i), and 
directly spin-coated onto PDMS substrate, (ii), fi lms with a layer of PEI 
(both transferred, (iii), and directly spin-coated, (iv), and fi lms treated 
after deposition by spin-coating with neat 2-methoxyethanol, (v). b) Evo-
lution of relative resistance as a function of strain. Shaded areas refer to 
the crack-onset strains of respective samples. The widths of the shaded 
areas correspond to two times the standard deviation of the measure-
ments of crack-onset strain.
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tape, we suggest an absence of substantial contact resistance. 
We observed a substantial reduction in noise, however, the non-
instantaneous decays to the original resistance values upon 
relaxation remained. Such delays could be attributed to the vis-
coelasticity of the PDMS (the elastic regime of PDMS is approx-
imately 10%) and the inherent properties of PEDOT:PSS. 
Measurements performed at the strain below the elastic limit 
of PDMS provided measurable change in the relative resist-
ance; however, as shown in Figure  3 b, the increase in relative 
resistance in that region are not suffi ciently pronounced to iso-
late the origin of the time dependence. The inset of Figure  6 d 
shows the cyclability of the mechanical sensor. After 20 cycles, 
the relative resistance of the stretched state remained constant: 
approximately double its value in the relaxed state.  

  3.     Conclusions 

 This paper described the mechanical and electrical properties 
PEDOT:PSS thin fi lms as a function of concentration of the 
common additives in the solution used to deposit the fi lms. 
We discovered that the addition of Zonyl signifi cantly improved 
the mechanical compliance, while good electrical properties 

(i.e., sheet resistance) were retained. The effect of the concen-
tration of DMSO on the mechanical properties was relatively 
small. Our fi ndings may provide insights toward the design of 
mechanically robust, highly fl exible, or stretchable displays and 
solar cells, and resistive strain sensors for medical and robotic 
applications. Our experiments also highlighted a deleterious 
effect of incorporating PEI into all-rubber electronics; examina-
tion of the additional layer of PEI or exposure to its common 
solvent, MOE, revealed embrittlement of the PEDOT:PSS fi lms. 
Using highly plasticized PEDOT:PSS fi lms as resistive strain 
sensors could be valuable in providing electronic feedback for 
soft actuators in robotic applications. Understanding the role 
of common additives on not only the electrical properties—but 
also the mechanical ones—will be necessary for virtually all 
applications of organic semiconductors destined for stretch-
able, ultra-fl exible, and mechanically stable applications in 
energy, consumer electronics, and biomedicine.  

  4.     Experimental Section 
  Materials : PEDOT:PSS (Clevios PH1000) was purchased from 

Heraeus. The solid content of the PH 1000 solution was 1–1.3% and 
had a ratio of PEDOT to PSS of 1:2.5 by weight. Dimethyl sulfoxide 
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 Figure 6.    Images showing the characteristics of the skin-like resistive strain sensors. a) Photograph of the devices comprising PEDOT:PSS fi lms with 
5% DMSO and 10% Zonyl transferred onto thin PDMS substrates (1 mm thick) and adhered to a nitrile glove using conductive copper tape. b) Com-
putational analysis of strain produced in the thin fi lms when subjected to bending with the radius curvature of 5 mm, approximately the radius of 
curvature of the second knuckle. The peak strain occurred at the location of the second knuckle with an equivalent strain of ≈20%. c) Plot of relative 
resistance ( R / R  0 ) as a function of time for the devices placed on the human hand. The shaded areas refer to when strains are applied by bending of the 
fi ngers. d)  R / R  0 vs  time of the devices on the linear actuator cycling between 0% and 20% strains. The inset shows the average  R / R  0  at both positions 
as a function of the number of cycle.
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(DMSO) was purchased from BDH with purity of 99.9% and used 
as supplied. Zonyl FS-300 (Zonyl), ortho-dichlorobenzene (ODCB), 
poly(3-hexylthiophene) (P3HT), [6,6]-phenyl C 61  butyric acid methyl 
ester (PCBM, >99%), eutectic gallium-indium (EGaIn, ≥99.99%) were 
purchased from Sigma-Aldrich and used as received. Polyethylenimine 
(PEI) was also purchased from Sigma-Aldrich and was dissolved in 
2-methoxyethanol (Sigma-Aldrich) with the concentration of 1 mg mL −1  
prior to usage. (Tridecafl uoro-1,1,2,2-tetrahydrooctyl)-1-trichlorosilane 
(FOTS) was obtained from Gelest. PDMS (Sylgard 184, Dow Corning) 
was prepared according to the manufacturer’s instructions at a ratio 
of 10:1 (base:crosslinker) and cured at room temperature for 36 to 
48 hours. The dimensions of the PDMS substrates are 8 cm × 1 cm; 
the thickness varied depending on the experiment: 3 mm for buckling; 
1.5 mm for crack-onset strain; and 1 mm for resistive strain sensors. 

  Preparation of PEDOT:PSS Solutions and Films : PEDOT:PSS solutions 
with different concentrations of DMSO and Zonyl were prepared. 
The PEDOT:PSS fi lms were prepared on FOTS-passivated glass slides as 
the initial substrate for all experiments. Glass slides, 2.5 cm × 2.5 cm, 
were cleaned by bath sonication in Alconox solution, pure deionized 
water, acetone, and isopropanol for 10 min each. The glass slides were 
then treated in a plasma cleaner (30 W, 200 mtorr ambient air, 3 min) 
before enclosing them in a vacuum desiccator with a vial containing 
ca. 100 µL FOTS. The desiccator was left under dynamic vacuum for at 
least 12 h. The FOTS-treated glass slides were rinsed with isopropanol 
and dried under a stream of compressed air before use. PEDOT:PSS 
solutions were spin-coated directly onto FOTS-treated glass slides with 
spin speeds determined by the desired thicknesses. The PEDOT:PSS 
fi lms were then dried on the hot plate at 100 °C for 30 min and cooled to 
room temperature before further testing. 

  Characterization of PEDOT:PSS Films : The tensile moduli of the fi lms 
were measured using the buckling-based method. The PDMS substrates 
were prepared according to the manufacturer's instruction and cured 
in air at room temperature for 36–48 hours before use. We then cut 
the PDMS into rectangular pieces ( l  = 8 cm,  w  = 1 cm,  h  = 0.3 cm) 
and stretched to strains of 4% using a computer-controlled actuator 
(Newmark model ET-100–11). While the PDMS substrates were under 
strain, clean glass slides (5 cm × 2.5 cm, treated with FOTS to later 
facilitate separation of PDMS) were clipped onto the back of each 
PDMS substrate to maintain the strain. For each PEDOT:PSS solution, 
fi lms with three different thicknesses were prepared by varying the spin 
speed onto separate FOTS glass slides. Transferring the PEDOT:PSS 
fi lms to the pre-strained PDMS substrate was performed by initially 
scoring the fi lms along the edges with a razor and placing the fi lms 
against the PDMS. After applying a minimum amount of pressure to 
create a conformal seal between the PDMS and the PEDOT:PSS fi lms, 
we separate the glass/stretched PDMS from the glass/PEDOT:PSS fi lm 
in one fast motion. We used the surface of the PDMS that was cured at 
the air interface. We then removed the clips and allowed the PDMS to 
relax to the equilibrium length. Buckles formed in the PEDOT:PSS fi lms 
upon relaxation of the substrates. We plotted the buckling wavelengths, 
 λ  b , as a function of fi lm thicknesses,  d  f , then substituted the slopes of 
the linear fi ts,  λ  b / d  f , and the moduli of the PDMS substrates,  E  s , into 
Equation  ( 1)   to calculate the moduli of the PEDOT:PSS fi lms,  E  f . The 
Poisson’s ratios of the fi lms and the substrate,  ν  f  and  ν  s , were assumed 
to be 0.35 and 0.5 respectively. In our experiment,  E  s  obtained were in 
the range of 0.6 to 0.8 MPa depending on the exact mixing ratio of base 
to hardener, curing time, and batch-to-batch variability.
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   We measured the crack-onset strain of each fi lm by transferring 
PEDOT:PSS fi lms onto unstrained PDMS substrates with thickness of 
1.5 mm and stretching the substrates from 0% to 50% strains with a 
step size of 1% using a computer-controlled linear actuator. The thick-
ness of all PEDOT:PSS fi lms were kept relatively constant at ∼150 nm. At 
each step, optical micrographs were taken to observe the fi lm surfaces. 

The crack-onset strains were defi ned by the strain at which the fi rst 
crack was observed by optical microscopy.   The sheet resistance and 
conductivity of the fi lms were measured by two-terminal measurements 
as previously described. [ 41 ]  PEDOT:PSS fi lms were prepared on FOTS-
treated glass as described above; fi lms thickness were kept constant at 
≈150 nm. The absence of signifi cant contact resistance was verifi ed by 
four-terminal measurements for some samples, with good agreement in 
the resistance values between the two methods. AFM images were taken 
using tapping mode (Veeco Scanning Probe Microscope). The images 
were taking with the dimensions 1.5 µm × 1.5 µm. Samples used to 
measure the relative resistance as a function of strain were prepared in 
the same manner as those used to measure the crack-onset strains. The 
fi lms and substrates were then mounted on the computer controlled 
linear actuator; electrical contacts were made using EGaIn. We meas-
ured resistance from 0% to 80% strains with a step size of 0.5% strains. 

  Fabrication and Characterization of OPV Devices : OPV devices 
were fabricated on FOTS-treated glass slides, prepared in the same 
manner described above. PEDOT:PSS solutions were then spin-coated 
onto the glass slides at 500 rpm for 4 min then 2 k rpm for 60 s. The 
slides were then dried on a hot plate in ambient air for 30 min; slides 
with PEDOT:PSS with 7% DMSO and 0.1% Zonyl were annealed at 
150 °C, and slides with PEDOT:PSS with 5% DMSO and 10% Zonyl 
were annealed at 100 °C to avoid the formation of surface buckling. The 
active layer solution was prepared with a 1:1 solution of P3HT:PCBM 
in ODCB and stirred overnight at room temperature (40 mg mL −1  total 
solid concentration). The solution was spin-coated directly onto the 
PEDOT:PSS fi lms at 500 rpm for 4 min and 2 krpm for 60 s. The fi lms 
were then annealed in inert atmosphere at 125 °C for 30 min. EGaIn 
droplets were then applied as the top electrodes. Photovoltaic properties 
were measured using a solar simulator operated at AM 1.5G conditions 
inside a glovebox fi lled with nitrogen.  
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