
Stretchable and Transparent Conductive
PEDOT:PSS-Based Electrodes for Organic

Photovoltaics and Strain Sensors Applications

Item Type Article

Authors Dauzon, Emilie; Lin, Yuanbao; Faber, Hendrik; Yengel, Emre;
Sallenave, Xavier; Plesse, Cedric; Goubard, Fabrice; Amassian,
Aram; Anthopoulos, Thomas D.

Citation Dauzon, E., Lin, Y., Faber, H., Yengel, E., Sallenave, X., Plesse,
C., … Anthopoulos, T. D. (2020). Stretchable and Transparent
Conductive PEDOT:PSS-Based Electrodes for Organic
Photovoltaics and Strain Sensors Applications. Advanced
Functional Materials, 2001251. doi:10.1002/adfm.202001251

Eprint version Post-print

DOI 10.1002/adfm.202001251

Publisher Wiley

Journal Advanced Functional Materials

Rights Archived with thanks to Advanced Functional Materials

Download date 23/05/2023 20:36:11

Link to Item http://hdl.handle.net/10754/662947

http://dx.doi.org/10.1002/adfm.202001251
http://hdl.handle.net/10754/662947


Adv. Fun. Mater. 2020 https://doi.org/10.1002/adfm.202001251 

- 1 -  

Stretchable and transparent conductive PEDOT:PSS-based electrodes for 

organic photovoltaics and strain sensors applications  

 

Emilie Dauzon, Yuanbao Lin, Hendrik Faber, Emre Yengel, Xavier Sallenave, Cedric Plesse, 

Fabrice Goubard*, Aram Amassian*, and Thomas D. Anthopoulos*  

 

E. Dauzon, Y. Lin, Dr. H. Faber, Dr. E. Yengel, Prof. T. D. Anthopoulos 

King Abdullah University of Science and Technology (KAUST), KAUST Solar Centre, 

Thuwal 23955-6900, Saudi Arabia, E-mail: thomas.anthopoulos@kaust.edu.sa  

 

E. Dauzon, Dr. X. Sallenave, Dr. C. Plesse, Prof. F. Goubard, 

Laboratoire de Physicochimie des Polymères et des Interfaces (LPPI), Université de Cergy-

Pontoise, 95000 Cergy, France, E-mail: fabrice.goubard@u-cergy.fr  

 

Prof. Aram Amassian 

Department of Materials Science and Engineering, North Carolina State University, Raleigh, 

N.C., 27695, USA, E-mail: aamassi@ncsu.edu  

 

Keywords: stretchable electrodes; transparent electrodes, PEDOT:PSS; wearable sensors; 

organic solar cell.  

 

 

Abstract: We report the development of transparent, conducting and stretchable PEDOT:PSS-

based electrodes using a combination of  polyethylene oxide (PEO) polymer network and the 

surfactant Zonyl. The latter improves the ductility of PEDOT:PSS and enables its deposition 

on hydrophobic surfaces such as PDMS elastomer, while the presence of a three-dimensional 

matrix offers high electrical conductivity, elasticity, and mechanical recoverability. The 

resulting electrode exhibits attractive properties such as high electrical conductivity of up to 

1230 S cm-1 while maintaining high transparency of 95% at 550 nm. The potential of our 

electrode technology is demonstrated in indium-tin-oxide (ITO)-free solar cells using PBDB-

T-2F:IT-4F blend with a power conversion efficiency of 12.5%. The impact of repeated stretch-

and-release cycles on the electrical resistance was also examined in our effort to evaluate the 

properties of the electrodes. The interpenetrated morphology of the PEDOT:PSS and 

polyethylene oxide network is found to exhibit beneficial synergetic effects resulting in 

excellent mechanical stretchability and high electrical conductivity. By carefully tuning the 

amount of additives, we demonstrate the ability to detect small changes in electrical resistance 

as a function of mechanical deformation, which enables the demonstration of stretchable and 

resilient on-skin strain sensors capable of detecting small motions of the finger.  
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1. Introduction 

The physical properties of existing stretchable semiconductor technologies are getting closer to 

meet the requirements for various electronics applications.[1–9] In addition to being bendable, 

the ability to stretch out over considerable distances promises a high conformability with soft 

materials, including biological ones.[10] Considering that our body is mechanically 

heterogeneous with soft cells and rigid bones, the strain-range varies from a few percent, e.g., 

for a retinal device,[11,12] to over 100 percent for joints.[13] However, most of the skin-based 

electronic technologies require more than 30% strain.[14,15] Thus, the future generation of 

wearable bio/electronics should combine mechanical compliance under stress with high 

electrical conductivity.[16–20] To this end, previous research has reported compliant 

optoelectronic devices using structuration as a promising route to build up extrinsic 

stretchability from patterned,[21] buckled,[22] spring-like[23] or fishnet structures,[2] among others. 

On the other hand, certain materials show intrinsic elastic behavior either by a change at the 

molecular level[24–27] or by the addition of elastomers[28,29] or surfactants.[30–32] Intrinsically 

stretchable material offers advantages like the ease of processing over large-areas, whereas, in 

comparison, the application of complex structures to achieve extrinsic stretchability is more 

problematic to apply.  

All optoelectronic devices, whether they are photodetectors,[33–35] displays,[36] or solar 

cells,[37,38] utilize a common component, a transparent conducting electrode (TCE). Poly(3,4-

ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) is a promising TCE candidate. 

However, reliably enhancing its conductivity remains challenging despite the decades-long 

research effort.[16,22,31,37,39–47] Most of the studies focused on the improvement of the 

conductivity while the stretchability was less investigated.[48–51] Our group has recently shown 

the benefits of a polyethylene oxide (PEO) network within PEDOT:PSS for microactuators with 

an excellent electromechanical response.[52] We have also shown that the addition of Zonyl to 

PEDOT:PSS demonstrates the formation of fibrils improving the transport properties and the 
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softness.[32] In this work, we combined PEDOT:PSS with a PEO polymer precursors to realize 

stretchable TCEs. We achieved this by combining (i) a reactive oligoethylene glycol 

methacrylate that can be polymerized and cross-linked in situ, and (ii) the surfactant Zonyl 

FS300 (Figure 1). Zonyl is necessary to promote adhesion of PEDOT:PSS on the hydrophobic 

substrate surfaces such as polydimethylsiloxane (PDMS).[31,43] This has been associated with 

the amphiphilic nature of the Zonyl molecule consisting of a poly(ethylene oxide) head and a 

poly(tetrafluoroethylene) tail.[42] It also has a plasticization effect on the mechanical properties 

of the host material(s).[31,32] The resulting PEDOT:PSS/PEO electrode system is conductive, 

transparent, mechanically robust and intrinsically stretchable. Analysis of the Young's modulus, 

crack-onset, stretching behavior, strain sensing ability, and mechanical durability provide 

important information on the key role of the polymer network within the PEDOT:PSS and the 

resulting physical properties. The technological potential of our transparent electrode 

technology is demonstrated with its application in mechanically robust organic solar cells and 

on-skin strain sensors.  

 

2. Results and discussion 

Improving the conductivity of commercial PEDOT:PSS further is necessary for application as 

a standalone electrode. It was previously shown that the addition of 5 percent weight (wt%) 

dimethyl sulfoxide (DMSO) into PEDOT:PSS dispersion improves the electrodes' electrical 

conductivity.[24,32,41,42,44,45,53] Motivated by these studies, we use the same formulation together 

with other additives. Specifically, conductive PEDOT:PSS electrodes were fabricated by 

adding Zonyl, as a surfactant, and PEO precursors into commercial Clevios PH1000 

PEDOT:PSS dispersion. The weight fraction or additive content was calculated from the 

additive weight divided by the total weight of the solution (𝑎𝑑𝑑𝑖𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (𝑤𝑡%) =

𝑊𝑎𝑑𝑑𝑖𝑡𝑖𝑣𝑒

𝑊𝑡𝑜𝑡
= 𝑊𝑎𝑑𝑑𝑖𝑡𝑖𝑣𝑒/(𝑊𝑎𝑑𝑑𝑖𝑡𝑖𝑣𝑒 + 𝑊𝑃𝐸𝐷𝑂𝑇:𝑃𝑆𝑆 + 𝑊𝐷𝑀𝑆𝑂) ). A reactive mixture of 

poly(ethylene glycol) methyl ether methacrylate (PEGM) and poly(ethylene glycol) 
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dimethacrylate (PEGDM), from here on referred as PEO precursors, can be introduced directly 

in commercially available versions of PEDOT:PSS dispersions. Introducing the water-soluble 

free radical initiator (Potassium persulfate, KPS), the PEO additives yield a cross-linked 

network after annealing (Figure 1). PEO precursors were polymerized via thermal annealing 

for 30 min at 110°C, a process step identical to that often applied for treating pristine 

PEDOT:PSS layers.  

We monitored the polymerization of PEO precursor solution in water during thermal 

annealing by Fourier-transform infrared spectroscopy with attenuated total reflection (ATR-

FTIR). Figure S1 shows spectra before and after annealing. PEO solution polymerization also 

takes place in the presence of Zonyl (Figure S1b). Analysis of the data for PEO in solution and 

after thermal annealing of the deposited layer reveals a 85% polymerization yield with the 15% 

of the monomers remaining unreacted. To remove these residues each film was rinsed three 

times with methanol, thereby purging the non-reacted monomers. For practical use, the 

transparent electrodes were grown via spin coating on top of glass substrates and annealing at 

110°C for 30 min. Resulting layers were then rinsed with methanol and annealed for an 

additional 10 min at 110°C. We find the last step to improve the electrical conductivity of the 

PEDOT:PSS (Figure S2) in agreement with previous reports.[54]  

Next, the role of Zonyl and PEO on the physical properties of the electrodes was studied 

after rinsing and the second thermal annealing step. Figure 2 shows the effect of additive 

content on the optoelectronic properties. The conductivity of PEDOT:PSS is 787 S.cm-1, thanks 

to the presence of co-solvent. The addition of Zonyl into PEDOT:PSS solution, as plotted in 

Figure 2a, leads to a decrease in conductivity. We attribute this to the insulating character of 

Zonyl, which decreases the overall conductivity of PEDOT:PSS due to the dilution effect. As 

shown in Figure S3, Hall effect and ionization potential measurements complement the result 

in Figure 2a. A similar trend is observed for the Hall mobility, which is found to reduce from 

0.38 cm2/(Vs), at 0 wt% Zonyl, to 0.09 cm2/(Vs), at 10 wt% Zonyl, whereas the carrier density 
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remains relatively constant at 1.7×1022 cm-3 regardless of Zonyl content. Moreover, the 

ionization potential (IP) reduces from 4.84 to 4.54 eV (IP = -0.3 eV) with increasing the 

weight fraction of Zonyl from 0 to 15 wt%. To summarize, the addition of Zonyl has a 

detrimental effect on the charge transport properties of the PEDOT:PSS layers.  

In the case of PEO, the conductivity increases up to 1230 S cm-1 for 5 wt% PEO before 

it starts reducing at higher concentrations (Figure 2a). The Hall mobility increases with the 

addition of PEO up to 5 wt% (0.44 cm2/(Vs)) (Figure S3). At 10 wt% PEO, the Hall mobility 

falls to 0.08 cm2/(Vs). This may be due to a positive effect on the PEDOT:PSS morphology up 

to a certain point where the PEO content is non-negligible and disrupts the conduction path of 

PEDOT:PSS chains for higher content. We also studied the electrical properties of mixtures of 

PEO and Zonyl, where the concentration of the latter was kept fixed at 1 wt%. Here, one should 

expect that the system of PEDOT:PSS with PEO and 1 wt% Zonyl should reduce the 

conductivity of the layers when compared to the PEDOT:PSS:PEO  composition; as a result of 

the aforementioned adverse effects of Zonyl on charge transport. This expected trend is indeed 

observed, as the electrical conductivity of the PEDOT:PSS:PEO:Zonyl layer is lower than the 

PEDOT:PSS:PEO  formulation but still remains more conductive as is the case when only 

Zonyl is used (Figure 2a).  

At this point, it is essential to recall that the additive weight over the total weight of the 

aqueous dispersion gives the additive content in wt%. This definition implies that the addition 

of two additives into PEDOT:PSS solution results in a reduction in the proportion of the 

conducting part (i.e., PEDOT) that is more than when only one additive is used. In Figure S4 

we plot the theoretical PEDOT content left after annealing, assuming that: (1) DMSO 

evaporates, and (2) the addition of a second additive (i.e., Zonyl) is kept at 1 wt%. Although 

the mixture of PEDOT:PSS:PEO:Zonyl is less conducting than the binary composition of 

PEDOT:PSS:PEO, the conductivity remains remarkably high despite the low PEDOT:PSS 

content. To this end, the Hall Effect measurements (Figure S3) indicate a slight increase of the 
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carrier density with increasing additive content. Thus, charge transport analysis suggests an 

average effect of Zonyl and PEO when added into PEDOT:PSS.  

Another important characteristic of high-performance TCEs is their optical 

transparency. Figure S5 shows the transmission spectra of the films across the ultraviolet-

visible region of the electromagnetic spectrum, where the parasitic absorption of the substrate 

(i.e., glass) has been subtracted. The addition of the second additive, Zonyl, into PEDOT:PSS 

tends to lower the absorbance slightly with the film becoming more transparent. We attribute 

this to the dilution of PEDOT:PSS, which is the only component absorbing in the visible range. 

To better understand the relationship between electrical conductivity and optical properties of 

the conductive layers, we calculated the Figure of Merit (FoM), a parameter describing the 

ability of a TCE to be both optically transparent and simultaneously electrically conductive. To 

this end, FoM allows a direct comparison of different transparent materials by taking into 

account the electrical and optical characteristics using the formula:[32,55]  

 

𝐹𝑜𝑀 =  
𝜎𝑑𝑐

𝜎𝑜𝑝
=  

𝑍0

2𝑅𝑠ℎ𝑒𝑒𝑡 (𝑇
−

1
2 −1)

     (1) 

 

Here, σdc and σop are the direct current conductivity and the optical conductivity respectively, 

Z0 is the impedance of free space (377 Ω), Rsheet is the sheet resistance (Ω.sq-1), and T is the 

transmittance at λ = 550 nm. It is often assumed that in order for a TCE technology to be able 

to replace ITO, the sheet resistance (Rs) of the electrode should be < 100 Ω.sq-1, with an optical 

transmittance of >90%.[56,57] This combination of parameters corresponds to a FoM ≥ 35.[56]  

Figure S6 shows the dependence of sheet resistance on additive content (wt%) together 

with its relation to the optical transmission measured at 550 nm for all films investigated. We 

found the resistance of 100 Ω.sq-1 at 94% T for PEDOT:PSS without any additive. The sheet 

resistance reduces to 72 Ω.sq-1 with 5 wt% PEO (93.5% T), and increases to 130 Ω.sq-1 (93.2% 
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T) for 1 wt% Zonyl. While the impact of PEO on the sheet resistance of PEDOT:PSS has not 

been previously reported, Zonyl has been reported to yield results comparable to those in the 

present work in terms of sheet resistance and transparency measured at 550 nm.[22,32,37,42] The 

calculated FoM values as a function of Zonyl and PEO concentrations are summarized in 

Figure 2b. Zonyl decreases the conductivity drastically, and the slight improvement observed 

in the optical transparency does not counterbalance the deleterious effect on the FoM. At 2 wt% 

Zonyl, the FoM reduces below 35, which is the limit of commercial viability.[56] The addition 

of PEO at concentrations between 0 and 3 wt% increases the conductivity and the FoM. 

Interestingly, the addition of PEO leads to a noticeable increase in the layer thickness, even 

when processed using the same spin-coating parameters. The latter effects lead to a reduction 

in the optical transmittance measured at 550 nm and a drop in the FoM for PEO concentrations 

>3 wt% despite the higher electrical conductivity of the layers.  

When both PEO and Zonyl are present in the PEDOT:PSS layer the FoM increases for 

PEO content in the range of 0 to 3 wt%, due to the increase in the layers transparency, followed 

by a noticeable reduction at PEO >5 wt%, due to the deterioration in the layer’s electrical 

conductivity. Evidently, the addition of PEO leads to high FoM when wt% is maintained in the 

range 0 to 12 wt%, while Zonyl results to a FoM of over 35 when its content is <1.5 wt%. For 

PEDOT:PSS containing both additives, the wt% of PEO can be increased up to 8 wt% without 

crossing the commercial viability limit required for ITO-free devices. The aforementioned 

analysis helps to define the parameters window of transparent conductive PEDOT:PSS 

electrodes containing Zonyl and PEO additives.  

The mechanical properties of each electrode composition have also been characterized 

to assess the material softness and elasticity. The ductility of a system containing of 

PEDOT:PSS film and stretchable substrate (PDMS) was first investigated using the crack-onset 

strain (CoS) method.[58] The latter represents the strain at which the first crack appears and 

reflects the ability of a material spin-coated on an elastomer to undergo stress without crack 
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formation on its surface. The dissipation of mechanical energy caused by the stress induces 

cracks beyond a specific elongation. As mentioned previously, the addition of Zonyl into 

PEDOT:PSS is essential for the deposition on PDMS, an effect most likely attributed to the 

amphiphilic micellar character of Zonyl, which promotes adhesion to the elastomeric substrate. 

On the other hand, the unfavourable wetting properties of the PEDOT:PSS/PEO formulations 

do not allow spin coating of the solution onto the hydrophobic PDMS. Even though 

PEDOT:PSS formulations containing PEO seem to offer an excellent compromise between 

conductivity, transparency, and stiffness, their deposition on the particular elastomer is 

extremely challenging. Treating the PDMS surface with oxygen plasma[43], or ultraviolet/ozone 

(UV/O3), does not improve the processability of the formulations.  

Addition of Zonyl into PEDOT:PSS and PEDOT:PSS:PEO  formulation allows for 

direct solution processing onto PDMS via spin coating. The resulting conducting films were 

studied, with and without PEO, before CoS measurements. In situ monitoring was performed 

using an optical microscope while gradually increasing the strain to determine the crack-onset 

as seen in Video S1. Figure 2c shows the CoS of PEDOT:PSS with Zonyl. The increase of the 

additive content results in an improvement of the ability to undergo strain without crack 

formation. The crack-onset of Zonyl-containing formulations varies logarithmically with the 

additive content, from 21 to 70% strain, by merely changing the amount from 0.5 to 15 wt% 

Zonyl. PEDOT:PSS formulations containing a fixed 1wt% Zonyl and an increasing wt% of 

PEO exhibit a similar behavior but with even higher CoS, demonstrating that the combination 

of the two additives is beneficial for stretchability. Interestingly, a CoS quasi-plateau appears 

for compositions between 5 to 15 wt% of PEO with the CoS values ranging from 75 to 84%.  

The Young's modulus (elastic modulus) was also determined from the slope at the origin 

of respective stress-strain experiments on thick, freestanding films obtained by drop-casting 

(Figure S7a-c). Addition of Zonyl and PEO into PEDOT:PSS results in an exponential decrease 

in the elastic modulus with increasing additive content (Figure S7d). Pristine PEDOT:PSS 
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layers yield an elastic modulus value of 950 MPa, which is consistent with previous 

reports.[32,59] The addition of PEO yields conducting electrodes with the lowest Young’s 

modulus of ≈ 6.8 MPa (10 wt% PEO), making this particular composition of very low stiffness. 

As the Young's modulus decreases, the elasticity increases as does the crack-onset. The 

availability of the FoM (Figure 2b) and CoS (Figure 2c) data allows one to select the optimal 

material composition for applications as mechanically robust, transparent and conducting 

electrode.  

Broadly speaking, a FoM value of over 35 and the highest possible CoS value are 

generally desirable. From this data, it becomes apparent that conductive layers containing a 

high wt% of additives exhibit improved stretchability but non-optimal optoelectronic 

properties. PEDOT:PSS electrodes containing only Zonyl can be used as ITO replacement 

when the additive content is maintained <1 wt%, but the stretchability of those electrodes 

remains limited since the CoS is only 33%. Electrodes containing 1 wt% Zonyl and 5 wt% PEO 

exhibit the best properties with a FoM value of >35 and a corresponding CoS of 75%. The good 

properties are attributed to the synergistic effects of the two additives, where on the one hand, 

Zonyl enables strong adhesion of the TCE on PDMS, whilst the presence of PEO leads to the 

high mechanical crack-onset due to the high stretchability of the PEDOT:PSS: PEO film.  

To test the viability of the PEDOT:PSS:PEO:Zonyl transparent conductive electrodes 

for practical applications, we fabricated organic solar cells using a binary bulk heterojunction 

(BHJ) composed of poly[(2,6-(4,8-bis(5-(2-ethylhexyl-3-fluoro)thiophen-2-yl)-benzo[1,2-

b:4,5-b’]dithiophene))-alt-(5,5-(1’,3’-di-2-thienyl-5’,7’-bis(2-ethylhexyl)benzo[1’,2’-c:4’,5’-

c’]dithiophene-4,8-dione)], the donor polymer, named PBDB-T-2F and 3,9-bis(2-methylene-

((3-(1,1-dicyanomethylene)-6,7-difluoro)-indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-

dithieno[2,3-d:2’,3’-d’]-s-indaceno[1,2-b:5,6-b’]dithiophene referred as IT-4F, a small 

molecule acceptor as the active layer in a normal device architecture (Figure 3a-b). The power 

conversion efficiency (PCE) of this BHJ system has recently been reported to exceed 13.2%.[60] 
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Figure 3c displays the PCE values obtained from cells based on different electrode 

formulations, while Table 1 summarizes the important device parameters. Evidently, the 

composition of the PEDOT:PSS electrode employed affects the solar cell performance. 

Specifically, the addition of 1 wt% Zonyl in PEDOT:PSS results in a drop in the cell’s PCE to 

11.1% (Figure 3d). Adding 5 wt% of PEO, on the other hand, yields devices with a slightly 

higher maximum PCE value of 11.7%. Cells based on PEDOT:PSS:PEO:Zonyl formulations 

yield the highest maximum PCE of 11.9%, i.e., 85% of the PCE achieved in optimized ITO-

based cells (13.4%) (Figure 3d). For both PEDOT:PSS-based electrode compositions, the drop 

in PCE is the consequence of the reduced Fill Factor (FF) and open-circuit voltage (VOC) values. 

Despite this, however, the short circuit current (JSC) remains high (>20 mA/cm2) regardless of 

the electrodes, which reflects the good quality of the electrode/BHJ interface. When a 

PEDOT:PSS electrode with a relatively higher resistance is used, the FF decreases further due 

to higher resistive losses and/or change in the electrode energetics. The low shunt resistances 

(Rsh) and relatively high series resistances (Rs) attest to the impact of additives on the power 

losses of the solar cells. A similar behavior is observed for cells based on poly[(2,6-(4,8-bis(5-

(2-ethylhexylthio)-4-fluorothiophen-2-yl)-benzo[1,2-b:4,5-b’]dithiophene))-alt-(5,5-(1’,3’-di-

2-thienyl-5’,7’-bis(2-ethylhexyl)benzo[1’,2’-c:4’,5’-c’]dithiophene-4,8-dione)] called PBDB-

T-SF and IT-4F BHJ (Figure S8).  

  We also investigated the electrical behavior of the TCEs under mechanical deformation. 

Figure 4a-b show electrical responses as a function of the applied strain from 0 to 120%, i.e. 

above the CoS of the electrodes. The relative resistance, R/R0, where R is the measured 

resistance, and R0 the resistance at zero strain, is related to the applied strain. The recorded 

electrical responses indicate a two-stage response for both Zonyl and Zonyl/ PEO-containing 

PEDOT:PSS compositions: Initially, the R/R0 resistance exhibits small changes until crack-

onset is reached, however, once the first cracks are formed, the relative resistance increases 

with the crack density and the strain. Uniaxial stretching of an object will affect the initial 
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geometrical shape in all directions. The length (l) increases by a strain (𝜀 =
𝑙−𝑙0

𝑙0
) while both the 

thickness (t) and width (w) shrink. By assuming uniaxial stretching, R/R0 change due to 

geometrical variation is calculated (Figure 4a-b) using a Poisson’s ratio of 0.35 in accordance 

with the literature.[61] The increase of R/R0 in the presence of Zonyl or PEO is less dramatic as 

compared to the expected values due to geometric change under strain below CoS. As a result, 

the conductivity (Figure S9) exhibits a net rise below CoS for both Zonyl and PEO-containing 

PEDOT:PSS electrodes, in agreement previous observations.[62–64] In particular, the presence 

of Zonyl increases the conductivity by 2.5-fold at 55% strain with an additive content of 5 wt%. 

A rise of conductivity to ≈500 S cm-1 is measured for 5 wt% PEO at 60% strain. The 

contradiction with the geometrical shape deformation prediction suggests that the electrode 

deformation is not isotropic. Strain-induced morphological rearrangement or alignment may 

explain the electrical comportment below the crack-onset.   

Above CoS, the evolution of R/R0 appears to depend on the additive content. For 

example, at 0.5 wt% Zonyl, the slope of the curve is extremely steep, while at 5 wt% Zonyl, it 

becomes less pronounced. In the presence of PEO and Zonyl (Figure 4b), the slope decreases 

with increasing PEO content, except for 5 and 10 wt%, for which an abrupt response above the 

CoS is observed. To determine the cause of the resistance change, the evolution of the electrode 

morphology was monitored using optical microscopy (Figure 4c and Figure S10-S11). As 

already discussed, the presence of additives improves the stretchability and impedes the 

formation of cracks. For PEDOT:PSS electrodes with 0.5 wt% Zonyl cracks appear for ≥20% 

strain. As the strain is further increased, cracks grow denser and expand quickly along the 

perpendicular direction of the strain. The fissures are a few millimetres long at ≥40% strain and 

for a lowest Zonyl content of 0.5 wt% (Figure 4c). The crack-onset is pushed to a higher strain 

of around 55% for 5 wt% Zonyl (Figure S10), and the crack length is considerably reduced to 

<50 μm even at 120% strain. Based on these results, we conclude that Zonyl has a dual effect 
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on the mechanical, and consequently electrical, behavior under mechanical strain. Firstly, and 

in line with previous results, increasing the Zonyl concentration delays the appearance of cracks 

upon increasing strain.[31] Secondly, the cracks that eventually form are smaller for higher Zonyl 

concentrations. The different crack formation behavior is responsible for the R/R0 evolution, 

for which a sharp increase above CoS is observed. The slope of R/R0 versus strain beyond CoS 

decreases with the addition of Zonyl (Figure 4a). Indeed, electrodes containing 5 wt% Zonyl 

show only a 6-fold increase in R/R0 at 120% strain, while reducing Zonyl concentration to 0.5 

wt% increases R/R0 by 360-fold because of the detrimental effect of the cracks. Increasing the 

Zonyl concentration further reduces crack formation even more. Such electrodes feature 

microscopic cracks and maintain better electrical conductivity than films with long fissures.  

Electrodes consisting of PEDOT:PSS:PEO system with 1 wt% Zonyl show similar 

behavior. Increasing the PEO content improves the crack-onset and reduces the size and density 

of the cracks. Although no cracks are observed on the surface of 5 wt% and 10 wt% PEO films 

at 80% strain (Figure 4c and Figure S10 & S11), long macroscopic gaps start to appear above 

this strain value, explaining the sharp increase of the measured resistance. The crack formation 

may be dominated by Zonyl at ≤3 wt% PEO and governed by the PEO network at a higher 

content. Increasing the Zonyl content prevents the crack formation and lowers the density and 

length of the cracks. PEDOT:PSS electrodes containing PEO exhibit a greater strain response 

with larger CoS than Zonyl only. The evolution of the electrode’s electrical resistance upon 

increasing and decreasing strain applied on the films from 0 to 120% and back to 0% (Figure 

S12), was also investigated. A large hysteresis for all electrode compositions is evident. Despite 

this and the appearance of large dense cracks, the electrical characteristics appear to recover to 

some extent highlighting the ability of electrical conductivity to self-heal.  

To assess durability, conductive layers deposited on PDMS were cycled at different 

tensile strains using a motorized linear stage (Figure 5a-b). Based on the aforementioned results 

shown in Figure 2, Zonyl content should be limited to ≤1 wt%, whereas the PEO should not 
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exceed 5 wt%. We chose these two extreme compositions to get an optimum stretchability while 

maintaining good electrical transport and optical transparency. Figure 5a-b displays the 

durability of electrical response during stretch-and-release cycling at different strains using a 

linear stage with a speed of 2.5 mm/s. The relative resistance of PEDOT:PSS:Zonyl (1 wt%) 

films does not change significantly after 250 cycles at 20% strain and at 40% only a slight 

increase is observed in the first cycles after crack-onset is reached. At 60% elongation per cycle, 

the generated stress provokes cracks on the surface and the relative resistance increases by 4-

fold. An irreversible behavior is also observed during the cycling: the relative resistance 

gradually increases with the number of cycles, which can be explained by increasing crack 

formation, perpendicularly to the stretching direction. Figure 5c depicts the surface of the film 

after cycling at 40% strain by optical microscopy and atomic force microscopy (AFM). The 

microscope image shows a rough surface with apparent micrometer-long cracks. Waves-like 

structure with an amplitude of 0.3 μm are seen in the AFM images. Optical microscope images 

in Figure S13 confirm the mechanical fatigue with the presence and densification of wrinkles 

and cracks on the film’s surface before and after 250 cycles at 20, 40 and 60% strain. Moreover, 

Figure S14 compares the relative resistance parallel and perpendicular to the stretching 

direction, under 30% strain. The parallel resistance (as previously measured) is relatively 

constant over more than 150 cycles. On the other hand, the resistance rises gradually by 2-fold 

in the perpendicular direction during the same number of 0%-30%-0% cycles. An irreversible 

plastic deformation along the stretching direction is probably at the origin of the presence of 

waves and the resistance rises in one direction, which could be based on strain-induced chain 

rearrangements or sliding.  

On the contrary, adding 5 wt% PEO together with 1 wt% Zonyl into PEDOT:PSS, 

results in excellent electrode durability over 20% and even 60% strain cycling with negligible 

changes. Only a small decrease of the relative resistance is observed for both strains during the 

first 20 cycles, implying a strain-induced morphological arrangement favorable for the 
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conduction. Figure 5d demonstrates that the films remain cracks-free after 250 cycles at 60% 

strain. No electrical fatigue is recorded at 60% stretch-and-release cycling for more than 5000 

cycles (Figure 5b inset). This particular composition exhibits a remarkable cyclability up to 

60% strain with fast response, high durability, and high recoverability. Further increase of the 

strain to 80% leads to an irreversible increase of the resistance. However, after 250 cycles, the 

relative resistance rises by only 1.7-fold due to the formation of small cracks (Figure S13). 

This is a typical characteristic of mechanical stress-induced fatigue.  

Motivated by these results we studied the electrode behavior under cyclic stresses and 

the possibility of using them in strain sensors. Low concentrations of Zonyl or PEO appear to 

yield conductive PEDOT:PSS electrodes the resistivity of which depends on the applied 

mechanical stress (Figure 4). This interesting characteristic makes the particular TCE 

formulation promising for application in mechanical strain sensors. To investigate this 

possibility, we deposited PEDOT:PSS electrodes containing 0.5 wt% Zonyl only, or 1 wt% 

Zonyl and 0.5 wt% PEO on PDMS substrates. The sample of 1 cm by 2 cm in size was attached 

to a human finger, and the electrical response was monitored during repeated finger bending 

and straightening movements (see inset in Figure 6a-b). Bending the finger was estimated to 

induce around 15 to 25% strain (for detailed approximation see Supplementary Information and 

Figure S15), which induces an instantaneous rise of the relative resistance. This latter returns 

to its initial value when the finger is straightened. The sensor with electrodes containing Zonyl 

shows a fast 100-fold increase of the specific resistance on the first bending and returns to its 

initial state when the finger straightens. A second bending doubles the electrical response and 

continues to double every cycle. After four bending-and-release cycles, the increase of 

resistance due to the bending is relatively constant about 600-fold ( 80). We note that the 

gradual increase in the first bending-and-flattening cycles may be due to either the poor human 

reliability to apply constant strains or due to some irreversible behavior.  

https://doi.org/10.1002/adfm.202001251


Adv. Fun. Mater. 2020 https://doi.org/10.1002/adfm.202001251 

- 15 -  

Video S2 shows the resistance change within the wearable strain sensor with the aid of 

a light-emitting diode (LED) integrated into a driving circuit (Figure S16). The LED does not 

emit light during bending of the finger as the sensor’s resistance is high, but it lights up only 

when the finger is straight due to the low resistance. For sensors made with electrodes 

containing 0.5 wt% PEO and 1 wt% Zonyl, the electrical response upon finger bending is 

significantly smaller (Figure 6b). The relative resistance rises only by 2.5-fold after each 

bending, before returning to its initial value in the horizontal position of the finger. During the 

course of the experiment, the level of resistance variations is sustained for twenty cycles.  

The morphology of the PEDOT:PSS films with different compositions before and after 

the first elongation has also been studied using AFM. Figure 7 shows phase images at different 

strains. The topography images are given in Figure S17 and under strain in Figure S18. The 

incorporation of Zonyl shows an intimate fibrillary network at 0% strain (Figure 7a). 

Previously, we have shown the mechanisms of self-assembly PEDOT:PSS:Zonyl fibrils, while 

a core-shell structure is present in the absence of additives.[32] Elongation at 20% strain 

broadens the network and orientates the fibrils slightly along the stretching direction (Figure 

7b). Figure 7c shows that the height distribution decreases slightly at low strain, probably due 

to the spatial expansion of the fibril network. As the strain increases beyond the crack-onset, 

the cracks broaden and raise the statistical height. Alignment of the fibres with the stretching 

direction is observed after the tensile deformation owing to the free chain movement. 

Figure 7d-e shows the phase AFM images of the PEDOT:PSS films containing 5 wt% 

PEO and 1 wt% Zonyl at 0 and 60% strain. The incorporation of PEO matrix into PEDOT:PSS 

results to a smooth and uniform network surface. The topography AFM images in Figure S18 

display a porous interconnected network in the presence of PEO. At 60% strain, the stretched 

surface starts showing signs of stress damage as hollows and bumps across the strain direction 

appear. The AFM analysis reveals no dramatic change at 20 and 40 % strain (Figure S18) with 

the associated height histogram remaining unaffected by the applied strain (Figure 7f). In this 

https://doi.org/10.1002/adfm.202001251


Adv. Fun. Mater. 2020 https://doi.org/10.1002/adfm.202001251 

- 16 -  

case, AFM images do not show a domain rearrangement at the applied scale. The stress 

constraints may force nanoconfined PEDOT:PSS fibrils to rearrange themselves. 

Nanoconfinement has shown to improve the mechanical compliance of conjugated polymer in 

elastomeric matrix.[29,65,66] It also well-known that interface effects play a role in the mechanical 

properties of such solids.[65] The presence of three-dimensional system helps to preserve the 

elastic characteristics while ensuring good recoverability as no buckling is observed (Figure 

5d). The high durability of over 5000 cycles at a strain of 60% (Figure 5b) is a strong indication 

of the presence of such interconnected network. Thus, we hypothesize that in the case of our 

PEDOT:PSS:PEO electrodes, a combination of both nanoconfinement and interconnection 

mechanisms can explain the excellent stress dissipation and excellent charge transport 

characteristics. These synergistic mechanisms can explain the higher crack-onset and Young's 

modulus compared to PEDOT:PSS:Zonyl mixtures. 

 

3. Conclusion  

Transparent and highly conducting PEDOT:PSS electrodes were developed using two 

additives, namely Zonyl and PEO. Addition of Zonyl was found to improve the mechanical 

properties of the electrodes as well as their processability on elastomeric substrates but 

adversely affecting the electrical conductivity. On the other hand, the incorporation of PEO 

precursors improves both the conductivity and elasticity of the PEDOT:PSS electrodes. 

Electrical measurements as a function of mechanical stress, demonstrate the ability of the 

electrodes to stretch up to 80% strain. To evaluate their potential for practical applications, we 

fabricated ITO-free organic solar cells on glass. Optimized cells exhibit excellent operating 

characteristics, including high short circuit current (JSC = 20 mA/cm2), open-circuit voltage 

(VOC = 0.81 V), fill factor (FF = 65.9) and a maximum PCE of 11.9%. Furthermore, the 

dependence of electrical resistance on the strain-induced morphological changes of 

PEDOT:PSS-based electrodes was explored to construct prototypical strain sensors that were 
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characterized using the repeated manual as well as mechanically assisted motion. The 

microstructural changes were examined using AFM under different levels of strain. Based on 

these results, we proposed a mechanism that correlates the mechanical stretchability of these 

electrodes to their electrical conductivity. The PEDOT:PSS-based electrodes reported in this 

study could be used in a wide range of applications in the emerging field of stretchable 

electronics.  

 

4. Experimental Section  

Materials: PEDOT:PSS aqueous solution (Clevios PH1000) was obtained from Heraeus, and 

it contained 1-1.3% of solid and had a PEDOT to PSS weight ratio of 1:2.5. Zonyl FS-300 (~40 

wt% content in water) was purchased from abcr GmbH. Poly(ethylene glycol) methyl ether 

methacrylate (PEGM) (Mn ≈ 500), poly(ethylene glycol) dimethacrylate (PEGDM) (Mn ≈ 750) 

and potassium persulfate (K2S2O8) initiator were purchased from Sigma-Aldrich. PDMS (Dow 

Corning Sylgard 186) was prepared with a ratio of base to cross-linker of 10:1 by mass (see 

below for the preparation of PDMS). The following chemicals were from Ossila: poly[(2,6-

(4,8-bis(5-(2-ethylhexyl-3-fluoro)thiophen-2-yl)-benzo[1,2-b:4,5-b’]dithiophene))-alt-(5,5-

(1’,3’-di-2-thienyl-5’,7’-bis(2-ethylhexyl)benzo[1’,2’-c:4’,5’-c’]dithiophene-4,8-dione 

(PBDB-T-2F) and 3,9-bis(2-methylene-((3-(1,1-dicyanomethylene)-6,7-difluoro)-indanone))-

5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-d:2’,3’-d’]-s-indaceno[1,2-b:5,6-

b’]dithiophene (IT-4F). (2‐(1,10‐phenanthrolin‐3‐yl)naphth‐6‐yl)diphenylphosphine oxide 

(DPO) was purchased from 1‐Material.  

Preparation of films based on PEDOT:PSS: The addition of an optimal 5 wt% DMSO 

concentration into PEDOT:PSS improves the conductivity and the transport 

properties.[24,32,41,42,44,45,53] For these reasons and from our experience, all solutions include 5 

wt% dimethyl sulfoxide (DMSO). PEO solution was obtained by mixing PEGM, PEGDM, and 

K2S2O8 with 100:10:1 weight ratio (PEGM:PEGDM:K2S2O8). Then, different quantities of 
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Zonyl, PEO solution and 5 wt% DMSO are incorporated into the commercial solution of 

PH1000. The mixture was stirred for 2-3h and either spin-coated at 1000 rpm during 50 s on 

glass or PDMS, or drop cast at 50°C on glass, depending on the following characterizations. 

The films were annealed on the hot plate at 110°C for 30 min and cooled down at room 

temperature. The electrodes were rinsed three times with methanol and annealed at 110°C for 

an additional 10 min, before further testing. Note that all the concentrations given are expressed 

hereafter in weight fraction or weight percent (noted wt%) compared to the total weight of the 

solution. 

Preparation of PDMS: PDMS substrate was elaborated as described in the literature.[67] We 

mixed 3 g of silicone base with 0.3 g of cross-linker and 2 g of silicone solvent to decrease the 

viscosity. A vacuum pump was used to remove the possible bubbles. We deposited the PDMS 

mixture on glass by bar coater at the speed of 3 mm/s. Then it was cured at 80°C for 30 min in 

the oven to produce PDMS substrates with thicknesses of ∼ 150 μm.  

Electronic characterization of PEDOT:PSS films: The sheet resistance was determined by 4 

point probe method. The thickness was measured by Dektak 150 profilometer. Hall-effect 

measurements were performed using a Lakeshore 7700 system on film with a Van der Pauw 

configuration. Measurements were conducted by applying a reversible sweep of 5 kG magnetic 

fields. The ionization potential was determined by photoemission spectroscopy in the air 

(PESA). 

Transmittance: Transmittance of the films was measured using a UV-vis-NIR 

spectrophotometer (Cary 5000). A glass substrate was used as a reference.  

Mechanical test: We assayed the ductility of the films by measuring the crack onset. Optical 

microscope (Nikon eclipse LV100POL) mounted with a camera was used to observe the 

generation of cracks. The elongation was performed using a linear stage and a DC controller 

from Thorlabs with a speed of 2.5 mm·s-1. Young’s modulus was measured by traction on Q800 

Dynamic Mechanical Analysis (DMA) from TA Instruments. Self-supporting PEDOT:PSS 
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films were clamped, and we applied a preload force of 0.01 N until 0.05% strain. The mode 

strain rate at 20%/min to failure was used. The tensile modulus was deduced from the stress 

versus strain curve as the slope at the origin. 

R/R0 versus Strain measurement: We used the same system for CoS with copper double-side 

tape to maintain the position of the film-coated on PDMS and for contact and interface with a 

Keithley source meter. The linear stage is controlled and data is recorded via a custom-build 

MATLAB code.  

AFM Imaging: Atomic force microscope (AFM) from Bruker® was used to image the surface 

topography of a sample by analyzing point by point with a local probe scan. The images were 

taken in ScanAsyst mode (constant force, frequency of 2 kHz). 

Solar cell fabrication: Bare glass and pre-patterned ITO substrates were cleaned by ultrasonic 

bath, 10 min in water-soap solution, 10 min with acetone, and 10 min with isopropanol. UV-

Ozone cleaner was used to remove all organic residues and to improve the wettability of 

PEDOT:PSS. On the glass, PH1000 solution was mixed with additives as indicated in the main 

text and spin-coated at 1000 rpm during 50 s. The annealing and the methanol post-treatment 

were achieved as previously. On top of the electrode (ITO and PEDOT:PSS-based), the hole 

transport layer PEDOT:PSS AI 4083 from Heraeus Clevios was deposited by spin coating 

(4000 rpm, 50 s) on different electrodes. Thermal treatment was performed at 140°C for 10 

min. PBDB-T-2F:IT-4F (1:1 w/w, 20 mg/mL) were mixed with chlorobenzene and 1,8-

diiodooctane (DIO) (1 vol%). The solution was stirred for 5 hours at room temperature and then 

spin-coated (2000 rpm) on top of AI 4083. We annealed the active layer at 100 °C for 10 min. 

(2-(1,10-phenanthrolin-3-yl)naphth-6-yl)diphenylphosphine (Phen-NaDPO or DPO) as 

cathode interfacial material, dissolved at 0.5 mg/mL in isopropanol, was spin-coated at 2000 

rpm for 30 s on top of the active layer. Finally, we evaporated Aluminum (100 nm) as the top 

electrode. A patterned mask was used to delimit the active area at 8 mm2 to measure the J-V 

characteristics curves under 100 mW.cm-2. 
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Figures  

 

 

 

Figure 1. Chemical structure of the surfactant Zonyl and the compounds used to form the PEO 

polymer network.  
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Figure 2. Effect of the additive content on a) the conductivity, b) the Figure of Merit (FoM), as 

well as c) the crack-onset strain (CoS) of the PEDOT:PSS films in the presence of Zonyl, PEO 

or both after treatment. The films were spin-coated on top of glass for the optoelectronic 

measurement (a-b) and on top of elastomeric PDMS substrates for the CoS (c). (Zonyl in pink, 

PEO in blue and the mixture of PEO with 1 wt% Zonyl, in yellow).  
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Figure 3. Organic solar cells using ITO and standalone PEDOT:PSS-based anodes : a) 

Chemical structure of PBDB-T-2F and IT-4F. b) Schematic of the cell device architecture 

employed. ETL and HTL correspond to the electron and hole transport layers respectively. c) 

PCE dependence on transparent electrode composition. ITO is the benchmark electrode for 

substitution by PEDOT:PSS:additives formulations. d) Set of representative J-V characteristics 

for various solar cells shown in (c).  

 

Table 1. Summary of the important operating characteristics extracted from ten PBDB-T-

2F:IT-4F solar cells for each electrode composition.  

Electrode J
sc

 (mA/cm
2
) V

oc
 (V) FF (%) PCE (%) PCE

max
 (%) R

s 
(Ω/cm

2

) R
sh

 (Ω/cm
2

) 

ITO 20.48 
(±0. 67) 

0.879 
(± 0.006) 

70.0 
(± 2.6) 

12.60 
(± 0.56) 13.4 4.5 4442.3 

1 wt% Zonyl 20.73 
(±0.53) 

0.808 
(± 0.020) 

59.8 
(± 3.9) 

10.01 
(±  0.72) 11.1 6.2 414.8 

5 wt% PEO 20.83 
(±0.37) 

0.813 
(± 0.015) 

62.9 
(± 4.0) 

10.64 
(± 0.60) 11.7 6.3 512.2 

5 wt% PEO 
+ 1 wt% Zonyl 

19.99 
(±0.35) 

0.815 
(± 0.023) 

65.9 
(± 5.2) 

10.72 
(± 0.65) 11.9 4.9 858.4 
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Figure 4. Relative resistance of PEDOT:PSS electrode (a) with Zonyl, and (b) with various 

wt% of PEO and 1 wt% Zonyl. The black circles represents the theoretical R/R0 vs. strain curve 

for an isotropic material with Poisson’s ratio of 0.35. c) Optical microscopy images of 

PEDOT:PSS-based films mixed with Zonyl and PEO as indicated in the rows under strain, from 

0% (left) to 120% strain (right). 
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Figure 5. Electrical response under stretch-and-release cycles at the indicated strain measured 

in the motorized and automated stage. a) PEDOT:PSS electrodes containing 1 wt% Zonyl, and 

b) containing 5 wt% PEO and 1 wt% Zonyl, at different strains. Inset illustrates the resistance 

behavior over 5000 cycles at 60% strain. Microscope and AFM images after cycling the 

electrodes containing c) 1 wt% Zonyl at 40% strain, and d) 5 wt% PEO and 1 wt% Zonyl at 

60% strain.   

 

 

Figure 6. Testing of PEDOT:PSS-based strain sensors. a) Real-time monitoring of R/R0 

measured for PEDOT:PSS:Zonyl (0.5 wt%) electrode during finger movement. For this 

experiment the sensor was mounted directly onto the human finger. b) Real-time monitoring of 

R/R0 this time measured for an electrode with PEDOT:PSS:Zonyl (1 wt%):PEO (0.5 wt%). 
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Figure 7. AFM phase images of PEDOT:PSS electrodes containing 1 wt% Zonyl at (a) 0% 

strain, and (b) 20% strain. c) Height distributions extracted directly from the AFM images. 

AFM phase images of PEDOT:PSS electrodes containing 5 wt% PEO and 1 wt% Zonyl at (d) 

0% and (e) 60% strain, and (f) corresponding height histograms.  
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ToC text  

Solution processed stretchable and transparent conductive electrodes are fabricated by 

interpenetration of PEDOT:PSS into a three-dimensional poly(ethylene oxide) matrix in 

presence of a surfactant. The electrodes offer high optical transparency, high electrical 

conductivity and mechanical elasticity. The potential of the electrodes is demonstrated with the 

fabrication of high efficiency organic solar cells and wearable strain sensors.  

 

Keywords: stretchable electrodes; transparent electrodes, PEDOT:PSS; wearable sensors; 

organic solar cell.  
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Figure S1. Normalized FTIR spectra and thermal polymerization of PEO: a) in the absence of 

Zonyl and b) in the presence of Zonyl. The alkene is characterized at 1640 cm-1 and almost 

entirely disappeared after annealing. The peak of C=O ester shifts from 1715 to 1720 cm-1 

during thermal annealing at 110°C. Both peaks are characteristic of PEGM and PEGDM 

polymerization. The ratio of the peak area gives the percent of polymerization before and after 

annealing. 

 

Figure S2. Effect of the methanol treatment on the conductivity of PEDOT:PSS:Zonyl (pink) 

and PEDOT:PSS: PEO (blue).  
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Figure S3. Effect of the transport properties of PEDOT:PSS in the presence of Zonyl, PEO or 

both: a) carrier density, b) Hall mobility, as well as c) ionization potential. 

 

Figure S4. Theoretical PEDOT content change with the increase of additives by content (%) 

and the number of additives. The first additive corresponds to PEO addition. In case of two 

additives, we change the additive content of only one additive (PEO). We suppose that Zonyl 

was kept at 1 wt%. Without any additive, PEDOT represents almost only a third of the annealed 

film. The addition of an additive decrease in its proportion. With two additives, the PEDOT 

content is only 16%. 

 

 

Figure S5. Transmission spectra of PEDOT:PSS film in the presence of: a) Zonyl, b) PEO and 

c) PEO and 1 wt% Zonyl. Glass signal was subtracted. 
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Figure S6. Resistance measurement in the function of a) the additive content introduced into 

the initial solution and b) in function of the transmission.  

 

 

Figure S7. Stress-strain characteristic curves of PEDOT:PSS microfilm in the presence of a) 

Zonyl, b) PEO, and c) PEO and 1wt% Zonyl. d) Young’s moduli. Note that 5 wt% Zonyl gives 

Young's modulus as low as 32 MPa, and this concentration is the limit where self-supported 

films could be manipulated. At higher concentration, Zonyl/PEDOT:PSS films were extremely 

viscous and not tractable. 
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Figure S8. Photovoltaic performances of PBDB-T-SF:IT-4F on different electrodes. PBDB-T-

SF:IT-4F (1:1) was dissolved at the concentration of 7 mg/mL in chlorobenzene and 0.5%vol 

DIO and stirred at 100°C for 1 h. Then, the PBDB-T-SF:IT-4F solution was spin-coated at 2000 

rpm on top of ITO and PEDOT:PSS where no post-annealing was required. DPO (or Phen-

NaDPO) and Aluminium were deposited as described with PBDB-T-2F:IT-4F. J-V 

characteristics curves are given in the right plot. 

 

Table S1. Photovoltaic characteristics of PBDB-T-SF:IT-4F solar cells. Average of 10 cells.  

Electrode Jsc (mA/cm2) Voc (V) FF (%) PCE (%) PCE
max

 (%) 

ITO 18.22  
± 1.0 

0.928  
± 0.064 

47.0  
± 4.6 

7.90  
± 0.63 9.6 

1 wt% Zonyl 16.69  
± 2.97 

0.779  
± 0.034 

49.6   
± 3.6 

6.44   
± 1.05 8.1 

5 wt% PEO 16.98 
 ± 0.68 

0.854  
± 0.027 

53.5  
± 2.5 

7.77  
± 0.6 8.8 

5 wt% PEO 
+ 1 wt% Zonyl 

16.35  
± 0.91 

0.823  
± 0.023 

49.4  
± 3.4 

6.65  
± 0.83 8 

 

 

We assume an isotropic box with a volume V0 and the dimensions l0, w0 and t0, elongated along 

l. The longitudinal strain (εl) defined by Cauchy in 1827 is:  
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𝜀𝑙 =  

Δ𝑙

𝑙0
=

𝑙 −  𝑙0

𝑙0
= 𝜆 − 1 (Equation S1) 

where λ is the stretch ratio. This definition is the most commonly used. It is also called 

engineering strain.   

In the same way, the transversal strain (εw and εt) can be expressed as function of width w and 

thickness t:  

 
𝜀𝑤 =  

Δw

𝑤0
=

𝑤 −  𝑤0

𝑤0
 (Equation S2) 

 

 
𝜀𝑡 =  

Δt

𝑡0
=

𝑡 −  𝑡0

𝑡0
 (Equation S3) 

 

 𝜀𝑡 = 𝜀𝑤 = 𝜀𝑇 (Equation S4) 

The Poisson’s ratio (υ) is related to the compliance of the material under an axial strain. It is 

defined by the rate of relative transversal contraction to relative longitudinal expansion: 

 
𝜈 = − 

𝜀𝑤

𝜀𝑙
= − 

𝜀𝑡

𝜀𝑙
= − 

Δw
𝑤0

⁄

𝜀𝑙
 (Equation S5) 

We obtain the following expressions: 

 
𝜀𝑇 =

Δw

𝑤0
= −𝜈 × 𝜀𝑙 (Equation S6) 

Incompressible elastomeric material such polydimethylsiloxane (PDMS) has a Poisson’s ratios 

at 0.5,[1,2] while for polymers such as PEDOT:SS,[3] it is taken at 0.35.  

The electrical resistance before and after strain depends on the resistivity, ρ as:  

 
𝑅0 = 𝜌0

𝑙0

𝑤0𝑡0
𝑎𝑛𝑑  𝑅 = 𝜌

𝑙

𝑤𝑡
 (Equation S7) 

The geometrical relative resistance can be expressed as the relative volume as: 
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 𝑅

𝑅0
=  

𝜌

𝜌0
×

𝑙

𝑙0
 ×

𝑤0

𝑤
×

𝑡0

𝑡
=

𝜌

𝜌0
×

𝑙

𝑙0
 ×

1

(1 − 𝜈𝜀𝑙)2
 (Equation S8) 

Considering 
𝜌

𝜌0
= 1, the expression is simplified as: 

 𝑅

𝑅0
=

(1 + 𝜀𝑙)

(1 − 𝜈𝜀𝑙)2
 (Equation S9) 

The experimental relative conductivity is: 

 𝜎𝑒𝑥𝑝

𝜎0
=

𝑅0

𝑅𝑒𝑥𝑝
×

𝑤0𝑡0

𝑤𝑡
×

𝑙

𝑙0
=

(1 + 𝜀𝑙)

𝑅𝑒𝑥𝑝

𝑅0
× (1 − 𝜈𝜀𝑙)2

 
(Equation S10) 

We note that in the case of Rexp = R, the conductivity will be constant and the conductivity ratio 

will be equal to 1.  

 

 

Figure S9. Conductivity under strain of PEDOT:PSS mixed with a) Zonyl and c) PEO/Zonyl. 

The corresponding relative conductivity is plotted in b) for Zonyl and d) for PEO/Zonyl.  
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Figure S10. Optical microscope images of PEDOT:PSS thin film with a fixed amount of Zonyl 

(horizontally specified). The films were coated on top of PDMS and subjected to a mechanical 

strain as vertically indicated. 

 

 

Figure S11. Optical microscope images of PEDOT:PSS thin film with a fixed amount of PEO 

and 1 wt% Zonyl. The quantity of PEO content is horizontally specified. The films were coated 

on top of PDMS and subjected to a mechanical strain as vertically indicated. 
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Figure S12. Electrical response under 0%-120%-0% strain of PEDOT:PSS film spin-coated on 

PDMS. The additive content was varied for: a) Zonyl, and b) PEO in presence of 1 wt% Zonyl. 

 

Figure S13. Microscope images of PEDOT:PSS thin film with a) 1 wt% Zonyl and b) 5 wt% 

PEO + 1 wt% Zonyl (row b). All the images are characterized after 250 stretched-and-released 

cycles at fixed strain as indicated in the image. 

 

Figure S14. Comparison of resistance measurement made in parallel or perpendicular to the 

stretching direction. The film was fabricated with 1 wt% Zonyl and PEDOT:PSS. 
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The bending strain ε can be related to the ratio of the thickness of the substrate ts and the film 

tf, and the radius of curvature (r) as:[4]  

 
 𝜀 =

(𝑡𝑠 + 𝑡𝑓)

2𝑟
 (Equation S11) 

Experimentally, the thickness of the substrate was about 150 μm while the film was 150 ± 20 

nm. As ts >> tf , the strain could be simplified such as: 

 
𝜀 ≈

𝑡𝑠

2𝑟
 (Equation S12) 

The radius of curvature on the user finger was estimated at 4 ± 1 mm as described in Figure 

S15, corresponding to 18.75 % ± 2% strain.  

The strain can be accessed as well, by the relationship: 

 
𝜀 =

𝐿 − 𝐿0

𝐿0
 (Equation S13) 

 

Where L0, the initial length and L, the length after bending. Accordingly, the bending strain 

was calculated at 23% strain after bending. Considering the different measurement uncertainties 

(radius of curvature, length, thickness) due to the manual technique, the rough estimation of the 

strain during bending is between 15 to 25% strain. The strain could locally be higher. 
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Figure S15. Schematic of manual finger bending. Initially (left image), a strip is attached with 

copper tape (pink) to a finger in straight position. When the finger bends (right image), the 

strip follows a radius of curvature, which determine the strain undergone.  

 

 

Figure S16. The corresponding equivalent circuit diagram of the video S2. The wearable strip 

mounted to one finger was connected between two batteries of 1.5 V and a light-emitting 

diode (LED). When the finger is straight, the LED display a bright light. When the finger 

bends, the resistance increases, consequently, the current decreases and the LED does not 

emit light. 

 

 

2 x 1.5 V LED

Wearable device
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Figure S17. AFM (2 μm × 2 μm) images of PEDOT:PSS film with different content as 

indicated in the picture. The pristine does not content any additive.  

 

 

Figure S18. Topography AFM (2 μm × 2 μm) images for PEDOT:PSS thin films coated on 

PDMS with: a) 1 wt% Zonyl content and b) 5 wt% PEO and 1 wt% Zonyl. Each image 

represents the morphology of the film under a fixed strain between 0 to 60% strain, as depicted 

in the image.  
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Figure S19. Storage modulus and tan delta of pure PEO network in function of the temperature. 
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