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Abstract 

The use of aqueous poly(3,4-ethylene dioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) 

as a replacement for indium tin oxide (ITO) in optoelectronic devices has gathered a large 

degree of interest in the last 40 years. This is due to reduced costs, improved mechanical 

flexibility and solution processibility (e.g., roll-2-roll, ink jet printing) of PEDOT:PSS. 

However, pristine PEDOT:PSS conductivity is approximately 1 Scm-1, which is considerably 

lower than that of ITO (4500 Scm-1). Current conductivity enhancing methods mainly employ 

volatile and harmful substances, such as concentrated acids (e.g., H2SO4). Additionally, the 

adhesion of PEDOT:PSS to polymeric substrates commonly used in flexible optoelectronic 

devices or during bulk manufacturing processes is weak and, therefore, needs to be addressed. 

The aim of this study is to increase the conductivity of PEDOT:PSS with the addition of the 

environmentally safe, non-ionic surfactant Tween 80. Processing and surfactant concentration 

were optimised to provide the best conductivity, while solution properties were analysed to 

indicate the suitability of this system in common bulk processing methods. Other conductivity 

enhancement methods were also explored, such as multiple layer application, methyl ethyl 

ketone (MEK) addition, and solvent washing. Mechanisms of conductivity enhancement were 

assessed using atomic force microscopy (AFM), x-ray diffraction (XRD) and Raman 

spectroscopy. Finally, investigation was carried out into the use of polydopamine (PDA) as a 

primer layer for PEDOT:PSS adhesion improvement on polymeric substrates. 

The lowest sheet resistivity obtained in this study was 16.75 Ω□-1 for a 5 layered pristine 

PEDOT:PSS sample, whereas the greatest conductivity was achieved by washing pristine 

PEDOT:PSS with methanol (74.4 Scm-1). However, both methods were deemed impractical 

approaches to improving conductivity on a bulk manufacturing scale. Therefore, Tween 80 was 

found to be promising alternative to enhance the electrical properties of PEDOT:PSS. At a 

concentration of 1 wt% Tween 80, sheet resistivity improved from approximately 1000 to 

130 Ω□-1, corresponding to a conductivity increase from 3 to 20 Scm-1. The greatest 

conductivity achieved due to surfactant addition was 26.8 Scm-1 at 1.40 wt%, however, film 

quality began to deteriorate at this concentration. It was established, via AFM, that phase 

separation of the PEDOT and PSS regions occurred when Tween 80 was added, and alignment 

was detected with XRD. Conductivity enhancement was attributed to both of these 

mechanisms, and it was suspected that a benzoid to quinoid structural change within PEDOT 

was occurring, although this was not detected by the Raman analysis in this study. 

Solution properties of PEDOT:PSS were also improved when using Tween 80 as an additive. 

Wettability on polypropene (PP) and poly(ethylene terephthalate) (PET) was shown to increase 

with greater surfactant concentrations. This led to a corresponding improvement in adhesion 

and film quality on both substrates. Finally, the use of a PDA primer was also shown to have a 

positive effect on wettability and adhesion. This was shown to be the case across all substrates 

for PEDOT:PSS/Tween 80 films. Adhesion improvement was greatest for pristine PEDOT:PSS 

films, however, there is scope to further expand on the work presented in this study.  
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Chapter 1: Introduction and Literature Review 

This chapter provides a background into the field of conductivity within polymeric materials, 

focusing primarily on intrinsically conducting polymers (ICPs), their development, 

mechanisms of conductivity, applications and issues associated with their use. Some of the key 

conducting polymers will be highlighted with the main focus being on poly(3,4-ethylene 

dioxythiophene) (PEDOT) and poly(3,4-ethylene dioxythiophene):poly(styrene sulfonate) 

(PEDOT:PSS). The literature exploring the structure, properties, benefits, and limitations of 

PEDOT:PSS will be reviewed. This will include discussions about the effect of moisture in the 

material, comparison to indium tin oxide (ITO), its suitability in bulk manufacturing, solution 

properties and thermal characteristics of the dried material. An evaluation of factors that effect 

PEDOT:PSS conductivity and current conductivity enhancing methods, focusing on 

conductivity enhancing agents, is presented. The agents used in this study and their previous 

use with PEDOT:PSS is also summarized. The issues surrounding PEDOT:PSS adhesion to 

polymeric substrates is considered and the use of polydopamine (PDA) as a surface 

modification layer to address this issue is investigated. Finally, the scope of this project is 

outlined. 

1.1 Intrinsically Conducting Polymers (ICPs) 

1.1.1 Brief History 

ICPs have been a source of great interest in the last 40 years, especially within the field of 

optoelectronics. Polymer conductivity in a broader sense has been said to be traceable as far 

back as the 1860’s when the effect of electricity on aniline dissolved in dilute H2SO4 was 

investigated.1 The more relevant and crucial discovery occurred in 1977 when halogen doped 

polyacetylene was found to be conductive.2-4 Despite the films being considered unsuitable in 
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any application due to long term instability,2,5 this discovery breached the field of ICPs. Since 

then, there have been studies into the use of alternative conjugated polymers such as 

polyanilines (PANi), polypyrroles (PPy) and polyphenylenes all of which have varying levels 

of conductivity, stability, and optical properties.4-9 Shortly after the discovery by Chiang, et al. 

(1977)2, it was found that polythiophenes (PTh) could be made to conduct when oxidised.10,11 

This lead to research into various PTh derivatives6 eventually leading to the discovery of 

PEDOT in 1988 by Bayer AG.5,6 PEDOT is generally considered to have superior conductivity, 

long term stability and enhanced optical properties over other ICPs (section 1.2).5,6,12-16 

However, it is difficult to polymerise and insoluble in most solvents which limits applications 

(section 1.2).5,6,15,17,18 A solution to this was discovered in 1990 when PEDOT was polymerised 

with the counterion poly(styrene sulfonate) (PSS) to give PEDOT:PSS, which is water soluble, 

improving processability (section 1.2.1).5,6,15,17-19 One of the main reasons PEDOT:PSS, and 

other ICPs, have gathered considerable interest is due to its potential to replace ITO in 

optoelectronic devices such as organic light emitting diodes (OLEDs), liquid crystal displays 

(LCDs) and flexible electronic displays (section 1.3.3).5-7,9,15,20-27  

1.1.2 Conductivity Mechanisms of ICPs 

ICPs act as semi-conductors and are sometimes describes as ‘semi-metallic’.4,5,28 The 

conductivity of conjugated polymers can be as low as 10-8 Scm-1, boarding on electronic 

insulators, and reach as high as 104 Scm-1, which is in the region of metallic conductivity.4,5 

However, they exhibit an increase in conductivity when temperature increases, which defines 

ICPs as semi-conductors, since the opposite is true of metallic conductivity.5 It is also the case 

that these semi-conductors would not show any measurable conductivity at absolute zero.5,29 
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The mechanisms by which ICPs can conduct are electron hopping and π – π (pi – pi) 

stacking.4,18,30-32 Electron hopping involves the movement of either an extra free electron or a 

hole (lack of electron) along the polymer chain.4,18,33 However, both of these rely on a chemical 

structure which can facilitate this movement, such as a conjugated double bond system, 

enabling the delocalisation of electrons and their movement along the polymer chain 

(Figure 1-1).4,5,18 Alternatively, π – π stacking occurs through alignment of the benzene rings 

within the chains.34-37 When aligned, the benzene rings will share electrons,17,18,37,38 creating a 

‘sea’ of delocalised electrons and an easy pathway for electron flow.17,18,33 Therefore, greater 

chain alignment within the polymer leads to better π – π stacking and subsequent conductivity 

improvement.18,28,39 

 

 

Figure 1-1: Diagram illustrating the mechanism of electron hopping within PEDOT. Arrows indicate the movement of 

electrons along the conjugated chain structure 

 

The degree of conductivity these materials exhibit is determined by the bandgap (Eg) which 

establishes the energy required to move an electron from the valance to the conductive 

band.18,29,40 These bands are bordered by the highest occupied molecular orbital (HOMO) and 
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lowest unoccupied molecular orbital (LUMO), respectively.5,18,28,29 Therefore, it is often 

considered that the Eg is defined by the HOMO/LUMO energy gap.28,29,40 Intrinsic 

semi-conductors (e.g., silicon) are defined by having a filled valence band and empty 

conduction band, normally with a Eg of less than 2 eV, when in a pure state.29 

Conductivity of these materials can be improved by doping, making the material an extrinsic 

semi-conductor.18,29,41 Doping is the addition of an impurity that alters the overall charge of the 

material.29,42 To illustrate this, silicon (Si) in a pure state is considered an intrinsic 

semi-conductor with no charge.29 Si atoms have four electrons and are covalently bonded with 

four other Si atoms.29 If an impurity with a valency of 5 was substituted for one Si atom, there 

would now be an extra electron not covalently bonded with another atom.29 This renders silicon 

an n-type extrinsic semi-conductor with an overall negative charge due to the extra electron.29,42 

When a current is then applied, this electron moves more freely, improving conductivity. The 

opposite is true if an atom was introduced with a valency of 3. In this case, a hole (or lack of 

electron) is produced causing the overall charge to be positive, making the material a p-type 

extrinsic semi-conductor.29,42 This hole can then be filled by adjacent electrons when a current 

is applied, leaving another free hole. Effectively, the hole moves through the material increasing 

conductivity.18 In both cases, there is a reduction in Eg between the HOMO and LUMO making 

it easier for electrons to transfer from the valence band to the conductive band, improving 

conductivity.18,28,30,43,44 As with silicon, ICPs can be doped to improve their conductivity 

(sections 1.2.1 & 1.5.2). 
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1.2 Poly (3,4-ethylene dioxythiophene) (PEDOT) Structure 

and Properties 

PEDOT (Figure 1-2) is a conjugated polymer where the backbone consists of alternating single 

and double bonds.4,5,18,33,45 The position of the double bond, or π-bond, in the structure is 

thought to be able to dynamically interchange between two positions, which is a contributing 

element of the conductivity of this material.8,17,40 These bond positions create two structural 

configurations known as benzoid (Figure 1-3a) and quinoid (Figure 1-3b).13,18,46 Despite some 

suggestions to the contrary,46 it is generally considered that PEDOT alone is in a benzoid 

configuration, in which the carbon-carbon bond between thiophene rings is a single 

bond.5,6,15,18,43 This is due to it being the more stable, lower energy configuration and represents 

the HOMO state.18,35,46 Conversely, un-altered PEDOT in a quinoidal configuration 

(Figure 1-3a) is considered to be the higher energy LUMO state making it unstable.18,46 The 

conductivity of pure PEDOT is normally between 200 – 550 Scm-1 depending on the 

polymerisation route.6,12-14 Due to the regularity of the chain structure, π – π stacking of the 

aromatic rings can readily occur17,37 creating a ‘sea’ of electrons through which charge can be 

carried.37 When the polymer is more ordered through differing polymerisation mechanisms, 

there will be more of these aligned regions which can lead to higher conductivity.5,47,48 
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Figure 1-2: Chemical structure of PEDOT. Replicated from Groenendaal, et al. (2000)6 

 

 

Figure 1-3: Two PEDOT form structures a) quinoid and b) benzoid. Replicated from Ouyang (2013)13 

 

Despite there being many other ICPs, such as PPy, PANi and PTh,4,7-9 PEDOT is considered to 

be superior for a number of reasons, the first being the relatively high conductivity of the 

material. When compared to the 5 – 30 Scm-1 shown by PANi5,49 or 0.01 – 8 Scm-1 of PPy,5,50,51 

PEDOT conductivity is significantly greater. This is mainly attributed to PEDOT having a 

smaller Eg between the HOMO and LUMO (section 1.1.2).6,9,15,18,43 For comparison, the Eg of 

PEDOT is approximately 1.6 eV,6,15 whereas PTh has a bandgap of 2.3 eV.15 PEDOT is also 

considered to be superior with regards to stability, transparency, optical/electrical properties, 

and biocompatibility.5,6,15,16 
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However, despite these superiorities, PEDOT has some major drawbacks. The main issue is 

processibility limitation due to it being insoluble in most solvents.5,6,15 Additionally, 

polymerisation of PEDOT is usually oxidative chemical or electrochemical producing either a 

PEDOT powder or requiring direct application to a substrate, respectively.5,15,17,18 Vapor phase 

polymerisation (VPP) has also been used to polymerise PEDOT, resulting in higher 

conductivities of around 1000 Scm-1.5,13,52 However, this higher conductivity was largely 

achieved due to PEDOT becoming doped with Tosylate (Tos) (section 1.2.1) during VPP.52 

The main issue with all of these methods is that they are very restrictive in regard to their ability 

to be scaled up to a bulk manufacturing process. Furthermore, despite suggestions of a glass – 

liquid transition temperature (Tg) of 102 °C, PEDOT does not melt53 and there have been no 

reports of PEDOT being used in classic thermal processing methods. Finally, without the use 

of alteration or doping (section 1.2.1) the upper conductivity of PEDOT is limited, even with 

the advancement in VPP, it does not compare with the 4500 Scm-1 obtained by ITO.8 

1.2.1 PEDOT and Counterions 

To overcome processing and conductivity limitations, the PEDOT monomer (EDOT) is often 

polymerised with a counterion. This can be done during both chemical and electrochemical 

polymerisation and a summary of the main counterions has been reported by Elschner, et al. 

(2011)5. One counterion that has already been mentioned is Tos which was used during the VPP 

of PEDOT.52 However, most counterions can be used during chemical polymerisation of EDOT 

to produce PEDOT:counterion combinations, often with a lower conductivity than achieved 

with VPP. Examples include Tos,5,12,28 sulphated cellulose (CS),54 hexafluorophosphate 

(PF6
-),5,55 and tetrafluoroborate (BF4

-)5,55 which yield conductivities of 450, 576, 200 and 

50 Scm-1, respectively. 
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The main use of counterions is to dope the polymer, which improves the conductivity 

potential.5,18,28,40 The term ‘doped’, or ‘doping’ normally refers to the introduction of an 

impurity into a semiconducting material, altering the overall charge and improving conductivity 

(section 1.1.2).29,42 However, counterions do not necessarily dope PEDOT in the traditional 

sense.5 Rather, the oxidative reaction during polymerisation allows ionic bonding of the 

counterion with an electron deficient site in PEDOT.4,5,18 This bond could then be considered 

to maintain the doped state of PEDOT.5,17,18,40 To keep consistent with the literature, the term 

‘doped’ will continue to be used with regard to the use of counterions. 

Despite conductivity improvements, the counterions previously mentioned still have issues with 

regards to the processability of the polymer. However, in 1990 poly(styrene sulfonic) acid 

(PPS(H)) (Figure 1-4a) was used as a counterion in the polymerisation of EDOT to give 

poly(3,4-ethylene dioxythiophene):poly (styrene sulfonate), or PEDOT:PSS (section 1.3).5,19 

Studies have also shown that polymerising EDOT with the salt form of PSS (PSS(Na)) 

(Figure 1-4b) also produces PEDOT:PSS with good conductivity (section 1.5.1.1).12,56,57 
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Figure 1-4: Chemical structure of PSS showing both a) acid form (PSS(H)), replicated from Groenendaal, et al. (2000)6, and 

b) salt form (PSS(Na)), replicated from Yılmaztürk, et al. (2009)56 

 

The greatest advantage of PSS is it allows PEDOT:PSS to be water soluble whilst providing 

high conductivity potentials and acceptable optical properties for use in optoelectric 

devices.5,6,15,17,18 Furthermore, since PEDOT:PSS comes in aqueous solution, it can be used in 

many bulk processing techniques such as spray coating, inkjet printing (IJP) and roll-to-roll 

(R2R) manufacturing (section 1.3.4).15,17,41 However, when polymerised there is often an excess 

of PSS and, due to it being an insulator,17 the conductivity of pristinea PEDOT:PSS is relatively 

low at 0.001 – 120 Scm-1 (Table 1-1), which varies depending on polymerisation route 

(section 1.5.1.1).12,13,22,58-60 Despite this, the conductivity can be dramatically improved by 

using conductivity enhancement methods (section 1.5). 

 

 

a The use of ‘pristine’ is a term consistent with the literature to indicate that the PEDOT:PSS has undergone no 

treatments, either to the solution or film, to enhance properties of the material. 
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Table 1-1: Example conductivity values of various material. Note, these values do not take into consideration variation of 

processing route, measurement techniques, or other factors that contribute to conductivity differences 

Material Approximate Conductivity (Scm-1) 

Polystyrene 6.7 x 10-14 61 

PEDOT 200 – 550 6,12-14 

Pristine PEDOT:PSS 0.001 – 120 12,22,58,60,62 

PEDOT:Tos 400 – 500 12,28 

PEDOT:PSS with H2SO4 post treatment 4200 58 

ITO 3000 – 4500 8,20 

Copper 580000 63 

 

1.3 Poly(3,4-ethylene dioxythiophene):Poly(styrene 

sulfonate) (PEDOT:PSS) 

1.3.1 PEDOT:PSS Structure 

PEDOT:PSS can be synthesised using a variety of techniques.5,6,17 The most common process 

is to polymerise EDOT in an aqueous polyelectrolyte solution of PSS(H) with the use of an 

oxidising agent.5,6 The most successful oxidising agents, developed by Bayer AG, are 

peroxodisulfates, such as sodium peroxodisulfate (Na2S2O8).
5,6,19 The use of an oxidising agent 

removes electrons from PEDOT and, therefore, PEDOT:PSS it is considered a p-type 

semi-conductor.5,6,29 This results in PSS ionically bonding to either the benzoid (Figure 1-5) or 

quinoid (Figure 1-6) forms of PEDOT.6,64 Due to the removal of electrons in the oxidative 

reaction, the quinoidal form of PEDOT becomes the more stable, lower energy state, which is 

further stabilised by PSS (Figure 1-6).18,40,44,64 It is also well established that the ionic 

interaction only occurs every three to four thiophene rings.5,12,32 
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Figure 1-5: Ionic bonding of benzoid PEDOT and PSS. Replicated from Groenendaal, et al. (2000)6 

 

 

Figure 1-6: Ionic bonding of quinoidal PEDOT and PSS. Replicated from Dimitriev, et al. (2011)64 
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The secondary PEDOT:PSS structure shows multiple 5-mer to 18-mer PEDOT oligomers 

bonded to a longer PSS chain (Figure 1-7).22,27,40,64 Due to repulsive forces between the PSS 

chains and the interaction of the PEDOT oligomers, a partially coiled or helical PEDOT:PSS 

structure is formed, despite the more linear quinoid PEDOT configuration.40 This is because 

the longer PSS chains dominate the overall PEDOT:PSS structure.28,40,55,65-67 

 

 

Figure 1-7: PEDOT:PSS structure showing PEDOT oligomers (red) ionically bonded to PSS backbone (blue). Image 

reproduced from Mengistie, et al. (2013)22 

 

In solution, PEDOT:PSS chains aggregate together to form particles that, due to the 

hydrophobic and hydrophilic nature of PEDOT and PSS respectively, consist of a PEDOT-rich 

core and PSS-rich shell (Figure 1-8).18,64,68 The particles are considered to be a gel and are 

composed of approximately 90 – 95% water.5,21,27,69 Furthermore, tunnelling electron 

microscopy (TEM) and scanning electron microscopy (SEM) analyses have shown them to be 

rectangular or triangular in shape, rather than spherical, and fall into distinct size ranges after 

sonication: 25 – 80 nm and 350 – 460 nm.40,70-72 These PEDOT:PSS gel particles are suspended 
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in a PSS-rich water medium caused by the excess PSS present during the polymerisation 

process.27,40,70 Although bonding to PSS causes a reduction in the Eg of PEDOT, the excess PSS 

creates an insulating effect and a large decrease in the conductivity. This is exacerbated by the 

excess PSS between the PEDOT:PSS particles since it increases the hopping distanceb between 

PEDOT-rich phases.21,31,67 

 

 

Figure 1-8: In solution PEDOT:PSS particle structure showing PEDOT-rich core (inner blue shaded circle) and PSS-rich 

shell (outer circle). Long, thin lines (blue) represent PSS backbone chains while short, thick sections (red) represent the 

PEDOT oligomers attach to the PSS chains. Replicated from Kroon, et al. (2016)18 

 

 

b Hopping distance reference to the distance electrons have to move between conductive regions. In this case, that 

will be the distance between PEDOT-rich sites or PEDOT chains. 

 



14 

 

In a dry state, pristine PEDOT:PSS is considered to be amorphous with only some short range 

ordering.28,55,65-67 This has been confirmed with SEM,67 thermal analysis (section 1.4.2.1)69,71 

and x-ray diffraction (XRD).58,65,67,73 XRD directly assesses the degree of alignment and 

orientation of polymer chains i.e., the polymer crystallinity.29,73-75 Pristine PEDOT:PSS 

displays no sharp peaks, indicative of order, in the diffraction pattern.58,65,67,73 Instead, only 

broad peaks around 4, 7, 18 and 26 ° have been reported which were attributed to the amorphous 

nature of the material.36,54,58,66,76-78 However, the ratio of PEDOT to PSS has been reported to 

alter the diffraction pattern with an increase in PSS marginally increasing the measured 

alignment.79 This would suggest that the chain order is being dominated by PSS, which is 

expected due to the greater ratio of PSS to PEDOT.79 Other counterions have also been shown 

to alter the crystallinity of the dry film in varying ways. For example, when doped with PF6
-, 

the films were reported to be amorphous by XRD.55 However, Tos doped PEDOT displayed 

regions of crystallinity with sharp peaks at 6, 12 and 26 °.80 The peak at 26 ° is common when 

doping with either PSS and Tos since it represents the stacking of PEDOT rings.58 However, 

the variation in the other peaks shows that the counterion is the dominating factor to the 

alignment. 

1.3.2 PEDOT:PSS and Water 

The hydrophilic nature of PSS, due to the presence of hydroxyl (OH-) groups on the sulfonate 

moiety,71,76 results in moisture from the atmosphere readily being absorbed by PEDOT:PSS 

films following drying.5,22,71,81,82 This moisture uptake has been studied utilising mass 

measurements, differential scanning calorimetry (DSC) and thermal gravimetric analysis 

(TGA) (section 1.4.2.1).5,39,69,71,76,83-85 It has been shown that when left in air at 24 °C with a 

relative humidity of 70 %, oven dried PEDOT:PSS will exhibit a 10 % mass increase in 

3 minutes due to moisture uptake.5 It is generally considered that approximately 10 – 25 % of 
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PEDOT:PSS film mass is bound water5,39,69,71,76,83,84 dependant on sample geometry, 

atmospheric conditions86 and PSS content.5,86-88 The variation in chemical treatment 

(section 1.5.2) can also alter moisture uptake.5,22 For example, the addition of 

poly(ethylene glycol) (PEG) increases absorption of the film due to it also having an affinity to 

water.22 On the other hand, PEDOT:PSS with the addition of sorbitol absorbs less moisture.84 

This affinity to water has subsequent effects on the materials properties. For example, it has 

been shown that PEDOT:PSS films exposed to higher humidity environments are less brittle 

due to the increase in the moisture content of the film.5,68,71 This was attributed to water swelling 

the PSS phase, and weakening the hydrogen bonds68,71 allowing the chains to more easily slide 

past each other upon loading.71 The presence of moisture can also exacerbate PEDOT:PSS 

degradation.82 Changes in water content in PEDOT:PSS films have been shown alter film 

thickness,5,60,69,89 with around a 10 – 20 % thickness reduction after drying being reported.60,69 

The other key property influenced by moisture content is conductivity, with an increase in water 

content reducing the conductivity of PEDOT:PSS.22,69,71,78,82,88,90 This is potentially due to two 

reasons. Firstly, water has a lower conductivity than dry PEDOT:PSS therefore any moisture 

in the film will negatively impact the conductivity.71,91 Secondly, the PSS-rich phase swells 

when moisture is absorbed, creating a greater insulating barrier between PEDOT-rich phases, 

and leading to a greater electron hopping distance.60,69,71,78,90 

The effect of water can be reduced by encapsulation of dried PEDOT:PSS films in an inert, 

moisture free environment,5,17,82,92 however, this adds to the cost of production.17,92 

Alternatively, it has been suggested that stabilisation of PEDOT:PSS moisture content occurs 

after 2 – 4 months, with small degrees of chain reorganisation taking place.93 While this negates 

the need for encapsulation neither option is practical for all applications and manufacturing 

processes.17 
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1.3.3 PEDOT:PSS Comparison to Indium Tin Oxide (ITO) 

One of the main reasons PEDOT:PSS has gathered interest is due to its potential to replace ITO 

in optoelectronic devices.5,6,15,20-25 PEDOT:PSS has already been used as a conductive film 

coating or layer for applications such as OLEDs, LCDs and flexible electronic displays, or for 

use as an antistatic coating.7,9,22,26,27 The use of PEDOT:PSS in these devices has some 

important benefits. Firstly, indium is expensive due to decreasing availability25,94,95 and, 

therefore, PEDOT:PSS provides a cheaper option.24,25,92 Additionally, there is a reduction in 

production costs as PEDOT:PSS components can more easily be produced via R2R 

manufacturing (section 1.3.4).24,92 

More importantly, the mechanical properties of PEDOT:PSS are greatly suited for use in 

flexible devices due to reduce susceptibility to mechanical fatigue compared to ITO.9,26,96 

Cairns, et al. (2005)26 demonstrated this by investigating the change in electrical resistance of 

ITO and PEDOT:PSS coated poly(ethylene terephthalate) (PET) under tensile loading. It was 

found that, while an increase in strain caused resistance to increase in both cases, the 

PEDOT:PSS coating was able to conduct up to 60 % strain whereas no measurements could be 

taken after 3 % strain for ITO.26 It is important to note that even though resistivity of 

PEDOT:PSS could still be measured at a 60 % strain, increased resistance was observed from 

as low as 4 %.26,65 Despite this, the advantage of PEDOT:PSS and the short comings of ITO 

cause by the brittle nature of the ceramic are highlighted.26 

PEDOT:PSS was also found to be superior during bend testing. The resistivity of PEDOT:PSS 

films on PET was shown to be unaffected by an outer (tensile) and inner (compressive) bend 

radius of approximately 10 mm.65 Whilst the resistance of ITO films on the same substrate was 

also unaffected by compressive bending to the same radius (and in some cases showing an 



17 

 

decrease in resistance), there was an increase of approximately 10 – 20 % for tensile bending.97 

Furthermore, PEDOT:PSS could be tested to a radius of 5 mm in both compressive and tensile 

bending with only an approximate 8 % increase in resistance.65 It was also reported that at this 

radius no cracks were present during the outer bend condition, however, delamination of the 

film occurred on the inside bend at a 7 mm radius.65 The resistance of ITO at a tensile bend of 

5 mm increased 50,000 % due to the damage caused during testing.97 

Finally, ITO also shows a greater susceptibility to failure during cyclic bend loading, with 

1000 cycles causing an 8 % increase in resistance of ITO coated PET compared to less than 

2 % increase for PEDOT:PSS coated PET.26 The durability of PEDOT:PSS during cyclic 

loading has been shown for inner and outer bending as well as through a twisting cycle.65 These 

properties were enhanced further with additions of surfactants, such as the Triton X series, to 

the PEDOT:PSS solution prior to film forming.47,98 Pristine PEDOT:PSS showed a significant 

decrease in conductivity at a bending strain of 2 %, compared to 11 % when Triton X-100 was 

present.47 It has also been shown that addition of Triton X-405 allows for a bend radius up to 

1.5 mm with minimal sheet resistivity reduction.98 It is thought this improvement is due to a 

plasticising effect caused by the surfactant.78 

However, despite the benefits, the conductivity of pristine PEDOT:PSS is currently much lower 

than that of ITO (Table 1-1). Even in the best processing conditions, pristine PEDOT:PSS 

conductivity is only 120 Scm-1 (section 1.5.1.1),60 compared to 4500 Scm-1 for ITO.8 However, 

as discussed later, this issue can be overcome with the use of conductivity enhancing methods 

(section 1.5). 
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1.3.4 Bulk Manufacturing of PEDOT:PSS 

As already mentioned, PEDOT:PSS has a large advantage due to its water soluble nature, 

enabling processing via cost and time effective bulk manufacturing.5,15,17,18,24,92,99 This is 

particularly true when considering commonly used lab techniques such as VPP or, dip, drop 

and spin casing which are more attuned to single batch outputs.15,100 The use of PEDOT:PSS in 

bulk manufacturing processes such as R2R, IJP and other methods (E.g., slot casting, spray 

coating) has already been well established and reviewed in depth by Wen, et al. (2017)15, 

Kirchmeyer, et al. (2007)17 and Søndergaard, et al. (2012)100.  

The area of R2R processing is particularly versatile with varying techniques such as gravure, 

flexographic, screen printing and knife coating all of which require an ‘ink’ to be deposited 

onto a flexible substrate to create a specific pattern (Figure 1-9).100 Arguably the greatest 

advantage of R2R is the high processing speeds, which can reach 15 ms-1 for gravure printing.100 

Although, the use of gravure printing with PEDOT:PSS solution on PET has been shown to 

successfully produce coherent films with desirable optical properties,15,60,65,100 research in this 

area seems limited.100 
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Figure 1-9: Schematic of two R2R processing examples with main components labelled. Left: gravure printing, right: knife 

coating. Replicated from Søndergaard, et al. (2012)100 

 

Similarly with R2R, IJP is another common form of solution processing requiring an ‘ink’ to 

be loaded into cartridge and deposited in a specific pattern onto a substrate 

(Figure 1-10).15,17,41,100 The use of PEDOT:PSS solution as an ink in IJP is more established 

and has been successfully printed onto a variety of substrates.89,101-107 While the output of IJP 

may be slower than some R2R methods, the greatest advantage is the ability to produce more 

complex patterns that are easier to modify on non-speciality software.100,107 
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Figure 1-10: Schematic of an IJP process with main components labelled. Replicated from Wen, et al. (2017)15 

 

Whilst PEDOT:PSS has been shown to be suitable for these processes, there are some factors 

that have to be considered. First, flexible substrates tend to be polymeric in nature and the 

affinity of pristine PEDOT:PSS solution to these materials is weak.47,108 One solution is 

modification of the surface of the substrate, such as the use of corona treatment.60,109 An 

alternative option is to treat the PEDOT:PSS solution with additives, such as surfactants, to 

better match the surface energies and improve wettability (section 1.4.1).47,65,102-104,107 

However, the solution properties, such as viscosity, surface tension and wettability, also need 

to be carefully considered and optimised for each process.100 For example, R2R processes are 

more suited to lower viscosity inks.100 In the case of, IJP pattern resolution is heavy reliant on 

solution viscosity and wettability.15,17,99 Therefore, additions made not only need to aid 

wettability, but also need to be appropriate for the manufacturing process being used. 
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1.4 Characterisation of PEDOT:PSS 

1.4.1 PEDOT:PSS Solutions 

The properties of PEDOT:PSS solution, such as viscosity, wettability, and surface tension, are 

important to consider due to their effect on substrate coverage, solution flow and film quality 

during bulk manufacturing (section 1.3.4).100-104,107,108 The fluid properties of pristine 

PEDOT:PSS solution are often described as exhibiting non-Newtonian, shear thinning 

behaviour, with an increase in shear rate resulting in a decrease in viscosity.76,103,110 However, 

the main constituent of PEDOT:PSS solution is water69 which has a relatively high surface 

tension of 72 – 73 mNm-1 at 20 °C.60,103,111-113 The viscosity of water at 20 °C was quoted as 

1 mPa.s when measuring via U-tube glass viscometer112 and 1.2 mPa.s via oscillating drop 

testing.103 However, the surface tension of water has been shown to skew rheology results at 

lower shear rates, with viscosity appearing to be double those quoted in other studies.103,112,114 

Therefore, it is likely a similar effect is occurring when measuring PEDOT:PSS solution via 

rheometry, which could be causing a higher viscosity at lower shear rates and showing a false 

shear thinning effect. 

The concentration of PEDOT:PSS in solution can impact the viscosity with 0.5, 1 and 1.1 wt% 

PEDOT:PSS displaying viscosities of 10, 60 and 63 mPa.s, respectively at a shear rate of 

1 s-1.103,110 However, Giuri, et al. (2017)76 found that for the same shear rate the viscosity was 

20 mPa.s with a 1.3 wt% PEDOT:PSS in solution which does not fit this trend. Even though 

both results were obtained with a rheometer, the variation could have come about from 

differences in the cone and plate geometry or PEDOT:PSS grades. In all cases, the viscosity of 

PEDOT:PSS solution is greater than that of water which is to be expected due to the presence 

of the polymer gel particles.103,115 
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Furthermore, additives have been shown to effect the rheological properties with graphene 

oxide (GO) nanocomposite significant increasing the viscosity of PEDOT:PSS solution.76 

Hoath, et al. (2015)103 showed that, similar to GO, the combined addition of 0.23 wt% 

Dynol 607 and 0.27 wt% Zonyl FSO-100 surfactants increases the viscosity of PEDOT:PSS 

solutions. This behaviour would be expected since the viscosity of these surfactants is likely to 

be greater than the PEDOT:PSS solution. Additives are also effective in changing the surface 

tension of the PEDOT:PSS solution. The surface tension of pristine PEDOT:PSS is deemed to 

be comparable to water at 70 – 73 mNm-1,47,103,104,110 but has been quoted as low as 

44 mNm-1.116 This has been shown to reduce to 30, 21 and 18 mNm-1 for additions of 1 wt% 

Triton X-100, 0.23 wt% Dynol 607 and 0.27 wt% Zonyl FSO-100 combined, and 0.1 wt% 

Capstone.47,103,104 Other surfactant and alcohol additions, such as 4-dodecylbenzenesulfonic 

acid (DBSA), Ndodecyl-N,N-dimethyl-3-ammonio-1-propanesulfonate (DDAPS), ethanol and 

1-pentanol, were also studied by Kommeren, et al. (2018)104 showing smaller decreases in the 

surface tension. 

As already mentioned, the ability to control PEDOT:PSS solution properties is of importance 

when considering IJP and R2R manufacturing (section 1.3.4).100-104,107,108 Reducing surface 

tension is especially significant since it improves wettability on polymeric materials by better 

matching solution and substrate surface energies, leading to superior film quality.47,65,102-104,107 

The addition of Triton X-100 has been used as a wettability enhancer in IJP.107 Furthermore, at 

a 1 wt% concentration it has been shown to substantially reduce the contact angle on Teflon, 

poly(dimethylsiloxane) and PET substrates by 45, 45 and 50 °, respectively.47 Similar results 

have been shown on PET, with additions of ethylene glycol (EG), sodium dodecyl sulphate 

(SDS) and sodium dodecylbenzene sulfonate (SDBS) decreasing PEDOT:PSS contact angle 

from 40 ° by 5, 20 and 35 °, respectively.108 However, not all additives will improve the 
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wettability for all substrates. For example, the introduction of dimethylsulfoxide (DMSO) to 

PEDOT:PSS increased the contact angle on PET from 40 to 90 ° and the presence of SDS on 

glass raised measurements by 10 °.108 It is clear that additions, such as surfactant, can change 

the wettability of PEDOT:PSS solution which occurs through surface energy 

alteration.47,103,104,110 Therefore, it is crucial to understand whether the addition will increase or 

decrease solution surface tension, and match that change to the substrate surface energy in order 

to improve wetting properties.47,65,102-104,107 Furthermore, the importance of matching the 

solution properties to the manufacturing technique has been highlighted. 

1.4.2 PEDOT:PSS Films 

1.4.2.1 Thermal Analysis and Degradation 

DSC is commonly used to assess thermal transitions, such as melting (Tm), crystallisation (Tc) 

and Tg, of polymers.29 However, in the case of PEDOT:PSS, DSC analysis is relatively limited 

as the first heating run is often dominated by a large exothermic peak, spanning a range of 75 

– 160 °C, due to the loss of water (section 1.3.2).5,71,76,85 Since temperatures significantly above 

the boiling point of water are required to fully remove it, this indicates the presence of bound 

moisture.71 Furthermore, the water loss peak is not seen on subsequent runs.71 A moisture loss 

of 10 – 25 % has also been reported with TGA up to 250 °C.5,39,69,71,76,83,84 Other thermal 

transitions, including Tm, Tc, and Tg, are not seen for PEDOT:PSS between 25 – 220 °C,69,71 

which was not altered with the presence of solvents such as 2,2’-thiodiethanol (TDE) or 

glycerol (GLY).66 

Despite indication that PEDOT can become more crystalline when heated to 200 °C,32 XRD 

and SEM has shown pristine PEDOT:PSS to be amorphous, with no crystalline regions except 

for short range order (section 1.3.1).28,55,65-67 The amorphous nature of the material suggests 
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that a Tg should be identifiable by thermal analysis, and a range could be estimated from the Tg 

values of PEDOT and PSS(H) at 10253 and 152 °C,117,118 respectively. This would indicate that 

PEDOT:PSS Tg would fall between 102 –152 °C, with a similar range being suggested by Yu, 

et al. (2016)119 between 120 – 140 °C. However, it is thought that, due to strong ionic interaction 

between the PEDOT and the PSS, a Tg will not present itself via thermal analysis.17,71,119 One 

source quotes a PEDOT:PSS Tg as 75 °C,85 but this seems unlikely since it has not been reported 

elsewhere and does not fall within the expected Tg range. It is more likely that this was either 

caused by degradation, since samples were heated to 220 °C which is close to PEDOT:PSS 

degradation temperature,69 or contamination by the PET substrate, which has a Tg of 70 °C.29 

A second significant mass loss between 220 – 320 °C was observed by TGA and attributed to 

degradation.5,69,71,83 This was shown in both air and an inert nitrogen atmosphere71 implying 

that the degradation is not oxidative. However, there has been some evidence to suggest that 

the presence of oxygen can accelerate the this process.87 PEDOT:PSS degradation can present 

as a reduction in film thickness and is known to be detrimental to conductivity.22,69,87,119,120 It is 

generally accepted that PSS degrades first at 250 °C through the breakdown of the sulfonate 

groups as observed by Fourier transform infrared spectroscopy (FTIR) (section 1.4.2.2)69,76,121 

and x-ray photoelectron spectroscopy (XPS).120,122 This is followed by PEDOT degradation at 

300 °C,53 showing the presence of PSS is the limiting constituent to PEDOT:PSS thermal 

stability. A similar case was observed with DSC analysis by Kiebooms, et al. (1999)55, in which 

PEDOT:PF6
- began degradation at 150 °C with a maximum exotherm at 300 – 350 °C with 

DSC analysis. It was not stated in the paper if an inert purge gas was used and there was little 

discussion into the degrading mechanisms. However, it is reasonable to assume that the initial 

degradation at 150 °C is linked to the breakdown of PF6
- with the maximum endotherm at 

300 °C being attributed to PEDOT degradation.53,55 The degradation properties of PEDOT:PSS 
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do not seem to be improved by chemical additions such as PEG22 or various surfactants.83 

Furthermore, it was found that some surfactants, such as DDAPS and sodium dodecyl 

benzenesulfonic acid (SDBA), caused degradation onset 10 to 15 °C lower than pristine 

PEDOT:PSS.83 

Generally, it its accepted that PEDOT:PSS is thermally stable up to 220 °C,5,69,71,83 however, 

200 °C has been recommended as a more suitable upper processing temperature to ensure no 

degradation is occurring.5 

1.4.2.2 Fourier Transform Infrared Spectroscopy (FTIR) Analysis 

FTIR is used to identify the chemical bonds within a polymeric material. Typically, FTIR 

analysis of PEDOT:PSS has been used to identify degradation69,76,121 and assess the effect of 

additives22,66,106 and processing conditions.69 

PEDOT is identifiable by the C-O-C stretching in the ethylenedioxy group which appears at 

1230, 1150 and a main peak at 1065 cm-1.69,123-126 Other peaks between 1350 – 1600 cm-1, 

mainly a peak at 1530 cm-1, have also been suggested as the thiophene / phenyl ring of 

PEDOT.69,124-126 In PSS, the sulfonate group containing S=O and S-O bonds, at 1200 and 1120 

– 1160 cm-1, respectively, tends to be the main identifying peaks. The S-phenyl or C-S bonds 

are identified between 700 – 1000 cm-1 but can be harder to distinguish compared to the S=O 

and S-O groups, due to the presence of C-S bonds in the PEDOT thiophane 

ring.69,106,123,124,126,127 A summary of identifying bonds and wavenumbers from the literature are 

given in Table 1-2.  
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Table 1-2: Wavenumber identification of common bonds within PEDOT:PSS, as found in the literature 

 

As mentioned above, FTIR has been used to assess the effect of additives on the PEDOT:PSS 

structure. The use of TDE was shown to produce a shift in the SO3 band to 1230 cm-1 which 

was attributed to the removal of an H+ ion from the group, increasing the PEDOT and 

PSS interaction.66 In another case, FTIR showed that when dissolved polycarbonate in 

dichloromethane was mixed with PEDOT:PSS, hydrogen bonding was detected between the 

two polymers through movement of the carbonyl peak from 1770 to 1766 cm-1.121 However, it 

appears that many additives such as, GLY, graphene, or PEG, do not cause structural 

changes detectable by FTIR, despite showing improvements in film conductivity 

(section 1.5.2.1).22,66,106,128 Despite this, FTIR can be used to identify whether a substance 

Author Bond Wavenumber (cm-1) 

Sriprachuabwong, et al. 

(2012)106 

S-O 1157, 1121 

S-phenyl 1012 

C=C 1532 

C-C 1356 

C-S 952, 845, 704 

Kvarnström, et al. (1999)123 
Ethylenedioxy ring 1147, 1058, 1014 

C-S 944 

Han, et al. (2004)124 

C-O-C 1234, 1068 

C-C, C=C (quinoidal structure) 1357 

C-S 989, 856, 700 

Friedel, et al. (2009)69 

Thiophene / phenyl rings 1350 - 1600 

C-O-C 1240, 1070 

S=O 1180 

O-S-O 1030 

Sulfonic acid <600 
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remains in the film after processing. For example, PEG was shown to remain in PEDOT:PSS 

after annealing at 130 °C, and was identifiable by peaks appearing at 2875 and 1645 cm-1.22 On 

the other hand, it was also reported that EG was not present after annealing due to the lower 

boiling point.22 Similarly, the removal of PSS can also be detected when the film has been 

treated with a solvent wash (section 1.5.2.4).127 

Finally, FTIR has been used to identify the degradation mechanisms of PEDOT:PSS. As 

discussed in section 1.4.2.1, it is well known that degradation will occur above 220 °C.5,69,71,83 

This degradation has been shown to be due to the breakdown of the sulfonate group in 

PSS69,76,121 with the peaks at 1300, 1000 – 700 and below 600 cm-1, no longer present or having 

a significantly reduced absorbance.5,69,121 However, peaks commonly used to identify PEDOT 

remain present after heating to 250 °C, confirming PEDOT is not degrading due to its thermally 

stability up to 300 °C.53 

1.5 PEDOT:PSS Conductivity Enhancement 

As already mentioned, conductivity is one of the main limiting factors of PEDOT:PSS when 

compared to ITO and other PEDOT counterion combinations (section 1.2.1). However, there 

are a variety of factors that can influence the conductivity such as polymerisation route, PEDOT 

to PSS ratio, processing factors, annealing, film thickness and environmental conditions. 

Improvements can also be made through the use of conductivity enhancing agents 

(section 1.5.2). These normally fall into either ‘pre-treatment’ or ‘post-treatment’ categories 

depending on whether the agent is added to the PEDOT:PSS solution prior to film casting, or 

if the substance is used to treat an already cast film in the form of a wash, respectively. In some 

cases, a combination of these enhancement methods is used to provide an even greater 

improvement by utilising differing effects caused by the separate treatment methods. 
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Many of these factors, especially the use of conductivity enhancing agents, have already been 

widely reviewed in the literature.6,13,15,17,18,25,59 However, this section aims to highlight the key 

factors relevant to this work. 

1.5.1 Factors that Alter the Conductivity of Pristine PEDOT:PSS 

1.5.1.1 Polymerisation Route and Associated Factors 

As already stated, the conductivity of pristine PEDOT:PSS can vary greatly from 0.001 to 

120 Scm-1 (section 1.2.1).12,22,58,60,62 The polymerisation route has an effect on the conductivity 

of PEDOT:PSS with chemical synthesis giving a conductivity of approximately 3 Scm-1, 

whereas electrochemical polymerisation yielded 80 Scm-1.12 This is caused by reduced PSS – 

PEDOT interaction during chemical polymerisation, leading to excess PSS in the resultant 

solution, whereas synthesising electrochemically causes PEDOT to interact with the required 

quantity of PSS, causing little to no excess insulating material.12 

Variation can also come from the ratio of PEDOT to PSS within the film,5,21,62,79,129 due to the 

presence of excess PSS creating a greater insulating barrier between PEDOT-rich sites and, 

therefore, increasing the electron hopping distances.12,17,62 This was demonstrated by Stöcker, 

et al. (2012)62 in which the ratios of PEDOT to PSS were varied from 1:1 through to 1:30, 

resulting in conductivities of 2.3 Scm-1 and 0.001 Scm-1, respectively. A similar trend has been 

reported for PEDOT:PSS films containing EG which show that the PSS concentration is still a 

determining factor of conductivity, even after treatment.79 

PEDOT:PSS conductivity has also been shown to vary with different forms of the PSS 

counterion.12,31,57 Zotti, et al. (2003)12 showed that synthesis with the salt, PSS(Na), or acid, 

PSS(H), forms provided conductivities of 1 Scm-1 and 80 Scm-1, respectively. XPS found that 

electrochemically synthesising PEDOT:PSS with PSS(Na) resulted in reduced PSS – PEDOT 
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interaction, therefore, having higher qualities of excess insulating material compared to 

polymerising with PSS(H).12,31 It was further suggested that PSS(H) provided greater doping 

than PSS(Na).12 It is also likely that the differences seen by Zotti, et al. (2003)12 are influenced 

by the pH changes when using either the acid or base form of PSS. Research has shown that 

with an increase in pH, there is a rapid decrease in the conductivity until pH 7 at which point it 

plateaus.64,67 The enhancement at low pH was attributed to the interaction of the protons with 

the SO3
- group within the PSS. This leads to a weakened interaction between the PEDOT and 

PSS components, allowing the PEDOT chains to uncoil and provide an easier pathway for 

electron movement and improved π – π stacking.64 The pH of the solution can also be altered 

by additions to PEDOT:PSS solution (section 1.5.2.1). 

The final factor which has been shown to alter pristine PEDOT:PSS is the size of the 

PEDOT:PSS particles.21,83,87,122 While there is conflict within the literature, larger particles are 

generally considered to increase conductivity.21,87 Kirchmeyer, et al. (2005)21 demonstrated that 

average PEDOT:PSS particle sizes of 58 and 25 nm produced resistivities of 1.96 and 

12.6 kΩcm, respectively, due to larger particles reducing the number of insulating PSS barriers 

between PEDOT-rich sites.21,87 However, Friedel, et al. (2011)122 found the opposite, with 

smaller PEDOT:PSS particles causing conductivity to increase due to closer packing decreasing 

hopping distance between areas of PEDOT. However, in the latter case, particle size was altered 

by heating the PEDOT:PSS solution, whereas other studies did not use this method.21,87 It is 

possible the heating process influenced other aspects, such as chain reorganisation, leading to 

a conductivity increase.81 
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1.5.1.2 Annealing  

The annealingc of PEDOT:PSS films is known to be of great importance due to the increase in 

conductivity achieved after heat treatment.5,60,69,78,81,120 It is generally accepted that the reason 

for this conductivity enhancement is partially due to the removal of excess, or bound, water 

(section 1.3.2).22,60,69,71,88,90 There has also been indication that the annealing process causes 

structural rearrangement through the softening of the PSS region and PEDOT 

re-alignment.32,69,81 

In most instances within the literature an annealing temperature and time is stated with little to 

no reasoning as to why those conditions were selected. Furthermore, parameters can vary 

greatly such as: 110 °C for 2 hours;107 140 °C for 20 seconds;60 150 °C for 10 minutes;125 200 °C 

for 2 minutes.84 It can be seen from these cases that there is little consistency between annealing 

conditions other than higher temperatures often being employed for shorter times. Annealing is 

normally performed over 100 °C to ensure the removal of water, although, based on the 

literature surrounding thermal analysis, temperatures as high as 160 °C could be needed to fully 

remove all moisture (section 1.4.2.1).5,71,76,85 There have been exceptions to this in which lower 

temperatures, around 40 °C, have been used to anneal samples for several days in a vacuum 

oven.86 However, there was no comparison to high temperature annealing and whilst moisture 

will be removed, structural rearrangement is unlikely to occur at lower temperatures. 

 

c In most cases, the term ‘annealing’ is used to describe when the material is already set as a film and then taken 

to high temperatures. In some cases, this is termed ‘baking’ or ‘drying’. In all situations the main effect is the 

removal of bound water from the material. However, sometimes this process is done at lower temperatures and 

performed in a vacuum oven but still termed ‘annealing’. Occasionally a ‘setting’ phase is also referred to which 

takes the material from solution to film (confusingly also sometimes termed ‘drying’). To maintain consistency, 

‘annealing’ will be used to describe heating the film while ‘setting’ refers to the solution to film phase. 
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There have been limited and somewhat conflicting findings about the variation of annealing 

temperature on the conductivity of PEDOT:PSS films. For instance, Friedel, et al. (2009)69 

found that resistivity dropped from 1.3 MΩcm to 0.15 MΩcm after annealing for 30 minutes at 

120 °C and 250 °C, respectively. It was suggested that the effect of water removal was the main 

factor for this change up to 160 °C above which the segregation of the PSS phase caused 

resistivity to decrease further.69 Comparably, Lombardo, et al. (2018)90 showed annealing for 

10 minutes at 100, 150 and 200 °C produced progressively lower sheet resistivity. Similar 

trends have been seen elsewhere in the literature,58,60,87 however, measurements often plateau 

around 150 °C.60,87 Koidis, et al. (2011)60 concluded that 140 °C was the optimum annealing 

temperature, with higher temperatures not providing significant benefits to conductivity. In 

some cases it has even been suggested that annealed samples left to fully equilibrate to 

atmospheric conditions show no difference in conductivity to samples that had not been 

annealed.81 However, it is possible other factors, such as PEDOT:PSS grade, substrate material, 

coating method and equilibration period contributed to the differences in these findings. 

PEDOT:PSS treatments have also been shown to affect the optimal annealing conditions 

needed. For example, conductivity was not significantly influenced by annealing up to 200 °C 

when either EG130 or H2SO4
90 was added to PEDOT:PSS solution prior to film formation. 

However, alteration of annealing temperature does affect conductivity after using 100 % 

concentrated H2SO4 to wash PEDOT:PSS films.58 It was found that the optimum annealing 

temperature was 120 °C, producing a conductivity of approximately 4100 Scm-1, which 

decreased to 3300 Scm-1 when increasing the temperature to 160 °C.58 These cases show that 

the annealing effect can vary depending on the treatment method and it cannot be assumed that 

results seen for pristine PEDOT:PSS will apply to other scenarios. 
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Annealing time variation shows similar inconsistency within the literature. As seen above, 

times can vary from 20 seconds to 2 hours for temperatures ranging from 110 – 

200 °C.60,84,107,125 Whilst it could be assumed that the sample would be fully annealed over 

longer times, there was no indication that the shorter time of 20 seconds was insufficient.60 No 

literature was found that accurately evaluated annealing time whist keeping all other parameters 

consistent. Comparisons between different studies is also difficult. For example Koidis, et al. 

(2011)60 annealed at 140 °C for 20 seconds to give a conductivity of 120 Scm-1 whereas Eom, 

et al. (2009)102 annealed at the same temperature for 20 minutes and obtained a conductivity of 

0.8 Scm-1. This result is unexpected since it could be assumed that the longer annealing time 

would provide the higher conductivity. However, this highlights the issue of comparisons 

between research groups since two different coating techniques were implemented, gravure 

R2R versus IJP respectively, as well as different grades of PEDOT:PSS.60,102 

There have been some studies into longer annealing times which could potentially be 

considered ageing. However, they still provide insight into how the conductivity can be affected 

by longer heating periods and highlights the risks of prolonged annealing. This was shown to 

be the case in a study by Vitoratos, et al. (2009)120 in which samples of pristine PEDOT:PSS 

were held at 120 °C for up to 55 hours. Data showed that room temperature conductivity 

decreased from 1.85 to 1.60 to 0.90 Scm-1 for samples held for 20 minutes, 3 hours and 55 hours, 

respectively.120 This was attributed to a degradation effect caused by thermal ageing, seen at a 

much lower temperature compared to the previously discussed degradation temperature of 

220 °C (section 1.4.2.1).5,69,71,83 It was reasoned that breakdown of the ionic PEDOT – PSS 

interaction caused an increase in the insulating barrier between conductive PEDOT sites.120 

It is clear that optimisation of the processing conditions is needed in order to provide the best 

conductivity of pristine PEDOT:PSS. Both the temperature and time have been shown to have 
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a significant effect, and with the optimum temperature of 140 °C quoted by Koidis, et al. 

(2011)60 being conflicted by other literature, more research is required. Equally, the uncertainly 

about annealing time needs resolving. Whilst it is assumed that a shorter annealing time does 

not fully anneal PEDOT:PSS, there is clear evidence that annealing for too long can have 

irreversible detrimental effects on the conductivity.120 Finally, it is important to consider these 

parameters alongside any treatments performed to PEDOT:PSS as is evident from studies using 

EG addition or and H2SO4 wash.58,130 

1.5.1.3 Thickness 

As previously mentioned, the thickness of PEDOT:PSS films is influenced by the water content, 

with greater moisture leading to an increase in thickness (section 1.3.2).60,69 The film thickness 

has also been shown to vary with conductivity enhancing agents.22,88 In the case of PEG 

addition, PEDOT:PSS films were shown to be 30 nm thicker with a 6 vol% concentration 

compared to 1 vol%.22 On the other hand, the addition of EG caused a decrease in film thickness 

from 40 nm, with no EG, to 27 nm at 7.5 vol%.88 These differences likely come from whether 

evaporation of the additive occurs during annealing and their effect on water uptake by 

PEDOT:PSS. A thickness decrease has also been shown for samples that undergo a 

post-treatment wash, which is more intuitive since the wash will remove part of the PSS from 

the film (section 1.5.2.4).58,88,127,131 Resistivity has been shown to vary with film thickness for 

pristine PEDOT:PSS,66 and films containing Triton X-100,47 EG,88 formic acid,132 and 

methanol.127 In general, an increase in the thickness leads to a decrease in sheet 

resistivity.66,88,107,127,132 This trend appears to be non-linear with values tending towards a 

plateau at greater thicknesses.88,127,132 

However, the validity of some of these results is in question for varying reasons. Firstly, in most 

cases the sheet resistivity is measured with the use of the 4-point probe which relies on the use 
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of three geometrical correctional factors (section 2.6).133 One of these factors indicates that for 

thicker samples, the measured resistivity is multiplied by a factor between 0 and 1.133 

Problematically, there is little reference to whether these factors are accounted for as the 

thickness is varied. Secondly, the coating method may also affect the results. For example, 

Martin, et al. (2004)66 showed a decrease in the sheet resistivity from 4300 Ω□-1 to 1800 Ω□-1, 

with a change in thickness from 0.17 µm to 0.53 µm. To manufacture these thickness the films 

were spin coated at different spin speeds of 2000 and 500 rpm, respectively.66 It could be argued 

that the spinning process induces orientation into the sample which would result in the electrical 

properties being directionally superior.134 Therefore, although the trend would remain, the 

measured sheet resistivities seen by Martin, et al. (2004)66 for thinner samples may be lower 

than expected due to the induced orientation at a higher spin speed. 

In some cases, thickening was achieved by casting multiple layers of PEDOT:PSS at constant 

spin conditions with an annealing and treatment phase between each applied layer.88,105,127,132 

The trend showed a decrease in sheet resistivity for an increase in the film thickness, and by 

extension the number of applied layers, with results tending towards a plateau.88,105,127,132 

Alemu, et al. (2012)127 saw a resistivity decrease from 140 Ω□-1 at 50 nm (1 layer) to 70 Ω□-1 

at 90 nm (2 layers) with a minimum of 25 Ω□-1 being reached at 300 nm (6 layers). Similarly, 

Mengistie, et al. (2014)132 saw a decrease from 145 Ω□-1 at 35 nm (1 layer) to 68 Ω□-1 at 75 nm 

(2 layers) with a minimum of 23 Ω□-1 being reached at 225 nm (6 layers). Finally, Kim, et al. 

(2011)88 utilised both increasing spin speed and multiple layering to build thicker films. It was 

reported that resistivity dropped from 450 Ω□-1 at 20 nm (5000 rpm, 1 layer) to 50 Ω□-1 at 

140 nm (2500 rpm, 4 layers).88 A comparable trend was also seen with the use of IJP multiple 

layers of PEDOT:PSS, with sheet resistivity in the region of 104 kΩ□-1 for 2 layers dropping by 

over three orders of magnitude at 30 layers.105 While thickness is not directly discussed, it can 
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be assumed that it is increasing with each layer.105 However, despite these findings there were 

no suggestions as to why the thickness reduces sheet resistivity. The main issue is that it is 

unclear how the PEDOT:PSS solution will interact with a layer of itself compared to the 

substrate material. This may be causing PEDOT-rich regions to preferentially sit closer to the 

surface of the film which would decrease sheet resistivity. 

Despite this, it is clear that thickness significantly affects resistivity.66,88 However, none of these 

papers quote conductivity which would factor in the thickness and substantiate the changes 

seen. For example, in the situation presented by Martin, et al. (2004)66, the sheet resistivity, as 

measured by 4-point probe, and thickness measurements of 4300 Ω□-1 at 0.17 µm and 

1800 Ω□-1 at 0.53 µm would equate to conductivity values of 13.7 and 10.5 Scm-1, respectively 

(based on Equation 2-10, section 2.6). What these results then suggest is that a thicker film 

reduces conductivity. These results seem more logical since the thinner films were manufacture 

using a higher spin speed which induced orientation into the films, leading to improved 

conductivity.66,134 If the same is done for data obtained by Alemu, et al. (2012)127 and 

Mengistie, et al. (2014)132, then conductivities of 1429, 1587 & 1333 Scm-1 are found for 

thicknesses of 50, 90 & 300 nm, and 1970, 1961 & 1932 Scm-1
 for 35, 75 & 225 nm, 

respectively. However, this conversion may not be an accurate representation of the properties 

of films containing multiple layers, since it is unknown how each layer of PEDOT:PSS will 

interact with one another. Furthermore, the 4-point probe only measures the surface layer and 

not the bulk electrical properties133 demonstrating the potential for error in converting to 

conductivity. Despite this, these examples still indicate that large differences in thickness do 

not affect the conductivity as significantly, or in the same way, as resistivity. Therefore, there 

might not actually be a change in the bulk electrical properties caused by thickness variation. 
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1.5.1.4 Temperature Dependence 

The conductivity of PEDOT:PSS has widely been shown to vary with regards to temperature, 

with a rise in temperature leading to an increase in the conductivity of the 

material.67,71,80,87,120,130 Huang, et al. (2005)87 found that increasing temperature from 25 to 

200 °C resulted in an increase from 6 x 10-4 to 4 x 10-3 Scm-1. Similarly, Zhou, et al. (2014)71 

saw when increasing temperature from 21 to 200 °C, conductivity increased from 0.25 to 

approximately 2.5 Scm-1. Whilst the actual results vary greatly between the two studies (likely 

caused by different grades of PEDOT:PSS) the increase in conductivity is to the order of one 

magnitude. When cooling below room temperature, there is a significant drop in conductivity, 

however, not on the same magnitude as reported above.67,80,120 

The reason for the increase in conductivity with temperature is two-fold. Firstly, it has already 

been established that PEDOT:PSS is a p-type semi-conductor (section 1.3.1).5,6,29 Unlike 

metallic conductivity, in which an increase in temperature leads to a decrease in conductivity, 

the semi-conducting nature of this material causes the opposite to occur.28,29 Raising the 

temperature causes the electrons to have an increased energy, improving their mobility and 

increasing the availability of electrons within the conducting band.29 Secondly, the increased 

temperature removes moisture from the sample, causing the PSS-rich phase to shrink, reducing 

barriers to electron flow (section 1.3.2).60,69,78 However, this would mostly occur at higher 

temperatures since water removal does not start to become a factor until about 80 °C.5,71,76,85 

Even though this trend is well established for pristine PEDOT:PSS, the research into the 

temperature effect following conductivity enhancing treatment is limited. It is possible that 

alteration of the HOMO/LUMO energy gaps could lead to less energy being required to move 

electrons into the conductive band.5 
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1.5.2 Conductivity Enhancing Agents and PEDOT:PSS 

Throughout the literature a large variety of conductivity enhancement agentsd have been used 

including high boiling point solvents, organic co-solvents, alcohols, surfactants, non-volatile 

wetting agents, polymeric binders, plasticisers, silanes, and fibres. Whilst many of these have 

already been reviewed in the literature,5,13,15,18,24,25,59 this section aims to highlight the some of 

the key treatment methods, their effect on PEDOT:PSS conductivity and the primary 

mechanisms that facilitate this. The degree of conductivity enhancement can vary depending 

on the agent, the quantity and whether it is used as a pre- or post-treatment method. There are 

also situations where multiple treatments result in further improvements seen when chemical 

additions and washes were used in conjunction. Finally, the treatments utilised in this study are 

discussed with regards to previous applications and justification for use. Due to the large 

number of factors that can influence conductivity, making comparisons between literature 

sources is difficult. Table 1-3 shows an overview of some of the treatments reported in the 

literature and their associated conductivity effects. 

 

 

d The term ‘conductivity enhancing agent’ describes any substance used to treat PEDOT:PSS as either a pre- or 

post-treatment. Commonly, the terms ‘secondary doping’ or ‘secondary dopant’ are used as an alternative (with 

PSS being the primary dopant to PEDOT). Occasionally, ‘conductivity enhancing additive’ is also used. However, 

these normally refer to substances that are added to PEDOT:PSS solution, therefore, excluding post-treatments. It 

is also often the case that the substance added is not ‘doping’ the PEDOT:PSS again but is causing improvement 

through other mechanisms. Therefore, it was deemed that ‘conductivity enhancing agents’ was a more accurate 

term and is used throughout this work. 
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Table 1-3: Literature summary of conductivity (Scm-1) increase for treated PEDOT:PSS films caused by conductivity 

enhancing agents. Chemical agents grouped by treatment method and weight percentage (wt%) of additives are shown (if 

known). NB: This table is a guide to illustrate the potential for conductivity enhancement and does not cover all variable 

Treatment 

Type 
Chemical Agent 

Weight Percentage 

(wt%) Addition 

Conductivity 

Increase (Scm-1) 
Ref. 

Pre-

treatment 

DMSO 

- 0.4 to 143 130 

5 1.5 to 350 27 

5 0.7 to 880 77 

10 2.5 to 1233 135 

Diethylene glycol (DEG) 
0.3 0.006 to 10 34 

5 0.007 to 10 28 

EG 

5 1.5 to 200 27 

6 0.3 to 640 22 

6 1 to 735 88 

PEG 2 0.3 to 805 22 

Dimethylformamide 

(DMF) 

- 0.4 to 37 130 

5 1.5 to 200 27 

N-mythyl-2-pyrrolidone 

(NMP) 

- 0.4 to 46 130 

5 1.5 to 200 27 

20 0.03 to 30 12 

TDE 5 15 to 98 66 

GLY 
5 15 to 57 66 

6 0.792 to 152 102 

SDS 10 0.16 to 70 108 

SDBS 10 0.16 to 224 108 

Triton X-100 
1 0.24 to 100 47 

5 0.21 to 67 98 

DBSA 2 1 to 500 131 

HCl - 6 to 20 67 

Post-

treatment 

H2SO4 N/A 1 to 4380 58 

Trifluoromethanesulfonic 

acid (TFMS) 
N/A 1 to 3600 58 

Methanol 

N/A 0.3 to 1015 127 

N/A 0.21 to 71 98 

N/A 0.24 to 350 47 

N/A 0.7 to 920 77 

Ethanol 
N/A 0.3 to 672 127 

N/A 0.24 to 200 47 

Isopropanol N/A 0.3 to 468 127 

EG N/A 0.4 to 200 130 

DMSO N/A 2.5 to 2124 135 
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1.5.2.1 Pre-treatments 

The primary objective of chemical addition is to improve the conductivity of PEDOT:PSS, with 

a large number of successful pre-treatments agents reported in the literature (Table 1-3). One 

effect additives can have is alteration of the PEDOT:PSS solution pH, which has been shown 

to impact the film conductivity.12,64,67,136 Aleshin, et al. (1998)67 decreased or increased pH by 

adding HCl and NaOH, respectively, then measured conductivity of the resultant film. The 

highest conductivity was 20 Scm-1 at pH 1.2, which decreased with increasing pH, until a 

plateau of 0.1 Scm-1 was reached at pH 7.67 In the case of Zotti, et al. (2003)12, the differences 

in conductivity seen between polymerisation with either PSS(Na) (1 Scm-1) or PSS(H) 

(80 Scm-1) can partially be explained by the variation of solution pH, even though this is not 

directly discussed. 

However, it can be seen that the effect of pH is relatively small and, therefore, this alone is not 

the most effective method to improve conductivity. Additions of high boiling point solvents, 

such as DMSO, EG, DMF or NMP caused conductivity increased from 1.5 to 200 – 350 Scm-1.27 

This is a much greater improvement than achieved through pH alone, suggesting other 

mechanisms factor into conductivity enhancement. The difference between enhancement 

agents is also highlighted with 5 wt% EG, DMF and NMP yielding improvements to 200 Scm-1 

whilst DMSO gave a conductivity of 350 Scm-1.27 Other agents added at 5 wt% have shown to 

produce much lower improvements, such as GLY and TDE improving conductivity from 15 to 

57 and 98 Scm-1, respectively.66 

While this demonstrates the effect of various pre-treatments, Table 1-3 shows variation can 

occur when using the same addition. For example, conductivity increase caused by DMSO was 

reported by Lingstedt, et al. (2019)135 to be 2.5 to 1233 Scm-1 at 10 wt%, Wang, et al. (2018)77 

as 0.7 to 800 Scm-1 at 5 wt%, and Ouyang, et al. (2004)130 from 0.4 to 143 Scm-1. Although 
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Lingstedt, et al. (2019)135 reported the largest maximum value for conductivity with DMSO 

treatment, the greatest percentage increase was seen by Wang, et al. (2018)77. Similarly, 

conductivity enhancements caused by EG were reported as 10 to 550 Scm-1 by Lubianez, et al. 

(2008)27, 1 to 735 by Kim, et al. (2011)88 and 0.3 to 640 Scm-1 by Mengistie, et al. (2014)132. 

Comparable variations for NMP12,27,130 and DMF27,130 have also been seen. 

The additive concentration in PEDOT:PSS can also effect conductivity as shown by both 

Mengistie, et al. (2013)22 and Kim, et al. (2011)88 in which increasing the concentration of EG 

resulted in improvements to 640 and 735 Scm-1, respectively. In both cases, a plateau occurred 

at 6 wt% EG showing good consistency between studies. However, maximum conductivity can 

occur at different concentrations for alternative pre-treatments and do not always show the same 

consistency between studies. For example, DEG has been shown to increase conductivity from 

0.007 to 10 Scm-1 at 5 wt%,28 and 0.006 to 10 Scm-1 at 0.03 wt%.34 Here it can be seen that, 

whilst the conductivity increases are similar, the concentration of DEG needed to achieve this 

varies greatly. 

It is common that an increase in conductivity will only be evident over a small range of 

concentrations with high quantities decreasing conductivity due to the insulating nature of the 

additive.22,83 This is likely the reason why Ouyang, et al. (2005)23 only saw an increase from 

0.4 to 160 Scm-1 when 50 wt% EG was added to PEDOT:PSS. Issues can also arise, with high 

additive concentrations, relating to film quality66,85 which plays a key role within certain 

applications.8,9,41 This was demonstrated by Martin, et al. (2004)66 when salicylsulfonic acid 

(SSA) was used as pre-treatment for PEDOT:PSS. Whilst the sheet resistance decreased from 

2600 Ω□-1 to 375 Ω□-1, SSA caused a decrease in the transparency of the film,66 reducing its 

potential in applications that require good optical properties such as flexible flat panel 

displays.8,9,66 
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The molecular weight (Mw) of an additive can also influence conductivity. Mengistie, et al. 

(2013)22 investigated this by pre-treating PEDOT:PSS with 2 wt% PEG with Mw of 200 to 

6000. It was reported that for Mws of 200, 300 and 400 the conductivity improved from 0.3 to 

805 Scm-1. However, once the Mw increased to 600, the maximum conductivity achieved was 

350 Scm-1.22 It was proposed that this was due to the reduced chain mobility of the higher Mw 

PEG hindering PEDOT:PSS re-organisation (section 1.5.3) and leading to lower conductivity.  

1.5.2.2 Surfactant Pre-Treatments 

The use of surfactants to improve conductivity has been explored less in the literature but is of 

interest due to their effect on the solution and mechanical properties (sections 1.4.1 & 1.3.3, 

respectively) and, therefore, potential benefits with regards to bulk manufacture. Anionic 

surfactants have been reported to significantly improve the conductivity when added to 

PEDOT:PSS solution. Changes from 0.61 to 70 and 224 Scm-1 have been achieved with 10 wt% 

SDS and SDBS, respectively. An even greater improvement was seen by Zhang, et al. (2015)131 

when 2 wt% of DBSA surfactant produced an increase from 1 to 500 Scm-1. 

The Triton X series of non-ionic surfactants are a group of particular interest. As already 

discussed, they show excellent improvements in the mechanical properties of PEDOT:PSS 

films (section 1.3.3). Additionally, the Triton X surfactants also provide significant increases 

in the conductivity of PEDOT:PSS. Kim, et al. (2017)98 found that Triton X-405 at a 

concentration of 3 wt% provided the greatest increase in conductivity, from 0.21 to 206 Scm-1, 

when compared to other Triton X surfactants. A high level of transmittance was also maintained 

through the film (92 %) showing suitability for optoelectronic devices.98 However, there were 

issues regarding the miscibility of this Triton X grade at concentrations above 1.5 wt%.98 On 

the other hand, these issues were not present for Triton X grades with fewer repeat units. For 

example, Triton X-100 showed no separation, even at concentrations above 10 wt%, but only 
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showed a maximum conductivity increase to 67 Scm-1 at 5 wt%.98 Other studies have shown 

slightly larger improvements in conductivity with the use of Triton X-100. For example, Oh, et 

al. (2014)47 found an increase from 0.24 to 100 Scm-1 which plateaued at 1 wt%. Noticeably, 

the concentrations at which the conductivity plateau varies between the two studies. However, 

this is likely due to the different grades of PEDOT:PSS having differing availability of material 

to interact with (section 1.5.3). 

1.5.2.3 Pre-Treatment Combinations 

In some cases, a combination of additives resulted in further conductivity enhancement. This 

was demonstrated with the use of DBSA surfactant which, at 2 wt% concentration, increased 

conductivity from 1 to 500 Scm-1.131 However, when 0.5 wt% DBSA was combined with either 

5 wt% GLY or 2.5 wt% sorbitol, conductivities of 650 Scm-1 were achieved in both cases.131 

This is a larger increase in both percentage and absolute values to the previously discussed 

6 wt% GLY and 2.5 wt% sorbitol additions, showing increases of 0.78 to 152 Scm-1,102 and 1 

to 200 Scm-1,137 respectively. 

However, it is not always the case that combinations of additives attain greater conductivities. 

For example, a third addition of 5 wt% 3-glycidoxypropyltrimethoxysilane to the DBSA/GLY 

mix described, decreased conductivity back to near the pristine PEDOT:PSS value of 

approximately 1 Scm-1.131 Combinations of 0.5 wt% DBSA with 5 wt% DMSO or EG did 

improve conductivity from 1 to 650 Scm-1 and 450 Scm-1, respectively.131 However, neither of 

these are close to results obtained when adding DMSO77,135 or EG22,88 alone. Similarly, Jönsson, 

et al. (2003)129 increased PEDOT:PSS conductivity from 0.37 to 48 Scm-1 with a combination 

of 1.4 wt% sorbitol, 2.4 wt% NMP and 48 wt% isopropanol. Again, this increase is relatively 

low compared to the addition of either sorbitol137 or NMP27. However, this lower conductivity 

could be partially caused by the large quantity of isopropanol diluting the PEDOT:PSS solution 
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meaning the charge hopping distance increases.62,122 Care is similarly needed regarding the 

concentration when mixing additions. This was best demonstrated by Eom, et al. (2009)102 

where the addition of 6 wt% GLY and 0.2 wt% ethylene glycol butyl ether (EGBE) resulted in 

an increase from 0.78 to 164 Scm-1. However, once the EGBE concentration was increased to 

0.4 wt%, the conductivity fell to near pristine PEDOT:PSS values.102  

It clear that there are a broad range of possible chemical agents that can be used as a 

pre-treatment for conductivity enhancement of PEDOT:PSS. The use of surfactants has been 

established as one method for improving these properties. They have the additional advantage 

of improvements to film mechanical properties (section 1.3.3) as well as being more 

environmentally friendly and less volatile than high boiling point solvents. In some cases, such 

as Triton X-100, the conductivity enhancement was lower than high boiling point solvents 

(e.g., DMSO). However, Triton X-405 show comparable conductivity improvements to these 

solvents. This gives rise to the question as to whether there are other, more suitable non-ionic 

surfactant that could induce this kind of conductivity improvement. 

1.5.2.4 Post-treatments 

Post-treatment of PEDOT:PSS refers to implementing a wash of the film once the sample has 

been annealed. This method has been shown to effectively enhance conductivity for 

PEDOT:PSS films without any prior pre-treatment (Table 1-3). One method is to use 

concentrated acids, such as formic acid increasing conductivity from 0.3 to 1950 Scm-1,132 and 

TFMS from 1 to 3600 Scm-1.58 The most significant conductivity enhancement of PEDOT:PSS 

to date was achieved by Kim, et al. (2014)58 in which concentrated H2SO4 was used as a wash, 

yielding a conductivity of 4380 Scm-1. This conductivity rivals that of ITO8,20 and does not 

require any additives in the PEDOT:PSS solution prior to film formation. However, this 
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treatment method is not suitable for bulk manufacturing processes due to the volatility and 

environmentally hazardous nature of these acids. 

It has been found that pre-treatment additives (section 1.5.2.1) can also be used as a 

post-treatment, with comparable changes in conductivity. For example, an EG wash has been 

found to improve conductivity from 0.4 to 200 Scm-1,130 with increases as high as 600 Scm-1 

and 960 Scm-1 also being reported.48,119 Similarly, DMSO has been used effectively as a 

pre-treatment,119,135 with the greatest improvement of 2.5 to 2120 Scm-1 reported by Lingstedt, 

et al. (2019)135. Not only is this a greater improvement than that achieved by adding it to 

PEDOT:PSS solution,77,135 it also rivals the conductivity seen by some concentrated acids.58,132 

However, it is not always the case that treatments are effective as both an addition and a wash. 

For example, when methanol was implemented as a pre-treatment, an insignificant change from 

0.3 to 0.5 Scm-1 at 10 wt% was induced.127 On the other hand, methanol is a well-established 

wash substance with results varying from 350 to 1015 Scm-1.47,77,98,119,127 The variation in these 

results is likely due to differences in either the PEDOT:PSS grade or the washing method, with 

conductivity variation depending on whether the sample was fully submerged or rinsed with 

the solvent.127 In other cases, chemicals will only cause improvement when implemented as a 

pre-treatment. In the case of DMF, conductivity significantly increases when used as an 

addition to PEDOT:PSS.27 However, when utilised as a wash there is only a minor increase in 

conductivity from 0.2 to 1.2 Scm-1.119 

While alternative solvents have been shown to increase PEDOT:PSS conductivity as a 

post-treatment, many do not result in the same level of improvement as methanol. For example, 

despite PEDOT:PSS being water soluble,5,6,15,17,18 utilising water as a wash only increases 

conductivity between 3 to 10 Scm-1.48,119 Ethanol, isopropyl and i-butanol have all shown 

relatively large improvements to 350,47,48,127 468,127 and 286 Scm-1,127 respectively. Octanol, 
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γ-butyrolactone and acetone have also be explored but produce relatively weak increases to 50, 

0.87 and 0.24 Scm-1, respectively.47,119 Unlike with pre-treatments, there are limited studies 

where mixed solvents washes were utilised. One study demonstrated that a methanol/TFMS 

wash improved conductivity from 0.7 to 2980 Scm-1.77 However, this is lower than the increase 

seen by using TFMS alone.58 

1.5.2.5 Pre- and Post-Treatment Combinations 

There are also situations where a pre-treatment addition followed by a post-treatment wash 

improves conductivity further than either individual treatment. This was explored in depth by 

Oh, et al. (2014)47 with the addition of Triton X-100 surfactant initially improving conductivity 

to 100 Scm-1. This was then further increased to 350, 650 and 900 Scm-1 by washing with 

butanol, ethanol, or methanol, respectively.47 These are all greater improvements than 

implementing the wash without the initial surfactant addition. Yoon, et al. (2016)78 found a 

20 % reduction in sheet resistivity when washing PEDOT:PSS films containing 0.1 and 2 wt% 

Triton-X 100 with methanol.78 Similarly, Mengistie, et al. (2013)22 post-treated PEDOT:PSS 

films containing PEG200 and EG, with methanol. Treatment was either done by immersion in 

methanol or dropping methanol onto the film and, in both cases, the conductivity was improved 

to over 1100 Scm-1.22 The same effect with this combination of additives and wash has been 

seen elsewhere in the literature.130 Furthermore, there was one situation where the pre- and 

post-treatment were performed with the same solvent. This was done by Kim, et al. (2011)88 

where EG was first added to PEDOT:PSS, then the resulting film was washed with EG. The 

increase after the solvent addition was 1 to 735 Scm-1 which improved further to 1420 Scm-1 

after washing.88 However, it is not always the case that there will be any further improvement 

when a combination of treatments in implemented. This was found when Triton X-100 was 

added to PEDOT:PSS to give a conductivity of 100 Scm-1 which was not further improved by 
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washing with octanol.47 This highlights the important of trying new treatment combinations to 

assess whether further conductivity increases can be achieved. 

1.5.3 Mechanisms of Conductivity Enhancement 

As demonstrated, there are a great deal of methods that have been used to enhance the 

conductivity of PEDOT:PSS to varying degrees by either pre- or post-treatment. However, the 

reasons for these improvements often encompass a couple of key structural changes and 

mechanisms that are explored here. The main effect crucial to conductivity enhancement is 

disruption of the ionic interaction between PEDOT and PSS which causes the two components 

to separate and segregate.22,119,137 This effect has been analysed through techniques such as 

scanning tunnelling microscopy and atomic force microscopy (AFM), with greater distinction 

between PEDOT-rich and PSS-rich areas observed after pre-treatments with NMP, EG, PEG 

and sorbitol.12,22,137 It is considered that this change in the PEDOT:PSS particle structure occurs 

whilst in solution, and reduces the energy barrier between the PEDOT-rich phases, 

subsequently increasing film conductivity.27 XPS has also shown a greater amount of PEDOT 

residing at the surface following such treatments,12,22,129 possibly resulting in higher 

conductivity at the film surface. However, it was suggested by Jönsson, et al. (2003)129 that this 

occurred due to more uniform mixing of the PEDOT and PSS components after treatment, due 

to the shell/core breakdown of the pristine PEDOT:PSS structure (section 1.3.1), which resulted 

in a higher ratio of PEDOT being recorded at the sample surface. 

Disruption of the ionic bond also allows PEDOT to ‘uncoil’ into a more linear structure with 

greater orientation and increased π – π stacking, providing better conduction pathways for 

electron flow.5,13,15,18,22,24,25,59,64,67 In the case of pH alterations, this disruption is linked to the 

availability of H+ ions within solution.64,67 It is thought that the protons interact with the SO3
- 
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group of the PSS, weakening the PEDOT and PSS ionic bond.64,67 Therefore, the lower the pH, 

the more readily available these protons are and the more they can interact with PSS weakening 

the ionic bond. However, as discussed pH only creates relatively small variations in the 

conductivity. For other pre-treatments, (e.g., high boiling point solvents, surfactants) it has been 

proposed that the additive requires two polar groups in order to cause this disruption and lead 

to a significant increase in the conductivity.130 This is why EG, DMSO, and Triton X-405 all 

induce large increases in conductivity,12,22,27,98,130 whereas acetonitrile, cyclohexone and 

methanol do not.130 Furthermore, these additives often have a threshold quantity, below which 

no conductivity increase is observed, since it is thought that the additives initially interact with 

the excess PSS within the solution before interacting with the PSS bonded to the PEDOT.98 

There is also a maximum amount of additive that can be used before the solution becomes 

saturated and there is no further PSS to interact with. This is why a plateau was seen in 

conductivity above a concentration of 6 wt% EG22 and is most likely the reason why insulating 

effects of additives become dominant after a given point.83 

It is been suggested that a main driving force for the ‘uncoiling’ process is caused by the change 

in the resonance structure of the PEDOT from benzoid to quinoid (section 1.3.1).22,31,40,127,130 

The latter is known to be more linear, due to the position of the double bond within the backbone 

structure, creating more orientation and refinement of the PEDOT chains.13,22,40,130 This 

reasoning is commonly seen within the literature and is not limited to pre-treatment methods, 

with solvent washes reportedly inducing the same structural changes.13,22,127 However, there is 

a degree of conflict in the literature about this benzoid/quinoid change and which techniques 

can be used to observe it. It has been suggested that the addition of Triton X-100 or washing 

with EG causes this resonance structural shift, as seen with Raman spectroscopy by a red-shift 

of the 1400 – 1500 cm-1 band correlating to the Cα=Cβ bond in the thiophene ring in 
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PEDOT.78,125,130 However, there has also been speculation that, while the addition of surfactants 

does causes a benzoid/quinoid change, the effect is not significant enough to be seen through 

Raman analysis.108 Similarly for FTIR, there is reference to ‘quinoidal structure’ that is 

associated with bands around 1400 cm-1,53,124 with some claiming a difference between the 

resonance structures can be seen.125 However, there are FTIR studies which make no reference 

either to this structure or any observable benzoid/quinoid change.22 Other techniques, such as 

electron spin resonance and electrochemical characterisation, have been used to strengthen 

evidence for this benzoid to quinoid change.130 Furthermore, molecular modelling of the 

PEDOT resonance structures has shown that in an undoped state (i.e. without PSS) the benzoid 

form is dominant, whereas a more quinoidal like structure appears when bonded to PSS.40 This 

would suggest no change would occur with treatments since the quinoidal form is already 

present. However, this modelling was only done for 8-mer oligomers and is not necessarily 

representative of larger PEDOT:PSS structures.40 

While the evidence for the benzoid/quinoid change is somewhat uncertain, the improvement in 

alignment and re-organisation caused by certain treatments is widely reported throughout the 

literature.22,34,58,78,98,127 This improved alignment has been primarily seen through the use of 

higher magnification AFM.58,72,98,127,132 Additives such as DEG, Triton X-100, EG and PEG 

have all shown a refinement of the microstructure, with more defined separation between 

PEDOT and PSS chains demonstrating a clear inter-connected network, or ‘nanofibril’ 

structure, of PEDOT.22,34,78,98,127 In the case of Triton X-100 addition, this refined structure was 

not altered when further treated with a methanol wash.78 However, it has also been found that 

the same structural refinement is achieved when washing is utilised as a sole treatment method. 

This was seen with both methanol and H2SO4 in which AFM analysis showed the same 

‘nanofibril’ microstructure.58,127 While a large number of studies utilise AFM to show this 
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structural change, XRD has also been used to assess the degree of alignment and orientation of 

the polymer chains.29 Although pristine PEDOT:PSS is known to be amorphous,58,65,67 

Triton X-100 addition and washing with H2SO4 cause sharper peaks to appear on the XRD 

trace, suggesting chain alignment and structural refinement.58,77,78 

As discussed, the use of washes can create similar structural changes as additives, with evidence 

of a benzoid/quinoid change occurring with a TFMS-Methanol wash77 and chain alignment 

being reported in other studies.58,77,127 However, there appear to be two key differences in the 

mechanisms of conductivity enhancement between pre- and post-treatments. The first is that, 

whilst structural refinement and alignment can occur with washing,58,77,127 a segregation effect 

has not been reported in the literature. This is likely because the segregation caused by an 

additive will occur when in solution since the two components have more freedom to move. 

The second mechanism of conductivity enhancement is that solvent washing removes PSS from 

the film.13,22,59,127 Depending on the solvent used, this can be just the excess PSS (i.e., PSS not 

bonded to PEDOT) or it can also remove some of the bound PSS.13,22,59,127 In either case, the 

act of removing the PSS in itself will improve conductivity since less insulating material will 

be present in the film.17,127,129 This removal has been identified through the use of techniques 

such as XPS and FTIR analysis, with a reduction in associated PSS peak size.127,129,138 

Furthermore, PSS removal has added benefits including improved thermal stability127 and 

reduced moisture uptake.78 It has also been reported that when a surfactant, such as 

Triton X-100, was added as a pre-treatment and the resultant film was washed with methanol, 

both PSS and surfactant were removed from the film.22,47,78,98 It was reasoned that the presence 

of Triton X-100 created PEDOT – surfactant and PSS – surfactant complexes, allowing for 

preferential removal of the PSS and surfactant when washed.47,78,98 
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1.5.4 Conductivity Enhancing Agents in this Study 

Analysis of the literature found that surfactants, specifically non-ionic surfactants, show 

potential as a superior additive to enhance PEDOT:PSS properties. This is due to an 

improvement in solution characteristics, the higher conductivity achieved without negatively 

affecting film quality, improvement in PEDOT:PSS mechanical properties, and the reduced 

impact on the environment compared to other additives. They also have the potential to be used 

alongside other treatment methods in order to further improve PEDOT:PSS conductivity. 

Therefore, in this study, focus will be on addition of the non-ionic surfactant polysorbate 80 

(Tween 80) (Figure 1-11) as a conductivity enhancing agent. Given the volatility of the solvents 

more commonly used in other studies, this provides a more environmentally friendly and less 

hazardous alternative.139 Furthermore, as shown in section 1.5.2.1, surfactants are a less 

commonly used pre-treatment, with the non-ionic Triton X series being the most 

researched.47,78,98 It is likely Tween 80 will act in a similar way to these surfactants, resulting 

in comparable findings. 
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Figure 1-11: Chemical structure of Tween 80. Replicated from Pubchem (2018)140 

 

Whilst Tween 80 addition has been previously explored as a route for conductivity 

enhancement, this was in conjunction with the solvent methyl ethyl ketone (MEK).85 Results 

showed that low concentrations of the additives caused resistivity to initially increase to a 

maximum of 104 Ω□-1 at 1 wt% however, further additions caused resistivity to drop to 

approximately 1200 Ω□-1 at 2 wt% at which point it plateaued.85 It is unclear from this study 

how Tween 80 alone will affect conductivity since this study was conducted with a 

Tween 80/MEK mix and did not assess the effect of each component individually. Furthermore, 

while conductivity results were quoted, these measurements were taken as readings directly 
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from the 4-point probe with no reference to the thickness measurements which are crucial when 

calculating conductivity.133 In a similar case, Tween 80 was added to PEDOT:PSS solution to 

improve the wettability and film quality for gravure printed OLED’s,116 however, no comments 

were made relating to conductivity improvement or variation of the additive. Tween 80 has also 

been used as a solubilizing agent in the electrochemical deposition of PEDOT141 but, while the 

effectiveness in this situation is commented on, it does not inform the use of this surfactant as 

a conductivity enhancing agent. There are other cases where Tween 80 has been mentioned in 

conjunction with PEDOT:PSS, however, it is mainly used to alter the wettability and surface 

tension of the solution, commonly alongside other additives, with no mention of the effect on 

conductivity.142-144 Further study into Tween 80 as a pre-treatment for PEDOT:PSS would, 

therefore, provide insight into its viability to improve conductivity. 

This study will also employ the use of MEK (Figure 1-12) as both a pre- and post-treatment 

method. Again, whilst MEK has been previously added to PEDOT:PSS,85 the use of this solvent 

in isolation has not been reported. MEK will also be used as a post-treatment to wash pristine 

PEDOT:PSS films and PEDOT:PSS films containing Tween 80. While no benzoid to quinoid 

change is likely to occur when washing with this solvent, it is likely excess PSS will be removed 

from the film. 

 

 

Figure 1-12: Chemical structure of MEK. Replicated from Sigma-Aldrich (2018)145 
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Both ethanol and methanol washes will also be tested on these films for comparison. While the 

latter two are more established choices for solvent washing (section 1.5.2.4), MEK has not 

previously been reported as a post-treatment method. It could be argued that MEK would be a 

more favourable option given it is less volatile than both ethanol and methanol. Using these 

washes in conjunction with a Tween 80 pre-treatment will also determine whether the effects 

of both treatments result in a conductivity enhancement greater than either individual method, 

such as that seen with Triton X-100 addition by Yoon, et al. (2016)78. 

1.6 Adhesion of PEDOT:PSS 

The adhesion of PEDOT:PSS to various substrates is of importance, especially in bulk 

manufacturing processes (section 1.3.4). This is because polymeric material are often used in 

methods such as R2R processing, or in applications where flexibility is needed, such as flexible 

optoelectronic devices.8,9,15,17,66,100 However, the affinity of PEDOT:PSS to polymers is known 

to be weak,47,105,108 likely due to polymer substrates being hydrophobic and exhibiting poor 

adhesive properties.47,146 There are a number of variables that contribute to adhesion which have 

been reviewed in the literature.146-148 In the case of PEDOT:PSS, adhesion is complicated since 

there are two states of the polymer that need to be considered: how it interacts as a liquid, that 

is primarily water, and then as a solid film. The presence of excess PSS in solution also needs 

to be considered since it may alter wetting properties (section 1.4.1). Therefore, the factors most 

likely to affect the adhesion of PEDOT:PSS are substrate roughness, wettability, and 

electrostatic interactions.29,146,147 

It is thought that a rougher material will allow for greater mechanical interlocking and increase 

the surface area of interaction between the two materials.146-148 However, this is not always the 

case and it has often been shown that good adhesion can be achieved on smooth substrates 



54 

 

(e.g., glass),147,148 but when polymer substrates have been roughened, adhesion has 

decreased.149 It has also been argued that roughness it not enough to create strong adhesive 

bonds, with good molecular bonding being a greater priority.146 Electrostatic interaction relates 

to the charge transfer (such as van der Waals or dipole-dipole interaction) that takes place when 

two materials are brought into contact.29,146,147 This relies on polar groups that can lead to these 

interactions, as well as close contact between materials that is free of defects and air 

bubbles.146,149-151 However, wettability will affect both of these parameters since it will 

determine how much of the PEDOT:PSS solution will be in contact with the surface of the 

substrate.29,146,147 On hydrophobic surfaces, hydrophilic PEDOT:PSS solution will show poor 

wetting properties due to a large gap between substrate surface energy and solution surface 

tension (section 1.4.1).47,104 This will cause the solution to bead on the surface rather than 

spread. Therefore, even if the surface has been roughened, the solution will not flow into the 

gaps created to utilise an increased surface contact.29,146,147 Additionally, this will also affect 

electrostatic interactions since a reduced surface contact decreases the possibility for molecular 

bonds to form.29,146,147 This shows that wetting is the most important parameter to consider since 

it will determine the ability of the other adhesion mechanisms to perform. 

1.6.1 Polydopamine (PDA) 

PDA (Figure 1-13a) is a biopolymer from the melanin family which is formed via the oxidative 

polymerisation of dopamine (Figure 1-13b) to create a black powered substance.152,153 A PDA 

derivative, 2,4-dihydroxyphenylalanine (DOPA) (Figure 1-13c), has been found to be 

synthesised by mussels, allowing them to attach to rocks and boats in harsh conditions.152,154,155 

Much like DOPA, PDA has a number of functional groups with which other molecules can 

strongly interact.152,153,156 PDA has gathered interest as a surface modifier or primer layer due 

to the ability to adhere to almost any substrate such as noble metals, metal oxides, ceramics, and 
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polymers (including PET, polyethylene (PE), and polytetrafluoroethylene (PTFE)).152,153,157,158 

It has also been shown to alter the surface energy of these substrates, causing wettability to 

improve.155 This could provide better conditions for PEDOT:PSS solution to spread, therefore, 

increasing surface contact and allowing for more electrostatic interaction to take place. 

Furthermore, once the PEDOT:PSS is dry, the PDA will provide more functional groups to 

form molecular bonds, improving adhesive potential.152,153,156 

 

 

Figure 1-13: Chemical structures of a) PDA, b) dopamine, c) DOPA. Replicated from Kwon, et al. (2018)159 and Jia, et al. 

(2019)155 

 

The synthesis of PDA in this study is detailed in section 2.1.1 following the method used by 

Lee, et al. (2007)152. Typically, an aqueous dopamine HCl solution is prepared where the 

concentration of dopamine has been shown to affect the PDA produced.153,160,161 For example, 

greater dopamine concentrations lead to larger PDA particles,161 however, a concentration 
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greater than 2 mg/ml is recommended to form PDA films.162 When PDA is synthesised via 

oxidation, the pH of the solution needs to be greater than pH 7.5.163,164 This is primarily 

done through the use of buffers such as bicarbonate, phosphate, and 

tris(hydroxymethyl)aminomethane (Tris) (Figure 1-14),152,161,164 the latter of which was used in 

this study (section 2.1.1). The type of buffer can also affect the properties of the PDA films 

produced, such as film thickness and adhesive properties.152,161,164 When polymerised in the 

presence of a substrate, PDA synthesised with Tris buffer forms as a coating on the substrate 

material.152,156,161 The submersion time of the substrate during PDA polymerisation can also 

affect coating thickness, which increases rapidly after initial submersion but plateaus at 

approximately 50 nm thick after 24 hrs.152,156,161 

 

 

Figure 1-14: Chemical structure of Tris buffer. Replicated from Della Vecchia, et al. (2014)161 

 

Although PDA has been used in conjunction with PEDOT:PSS previously, the two polymers 

were combined in solution, along with other additives, and electrical properties were 

assessed.165 However, PDA has not been previously used as a substrate surface modifier to 

improve PEDOT:PSS application. Given the improvements seen for wettability and adhesion 

when a PDA primer is applied,152,153,155,156 its presence will likely benefit PEDOT:PSS 

application to polymer substrates. PDA is also known to form semi-conducting films,166-168 and, 

therefore, it is unlikely to interfere with the conductive properties of PEDOT:PSS.  
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1.7 Project Scope 

The initial focus of this project will be investigation into the properties of pristine PEDOT:PSS. 

Specifically, thermal analysis via DSC and TGA will identify any thermal transitions and 

establish the stability of the material at elevated temperatures, as well as inform the upper 

temperature limits to processing. Degradation analysis using FTIR will also allow for 

clarification of the decomposition route of PEDOT:PSS. Moisture kinetics will be explored 

providing insight into the affinity of water and how this might affect electrical properties. 

Annealing temperature and time studies will also be used to find the optimal processing 

conditions for pristine PEDOT:PSS. 

Similar analyses will be performed on PEDOT:PSS samples containing Tween 80 surfactant, 

initially examining how it alters the thermal properties and optimal processing conditions. The 

effect of varying surfactant concentration on film conductivity for dip and drop cast film will 

be explored using sheet and bulk resistivity measurements. Mechanisms of conductivity 

enhancement will be assessed via structural analysis using AFM, XRD and Raman 

spectroscopy. The effect of Tween 80 concentration in PEDOT:PSS solution on viscosity and 

wettability will also be examined. 

Alternative conductivity enhancement methods including film thickness via increased layering 

using multiple dip castings, the addition of MEK solvent, and the use of solvent washing with 

MEK, ethanol and methanol will be analysed. These will be employed on pristine PEDOT:PSS 

as well as PEDOT:PSS containing Tween 80. The effects of each treatment will be analysed 

with XRD and Raman analysis to establish microstructural changes in the films to explain 

findings. 
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Lastly, the use of PDA as a primer on glass and polymeric substrates (polypropylene (PP) and 

PET) to improve PEDOT:PSS wettability and adhesion will be explored. This will be done 

through contact angle measurements, film quality assessment, tape scratch testing and force 

pull-off analysis. Tests will initially be performed on pristine PEDOT:PSS for all substrates 

with and without the PDA primer. Varying Tween 80 concentration will also be assessed to 

determine the effect of the surfactant on wettability and adhesion. This will be done without 

and in conjunction with the PDA primer. A final analysis will be performed on the sheet 

resistivity of PEDOT:PSS films containing Tween 80 on all substrates with and without PDA. 

This will inform any effect the primer has on the conducting properties of PEDOT:PSS films.
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Chapter 2: Experimental 

This chapter contains a detailed summary of the methods and experimental procedures used 

throughout this study including materials, sample preparation, solution, and film 

characterisation methods. Thermal and Infra-red analysis, sheet resistivity and adhesion testing 

are also described.  

2.1 Materials 

In this study, a high conductivity, surfactant free grade of poly(3,4-ethylene 

dioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) solution with solid content 

approximately 1.2 % (w/v) in H2O, density 999 kgm-3,1 was obtained from Sigma-Aldrich 

(Gillingham, UK). Additives to the PEDOT:PSS solution were the non-ionic surfactant, 

Tween 80, with density 1064 kgm-3,2 and methyl ethyl ketone (MEK), density 805 kgm-3.3 

Solvent treatments were performed with either MEK, methanol or ethanol. 98% pure dopamine 

hydrochloride, tris(hydroxymethyl)aminomethane (Tris) buffered saline tablets and 98% pure, 

0.1 molL-1 NaOH were used for the synthesis of polydopamine (PDA). Polymer sheets were 

made from PP (Sabic, UK) (Tm=145 °C at 10 °Cmin-1) and Melinar laser plus PET (DuPont, 

UK) (Tg=79 °C, Tm=240 °C at 10 °Cmin-1). All materials were supplied by Sigma-Aldrich 

(Gillingham, UK), unless otherwise specified, and were used as received with no further 

purification. 

2.1.1 Polydopamine (PDA) Synthesis 

PDA was synthesised following the method used by Lee, et al. (2007)4. A Tris buffered saline 

was made using distilled water to a concentration of 0.05 molL-1. The solution pH was measured 

using a Hanna Instruments HI2211 pH meter (Leighton Buzzard, UK) and adjusted to pH 8.5 

with 0.1 molL-1 NaOH. Dopamine hydrochloride (2 mgmL-1) was added to the tris buffered 
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saline solution and magnetically stirred (IKA, Germany) for 24 hours to allow for full 

polymerisation of PDA.  

2.1.2 PP and PET Sheet Processing 

PP and PET sheets (1 mm) were formed using a Moore E1127 hydraulic hot press (Birmingham, 

UK) at 190 °C and 280 °C, respectively. The polymer pellets were dried in an oven for 2 hours 

at 70 °C before forming. Samples (30 g PP, 40 g PET) were placed inside a 1 mm thick, 155 x 

175 mm PTFE mould and heated in the press, without pressure, for 3 minutes. A pressure of 

10 tonnes was then applied for 5 minutes. Once pressed, the sheets were allowed to air cool. 

2.2 Sample Preparation 

The samples used in this study were primarily tested as either a solution or in the form of a film 

(unless otherwise specified). The following outlines the major sample preparation methods 

used, including the solvent wash method and application of the PDA coating to substrates. 

2.2.1 Solution Samples 

Solutions of PEDOT:PSS with varying Tween 80 concentrations from 0.00 – 3.50 % by weight 

(wt%), referred to as PEDOT:PSS/Tween 80, were produced. Mixtures of PEDOT:PSS/MEK 

and PEDOT:PSS/Tween 80/MEK were also created, with quantities of MEK added based on a 

3:1 ratio with Tween 80.5 PEDOT:PSS solution was measured using a 3 mL graduated plastic 

pipette while quantities of Tween 80 and MEK were measured using a 10 – 100 µL Eppendorf 

micropipette (Stevenage, UK). All solutions were magnetically stirred (IKA, Germany) and 

sonicated (Elma, Germany) for 10 minutes to ensure sufficient mixing and break down any 

agglomerates prior to film formation or solution testing. Solutions were made in small sample 

bottles which were stoppered to prevent evaporation throughout preparation and storage.  
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The high viscosity of Tween 80 caused it to stick to the sides of the pipet tips, resulting in 

inaccuracies in volume measurements, therefore, the weight percentage (%wt) of Tween 80 

and/or MEK was adopted (Equation 2-1), to give a more accurate representation of the additive 

concentration in solution. 

Equation 2-1 

% 𝐴𝑑𝑑𝑖𝑡𝑖𝑜𝑛 =  
𝑤𝑒𝑖𝑔ℎ𝑡𝐴𝑑𝑑𝑖𝑡𝑖𝑜𝑛

𝑤𝑒𝑖𝑔ℎ𝑡𝑇𝑜𝑡𝑎𝑙
× 100 

Note: the concentrations of early experiments were initially measured by volume and converted 

to approximate wt% (as highlighted throughout). This was done using individual component 

densities to calculate the mass of the constituent based on the volume added. These mass values 

were then used in Equation 2-1 as before. 

All concentrations are quoted in terms of the additive quantities in solution. Ratios of Tween 80 

and MEK to PEDOT:PSS are not equivalent after drying since the water is removed. 

2.2.2 Film Samples 

Various substrate materials, geometries and casting methods were used to create films of 

PEDOT:PSS with and without Tween 80 and/or MEK. Prior to casting, the glass substrates 

were washed with hot water and detergent and then cleaned with acetone before being rinsed 

with distilled water and dried. PP and PET were rinsed with distilled water and dried. The two 

main casting methods used, drop casting (section 2.2.2.1) and dip casting (section 2.2.2.2), were 

employed in an attempt to mimic the application conditions of bulk manufacturing by R2R and 

IJP processing, respectively (section 1.3.4). Films were annealed at 140 °C for 1 hour in a 

Memmert Universal Digital Oven (Schwabach, Germany) following casting and allowed to 

equilibrate in atmospheric conditions for at least 12 hours prior to testing (unless otherwise 

specified). 
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2.2.2.1 Drop Casting 

Solutions were drop cast onto substrates of varying materials and geometries, as summarised 

in Table 2-1. Solution quantities above 1 mL were measured using a 3 mL graduated plastic 

pipette and quantities below 1 mL using a 100 – 1000 µL Eppendorf micropipette. 

 

Table 2-1: Summary of film preparation showing for drop cast films showing substrate material and geometry, quantity of 

solutions and film size produced 

Substrate 

Material 

Substrate 

Shape/Size 

(mm) 

Solution 

Quantity 

Used (mL) 

Sample 

Shape/Size 

(mm) 

Glass (petri dish) 60 Ø 
4.0 

60 Ø 
2.0 

Glass (slide) 
25 x 25 0.4 25 x 25 

20 x 10 0.2 10 x 10 

Glass (slide)/PDA 

20 x 10 0.2 10 x 10 

PP 

PP/PDA 

PET 

PET/PDA 

 

2.2.2.2 Dip Casting and Multiple Dip Cast Samples 

Dip casting was performed on various substrate materials following a similar preparation route 

to Alemu, et al. (2012)6 (Table 2-2). Substrates were submerged into solution for 30 seconds. 

Excess solution was removed from the base of the substrate before annealing at 140 °C for 

1 hour (unless otherwise stated). For samples that were dipped cast multiple times, the film was 

annealed, in the same conditions, and allowed to cool between each layer applied. Multiple dip 

samples were formed on glass substates only. 
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Table 2-2: Summary of film preparation for dip cast films showing substrate material and geometry and film size produced 

Substrate 

Material 

Substrate 

Shape/Size 

(mm) 

Sample 

Shape/Size 

(mm) 

Glass (slide) 

20 x 10 10 x 10 

Glass (slide)/PDA 

PP 

PP/PDA 

PET 

PET/PDA 

 

2.2.3 PDA Substrate Coating 

Substrates of glass, PP and PET were coated in PDA (Table 2-1 & 2-2) to assess its effect on 

the adhesion and sheet resistivity of PEDOT:PSS/Tween 80 films. Coating was achieved by 

fully submerging the substrates in PDA solution during polymerisation (section 2.1.1) for at 

least 24 hours. After submersion, samples were washed with distilled water and dried in the 

oven at 40 °C for 8 hours before film casting. 

2.2.4 Solvent Wash Samples 

Solvent washing of film samples was performed using three solvents: MEK, ethanol and 

methanol. These treatments were only performed on films that had been dip cast with a single 

layer onto a glass substrate following annealing. Washing was performed by completely 

submerging the film into a solvent bath and holding for 30 seconds. After treatment, films were 

re-annealed at 140 °C for 1 hour. 
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2.3 Solution Characterisation 

To assess the suitability of solutions for bulk processing methods, such as IJP and R2R, the 

properties of the PEDOT:PSS solution and the effect of Tween 80 and/or MEK must be 

understood. Namely, solution viscosity and surface tension play a key role in both 

manufacturing processes as they determine the flow of the solution as well as indicating the 

affinity of the solution for a substrate.  

2.3.1 Rheology 

Rheology is a common analytical technique to study the resistance to flow of a solution under 

a given rotational force, i.e., shear rate. The rheometer applies a known shear rate to the solution 

across a specific area and geometry. By incrementally increasing the shear rate on a log scale, 

a range of data can be obtained regarding the changing viscosity of the solution under varying 

stress. 

2.3.1.1 Methodology 

Rheology was performed on a Kinexus Pro+ Rheometer (Netzsch) with a 4 °, 40 mm diameter 

cone and plate geometry. PEDOT:PSS/Tween 80 solution (approximately 1.2 mL) was pipetted 

onto the lower plate. The upper plate was then lowered to give a measuring gap of 1 mm. The 

shear rate was incrementally increased from 0.01 – 100 s-1 under a constant temperature of 

25 °C. 

2.3.2 Surface Tension 

2.3.2.1 Contact Angles 

Contact angle was used to assess the wettability of PEDOT:PSS/Tween 80 solutions on various 

substrates. A lower contact angle indicates better wetting properties whilst a high contact angle 
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shows the opposite. A single droplet of each PEDOT:PSS/Tween 80 solution was pipetted onto 

substrates of glass, PP and PET either uncoated or coated in PDA. An image of the droplet was 

taken and the contact angle of both sides of the droplet measured using ImageJ software (LOCI, 

University of Wisconsin) (Figure 2-1). 

 

 

Figure 2-1: Example of solution droplet contact angle measurement using ImageJ software on a glass substrate 

 

2.3.2.2 Capillary Measurements 

The height climbed by each PEDOT:PSS/Tween 80 solution up a 0.8 mm diameter glass 

capillary at room temperature under atmospheric conditions was measured using the set up 

depicted in Figure 2-2. 10 minutes were allowed before measurements were taken to ensure 

maximum capillary climb by the solution. 
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Figure 2-2: Schematic diagram showing the experimental set up for the capillary rise measurements 

 

2.3.2.3 Surface Tension Calculation 

Surface tensions of PEDOT:PSS/Tween 80 solutions were calculated using a similar method to 

Li, et al. (2018)7, with the exception that the contact angle was measured and not assumed to 

be 0 ° (Equation 2-2). 

Equation 2-2 

𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑡𝑒𝑛𝑠𝑖𝑜𝑛 =  
𝜌𝑔𝑟

2
𝑥

ℎ

𝑐𝑜𝑠𝜃
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where 𝜌 is the solution density, 𝑔 is the acceleration due to gravity (taken as 9.8 ms-1), 𝑟 is the 

radius of the capillary tube, ℎ is the height the solution climbed up the capillary, and 𝜃 is the 

measured contact angle in radians. 

Solutions densities (𝜌) were calculated using Equation 2-3. Volumes (𝑉𝑜𝑙) of PEDOT:PSS and 

Tween 80 were calculated using measured mass (𝑚) of individual components and respective 

densities. The calculated volumes and measured masses were then used to recalculate overall 

density. 

Equation 2-3 

𝜌 =  
𝑚𝑃𝐸𝐷𝑂𝑇:𝑃𝑆𝑆 + 𝑚𝑇𝑤𝑒𝑒𝑛 80

𝑉𝑜𝑙𝑃𝐸𝐷𝑂𝑇:𝑃𝑆𝑆 + 𝑉𝑜𝑙𝑇𝑤𝑒𝑒𝑛 80
 

2.4 Thermal, Degradation and Infrared Analysis 

Common thermal analytical techniques were used to assess the water kinetics of pristine 

PEDOT:PSS (also see section 2.5.1). The degradation of pristine PEDOT:PSS, 

PEDOT:PSS/Tween 80 and PEDOT:PSS/Tween 80/MEK were evaluated through thermal 

analysis and FTIR. The degradation properties of pristine Tween 80 were also assessed through 

thermal, FTIR and visual analysis. 

2.4.1 Thermal Gravimetric Analysis (TGA) 

TGA measures the loss of mass from a sample through a ramp heating run. The mass losses 

present as ‘drops’ or ‘dips’ on the TGA trace and are attributed to processes such as water loss 

or mechanisms of degradation. By associating these processes with the corresponding 

temperature at which they occur, upper temperature limits can be set on further thermal analysis 

and processing conditions. A derivative thermogravimetry (DTG) trace can also be obtained 

from the TGA experiment to show the rate of mass loss throughout the heating run. This was 
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used with pristine PEDOT:PSS samples to establish temperatures where rate of mass loss was 

greatest. 

2.4.1.1 Methodology 

TGA was performed on a Netzsch STA 449 C TGA controlled by Proteus analysis software 

(Berlin, Germany). Before each run a buoyancy correction was carried out with an empty pan 

as a background. Analysis was performed on a range of solution mixes in differing processing 

and testing conditions (Table 2-3) but all heating rates remained constant at 10 °Cmin-1. For all 

samples (except pristine Tween 80), a dry mass of 5 – 15 mg in the crucible was used. This was 

achieved by repeatedly filling the crucible with solution, then setting the sample at the specified 

temperature (Table 2-3) for 1 hour. Samples were then left in atmospheric conditions to 

equilibrate for a minimum of 12 hours prior to TGA. For the sample of pristine Tween 80, the 

crucible was filled, and the liquid was tested without a setting or equilibration stage. 

 

Table 2-3: Solution mixes and corresponding setting temperature, crucible and testing conditions used in TGA analysis 

Solution Composition 
Setting 

Temp. (°C) 

Crucible 

Material 

Purge 

Gas 

Max. 

Temp. (°C) 

PEDOT:PSS 
95 Aluminium Argon 450 

95 Aluminium Air 450 

PEDOT:PSS 

0.37 wt% Tween 80 100 Alumina Air 400 

0.93 wt% Tween 80 100 Alumina Air 400 

1.32 wt% Tween 80 100 Alumina Air 400 

0.52 wt% Tween 80, 

1.19 wt% MEK 
90 Aluminium Air 400 

Tween 80 N/a Aluminium Air 400 
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2.4.2 Differential Scanning Calorimetry (DSC) 

DSC measures the difference in heat flow between a pan containing a sample and an empty 

reference pan as they are heated at a specific rate. Temperature differences, due to either thermal 

transitions or loss of water from the sample, are measured by the DSC. This change is then 

outputted as a difference in heat flow as a function of temperature. In this study, the DSC was 

used for two main purposes: to thoroughly investigate any potential thermal transitions in dry, 

pristine PEDOT:PSS; and to assess the water absorption kinetics of pristine PEDOT:PSS in 

atmospheric conditions. 

2.4.2.1 Methodology 

DSC was performed on a Mettler Toledo DSC 1 (Greifensee, Switzerland) under nitrogen 

(50 mLmin-1), with a Huber TC100 cooling system (Offenburg, Germany). Heating and cooling 

control, as well as data analysis was conducted through the ‘STARe’ software (Mettler Toledo, 

Switzerland). Dry PEDOT:PSS samples (5 – 15 mg) were created in aluminium pans, by 

repeatedly filling the crucible and setting at 100 °C for 1 hour. Samples were weighed on an 

Ohaus Analytical Plus balance (Nänikon, Switzerland). 

Thermal transitions of dry PEDOT:PSS were assessed over the temperature range 25 – 220 °C 

at a heating rate of 50 °Cmin-1 and cooling rate of 20 °Cmin-1. This was repeated for 11 cycles. 

The water kinetics of pristine PEDOT:PSS were evaluated by heating and cooling a sample 

from 25 – 200 °C at 20 °Cmin-1. After each DSC run, the sample was held in atmospheric 

conditions for 15 – 1440 minutes to allow for moisture uptake. Sample mass was taken before 

and immediately after each DSC run to measure the water absorbed. 



80 

 

2.4.3 Flash DSC (FDSC) 

Similar to the DSC, the FDSC measures the heat flow to the sample as it goes through different 

thermal transitions. However, sample mass is on the scale of nanograms and instead of a 

crucible or pan, samples are placed directly onto the thermal sensor on the FDSC chip. The 

FDSC has the capability to achieve much greater heating and cooling rates which could 

exaggerate any possible transitions that otherwise cannot be seen by conventional DSC.8 

2.4.3.1 Methodology 

A Mettler Toledo FDSC 1 (Greifensee, Switzerland) with nitrogen purge gas (20 – 30 mLmin-1) 

and a Huber TC100 cooling system (Offenburg, Germany) was used. The use of nitrogen and 

the Huber TC100 intracooler’s two-step gas compression system allows for rapid cooling down 

to -90 °C. Heating, cooling, and data analysis was conducted through the ‘STARe’ software 

(Mettler Toledo, Switzerland). 

A nanogram flake of pristine PEDOT:PSS film was paced onto the FDSC chip, and the sample 

heated and cooled from -90 – 200 °C with two differing heating and cooling rates. Experiment 

1 heating and cooling rates were 1000 and 500 °Cs-1 respectively, and experiment 2 had rates 

of 5000 and 1000 °Cs-1, respectively. Each experiment consisted of eleven heat/cool cycles. 

2.4.4 Bulk Resistivity Temperature Dependence 

The resistancee of PEDOT:PSS/Tween 80 samples for varying surfactant concentrations was 

assessed employing a set up commonly used for dielectric thermal analysis (DETA) 

 

e Note: Resistance and resistivity are two different terms. Resistance is a relatively arbitrary value which is not 

material specific and is affected by sample thickness and cross sectional area. Resistivity is a property of the 

material at a known temperature, therefore, independent of area and thickness. 
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(Figure 2-3). In this experiment, a constant DC voltage (V) was applied to the sample and the 

measured current (I) was used to calculate resistance (R) (Equation 2-4). 

Equation 2-4 

𝑅 =
𝑉

𝐼
 

The whole DETA unit was contained within a furnace which enabled temperature control of 

the surrounding atmosphere and sample. This allowed for the effect of varying sample 

temperature on the measured resistance to be analysed. By knowing the sample geometry, bulk 

resistivity could be calculated as outlined in section 2.4.4.2. 

 

 

Figure 2-3: Diagram representing the DETA set up to measure PEDOT:PSS/Tween 80 film resistance for bulk resistivity 

calculation 
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2.4.4.1 Methodology 

Resistance measurement of PEDOT:PSS/Tween 80 samples, containing 0.00 – 1.60 wt% 

surfactant, were obtained using a Polymer Laboratories dielectric thermal analyser (Church 

Stretton, UK). PEDOT:PSS/Tween 80 solutions (1 mL) were cast onto an aluminium bottom 

plate, with an inner ring diameter 32 mm, and allowed to set in atmospheric conditions for 

12 hours. A 20 mm diameter top plate was used for measurements to ensure it was only in 

contact with the film. Resistance was measured throughout a temperature ramp from 25 – 

140 °C at a heating rate of 1 °Cmin-1, which was controlled by an A-M temperature programmer 

(Rheometric Scientific, London). Each sample was measured twice and underwent a 12 hour 

equilibration period in atmospheric conditions between runs. The sample was considered to be 

‘annealed’ after the first run. Data was measured on a PC through National Instruments 

LabVIEW 2012 (National Instruments, Austin). Film thickness was obtained by measuring the 

bottom plate thickness with and without the PEDOT:PSS/Tween 80 film present, using a 

Mitutoyo IP65 digital micrometre (Andover, UK). 

2.4.4.2 Bulk Resistivity and Bulk Conductivity Calculations 

Using resistance on its own is not an informative or relevant way of comparing the samples, or 

with findings in the literature. By knowing both the area across which measurements were 

taken, and the thickness of the samples, it is possible to account for these geometric factors. 

Bulk resistivity (Ωm) can be calculated using Equation 2-5. Consequently, the bulk 

conductivityf can then be calculated using Equation 2-6. 

 

f To allow for differentiation between conductivity that was calculated from bulk resistivity, the term ‘bulk 

conductivity’ is used in this study. This is opposed to when sheet resistivity is used in which case ‘conductivity’ 

is used. While the values should theoretically be the same, it was deemed necessary to make this distinction. 
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Equation 2-5 

𝐵𝑢𝑙𝑘 𝑅𝑒𝑠𝑖𝑠𝑡𝑖𝑣𝑖𝑡𝑦 =
𝑅 × 𝐴

𝑡
 

where 𝑅 is the measured resistance (Ω), 𝐴 is the area (m2) of the top plate, and 𝑡 is the thickness 

(m) of the PEDOT:PSS/Tween 80 sample. 

Equation 2-6 

𝜎𝑏 =
1

𝐵𝑢𝑙𝑘 𝑅𝑒𝑠𝑖𝑠𝑡𝑖𝑣𝑖𝑡𝑦
 

where 𝜎𝑏 is the bulk conductivity (Sm-1). 

2.4.5 Fourier Transform Infrared Spectroscopy (FTIR) 

In FTIR analysis, an infrared beam is directed at a sample of material. The bonds within the 

sample will vibrate at a specific associated frequency. This will cause light of that wavenumber 

to be absorbed and appears as a peak on the FTIR trace. This allows for identification of the 

material through the bonds that appear in the absorbance spectra. In this study, the main use of 

FTIR is to identify a reduction in the peak heights after thermal degradation, which will indicate 

which bonds have been broken. Degradation analysis was performed on PEDOT:PSS with and 

without the additions of Tween 80 and MEK, as well as pristine Tween 80. Non-degraded 

PEDOT:PSS/Tween 80 samples with and without MEK were also analysed to examine the 

structural effects of these additions. Finally, the solvents used to wash PEDOT:PSS/Tween 80 

samples (section 2.2.4) were analysed to search for traces of PSS within the solvent. 

2.4.5.1 Methodology 

FTIR analysis was performed on a Thermo Fisher Scientific Nicolet 8700 FTIR (Massachusetts, 

US) with parameter control and data analysis being done on ‘OMNIC’ software (Thermo Fisher 

Scientific, Massachusetts). Samples were produced by mixing dried IR invisible potassium 
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bromide (KBr)9 with three drops of each solution (Table 2-4), and dried/degraded as required 

in a Memmert Universal Digital Oven (Schwabach, Germany). The dry KBr – solution mix was 

then ground and pressed into 8 mm diameter discs. These were scanned in transmission for 

100 scans over an IR range of 400 – 4000 cm-1 and at a resolution of 4 cm-1. A ‘blank’ KBr disc 

was run as a background and subtracted from the sample traces. Samples of pristine 

PEDOT:PSS, pristine Tween 80, PEDOT:PSS/Tween 80 (0.00 – 3.50 wt% Tween 80), and 

PEDOT:PSS/Tween 80/MEK (0.52 wt% Tween 80, 1.19 wt% MEK) were created. For 

degradation comparison, two samples of each surfactant concentration were made and treated 

as follows: one sample was measured after drying (non-degraded); the other was measured after 

degradation (degraded). All degradation was induced at 250 °C. Degradation times and drying 

times/temperatures are summarised in Table 2-4. Spectra were normalised to the largest peak 

to allow comparison between samples. 

 

Table 2-4: Solution composition and drying conditions used for FTIR analysis 

Solution Composition 
Drying Temp. 

(°C) 

Drying Time 

(hrs) 

Degradation 

Time (hrs) 

PEDOT:PSS 
125 5 5 

140 1 1 

PEDOT:PSS/Tween 80 140 1 1 

PEDOT:PSS/Tween 80/MEK 110 5 N/a 

Tween 80 
120 

1 1 
140 

 

The solvents used for the washing of PEDOT:PSS/Tween 80 films (section 2.2.4) were 

analysed with a liquid crystal ATR set up with a mirror angle of 45 °. These were scanned 
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100 times over an IR range of 700 – 4000 cm-1 and at a resolution of 4 cm-1. A background was 

run with no sample which was subtracted from the sample trace . The liquid crystal ‘trough’ 

was filled with a solvent wash for each run. The cell was rinsed with warm water and detergent, 

cleaned with acetone and distilled water then dried prior to any testing. 

2.4.6 Tween 80 Degradation Visual Analysis 

Samples of Tween 80 (2 mL) were heated from 60 – 220 °C in a Memmert Universal Digital 

Oven (Schwabach, Germany) for 1 hour. Images of the samples were taken on a Sony IMX 

519, 16 megapixel camera to observe any colour changes caused by degradation. 

2.5 Film Characterisation 

2.5.1 Water Absorption Kinetics 

The water absorption kinetics of pristine PEDOT:PSS films were explored to compliment the 

DSC results. Three samples of PEDOT:PSS solution (4 mL) were drop cast into 60 mm 

diameter petri dishes. Films were set at 95 °C for 2 hours before being annealed at 200 °C for 

12 hours to remove all the moisture from the samples. Once dry, sample mass was recorded, 

and films were placed in a humidity chamber at 22 °C in 54 % humidity with a saturated salt 

solution of magnesium nitrate. Film mass was recorded at incremental time periods between 

0 – 48 hours to determine the rate of moisture uptake.  

2.5.2 X-Ray Diffraction (XRD) 

XRD was used to analyse chain alignment within PEDOT:PSS/Tween 80 films. In XRD, 

X-rays are emitted at the sample through a range of angles and the reflective rays detected after 

interacting with the material. The intensity of X-rays detected at differing incident angles 

provides information on the alignment of the polymer chains.10,11 At most angles and in 
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amorphous polymer, this causes destructive interference causing the intensity detected by the 

sensor to be low, leading to broad and undefined peaks.11,12 However, in crystallised samples, 

certain angles will cause a reflection from the polymer chains which leads to constructive 

interference.11,12 This then appears as a large, well defined peak on the XRD trace, from which 

information on chain spacing and orientation can be inferred.10-12 

2.5.2.1 Methodology 

XRD analysisg was performed on a 3rd generation Malvern Panalytical Empyrean XRD 

(Malvern, UK) equipped with multicore (iCore/dCore) optics and a Pixel3D detector operating 

in 1D scanning mode. A Cu tube was used giving Cu Kα1/2 radiation (1.5419 Å). Scans were 

performed in the range 1.5 – 50 ° 2θ with a step size of 0.0263 ° and a count time of ⁓ 147 s/step. 

XRD was performed on: single dip PEDOT:PSS/Tween 80 samples containing 0.00, 0.47 & 

1.32 wt% surfactant; 2 and 5 dip samples containing 0.00 & 1.32 wt% surfactant; methanol 

wash samples containing 0.00 & 1.32 wt% surfactant; and an ethanol wash sample of pristine 

PEDOT:PSS. Data was corrected by removing a background trace of the glass substrate. 

2.5.3 Atomic Force Microscopy (AFM) 

AFM provides topographic images of a sample through a needle attached at a cantilever 

scanning the sample surface. A laser is reflected off a mirror on the cantilever which allows 

deflections of the needle to be detected by a sensor.13 This deflection is then accounted for by 

a feedback system which adjusts the position of the needle accordingly to maintain a specified 

height above the sample. In most cases, this means that the feedback is a direct output of surface 

roughness.13 In this study , the AFM was used in ‘non-contact’ mode meaning the needle never 

 

g XRD data was collected by Dr Jean Marshall, University of Warwick. Analysis was performed by the author of 

this study. 



87 

 

comes into contact with the sample surface (as opposed to tapping and contact modes). In this 

mode, adhesion force mapping can be used to measure the attractive forces between the needle 

and the sample surface caused by intramolecular attraction and repulsion.14 For PEDOT:PSS, 

the forces differ depending on the concentration of each polymer as PEDOT is more conductive 

than PSS. This will indicate which regions contain higher and lower concentrations of each 

polymer. 

2.5.3.1 Methodology 

AFM was performed using a NanoWizard II Atomic Force Microscope (JPK, Berlin) in 

non-contact mode. An SD-Sphere-CONT-M-10 silicon/silicon oxide sphere tip with a 2 µm 

diameter and a height of 10-15 µm was used. A 50 x 50 µm area was measured to a resolution 

of 64 * 64 pixels. Samples of pristine PEDOT:PSS and PEDOT:PSS/Tween 80 with 1.40 wt% 

surfactant were analysed. 

2.5.4 Raman Spectroscopy 

Raman spectroscopy is another method that allows analysis of the chemical bonds of a material. 

A light beam of known wavelength is directed at the sample which causes the bonds to vibrate. 

These vibrations cause scattering of the light beam which can be detected, the degree of which 

is termed a ‘Raman shift’. Each bond will have an associated Raman shift and a large peak in 

the spectra suggests a greater concentration of a particular bond. Much like the FTIR, this will 

give an overall impression of the bonds present within the material.  
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2.5.4.1 Methodology 

Raman spectroscopy was performedh on a Renishaw inVia Raman microscope (Wotton-under-

Edge, UK) and was operated at wavelength 532 nm. Spectra were normalised to the largest 

peak to allow for comparison between samples. Raman analysis was performed on: single dip 

PEDOT:PSS/Tween 80 samples containing 0.00, 0.47 & 1.32 wt% surfactant; 2 and 5 dip 

samples containing 0.00 & 1.32 wt% surfactant; methanol wash samples containing 0.00 & 

1.32 wt% surfactant; and ethanol wash sample of pristine PEDOT:PSS. 

2.5.5 Stylus Surface Profiling 

Dip cast (including multiple dip), drop cast and solvent washed samples of 

PEDOT:PSS/Tween 80 were surface profiled to determine the thickness of the films, as well as 

analysing the roughness. Surface profiling was performed using an Ambios XP200 Stylus 

Profilometer (Ambios Technology, Santa Cruz). Five measurements were performed on each 

sample at a spacing of 1.5 mm (Figure 2-4) at a scan speed of 0.10 mms-1, scan length of 10 mm 

and a stylus force of 10 mg. Data was analysed on XP-Plus Stylus Profilometer software 

(Ambios Technology, Santa Cruz) and OriginPro 8 (Origin Lab Corporation, Northampton 

MA). Thickness was measured across a smaller sample area of the film to account for thinner 

sections at the edges of the films. Therefore, the outer runs (1 & 5) were removed and only data 

points 5 – 10 mm into the film were taken in the film average. This same data was then used to 

calculate roughness average (Ra) to assess film quality using Equation 2-7. 

 

h Raman data was collected by Dr Jean Marshall, University of Warwick. Analysis was performed by the author 

of this study. 
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Equation 2-7 

𝑅𝑎 =
1

𝑛
∑|𝑍𝑖 − 𝑍𝑚𝑒𝑎𝑛|

1

𝑛

 

where 𝑛 is the number of data points, 𝑍𝑖 is the measured height displacement and 𝑍𝑚𝑒𝑎𝑛 is the 

average height displacement. In this study, 𝑍𝑚𝑒𝑎𝑛 was calculated as a moving average across 

500 data points to account for the curvature of the film. 

 

 

Figure 2-4: Schematic diagram showing the surface profiling scanning paths for each sample 

 

2.6 Sheet Resistivity 

The sheet resistivity of the films was measured using an in line 4-point probe. This method 

measures the changes in voltage between outer and inner probes, all spaced at equal distance, 

for a constant current (Figure 2-5).15  
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Figure 2-5: Schematic of the 4-point probe method showing a) the probe head set up with S1=S4 and S3=S2, b) the theoretical 

flow of electrons for an infinite 2D sheet with no depth. Adapted from Miccoli, et al. (2015)15 

 

The ratio of voltage to current is a direct measure of sample resistance, and therefore resistivity. 

There are also 3 geometric correctional factor that have to be considered which relate to: Sample 

thickness (F1); proximity to a single sample edge (F2); the finite lateral boundaries of the sample 

(F3).
15 In the case of F1, if Equation 2-8 is satisfied (where 𝑡 is thickness and 𝑠 is probe spacing) 

then F1 can be considered to be equal to 1.15 

Equation 2-8 

𝑡

𝑠
≤

1

5
  

For F2 to be equal to 1, then Equation 2-9 must be true (where 𝑑 is the distance between probe 

head and edge of sample).15 

Equation 2-9 

𝑑 ≥ 𝑠 × 4 

F3 can be considered equal to 1 when the sample width is one order of magnitude bigger than 

half the probe spacing.15 
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In this study, the probe spacing was equal to 1.27 mm and the thickest samples measured were 

20 µm. This satisfies the conditions for F1=1 since 
0.02

1.27
= 0.015. For F2=1 the distance from the 

edge would need to equal 4 × 1.27 = 5.08 𝑚𝑚. The smallest samples created were 10 x 10 

mm and the total probe head width was 3.81 mm which would give a distance to sample edge 

of 3.095 mm when the probe is placed in the centre of the film. Whilst this does not satisfy the 

requirements for F2=1, the correctional factor would still be very close to 1 (F2 > 0.98).15 

Similarly, the conditions for F3=1 are not satisfied since one order of magnitude greater than 

half the probe spacing would be 12.7 mm. Again, this correctional factor would be very close 

to 1 (F3 > 0.95). Despite the correctional factors not being implemented in this study, it was 

assumed that all factors would be greater than 0.95 resulting in only small variations in sheet 

resistivity measurement caused by differing sample geometries. 

Knowing both sheet resistivity and film thickness (section 2.5.5) then allows for calculation of 

sample conductivity using Equation 2-10. 

Equation 2-10 

𝜎𝑠 =
1

𝑅𝑠 × 𝑡
 

where 𝜎𝑠 is the conductivity (Scm-1) calculated using sheet resistivity, 𝑅s is sheet resistivity 

(Ω□-1) (pronounced ‘ohms per square’) and 𝑡 is film thickness (cm). 

2.6.1 Pristine PEDOT:PSS Sheet Resistivity Measurements 

Preliminary sheet resistivity measurements were performed on a Jandel Model RM3000 4-point 

probe (Leighton Buzard, UK), calibrated using an ITO standard with known sheet resistivity. 

Ten measurements were taken across each sample (Figure 2-6) at a current of 10 µA. Sheet 

resistivity values were stable within 1 Ω□-1 before the reading was taken. All films were 

produced using pristine PEDOT:PSS solution (2 mL) drop cast into a petri dish. Unless 
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otherwise specified, samples were left for a 12 hour equilibration period in atmospheric 

conditions prior to any resistivity testing. These preliminary experiments focused on the effects 

of moisture and varying processing parameters on the sheet resistivity of pristine PEDOT:PSS. 

 

 

Figure 2-6: Schematic showing the sheet resistivity measurement pattern for films cast into a petri dish. The lines represent 

the placement and orientation of the 4-point probe head 

 

2.6.1.1 Moisture and Sheet Resistivity 

The effect of moisture absorbed on resistivity was investigated by obtaining measurements on 

the same samples described in section 2.5.1. Sheet resistivity was measured at the same time 

intervals as sample mass measurements. 

2.6.1.2 Initial Setting Temperature 

Pristine PEDOT:PSS solution was paced into an oven for 4 hours, whilst still liquid, at varying 

temperatures between 20 – 125 °C. Sheet resistivity was measured for each sample after 

equilibration. 
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2.6.1.3 Setting and Annealing Temperature Variation 

PEDOT:PSS solution was set from a liquid at 20, 40 and 60 °C for 4 hours. Films set at each 

temperature were then annealed over a range of temperatures between 80 – 160 °C for 4 hours. 

Sheet resistivity was measured after both the setting and annealing stages. 

2.6.1.4 Annealing Time Variation 

PEDOT:PSS solution set at room temperature in atmospheric conditions for 12 hours. Films 

were then annealed at 140 °C for annealing times between 10 – 120 minutes, and sheet 

resistivity was measured after equilibration. Single factor ANOVA analysis was performed on 

this data to establish statistical differences between annealing times. 

2.6.1.5 Vacuum vs Regular Oven 

Pristine PEDOT:PSS films were set in atmospheric conditions for 12 hours. Annealing was 

then performed for 4 hours in the standard oven (section 2.2.2) and/or in a 30L S/S Gallenkamp 

vacuum oven (London, UK), evacuated using an Edwards nXDS-10iR scroll pump (Crawley, 

UK), at high (140 °C) and/or low (25 °C) temperatures as listed below: 

• Vacuum oven at low temperature 

• Vacuum oven at high temperature 

• Standard oven at high temperature 

• Vacuum oven at low temperature then standard oven at high temperature 

Sheet resistivity was measured before and after annealing conditions for each sample. 

2.6.2 Initial PEDOT:PSS/Tween 80 Film Resistivity Measurements 

For the initial testing of PEDOT:PSS/Tween 80 films, the surfactant concentration was 

measured as a volume and the approximate wt% was calculated to be 0.53 wt% (section 2.2.1). 
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Solution (2 mL) was drop cast into a petri dish and all samples were set in atmospheric 

conditions before annealing. 

2.6.2.1 Annealing Temperature Variation 

PEDOT:PSS/Tween 80 films for concentration as above were annealed at 100, 120 and 140 °C 

for 4 hours to compare the optimal annealing conditions to those of pristine PEDOT:PSS. Sheet 

resistivity was measured after atmospheric equilibration of 12 hours for each annealing 

temperature. Single factor ANOVA analysis was performed on this data to establish statistical 

differences between annealing temperatures. 

2.6.2.2 Annealing Time Variation 

PEDOT:PSS/Tween 80 films for concentration as above were annealed at 140 °C for times 

between 0 – 120 minutes to assess the optimal annealing time. Sheet resistivity of each sample 

was measured after atmospheric equilibration for 12 hours. Single factor ANOVA analysis was 

performed on this data to establish statistical differences between annealing times. 

2.6.3 PEDOT:PSS/Tween 80 Resistivity for Varying Surfactant 

Concentrations 

From this point on (unless otherwise specified), sheet resistivity was measured with an Ossila 

4-point probe (Ossila, Sheffield) at a maximum voltage of 1 V and a current of 100 µA. Six 

points were measured on each film to remove orientation bias (Figure 2-7) and 10 repeats were 

taken at each measurement point. 
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Figure 2-7: Diagram showing the sheet resistivity measurement pattern across for samples measured on the Ossila 4-point 

probe 

 

2.6.3.1 Drop Cast Samples 

PEDOT:PSS/Tween 80 solutions (0.4 mL), containing 0.00 – 2.67 wt% surfactant, were drop 

cast on to 25 x 25 mm glass substrates. Films were allowed to set in atmospheric conditions for 

12 hours prior to annealing at 140 °C for 1 hour. Equilibration was performed as normal prior 

to resistivity testing. 

2.6.3.2 Dip Cast Samples 

Films were formed via dip casting onto glass, PP and PET substrates (10 x 20 mm) with and 

without a PDA coating. Three sets of PEDOT:PSS/Tween 80 solutions were produced for dip 

casting with surfactant concentration between 0.00 – 3.50 wt%. Samples were then: set and 

annealed; set with no annealing; annealed with no setting. Setting was carried out for 12 hours 

in atmospheric conditions and annealing was performed for 1 hour at 140 °C. Sheet resistivity 

was measured after equilibration. 
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2.6.4 Further Conductivity Enhancement Treatments 

2.6.4.1 MEK Addition 

Solutions of PEDOT:PSS containing Tween 80, MEK and both were created. For these sample, 

the concentrations of each additive were initially measured by volume and then converted into 

approximate wt% (section 2.2.1). The concentrations of each additive in solution were as 

follows: 

• PEDOT:PSS/Tween 80 – 0.53 wt% Tween 80 

• PEDOT:PSS/MEK – 1.19 wt% MEK 

• PEDOT:PSS/Tween 80/MEK – 0.52 wt% Tween 80, 1.19 wt% MEK 

Each solution (2 mL) was drop cast into 60 mmØ petri dishes, set in atmospheric conditions 

and annealed at 100 °C for 4 hours. After equilibration, sheet resistivity was measured using 

the Jandel 4-point probe. 

A set of PEDOT:PSS/Tween 80/MEK solutions were created using a Tween 80:MEK ratio of 

1:3 by volume, with a range of surfactant concentrations between 0.00 – 2.67 wt%. Films were 

created via drop casting on 25 x 25 mm glass substrates using 0.4 mL of solution. Samples were 

left to set in atmospheric conditions for 12 hours prior to annealing at 140 °C for 1 hour. 

Equilibration was performed as normal before resistivity analysis using the Ossila 4-point 

probe. 

2.6.4.2 Solvent Washed Samples 

Films of PEDOT:PSS/Tween 80 with surfactant concentration 0.00 – 3.50 wt% were washed 

using 3 solvents: MEK, ethanol and methanol. Sheet resistivity was measured before and after 

washing, with the appropriate equilibration period being allowed before testing. 
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2.6.4.3 Multiple Dip Cast Samples 

Solutions of PEDOT:PSS/Tween 80, containing 0.00 – 3.50 wt% surfactant, were also used to 

assess the effect of applying multiple layers of the solution to the substrate. Samples were 

produced using 2 – 5 dips (see section 2.2.2.2 for details) for all Tween 80 concentrations. After 

the final anneal, films were left to equilibrate as normal before testing. 

2.7 Adhesion Testing 

Adhesion testing was performed on films of PEDOT:PSS/Tween 80 with surfactant 

concentration 0.00 – 3.50 wt%. Samples were created using both drop and dip casting methods 

onto substrates of glass, PP and PET (10 x 20 mm) with and without a PDA coating to create 

10 x 10 mm films. 

2.7.1 Scratch Tape Test 

Adhesion was also measured via a tape test on dip cast samples following the 

ASTM Standard D3359‑17 (2019)16, adapted for the samples used in this study. Samples were 

scored in a cross hatching pattern with a spacing of 1 mm between each cut. Elcometer 99 

adhesive tape (Manchester, UK) was applied to the film and left for 90 seconds before being 

removed. Adhesion was assessed visually using the standard classification system from 5B (0% 

film removal) to 0B (greater than 65% film removal) (Table 2-5).16 
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Table 2-5: Classification of scratch tape test and associated percentages of film remaining on substrate 

Classification Percentage Removal 

5B 0 % 

4B < 5 % 

3B 5 – 15 % 

2B 15 – 35 % 

1B 35 – 65 % 

0B > 65 % 

 

2.7.2 Force Pull-Off Test 

The pull of strength was analysed on drop cast samples following the 

ASTM Standard D4541‑17 (2019)17, adapted for the samples in this study. Force was measured 

on an Instron 5566 mechanical tester (Norwood, US) interfaced with a PC running Bluehill 

version 2 software (Instron, Norwood). An aluminium stub of 10 x 10 mm was attached to the 

films using Loctite Power Flex super glue and allowed to set for 24 hours before testing. The 

force measured was then normalised by dividing by the cross sectional area of the stub to give 

force per area. (Note: These samples were sheet resistivity tested as outlined in section 2.6.3.2 

prior to adhesion testing). 

2.8 Statistical Analysis 

Where appropriate and as highlighted throughout this work, a one sided ANOVA analysis was 

performed on the data using Microsoft 365 Excel (Washington, U.S). This determines the 

statistical significance between the means of multiple data sets, determining whether they can 

be considered different or not to a given level of confidence. In this study, the confidence 

interval was set at 95 % and results were considered significantly different if the calculated 

p-value was less than 0.05. 
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Chapter 3: Results and Discussion – Thermal 

Analysis, Moisture Kinetics and Processing 

Optimisation of Pristine PEDOT:PSS 

In this chapter, the thermal transitions and stability of pristine PEDOT:PSS, and the effect of 

temperature on conductivity will be investigated using a range of techniques. This will 

additionally indicate limits to the maximum annealing temperature during sample preparation. 

The moisture kinetics of pristine PEDOT:PSS films will also be evaluated. Finally, differing 

annealing parameters (e.g., temperature and time) will be explored to enable optimisation of 

processing conditions. 

3.1 Thermal Analysis of Pristine PEDOT:PSS 

3.1.1 Thermal Gravimetric Analysis (TGA) 

The thermal stability of PEDOT:PSS is of significant importance since degradation has been 

shown to have a negative impact on conductivity,1,2 meaning it is imperative to avoid it during 

processing. Pristine PEDOT:PSS degradation was initially analysed via TGA on samples that 

had been dried and allowed to equilibrate in atmospheric conditions. TGA was performed in 

both air (Figure 3-1), and inert argon (Figure 3-2). Two atmospheres were employed to 

determine difference in the onset of degradation when oxygen was present. When comparing 

both figures, no discernible difference in either percentage mass loss or rate of loss was 

observed between the differing atmospheres. Furthermore, the onset of degradation is the same 

for both atmospheres, at 250 – 300 °C. This suggests that the degradation of PEDOT:PSS up to 

450 °C is not affected by the atmospheric conditions and that the degradation occurring is not 

oxidative. 
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Figure 3-1: TGA of pristine PEDOT:PSS in air, showing percentage mass loss (black) and rate of mass loss, i.e., DTG 

(green), as a function of temperature 

 

 

Figure 3-2: TGA of pristine PEDOT:PSS in argon, showing percentage mass loss (red) and rate of mass loss, i.e., DTG 

(blue), as a function of temperature 
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The initial mass loss seen up to 250 °C is attributed to the loss or removal of excess and bound 

water in the sample. While this is higher than literature values of 160 °C,3-6 this is likely due to 

differences in sample geometry and heating rate. This is further evident by the maximum rate 

of loss for this first mass decrease being greatest at 100 °C, coinciding with the boiling point of 

water (Figure 3-1 & 3-2). In both atmospheres, up to 10 % sample mass is lost through this 

water removal (Figure 3-1 & 3-2), despite the samples being dried prior to testing. This is 

evidence of the affinity of water to PEDOT:PSS films since this moisture would have been 

reabsorbed during equilibration. These water loss measurements might be considered low, 

however, they are still within the literature suggested range for a mass loss of 10 – 25 % due to 

moisture removal.1,3,5-9 This could partially be explained by the prolonged period of time the 

samples were exposed to a drier environment in the TGA after the gas purging phase. Some 

moisture would likely have diffused out of the sample during this phase due to the reduced 

humidity created inside the chamber. Other factors could also be having an effect. For example, 

in this work samples were subjected to a drying phase at elevated temperature in order to 

accelerate the film making process, something that was not employed in other studies.3 This 

will have removed more moisture from the sample which might not fully replenish during the 

equilibration phase. There may also have been differences in the humidity of the equilibrium 

environment which could lead to less water being present in the samples.10 Finally, there is 

evidence to suggest that PEDOT:PSS samples containing different concentrations of PSS will 

absorb varying amounts of water from the atmosphere. In general, when the PSS content is 

higher more moisture will be absorbed.6,10-12 

The second noticeable mass loss initiates between 250 – 300 °C (Figure 3-1 & 3-2), which is 

reported as the start of degradation.1,3,6,7 Up to 450 °C the sample shows a significant mass loss 

of 25 % with the rate of loss in air peaking at 2.30 %min-1 at approximately 350 °C (Figure 3-1). 
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This loss is attributed to the breakdown of the PSS phase, within the PEDOT:PSS structure, 

which begins at 250 °C.1,5,13 It has also been shown that PEDOT on its own does not start 

degrading until 300 °C.14,15  

This analysis has shown that processing of PEDOT:PSS must be kept below 250 °C in order to 

avoid degradation, and it has previously been suggested that PEDOT:PSS should not be heated 

above 200 °C to ensure no degradation occurs.6 Furthermore, TGA analysis has also shown a 

significant amount of moisture present in PEDOT:PSS after drying and equilibration, showing 

the degree to which moisture will be absorbed.  

3.1.1.1 Fourier Transform Infra-Red Spectroscopy (FTIR) 

FTIR analysis was used to clarify the degradation mechanism of PEDOT:PSS (section 3.1.1). 

Firstly, the FTIR trace seen in Figure 3-3 shows the absorbance spectra for undegraded pristine 

PEDOT:PSS. All the main identifying peaks for the PEDOT and PSS components are present 

and align with what is seen in the literature.1,16-19 The primary peaks identifying PEDOT are 

observed at 1530, 1230 and 1065 cm-1, which is caused by the C-O-C stretching in the 

ethylenedioxy group.1,16-19 The identifying PSS peaks occur at 1200 cm-1 and 1000 – 700 cm-1 

which indicate the presence of S=O and S-phenyl bonds respectively.1,16,17,19-21 The data also 

shows a sloped baseline, which has been seen in other studies, however, no reason for this 

phenomenon is given.20 This could be caused by an absorption across the whole FTIR spectra 

or scattering and refraction from the PEDOT:PSS particles within the KBr disks.22,23 
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Figure 3-3: FTIR trace showing the absorbance peaks of pristine PEDOT:PSS. Main peaks identifying PEDOT (red circle), 

and PSS (blue circle) components are highlighted 

 

Figure 3-4 shows the absorbance peaks for undegraded pristine PEDOT:PSS, and a sample 

degraded at 250 °C for 1 hour. It can be seen that the peaks identifying PEDOT, mainly the 

peaks at wavenumbers 1530 and 1230 cm-1, are comparable in both traces suggesting that at 

250 °C the PEDOT component is not degrading. This aligns with literature findings which 

suggest PEDOT will not degrade until 300 °C.14,15 However, the peaks associated with PSS at 

1200 cm-1 are no longer present. This indicates that these bonds have been broken due to the 

heat applied to the sample and is, therefore, the cause of the mass loss seen by TGA at 250 °C, 

as reported in the literature.1,5,13 
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Figure 3-4: FTIR spectra showing the absorbance peaks for non-degraded (black) and degraded (red) PEDOT:PSS. 

Highlighted peak (blue circle) shows the PSS bond that is no longer present after degradation 

 

3.1.2 Differential Scanning Calorimetry (DSC) and Flash DSC 

(FDSC) 

DSC and FDSC analyses were performed on pristine PEDOT:PSS to ascertain whether any 

thermal transitions, such as Tm, Tc or Tg were present. The first heating trace obtained is 

dominated by the appearance of a large peak (Figure 3-5). This peak is caused by the removal 

of water with its maxima being at approximately 140 °C, as is commonly seen within the 

literature.3-6 This is higher than expected since this is over the boiling point of water but is likely 

due the presence of bound water requiring higher temperatures to effectively remove it from 

the sample.3 There is also another peak at 180 °C which is most likely an anomaly caused by 

movement of the sample within the pan, something that commonly occurs in DSC on the first 

run as the sample ‘settles’.24 Subsequent heating runs do not show any transitions related to 
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water removal or major thermal events This is evidence to suggest that all the moisture has been 

removed from the sample and the peak at 180 °C on the first run is insignificant. 

 

 

Figure 3-5: DSC trace of pristine PEDOT:PSS showing only the heating stages of the experiment (corresponding cooling 

traces seen in Figure 3-7). Runs are presented in order of completion with the first being on the top and the last being on the 

bottom. Heating was performed at 50 °Cmin-1 from 25 – 220 °C 

 

Upon closer inspection of the heating runs (Figure 3-6), there is a small step transition similar 

to a Tg at approximately 170 °C. The cooling runs (Figure 3-7) show a comparable trend, with 

a possible Tg appearing at 140 °C but no major transitions being present. The small Tg seen on 

heating and cooling in this study could be a transition within the PSS that surrounds the 

PEDOT:PSS particles. This would comply with the literature since PSS on its own has a 

reported Tg of 152 °C.25 This is also close to the Tg value of 120 – 140 °C suggested by Yu, et 

al. (2016)26. Whilst the transition temperature in this study is higher for heating and lower for 

cooling, this is likely to be evidence of thermal lag.27 These observations are mostly in line with 
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what has already been seen in the literature with studies suggesting that the only observable 

peak is caused by water removal on the first heat and then subsequent heating and cooling 

cycles show no sign of further transitions for PEDOT:PSS.1,3 This has been attributed to the 

strong ionic interactions between the PEDOT and PSS leading to restricted chain motion.3,26,28 

However, there has been no previous mention of a Tg appearing at 170 °C on heating but, as 

discussed, this likely to be the Tg of the PSS-rich phase. 

 

 

Figure 3-6: DSC trace of pristine PEDOT:PSS showing only the heating stages of the experiment (corresponding cooling 

traces seen in Figure 3-7). The traces shown are the same as those seen in Figure 3-5 except the first heating run has been 

removed. Heating was performed at 50 °Cmin-1 from 25 – 220 °C 
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Figure 3-7: DSC trace of pristine PEDOT:PSS showing only the cooling stages of the experiment (corresponding heating 

traces seen in Figure 3-5). Runs are presented in order of completion with the first being on the top and the last being on the 

bottom. Cooling was performed at 20 °Cmin-1 from 25 – 220 °C 

 

The FDSC was used in an attempt to exaggerate thermal transitions through the greater 

sensitivity of the FDSC chip and the higher heating rates compared to conventional DSC.29 

However, heating and cooling at 1000 °Cs-1 (Figure 3-8 & 3-9, respectively) does not show any 

further evidence of thermal transitions.  
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Figure 3-8: FDSC trace of pristine PEDOT:PSS showing only the heating stages of the experiment. Runs are presented in 

order of completion with the first being on the top and the last being on the bottom. Heating was performed at 1000 °Cs-1 

from -90 – 220 °C 

 

 

Figure 3-9: FDSC trace of pristine PEDOT:PSS showing only the cooling stages of the experiment. Runs are presented in 

order of completion with the first being on the top and the last being on the bottom. Cooling was performed at 1000 °Cs-1 

from -90 – 220 °C 
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As with conventional DSC, the first heating run for the FDSC varies from the rest (Figure 3-8). 

This is likely due to the sample settling onto the FDSC chip. However, unlike with conventional 

DSC there is no evidence of water loss. Furthermore, additional heating and cooling showed no 

evidence of a Tg caused by the PSS-rich phase. These measurements could be erroneous since 

the FDSC requires a polymer to become liquid or melt onto the chip a to ensure good contact . 

However, since PEDOT:PSS does not appear to do either, there could be issues relating to the 

sample adherence to the chip, which could lead to inaccuracies. 

3.1.3 Dielectric Thermal Analysis (DETA) of PEDOT:PSS Bulk 

Resistivity 

DETA was used to measure the bulk resistivityi of pristine PEDOT:PSS throughout a 

temperature ramp from 20 to 140 °C (Figure 3-10). It can be seen that for the first run, as the 

temperature of the sample increases, the bulk resistivity of the sample drops from 330000 to 

80000 Ωm, leading to a corresponding increase in the conductivity from 3x10-6 to 

1.3x10-5 Sm-1. A similar trend is seen in the second run except the values for bulk resistivity are 

lower due to the sample effectively being annealed by the heating process (this will be explained 

in more detail in section 3.3.1), A minimum bulk resistivity of 15000 Ωm was recorded, 

corresponding to a maximum conductivity of 6.8x10-5 Sm-1 (Figure 3-10). These conductivity 

values are much lower than expected for pristine PEDOT:PSS, with values commonly being 

quoted as 0.001 – 80 Scm-1.2,30-32 However, this difference has been caused by the varying 

measurement methods and corresponding differences between bulk and sheet resistivity. 

 

i This is opposed to sheet resistivity which is measured by the 4-point probe. To allow for differentiation between 

conductivity that was calculated from bulk resistivity, the term ‘bulk conductivity’ is used. However, bulk 

conductivity has previously been defined by Kirchmeyer et al. (2007)28 as the “charge transport properties along 

polymer chain, from one chain to another and across domain boundaries”. While this may cause confusion between 

literature sources it was deemed necessary to define this differently here to provide distinction between 

conductivity calculated from bulk resistivity in this section, and sheet resistivity later in this study. 
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Normally the sheet resistivity, or alternative surface techniques, are used to calculate 

conductivity rather than the bulk resistivity.6,33-38 It is expected that bulk resistivity values will 

be much higher due to the increase in insulating material electrons will have to flow through, 

as well as differences in surface and bulk morphologies.39 This causes lower bulk conductivity 

measurements, which has been previously seen in the literature.40 

It is also apparent from this data that PEDOT:PSS is a semi-conductor, which is well known in 

the literature,6,41,42 with an increase in temperature resulting in a decrease in resistivity due to 

enhanced electron mobility.42,43 The loss of water is also a likely factor (as discussed in 3.2.2) 

which would explain why the rate of decrease is faster at lower temperatures and appears to 

plateau above 100 °C. Therefore, up to this point two main mechanisms have been identified 

leading to the improvement of conductivity: sample annealing; and operating at elevated 

temperatures. However, the latter of these is less feasible to implement in regular operating 

conditions. 
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Figure 3-10: DETA analysis of pristine PEDOT:PSS film during temperature ramp from 20 – 140 °C at 1 °Cmin-1. Two runs 

were performed on the sample measuring bulk resistivity (Ωm), labelled as ‘Res 1’ (solid black circle) & ‘Res 2’ (solid red 

square) referring to the first and second run on the sample, respectively. The corresponding “bulk” conductivity (Sm-1) are 

labelled as ‘Cond 1’ (hollow black circle) and ‘Cond 2’ (hollow red square) 

 

3.2 Water Kinetics 

3.2.1 DSC Analysis of Moisture Uptake in PEDOT:PSS Samples 

The effect of moisture uptake in pristine PEDOT:PSS was assessed using DSC. Samples were 

dried in the DSC by subjecting them to temperatures of 200 °C for 30 seconds. Once dried, the 

samples were exposed to atmospheric conditions for varying times. A pinhole was made in the 

top of the DSC pan to allow moisture to enter/escape. Figure 3-11 shows that as the time held 

in atmospheric conditions increases, the size of the peak on the first heating run, corresponding 

to the loss of water, also increases. 
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Figure 3-11: DSC traces of pristine PEDOT:PSS water loss peak after various atmospheric exposure times 

 

To better understand this effect, the integrals of the peaks were measured to determine the 

energy required to remove the water after each atmospheric hold (Figure 3-12). Sample mass 

at the end of these atmospheric exposures was also measured (Figure 3-12). What is noticeable 

is that the integral and mass follow an almost identical trend. The rate of water uptake is initially 

fast with the majority occurring within the first 200 minutes. Moisture uptake then slows and 

tends toward a maximum with the largest mass gained after 1440 minutes being approximately 

2.50 mg. It is worth noting that the sample mass was also measured after each DSC run to check 

all water had been removed. The dry sample mass remained constant at 9.905 mg (±0.005 mg) 

showing that the mass measurements represent only water uptake. 

This increase is in line with literature findings and earlier TGA data, which suggest that 

approximately 20 % of PEDOT:PSS sample mass will be water.1,3,5-9 This data shows that 

pristine PEDOT:PSS needs 12 hours to reach equilibrium in atmospheric conditions. 
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Figure 3-12: Graph showing the measured integrals of the water loss peaks seen in Figure 3-11 (black circle) and mass of 

moisture gained (red square) as a function of time held in atmospheric conditions 

 

3.2.2 Moisture Uptake and Sheet Resistivity of PEDOT:PSS Film 

Samples 

To further investigate the previous DSC data (section 3.2.1), pristine PEDOT:PSS films were 

created, dried, and held in atmospheric conditions to determine whether the same mass increase 

due to moisture uptake would be seen. This also allowed sheet resistivity to be measured to 

observe the effect of moisture on the film’s electrical properties. Initially the uptake of water 

was quick and slowed down to a plateau after only 160 minutes (Figure 3-13 & 3-14). The 

slowing of the mass increase is due to the diffusion gradient between film and air moisture 

decreasing over time. This trend is similar to the previous DSC analysis (section 3.2.1), 

however, this equilibration is considerably faster than the DSC samples which were not fully 
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equilibrated after 1440 minutes. This is caused by the differences in sample geometry and the 

restriction of moisture to the sample caused by the DSC lid, despite the pinhole.6,11 

However, the percentage of moisture uptake by the film samples cannot be calculated since an 

accurate measurement of mass for dry PEDOT:PSS could not be obtained for two reasons. 

Firstly, the sample was heated in an oven with no active cooling which meant in their dry state 

they were hot. Secondly, the high rate of moisture uptake caused the mass to continuously 

increase, so a stable reading could not be taken. Despite this, it can be suggested that as little as 

3 hours would be needed to fully equilibrate film samples of pristine PEDOT:PSS. 

 

 

Figure 3-13: Pristine PEDOT:PSS film sample masses as a function of time held in atmospheric conditions. Each symbol 

represents a different sample 
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Figure 3-14: Highlighted section of the first 400 minutes of moisture gain taken from Figure 3-13 

 

Analysis of these films (Figure 3-15) suggests an increase in sheet resistivity with moisture 

content. This increase does not appear to be of an exponential nature, like the mass increase, 

however, this may be due to the natural variation in the data seen when using this technique. 

Furthermore, the maximum variation across all the data is 35 Ω□-1 which could be considered 

small when compared to other sample sets (E.g., section 3.3.1). Sheet resistivity would, 

however, be expected to increase with moisture content as water molecules will attach to the 

hydrophilic PSS region, causing them to expand and lead to an increased charge hopping 

distance.1,3,44-46 Furthermore, water has a lower conductivity that PEDOT,3,47 meaning that 

more water in PEDOT:PSS causes an increased sheet resistivity. It is, however, difficult to keep 

all moisture out of the sample, and can only be achieved via encapsulation.6,28,48,49 Overall, even 

though the mass increase is significant due to moisture uptake, the effect of this on sheet 

resistivity is relatively small. This means that efforts to completely remove water from the 
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sample before testing are not necessary since small changes in atmospheric humidity are 

unlikely to induce large changes in sheet resistivity. 

 

 

Figure 3-15: Sheet resistivity of pristine PEDOT:PSS films as a function of time held in atmospheric conditions. Each symbol 

represents a different film. The films are the same as those used in Figure 3-13 & 3-14 

 

3.3 Processing Optimisation 

3.3.1 Setting and Annealing Temperature Effect on PEDOT:PSS 

Sheet Resistivity 

The effect of varying the setting and annealing conditions on the sheet resistivity of drop cast 

pristine PEDOT:PSS was assessed. Initially, samples created in a petri dish were annealed 

without employing a setting stage.j Even though in these conditions sheet resistivity dropped, 

 

j In this study, ‘setting’ is defined as the stage whereby the material goes from solution to solid, primarily at lower 

temperatures ‘Annealing’ is then the process heating the sample at a higher temperature after setting. 
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temperatures of 80 °C and above caused bubbles to appear on the sample surface affecting the 

quality of the films. This was due to the water boiling and created the need for a ‘setting’ stage 

to make a solid film before the sample could be annealed. As seen in TGA and DSC experiments 

(sections 3.1.1 & 3.1.2), temperatures above 100 °C are needed to fully remove bound water 

from PEDOT:PSS. Therefore, annealing temperatures of 80 – 160 °C were focused on. 

The effect of the differing setting temperatures on PEDOT:PSS can be seen in Figure 3-16. It 

was found that varying the setting temperature, without annealing, does not induce a significant 

change in the sheet resistivity. The samples set at 60 °C display a slightly reduced resistivity 

which could be caused by some moisture removal.3-6 However, when annealing is then 

implemented, a variation with setting temperature can be seen. The samples set at 25 °C have 

little variation across all annealing temperatures with a maximum sheet resistivity of 742 Ω□-1 

and a minimum of 466 Ω□-1 when annealed at 80 °C and 140 °C, respectively. However, setting 

at 40 °C leads to greater variation of 340 Ω□-1 between maximum and minimum sheet 

resistivities, while setting at 60 °C causes resulted in a range of 654 Ω□-1. Furthermore, the 

variation at 60 °C follows a linear trend with higher annealing temperature leading to a lower 

sheet resistivity. For example, the sample set at 60 °C then annealed at 80 °C resulted in a 

resistivity of 1115 Ω□-1 compared to 461 Ω□-1 when annealing at 160 °C (Figure 3-16). It was 

also noted that at annealing temperatures above 140 °C, the effect of setting temperature seems 

to be negated (Figure 3-17), with no significant difference for samples annealed at 140 °C and 

160 °C for all setting temperatures. This suggests that, irrespective of the setting temperature, 

annealing over 140 °C is required to remove any possible differences in the samples. 
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Figure 3-16: Effect of setting temperature (°C) on the sheet resistivity (Ω□-1) for pristine PEDOT:PSS. Samples were set first 

then either not annealed (black circle) or annealed at 80 (red diagonal cross), 100 (green square), 120 (blue diamond), 140 

(grey vertical cross) and 160 °C (gold triangle). Error bars show ± 1 SD 

 

 

Figure 3-17: Graph representing the effect of annealing temperature (°C) on the sheet resistivity (Ω□-1) of pristine 

PEDOT:PSS set at temperatures of 25 °C (black circle), 40 °C (red square) and 60 °C (green triangle). Error bars 

show ± 1 SD 
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Whilst not directly studied, it was hypothesised that the resistivity variations seen due to setting 

temperature were mainly caused by the increase rate of water removal at 60 °C. It is likely that 

at this temperature the PEDOT:PSS chains ‘lock’ in a more disordered state while lower setting 

temperatures allow for some chain reorganisation to occur before the sample is dry. It was also 

considered that at 60 °C, removal of bound water will begin to take place (sections 3.1.2 & 

3.2.1), which would increase chain interaction, leading to reduced chain mobility.3 This would 

also contribute to the chains ‘locking’ in a more disordered state. During annealing, the higher 

temperature could allow for chain movement but only above 140 °C.1,50,51 This is in line with 

previous DSC data (section 3.1.2) in which a Tg of 140 °C was seen. At this temperature, the 

PSS chains have some mobility allowing for reorganisation, leading to decreased sheet 

resistivity.1,50,51 This also explains why higher annealing temperatures do not further reduce 

resistivity. Based on these results, setting at 25 °C (i.e., room temperature) then annealing at 

140 °C is the best route to process drop cast samples to avoid possible variation and achieve 

the lowest sheet resistivity. This annealing temperature is in line with previous literature 

findings.45 

3.3.2 Vacuum Oven vs Regular Oven 

To isolate the roles of water removal and high temperature in annealing, a set of samples were 

subject to 140 °C (high) and 40 °C (low) temperature in a vacuum oven. These were compared 

to annealing in a regular oven at 140 °C and a combination of low temperature in the vacuum 

oven followed by high temperature in the regular oven (Figure 3-18). It can be seen that prior 

to annealing, sheet resistivity is relatively comparable. However, after all annealing conditions, 

there is a significant decrease in sheet resistivity. For all samples subject to high temperature, a 

resistivity of approximately 375 Ω□-1 was achieved. On the other hand, the low temperature 

vacuum oven sample did not show the same reduction, with resistivity measuring at 945 Ω□-1. 



121 

 

 

 

Figure 3-18: The effect on sheet resistivity (Ω□-1) with differing annealing conditions using either a regular or vacuum oven. 

Conditions were as follows: Vacuum oven, low temperature (black circle); Vacuum oven, high temperature (red square); 

Regular oven, high temperature (green cross); Vacuum oven, low temperature then regular oven, high temperature (blue 

triangle). Low temperature was performed at 40 °C whilst high temperature was performed at 140 °C. Error bars 

show ± 1 SD 

 

It was assumed that all moisture would be removed from PEDOT:PSS while in the vacuum 

oven. Therefore, the results show that a high temperature is required to produce significantly 

lower PEDOT:PSS sheet resistivity. This is further indicated by the sample subject to low 

temperature in the vacuum oven followed by high temperature in the regular oven having the 

same resistivity as the other high temperature samples. The reason for this is likely due to two 

factors. Firstly, while the assumption was made that all water was removed from the sample 

under vacuum at low temperature, DSC data has shown that temperatures up to 160 °C are 

needed to fully drive all water out of pristine PEDOT:PSS (section 3.2.1).3-6 Furthermore, when 

the same process has previously been employed, samples have been under vacuum for several 

days.10 Therefore, some water could remain in the sample leading to an elevated sheet 
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resistivity.1-3,12,44,46,49 However, as previously discussed, the effect of water on sheet resistivity 

is relatively minimal (section 3.2.2). The second effect is that of chain reorganisation caused 

by the increase in temperature. The reorganisation effect has previously been linked to the 

softening of the PSS phase and improved alignment allowing for better conductivity 

pathways.1,50,51 This shows that heat is needed in order to fully optimise PEDOT:PSS resistivity, 

with removal of water alone not being sufficient. 

3.3.3 Annealing Time Effect on PEDOT:PSS Sheet Resistivity 

Figure 3-19 shows the effect of annealing pristine PEDOT:PSS films at 140 °C for varying 

times. The data initially shows that 10 minutes is sufficient to induce a large drop in sheet 

resistivity, compared to no annealing, from 1500 to 430 Ω□-1. Literature findings have 

suggested times as low as 20 seconds at this temperature could be utilised,45 however, this was 

not compared to longer periods to assess whether the sample was fully annealed. While all 

annealing times in Figure 3-19 appear to produce comparable results, performing single factor 

ANOVA statistical analysis shows a significant decrease between 20 and 40 minutes annealing 

(p<0.001). The sample annealed for 40 minutes has the lowest measured sheet resistivity at 

355 Ω□-1 and is statistically different to all other annealing times except 60 minutes. Longer 

annealing time then cause the resistivity to slightly increase with 240 minutes having the highest 

resistivity after annealing at 466 Ω□-1. The same effect was observed by Vitoratos, et al. 

(2009)52 in which a noticeable decrease in conductivity was measured for samples annealed for 

longer than 3 hours at 120 °C, which continued to decrease for increasing annealing time. This 

data shows that the optimum annealing time is 40 minutes. 
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Figure 3-19: Effect of annealing time on the sheet resistivity (Ω□-1) of pristine PEDOT:PSS. Error bars show ± 1 SD 

 

3.4 Conclusion 

Overall, it can be seen that the conditions under which pristine PEDOT:PSS is processed is an 

important consideration. Thermal analysis confirmed that PEDOT:PSS does not show any 

major thermal transitions after multiple heating runs. However, there was indication of a Tg at 

140 °C which was linked to the softening of the PSS phase. It also showed that the uptake of 

water into PEDOT:PSS is significant and resulted in a rapid increase in sample mass, even in 

atmospheric conditions. However, encapsulation is not required since the effect on sheet 

resistivity of varying moisture contents that would arise from atmospheric humidity fluctuations 

is relatively small. This means that samples can be left to equilibrate in atmospheric conditions 

and small variations in humidity will not dramatically alter sheet resistivity measurements. The 

role of annealing PEDOT:PSS has been well established as the key driving factor that improves 

the conductivity properties, with water removal alone not being sufficient to optimise sample 
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processing. This has been linked to chain mobility at temperatures above 140 °C creating 

improved alignment and better conducting pathways. Additionally, it has been shown that the 

maximum annealing temperature is 220 °C, past which degradation becomes an issue. 

However, heating to 140 °C for 40 minutes is sufficient to fully anneal drop cast samples and 

remove any variation caused by differing setting conditions. This also means a slightly elevated 

setting temperature could be used to reduce the time taken to make samples.  
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Chapter 4: Results and Discussion – Effect of 

Tween 80 on the Properties of PEDOT:PSS 

In this chapter, the effects of adding the non-ionic surfactant Tween 80 to aqueous PEDOT:PSS 

(titled PEDOT:PSS/Tween 80) in differing quantities will be explored. This will cover 

variations in the thermal and physical properties of the combined materials and how this impacts 

processing. Additionally, the conductivity of PEDOT:PSS/Tween 80 films will be studied both 

in sheet and bulk resistivity testing. Techniques such as AFM, XRD and Raman 

spectroscopy will be used to identify structural changes between PEDOT:PSS and the 

PEDOT:PSS/Tween 80 mixture in order to provide explanations for any variations in 

conductivity. Finally, the solution properties of PEDOT:PSS/Tween 80 will be examined to 

determine how surfactant variation alters viscosity and wettability. 

4.1 Tween 80 Concentration  

The concentrations of Tween 80 are expressed as a wt% of the surfactant in the initial 

PEDOT:PSS/Tween 80 mixture and not the films. It is important to emphasise that the 

PEDOT:PSS solid content is 1.2 wt%,1 meaning the ratio between PEDOT:PSS and Tween 80 

is much higher. Furthermore, when the water is removed, the wt% of surfactant in the film will 

also be greater. For example, when 1.2 wt% of surfactant is added to this solution, the weight 

ratio of PEDOT:PSS to Tween 80 would be 1:1 (further examples can be seen in Table 4-1).2 

This shows that when the films are dry it is possible for excess quantities of surfactant to be 

present which cause issues as discussed throughout the following chapters. 
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Table 4-1: Examples of how Tween 80 weight percentage (wt%) in solution relates to the approximate wt% Tween 80 in a 

dried PEDOT:PSS/Tween 80 film assuming all water has been removed 

Tween 80 

Concentration in 

PEDOT:PSS solution 

(wt%) 

PEDOT:PSS solid 

content in 

PEDOT:PSS/Tween 80 

solution (wt%) 

PEDOT:PSS to 

Tween 80 ratio 

Tween 80 

percentage in 

film (wt%) 

0.00 1.20 n/a 0 

0.50 1.19 2.38:1 29.5 

1.00 1.19 1.19:1 45.7 

1.50 1.18 0.79:1 55.9 

2.00 1.18 0.59:1 63.0 

2.50 1.17 0.47:1 68.1 

3.00 1.16 0.39:1 72.0 

 

4.2 Thermal Analysis of PEDOT:PSS/Tween 80 

4.2.1 Thermal Gravimetric Analysis (TGA) 

Initial work on PEDOT:PSS/Tween 80 mixtures focused on the effect of Tween 80 on the 

thermal stability and therefore suitability of the previously identified processing conditions. As 

discussed (section 3.1.1), the TGA of PEDOT:PSS in air shows an initial mass loss of about 

10 % due to water and then degradation onsets around 250 °C Figure 4-1.2-5 However, in air, 

the TGA trace significantly changes with the addition of Tween 80. Whilst there is a comparable 

mass loss that can be attributed to moisture, the surfactant addition causes the onset of 

degradation to appear at approximately 160 °C, much lower than pristine PEDOT:PSS. This 

becomes more pronounced in samples with a higher Tween 80 content. Between 160 – 260 °C 

the sample containing 0.37 wt% surfactant loses around 10 % mass whereas samples containing 

0.93 and 1.32 wt% Tween 80 decrease by approximately 30 %. Samples of 0.37 and 0.93 wt% 

also shows a second mass reduction which coincides with the degradation of pristine 



131 

 

PEDOT:PSS at 250 °C. However, this drop reduces with increasing Tween 80 concentration 

and eventually disappears for the highest surfactant concentration. This may partially be 

explained by the relative concetration of surfactant in the dry sample contributing to a much 

greater proportion of the sample (Table 4-1). 

 

 

Figure 4-1: TGA trace showing the degradation properties of pristine PEDOT:PSS (black), Tween 80 (grey), and 

PEDOT:PSS/Tween 80 with surfactant percentages of 0.37 (blue), 0.93 (red) and 1.32 (green) wt%. Samples run from 25 °C 

to 400 °C at 10 °Cmin-1 in air 

 

It is clear that the earlier degradation, seen in the PEDOT:PSS/Tween 80 samples, is caused by 

the addition of surfactant. However, Tween 80 on its own does not display significant 

degradation until 220 °C (Figure 4-1).6 Even though mass loss is more significant at this point, 

there is still only a 10 % mass decrease up to 300 °C at which point major degradation occurs.6 

Therefore, this does not explain why, when added to PEDOT:PSS, the mass loss is substantially 

greater at lower temperatures.  
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One explanation is that the addition of the surfactant to PEDOT:PSS alters the properties of the 

system is such a way that degradation will occur earlier. A similar case was seen with the use 

of PF6
- as a counterion to PEDOT, instead of PSS, in which the samples degraded at 150 °C.7 

However, despite this demonstrating the potential for decreased thermal stability, an alternative 

counterion is not being used in this study. The addition of surfactants DDAPS and SDBA have 

been reported to reduce the onset of degradation by 10 – 15 °C.8 However, these reported 

changes are significantly smaller than the change in degradation onset caused by Tween 80 

addition (Figure 4-1). 

To provide further insight, Tween 80 was heated in air to assess signs of degradation at lower 

temperatures which may not incur significant mass loss. Visual inspection of the surfactant 

showed a colour change as the temperature increased above 160 °C (Figure 4-2). Tween 80 can 

undergo auto-oxidation at elevated temperatures, explaining the yellowish colour seen.9,10 This 

could provide an alternate explanation as to why the PEDOT:PSS/Tween 80 system starts to 

show signs of degradation at 150 °C. Furthermore, as Tween 80 degrades there is chain scission 

of the C–O and C–C bonds leading to the creation of acids, such as formic and acetic acid.6,9-12 

It is, therefore, possible that the presence of these acids within the sample causes degradation 

of PEDOT:PSS. 
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Figure 4-2: Tween 80 degradation images showing the change in colour caused by higher temperature. Samples held for 1 

hour at a) 60, b) 100, c) 120, d) 160, e) 180, f) 200 and g) 220 °C 

 

The TGA data shows that the addition of Tween 80 into PEDOT:PSS reduces the degradation 

temperature, therefore, impacting the maximum annealing temperature that can be used. 

Whereas pristine PEDOT:PSS could feasibly be annealed up to 200 °C, the 

PEDOT:PSS/Tween 80 samples are limited to 140 °C to ensure no degradation occurs which 

could negatively impact the conductivity of the films.13,14 

4.2.2 Fourier Transform Infra-Red Spectroscopy (FTIR) 

Figure 4-3 shows the FTIR spectra of undegraded Tween 80 which is similar to that seen in the 

literature.15 The CH2 and CH3 groups in the surfactant show up as peaks at 840, 945 and two 

large peaks between 2850 – 2900 cm-1. There is also a large amount of OH units within the 

Tween 80 chemical structure which appear as a broad peak between 3100 – 3700 cm-1.16 

Finally, there are two peaks at 1100 and 1730 cm-1 which are associated with the C-O and C=O 

bonds of the ester group, respectively.15-17 
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Figure 4-3: FTIR spectra of undegraded Tween 80 with key peaks highlighted. Insert shows Tween 80 chemical structure 

replicated from Pubchem (2018)18 

 

The effect of heating and degrading Tween 80 can be seen in Figure 4-4. There is no discernible 

difference between the undegraded sample and Tween 80 heated to 140 °C suggesting no 

degradation occurs at this temperature. However, the sample heated to 250 °C shows a 

significant reduction in the ratio of key absorbance peaks. This is particularly prominent for the 

C-O peak at 1100 cm-1 which is to be expected since Tween 80 degrades via chain scission of 

the C-O and C-C bonds, leading to the creation of acids.6,9-11 
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Figure 4-4: FTIR traces of Tween 80 after exposure to varying temperatures. Temperatures given in °C in legend 

 

The FTIR data in Figure 4-5 shows the effect of adding increasing quantities of Tween 80 to 

PEDOT:PSS. As expected, with more surfactant there is a corresponding increase in the peaks 

primarily associated with Tween 80 (Figure 4-4). However, the majority of these bonds can 

also be found within the structure of PEDOT:PSS so using them as identifying peaks for the 

presence of Tween 80 is not sufficient. On the other hand, the peak seen at 1730 cm-1 only 

appears once the surfactant has been added and continues to increase in size with further 

surfactant addition. This is because it represents the C=O unit of the ester in Tween 80, which 

is not present in PEDOT:PSS.15-17 It has also been suggested that this peak might be an indicator 

for the level of doping in PEDOT.19 However, given the significant change it is more likely 

related to the increase in C=O concentration. 
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Figure 4-5: FTIR traces of undegraded PEDOT:PSS containing varying concentrations of Tween 80 measured in 

transmission. Samples dried at 140 °C The trace with the lowest Tween 80 concentration is at the bottom with progressively 

greater concentrations further up. All concentrations used are shown as a weight percentage in the legend 

 

The samples from Figure 4-5 were degraded at 250 °C for 1 hour and the resultant IR spectra 

for Tween 80 concentrations of 0.00, 0.93, 2.27 and 2.46 wt% are shown in Figure 4-6. As 

before (section 3.1.1.1), the peak at a 1200 cm-1 disappears after degradation due to the loss of 

the sulfonate group within PSS.2,13,20 Whilst there are still larger peaks at 2850 – 2900 cm-1 for 

increasing Tween 80 concentration, the size of these peaks is reduced compared to the 

undegraded samples. There is also a reduction in peak size at wavenumber 1100 cm-1, 

associated with the chain scission of C-O bonds in Tween 80.6,9-11 However, the peak at 

1730 cm-1, representing C=O,15-17 was unaffected by degradation, due to the double bond 

between carbon and oxygen requiring more energy to break. This shows that the degradation 

mechanisms of PEDOT:PSS and Tween 80 are unaffected when used in combination. 
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Figure 4-6: FTIR traces of non-degraded (black) and degraded (red) samples of PEDOT:PSS/Tween 80 containing surfactant concentrations of a) 0.00, b) 0.93, c) 2.27 & d) 3.46 wt%. 

Samples dried at 140 °C then degraded at 250 °C. Measurement performed in transmission
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4.3 Processing Optimisation for PEDOT:PSS/Tween 80 

Films 

A series of experiments were run to assess the optimum processing conditions for 

PEDOT:PSS/Tween 80 films, while keeping surfactant concentration constant (approximately 

0.52 wt% following work done by Thompson (2017)21) and compare these to pristine 

PEDOT:PSS. It has already been shown that the maximum annealing temperature was limited 

due to an earlier onset of degradation caused by the addition of Tween 80 (section 4.2.1) which 

brought into question whether other processing parameters would change. Optimisation was 

done in regard to the resistivity of the films and was considered optimal when the resistivity 

reached the lowest value. 

4.3.1 Annealing Temperature Effect on PEDOT:PSS/Tween 80 

Sheet Resistivity 

Sheet resistivity was measured, after atmospheric equilibration for 12 hours, to analyse the 

effect of annealing temperature on samples of pristine PEDOT:PSS compared to 

PEDOT:PSS/Tween 80 containing approximately 0.52 wt% surfactant (calculated from volume 

addition) (Figure 4-7). What is initially noticeable is that as the annealing temperature 

increased, the sheet resistivity decreased for samples with and without surfactant. The data 

shows that the lowest resistivity achieved with the surfactant present was 210 Ω□-1 after 

annealing at 140 °C which was significantly lower than samples annealed at 100 and 120 °C 

(p<0.001). This is also the first indication that the addition of Tween 80 is positively impacting 

the conductivity since for each annealing condition, the sample containing the surfactant has a 

lower resistivity and reduced variation.  
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Figure 4-7: Mean sheet resistivity (Ω□-1) of pristine PEDOT:PSS (blocked out black) and PEDOT:PSS/Tween 80 (striped, 

red) for different annealing temperatures. Error bars show ± 1 SD 

 

Similar to pristine PEDOT:PSS (section 3.3.1), the samples containing Tween 80 show a lower 

resistivity at elevated temperatures due to removal of water from the film.3,13,21-23 It is well 

known that removal of excess water from the PSS-rich phase causes a reduction in swelling and 

therefore a shortening of the hopping distance between PEDOT-rich sites distance.3,13,21-23 It is 

also thought that the increased temperature causes the PSS to soften, and structural 

rearrangement can occur leading to a decrease in sheet resistivity (section 3.3.1).13,24,25 This 

may be more significant here given it is suspected that the surfactant will be disrupting the 

PEDOT and PSS interaction, allowing for increased chain mobility.14,26,27 The mechanisms 

causing the sheet resistivity decrease in samples containing Tween 80 will be discussed further 

in section 4.4.5.  

These results show that 140 °C is the optimum annealing temperature to obtain the lowest 

resistivity from PEDOT:PSS/Tween 80 films, without causing degradation. 
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4.3.2 Annealing Time Effect on PEDOT:PSS/Tween 80 Sheet 

Resistivity 

Figure 4-8 shows the effect of annealing time on PEDOT:PSS/Tween 80 film resistivity for a 

surfactant concentration of approximately 0.52 wt% (calculated from volume addition). 

Samples were annealed at 140 °C for various times and resistivity was measured after 

equilibration in atmospheric conditions for 12 hours. The data shows a large drop in sheet 

resistivity, even at the short annealing time of 20 minutes. Furthermore, ANOVA showed a 

statistically significant decrease in the mean sheet resistivity between samples annealed for 20 

and 40 minutes, and samples for above 60 minutes (p<0.05). However, the results are not 

significantly different from 60 to 120 minutes. 

 

 

Figure 4-8: Mean sheet resistivity (Ω□-1) of PEDOT:PSS/Tween 80 films for varying annealing times. Error bars 

show ± 1 SD 

 



141 

 

As previously mentioned, (section 4.3.1), it is likely that water removal and chain 

reorganisation are the main causes of the decrease in resistivity with increasing annealing 

time.3,13,21-25 It was seen in the previous chapter that at least 40 minutes was needed to anneal 

pristine PEDOT:PSS (section 3.3.3), however, it is clear from this data that a minimum of 

60 minutes is required for PEDOT:PSS/Tween 80. It is likely that the water removal from the 

sample will be quicker, due to less moisture being absorbed when the surfactant is present.28 

However, whilst not discussed in the literature, the extended annealing time required could be 

attributed to an increase in the time needed for chain reorganisation when Tween 80 is added. 

It is already well established that the ionic interaction between the PEDOT and PSS hinders 

chain mobility,3,27,29 with motion being limited to excess PSS.24 Therefore, despite the 

surfactant being a plasticiser,21 the presence of this large molecule attached to the PSS could 

provide a barrier to chain movement.30 

4.4 PEDOT:PSS/Tween 80 Film Properties 

The processing optimisation experiments discussed above show that PEDOT:PSS/Tween 80 

films require annealing at 140 °C for 60 minutes to achieve the lowest sheet resistivity. 

However, a significant reduction in sheet resistivity, caused by the addition of Tween 80, 

regardless of processing conditions, is also clear (Figure 4-9). To explore this effect in more 

detail, surfactant concentration within the PEDOT:PSS solution was varied, and the resulting 

films analysed. The addition of Tween 80 to PEDOT:PSS in this section was established by 

mass measurement as opposed to previous wt% being calculated from volumes. This helped to 

reduce error in quoted surfactant concentration, particularly for smaller quantities. Processing 

parameters were kept constant as follows (unless otherwise specified): films set at room 

temperature for 12 hours prior to annealing at 140 °C for 60 minutes; annealed films allowed 

12 hours to equilibrate in atmospheric conditions. At this stage, two different casting methods 
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were also implemented (dip and drop casting) in an attempt to replicate R2R and IJP 

manufacturing methods. Details of each method are expanded on in the relevant sections. 

 

 

Figure 4-9: Mean sheet resistivity (Ω□-1) of films made from solutions of pristine PEDOT:PSS and PEDOT:PSS/Tween 80 

containing approximately 0.52 wt% surfactant before and after annealing. Error bars show ± 1 SD 

 

4.4.1 Dip Cast PEDOT:PSS/Tween 80 Film Sheet Resistivity and 

Conductivity 

PEDOT:PSS/Tween 80 solutions, with varying surfactant concentrations, were dip cast onto 

glass substrates. This was done by submerging half of the substrate in solution then allowing 

the film to set in atmospheric conditions in a horizontal orientation. Various dip times were 

tested, with 30 seconds selected as the shortest time needed to produce a coherent film. Analysis 

of the films showed a reduction in sheet resistivity with increasing Tween 80 concentration 

(Figure 4-10). A large initial reduction in sheet resistivity from over 1000 to 130 Ω□-1 occurs 
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once a concentration of 0.90 wt% has been reached followed by a continued, but less 

substantial, decrease with further surfactant addition. The lowest resistivity recorded was 

61 Ω□-1 at a Tween 80 concentration of 3.46 wt%. A large difference in the variability of results 

is also present with samples containing no or low surfactant concentrations displaying a 

substantial scattering of results. This is likely due to non-uniform distribution of PEDOT and 

PSS caused by the core/shell structure leading to areas of higher and lower resistivity. However, 

scattering is reduced above 0.90 wt% Tween 80 addition suggesting the surfactant is disrupting 

the core/shell structure and a more uniform distribution of the two components is present. This 

is particularly important since this figure shows data collected from three different batches of 

PEDOT:PSS/Tween 80 solutions, all of which were made with different bottles but the same 

grade of aqueous PEDOT:PSS. This shows that, while there may be variation initially caused 

by the different PEDOT:PSS batches, the surfactant appears to appreciatively reduce this issue. 

 

 

Figure 4-10: Effect of varying weight percentage (wt%) of Tween 80 in PEDOT:PSS on the sheet resistivity (Ω□-1) of dip cast 

films. Results collected from three separate batches of PEDOT:PSS/Tween 80. Error bars show ± 1 SD 
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Figure 4-11 shows the corresponding conductivity, obtained from the sheet resistivity 

measurements, calculated after measuring average film thickness (section 2.6). As expected, 

the opposite trend to resistivity is seen, with increasing surfactant concentration causing an 

improvement in conductivity. There is an increase from around 3 Scm-1, for pristine 

PEDOT:PSS, to 20 Scm-1 when the concentration is above 0.90 wt%. However, unlike with 

resistivity, the conductivity does not continue to steadily increase with further surfactant. The 

highest conductivity recorded was 26.8 Scm-1 at 1.40 wt% surfactant. Above this concentration, 

results decrease slightly to 14 – 18 Scm-1. The reduction in variation also appears to be less 

pronounced once conductivity is calculated. 

 

 

Figure 4-11: Effect of varying weight percentage (wt%) of Tween 80 in PEDOT:PSS on the conductivity (Scm-1) of dip cast 

films. Results collected from three separate batches of PEDOT:PSS/Tween 80 

 



145 

 

It has been suggested in the literature that any addition will initially interact with the excess 

PSS in solution before disrupting the ionic bond between PEDOT and PSS.31 Given Tween 80 

is also an insulator, at low concentrations the surfactant is adding to the insulating material and 

a threshold of 0.90 wt% is required before any improvement is seen. Above this concentration, 

the Tween 80 will interfere with the bound PEDOT:PSS, allowing for separation of the two 

components and chain alignment, as is commonly seen in the literature for other surfactants and 

solvents.2,14,26,27,32-44 Critically, this is the same reasoning given by Kim, et al. (2017)31 and Oh, 

et al. (2014)45 as to why Triton X-405 and Triton X-100 surfactants show improved 

conductivity when added to PEDOT:PSS. This will be explored in more detail with evidence 

to strengthen this argument in section 4.4.5.  

Similarly, a plateau in electrical performance is seen in the literature, however, the 

concentration at which this occurs depends on the additive.31,45 As discussed at the start of this 

chapter (section 4.1), the Tween 80 concentrations are quoted as the wt% in solution but once 

the water is removed, the surfactant concentration in the dry film will contribute to a much 

larger proportion. The start of the plateau is likely the point at which saturation of the 

PEDOT:PSS – Tween 80 interaction occurs.8,14 While the sheet resistivity data suggests 

continued addition will cause a further resistivity decrease, this saturation effect is more obvious 

in the conductivity data. Here, the conductivity does not continue to increase and instead falls 

above approximately 1.25 wt%. 

The reason for the discrepancy between the sheet resistivity and conductivity trends for 

surfactant concentrations above 0.90 wt% is likely linked to sample thickness (Figure 4-12). 

The data shows a clear increase in the thickness of dip cast PEDOT:PSS/Tween 80 films with 

increasing surfactant concentration. It has been established in the literature that an increase in 

thickness shows a non-linear decrease in sheet resistivity, with values plateauing at greater 



146 

 

thicknesses,42,46-49 however, this does not translate to conductivity. For example, Martin, et al. 

(2004)42 found a sheet resistivity of 4300 Ω□-1 at 0.17 µm and 1800 Ω□-1 at 0.53 µm, which 

would equate to conductivity values of 13.7 Scm-1 and 10.5 Scm-1, respectively. In this case, 

there is a decrease in conductivity despite the large decrease in sheet resistivity. 

Furthermore, PEDOT:PSS is made up of conductive (PEDOT-rich) and non-conductive (PSS-

rich) areas. The non-conductive regions can be thought of as resistors in a circuit which follow 

Thevenin’s theorem. When current flows through resistors in series (i.e., in line along the same 

path), then the contribution of each resistor is added together to provide the overall resistance. 

However, in parallel (i.e., stacked on top of each other running along different paths) the 

resistance is calculated as the sum of the inverse of each resistor. Therefore, in a thinner 

PEDOT:PSS sample, the PSS-rich regions can be thought of as resistors in series since the 

current will be forced to flow through these areas. However, thicker samples provide more 

opportunity for these regions to stack on top of each other and may allow for more conductive 

PEDOT-rich areas to reside more closely together. This would, in effect, mimic the circuit with 

resistors in parallel meaning the overall resistivity to current is lower. This may then be 

contributing to the discrepancy between resistivity and conductivity. This highlights the need 

for thickness to be factored in when assessing the electrical properties of a material. 
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Figure 4-12: Average thickness (µm) of dip cast PEDOT:PSS/Tween 80 films for various surfactant concentrations (wt%). 

Dotted line is present to show data trend 

 

While the data shows a substantial increase in the conductivity when Tween 80 is added, the 

maximum conductivity reached was approximately 26 Scm-1. When compared to other 

literature values, this increase is relatively low. For example, improvements of 0.16 to 70 Scm-1, 

0.21 to 206 Scm-1 and 0.16 to 224 Scm-1 have been seen with SDS, Triton X-405 and SDBS, 

respectively.31,40 The reason for this lower conductivity is most likely linked to the larger Mw 

of the Tween 80 molecule. The Mw of Tween 80 is 1310 gmol-1, which is more than double 

that of Triton X-100.50,51 The effect of Mw on conductivity enhancement was shown by Kim, 

et al. (2017)31 in which a range of Triton X surfactants were assessed. It was found that the 

greatest conductivity improvement was achieved with the lowest Mw additive, which in this 

case was Triton X-405.31 A similar result has also been seen with PEG, in which higher Mw 
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resulted in smaller conductivity improvements.14 It has previously been suggested that a greater 

Mw will negatively impact chain mobility leading to a lower conductivity improvement.14 It is 

also possible that there is an increase in the hopping distance created by larger molecules 

between conductive PEDOT-rich sites, hindering conductivity. Despite this, Tween 80 has been 

shown to positively impact conductivity strengthening the evidence that non-ionic surfactants 

can be used as effective enhancing agents. 

4.4.2 Drop Cast PEDOT:PSS/Tween 80 Film Sheet Resistivity and 

Conductivity 

PEDOT:PSS/Tween 80 solutions, with varying surfactant concentrations, were drop cast onto 

glass substrates. This was done by pipetting 0.4 ml of each solution onto the substrate, ensuring 

full coverage. The effect of surfactant concentration on sheet resistivity is comparable to dip 

cast films (Figure 4-13) with increasing surfactant concentrations decreasing sheet resistivity. 

As before, this only occurs above 0.50 wt% Tween 80 and the results also show a plateau at 

1.21 wt% producing a resistivity of 276 Ω□-1. However, unlike dip cast samples, resistivity 

does not continue to decrease with increasing surfactant concentration, with the greatest 

concentration of 2.63 wt% yielding 260 Ω□-1. There is a degree of fluctuation in the sheet 

resistivity between these points, and the lowest recorded resistivity obtained for drop cast films 

was 255 Ω□-1 at a concentration of 2.13 wt%. 
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Figure 4-13: Effect of varying weight percentage (wt%) of Tween 80 in PEDOT:PSS solution on the sheet resistivity (Ω□-1) 

of drop cast films. Error bars show ± 1 SD 

 

As discussed in more detail for the dip cast films (section 4.4.1), a decrease in resistivity will 

only occur once a suitable quantity of surfactant has been added to interact with the excess PSS, 

followed by further addition disrupting the ionic interaction.31 Improvement then plateaus once 

the concentration of Tween 80 is similar to that of the solid content of PEDOT:PSS in solution 

(i.e., 1.2 wt%). There are, however, some discrepancies in the resistivity between the coating 

methods. Firstly, the sheet resistivity of pristine PEDOT:PSS is lower for drop cast samples 

(599 Ω□-1) that dip cast (715 Ω□-1). This was due to the drop cast films being consistently 

thicker than dip cast films (Figure 4-14), causing to sheet resistivity to be lower.42,46-49 However, 

it is also clear that the reduction in resistivity obtained when adding Tween 80 is not as great 

with drop casting. The lowest measurement for dip casting was 61 Ω□-1 at 3.46 wt%, compared 

to 260 Ω□-1 at 2.63 wt% for drop cast films.  
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Figure 4-14: Average thickness (µm) of PEDOT:PSS/Tween 80 films with varying surfactant concentration (wt%) for dip 

cast (cross) and drop cast (red circle) films. Dotted guidelines show data trends 

 

When conductivity is calculated for dip cast samples (Figure 4-15), a value of 2.9 Scm-1 is 

obtained for pristine PEDOT:PSS. This is similar to dip cast pristine PEDOT:PSS films which 

gave an approximate conductivity of 3 Scm-1 (Figure 4-11). However, conductivity on a drop 

cast film at 1.21 wt% Tween 80 gave a result of 6.6 Scm-1, which is considerably lower than 

20 Scm-1 for a dip cast film at the same concentration. This indicates there is a significant effect 

on PEDOT:PSS/Tween 80 conductive properties caused by the casting method. 
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Figure 4-15: Effect of varying weight percentage (wt%) of Tween 80 in PEDOT:PSS on the conductivity (Scm-1) of drop cast 

films 

 

The reason for this discrepancy between casing methods in resistivity/conductivity, when 

Tween 80 is present, is due to two factors. The first variable is that during dip casting, the 

samples are held in a vertical position while depositing material. This may induce a small degree 

of orientation in the polymer chains due to gravity, similar to that caused by spin casting.52,53 

However, this would only account for a small difference since dip cast samples were allowed 

to set whilst horizontal, reducing the effect of gravity. Furthermore, there is no difference in 

conductivity between the two casting methods for pristine PEDOT:PSS samples, suggesting 

this orientation effect is unlikely to be significantly influencing results. The second, and most 

likely factor, is the difference in the deposited material when using each casting method. During 

dip casting, excess Tween 80 is less likely to be picked up by the substrate. However, with drop 

casting, all excess surfactant is deposited which will add a substantial amount of insulating 
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material to the film. These issues with drop casting suggest that the dip casting film 

manufacturing method is superior. 

Based on this data and previous dip casting results (section 4.4.1), an optimum Tween 80 

concentration can be established. While the dip cast resistivity data shows a decrease to 61 Ω□-1 

at 3.46 wt%, there is a clear decrease in the calculated conductivity above 1.25 wt%. Resistivity 

of drop cast films also plateaus at the same percentage indicating that between 1.00 – 1.25 wt% 

Tween 80 is needed for optimal enhancement. However, there are other considerations, such as 

film quality (section 4.4.4) and solution properties (section 4.5), that will further inform the 

optimal concentration. 

4.4.3 DETA of PEDOT:PSS/Tween 80 Bulk Resistivity 

PEDOT:PSS is a p-type semiconductor meaning that a rise is temperature will lead to a decrease 

in measured resistance due to increased electron mobility.2,30,54,55 The following experiments 

were performed using a DETA set up to establish how the Tween 80 concentration in 

PEDOT:PSS affects this property. Due to the geometry of the bottom plate (section 2.4.4), it 

was not possible to dip cast films for bulk resistivity analysis, therefore, all samples were drop 

cast. Furthermore, samples were allowed to set as normal in atmospheric conditions, but the 

annealing stage was not performed prior to the first heating ramp. This means that the first 

heating run also acted as an annealing stage. A second ramp was then performed on the same 

samples following cooling and re-equilibration for 12 hours in atmospheric conditions. The data 

seen in Figure 4-16 shows that samples containing Tween 80 are still of a semi-conductive 

nature for all surfactant concentrations. This is highlighted by the general decrease in resistivity, 

and corresponding increase in conductivity, with temperature for both heating runs. Finally, 

there is also a decrease in bulk resistivity associated with increasing surfactant concentration 

(Figure 4-17).
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Figure 4-16: Effect of temperature (°C) on the bulk resistivity (Ωm) on the (a) first (c) & second heating runs, with corresponding calculated conductivity (Sm-1) (b & d), for 

PEDOT:PSS/Tween 80 samples containing varying surfactant concentrations (wt%) as seen in the legend
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The data shows that the increase in Tween 80 concentration causes bulk resistivity to decrease 

at all temperatures on both the first and second runs (Figure 4-17). In every case, the lowest 

bulk resistivity obtained was at 1.17 wt% Tween 80, with resistivity marginally increasing at 

1.57 wt%. This increase is not seen in the previous sheet resistivity data, with results either 

continuing to decrease or plateau with higher surfactant concentrations (section 4.4.1 & 4.4.2). 

Furthermore, at temperatures of 80 °C and below, there is an improvement in the second run 

across all Tween 80 concentrations. The surfactant addition not only reduces bulk resistivity, 

but also decreases the difference between the first and second runs. For example, at 25 °C with 

pristine PEDOT:PSS improved from 330000 to 110000 Ωm after annealing (i.e., after the first 

heating run) compared to 1900 to 400 Ωm at 1.17 wt% Tween 80 addition. However, the same 

trends do not apply at 120 °C. Whilst at lower Tween 80 concentrations there is still an 

improvement with the second run, above 0.85 wt% surfactant addition the bulk resistivity of 

the second run becomes greater than that of the first. 
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Figure 4-17: Bulk resistivity (Ωm) (left axis, filled shapes) and corresponding calculated conductivity (Sm-1) (right axis, hollow shapes) of PEDOT:PSS/Tween 80 samples for varying 

surfactant concentrations (wt%), measured at different temperatures as follows: a) 25, b) 40, c) 80 & d) 120 °C. ‘Res 1’ & ‘Cond 1’ (black squares) correspond to the first run performed 

and ‘Res 2’ & ‘Cond 2’ (red circles) correspond to the second run 
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As mentioned, the bulk resistivity is at a minimum for a Tween 80 concentration of 1.17 wt% 

and does not follow previous sheet resistivity data. Due to the bulk resistivity samples being 

made using the drop casting method, excess Tween 80 is deposited. This increases the amount 

of insulating material and is likely further exacerbated when measuring the bulk resistivity since 

the resistance through the whole sample is considered rather than just the sample surface. Due 

to the high Mw of both Tween 80 and excess PSS, these components will move away from the 

surface during film setting.14,56-58 This leads to a more conductive surface, which is the primary 

region being measured with the 4-point probe. This also explains why calculated conductivity 

values from bulk resistivity (Figure 4-16 & 4-17) are much lower than from sheet resistivity 

(section 4.4.1) and literature values.2,34-38 The best conductivity calculated from bulk resistivity 

at 25 °C was 0.00053 Sm-1 at 1.17 wt% surfactant, compared to 26.8 Scm-1 at 1.40 wt% 

Tween 80 when calculated using sheet resistivity of dip cast films. In the literature, 100 Scm-1 

was obtained when adding Triton X-10045 and 224 Scm-1 for SDBS addition.41 However, this 

difference is likely caused by the calculation of conductivity from bulk resistivity in this study, 

as opposed to sheet resistivity which is more often used in the literature.2,35-39 There will also 

be differences associated with in-plane versus through plane measurements. Although 

PEDOT:PSS is considered amorphous,22,43,59-63 there is evidence of short range π – π 

stacking,61-66 which will favour in-plane measurements, causing 4-point probe conductivity to 

be greater. 

Despite these differences, the bulk resistivity data shows that the addition of Tween 80 is 

improving conductivity throughout the whole sample and not just at the surface. The data also 

highlights the positive impact of annealing, particularly at lower temperatures. This is of greater 

importance since PEDOT:PSS films will most likely be used in ambient temperature conditions. 

Furthermore, measurements could only be taken up to a surfactant concentration of 1.57 wt%, 
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after which the excess surfactant on the film surface interfered with the test. This provides some 

further indication of the maximum quantity of Tween 80 that can be added to PEDOT:PSS 

before the polymer available for interaction with the surfactant becomes saturated. 

4.4.4 Effect on Film Quality with Varying Tween 80 Concentration 

Whilst an increase in Tween 80 concentration has been shown to be beneficial for both bulk 

and sheet resistivity, there were indications that greater amounts of surfactant cause issues 

regarding film quality. At the start of this chapter, the issue of Tween 80 concentration in 

solution and subsequently in the film was highlighted. Visual analysis of drop cast films 

(Figure 4-18) showed no obvious indication of excess Tween 80 at lower concentrations 

(0.79 wt%), however, at 2.13 wt% a waxy white layer appeared on the surface. Furthermore, 

the highest concentration (2.63 wt%) produced an uneven ‘bubbly’ film finish. At high 

concentrations, Tween 80 accounts for approximately 65 wt% of the dry film suggesting that 

the surfactant – PEDOT:PSS interaction may be saturated. It also emphasises the issues seen in 

sheet resistivity and bulk resistivity measurements caused by the accumulation of excess 

surfactant. Similar issues could also be identified for dip cast samples. 

 

 

Figure 4-18: Images of films produced using PEDOT:PSS/Tween 80 solutions with surfactant concentrations of a) 0.79, 

b) 2.13, and c) 2.63 wt% 
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These findings emphasise the previously alluded to suggestion that there is a saturation point 

of PEDOT:PSS solution, past which further additions of Tween 80 are unable to interact with 

the polymer. This leads to detrimental effects on film quality. To further assess film quality, the 

roughness average (Ra) of PEDOT:PSS/Tween 80 films was calculated. Table 4-2 shows a 

comparison of Ra for dip cast and drop cast films with differing surfactant concentrations. The 

data shows there is a greater degree of variability in the drop cast technique, with Ra values 

reaching 1.115 µm for a Tween 80 concentration of 1.57 wt% but as low as 0.042 µm at 

0.34 wt%. The equivalent Ra values for the dip cast films are 0.049 and 0.079 µm, respectively. 

Furthermore, other than at 0.34 wt%, Ra values for drop cast films are greater than dip cast 

samples. This suggests that dip casting is a superior method with regards to repeatability and 

film quality. 

 

Table 4-2: Ra (µm) for dip cast and drop cast PEDOT:PSS/Tween 80 films with varying surfactant concentration (wt%) 

Tween 80 

Concentration (wt%) 

Dip Cast Ra 

(µm) 

Drop Cast Ra 

(µm) 

0.00 0.047 0.444 

0.34 0.079 0.042 

0.85 0.056 0.059 

1.57 0.049 1.115 

 

From Table 4-2, the effect of altering surfactant concentration on film quality is unclear. It has 

already been shown that the addition of Tween 80 to PEDOT:PSS causes the dry film thickness 

to increase with concentration for both coating methods (Figure 4-14). Whilst not directly 

measured in this study, this increase in thickness may lead to a reduced film transparency, 

causing them to be unsuitable for use in optoelectronic devices.42,70,71 Figure 4-19 shows the Ra 
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for dip cast films across a greater range of Tween 80 concentrations. Initially, the addition of 

Tween 80 was found to improve the quality, with pristine PEDOT:PSS Ra value being 

0.047 µm compared to the lowest Ra of 0.016 µm at 1.40 wt%. However, above this 

concentration the Ra significantly increases to 0.062 at 2.63 wt%. As seen from the visual 

analysis (Figure 4-18), at this concentration there is a considerable amount of surfactant residing 

on the surface of the film which is likely to increase roughness. This also shows that 1.50 wt% 

is the optimal concentration for film quality. 

 

 

Figure 4-19: Ra (µm) of PEDOT:PSS/Tween 80 dip cast films with varying surfactant concentration (wt%). Dotted guideline 

shows data trend 

 

4.4.5 Structural Analysis of PEDOT:PSS/Tween 80 Films 

The microstructure of PEDOT:PSS/Tween 80 films was analysed using three techniques: AFM, 

XRD and Raman spectroscopy. It was hypothesised that the addition of the surfactant would 
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cause similar structural changes to other surfactants and chemicals seen in the 

literature.14,31,43,44,56 Tween 80 is suspected to disrupt the ionic bond between PEDOT and PSS 

much in the same way as other surfactants such as the Triton X series.21,31,45 This would initially 

cause the PEDOT and PSS to segregate, creating larger conducting regions and reducing the 

number of barriers to electron flow through the material.14,26,27 There would also be an 

‘uncoiling’ of the PEDOT chains as they adopt a more linear structure through a benzoid to 

quinoid resonance structure transformation.14,44 This has the effect of allowing for greater chain 

alignment and increased π-π stacking, providing better conduction pathways for electron 

flow.2,14,32-39 In this section, the evidence for these mechanisms is explored. 

4.4.5.1 Atomic Force Microscopy (AFM) 

The AFM images in Figure 4-20 show the comparison between pristine PEDOT:PSS 

(Figure 4-20a-c) and PEDOT:PSS/Tween 80 with 1.40 wt% surfactant concentration 

(Figure 4-20d-f). Pristine PEDOT:PSS was observed to have no structural alignment or 

separation, commonly seen in the literature,14,26,56 however, the PEDOT:PSS/Tween 80 film 

clearly shows evidence of phase separation. This is most clearly seen in ‘c’ and ‘f’, representing 

pristine PEDOT:PSS and PEDOT:PSS/Tween 80 respectively, where the adhesion 

measurements (a & d) are normalised to the surface profiling data (b & e). As explained in 

section 2.5.3, the light phases represent PEDOT-rich regions while the darker phases PSS-rich 

regions.64,72,73 
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Figure 4-20: AFM imagine of pristine PEDOT:PSS (a, b, c) and PEDOT:PSS films containing 1.40 wt% Tween 80 (d, e, f). 

Showing a) and d) adhesion scan, b) and e) surface roughness, c) and f) surface roughness normalised to surface profiling. 

Note: bright spot on image ‘e’ is contamination 

 

 

a) d) 

b) e) 

c) f) 
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This separation is likely a factor in the overall conductivity improvement of PEDOT:PSS with 

the addition of Tween 80. It shows evidence that the surfactant is interfering with the ionic bond 

between the two components, causing PEDOT and PSS to segregate into more and less 

conductive regions.14,26,27,45,46 This leads to a reduction in the energy barrier between 

PEDOT-rich regions, improving conductivity.43 However, it is also possible the AFM images 

are showing the immiscibility of Tween 80 and PEDOT:PSS at this concentration given this 

amount of surfactant equates to over 50 wt% in the dry film. Similar issues were seen by Kim, 

et al. (2017)31 with the addition of some Triton X surfactants. It has previously been observed, 

with a scan area of 1 x 1 µm, that some additives, including Triton X-100, result in a ‘nanofibril’ 

structure appearing.21,31,45 The AFM analysis in this study was limited in the resolution and 

magnification to 50 x 50 µm therefore, it is unknown whether Tween 80 addition would cause 

the same microstructure. 

4.4.5.2 X-Ray Diffraction (XRD) 

The XRD traces seen in Figure 4-21 show the relative intensity of diffraction peaks for films of 

pristine PEDOT:PSS and PEDOT:PSS/Tween 80 with surfactant concentrations of 0.47 & 

1.32 wt%. Firstly, the data shows that pristine PEDOT:PSS is amorphous since broad peaks 

appear around 26 ° and 18 °, with no other sharp peaks being present.21,42,59-63 This compliments 

the AFM data (section 4.4.5.1) and literature showing no organisation or alignment of the 

polymer.32,61,63,74,75 Additionally, the film containing 0.47 wt% surfactant can also be 

considered amorphous with a very similar trace to that of pristine PEDOT:PSS. However, the 

PEDOT:PSS/Tween 80 sample containing 1.32 wt% surfactant shows the appearance of two 

sharper, more defined peaks at 2.3 and 6.8 ° with two smaller peaks at 4.6 and 11.3 ° indicative 

of alignment within the polymer. 



163 

 

 

Figure 4-21: XRD traces showing relative intensity of diffraction peaks for differing film samples. From bottom to top traces 

are as follows: pristine PEDOT:PSS (black), PEDOT:PSS/Tween 80 with 0.47 wt% surfactant (red), PEDOT:PSS/Tween 80 

with 1.32 wt% surfactant (blue). Baseline of glass substrate was removed 

 

The XRD trace for the sample containing 1.32 wt% Tween 80 provides further evidence of the 

surfactant interfering with the PEDOT – PSS ionic interaction. This allows the PEDOT to adopt 

the ‘uncoiled’ quinoid form21,31,46,61 and leads to long range order of the PSS chains, represented 

by the larger peaks.30,76,77 As already mentioned, the alignment of the structure will create better 

conducting pathways which reduces the barriers to electron flow and improves 

conductivity.2,14,32-39,45 Yoon, et al. (2016)21 reported that Triton X-100 addition caused similar 

changes in peak intensity caused by closer chain packing. In this work, the peaks are sharper 

and more well defined, indicating that Tween 80 has a more substantial effect on the chain 

alignment of PEDOT:PSS. This also compliments the AFM data (section 4.4.5.1) strengthening 

the hypothesis that Tween 80 refines the PEDOT:PSS structure. 



164 

 

The data also highlights the need for a minimum amount of surfactant before conductivity is 

affected. The sheet resistivity measurements for dip cast samples (section 4.4.1) showed that 

less than 0.50 wt% Tween 80 caused no significant resistivity decrease. These XRD results 

demonstrate that smaller quantities of surfactant do not induce the structural change needed to 

improve conductivity. 

4.4.5.3 Raman 

Raman analysis was performed on the PEDOT:PSS/Tween 80 films to probe possible changes 

in the PEDOT double bond structure from benzoid to quinoid. Pristine PEDOT:PSS displays 

three peaks in the Raman spectra (Figure 4-22). The two main peaks at 1600 and 1460 cm-1 

represent the C=C bonds in the aromatic rings of PEDOT and PSS.78 The shoulder at 1360 cm-1 

is associated with the SO2 group in the PSS.78 When Tween 80 is added there is little obvious 

change except the shoulder at 1360 cm-1 becomes less pronounced, especially at 1.32 wt%. 

 

 

Figure 4-22: Raman spectra of PEDOT:PSS/Tween 80 films containing 0.00, 0.47 & 1.32 wt% surfactant (from bottom to 

top) 
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Within the literature, it has been reported that this resonance structural change can be seen 

through a red-shift and narrowing of the 1400 – 1500 cm-1 band, representing the Cα=Cβ bond 

in the thiophene ring of PEDOT.19,21,44 As this was seen by Yoon, et al. (2016)21 with the 

addition of Triton X-100, a similar shift in the peak at 1460 cm-1 would be expected with 

Tween 80. However, whilst the decrease in the prominence of the shoulder at 1360 cm-1 could 

be a sign of a red-shift of the 1460 cm-1 peak, it is not possible to determine with certainty. The 

addition of Tween 80 also increases the concentration of OH and CH groups, both of which 

show peaks within this region.78 There is also limitation in the resolution of the measurement 

and analysis method. Without deconvolution of the peaks, it is difficult to discern whether a 

shift caused by a benzoid/quinoid change has occurred. However, this conclusion has been 

reported by others, with the implication being that the addition of surfactant does change the 

resonance structure but not substantially enough to be detected by Raman.40 Therefore, it is 

likely that the addition of Tween 80 is allowing the PEDOT to shift to a more quinoidal structure 

even if this cannot be accurately deduced from the analysis in this study. This notion is further 

strengthened by the XRD data (section 4.4.5.2) in which the diffraction peaks observed with 

1.32 wt% Tween 80 are linked to this resonance structure change.21,31,46,61 

4.5 PEDOT:PSS/Tween 80 Solution Properties 

4.5.1 Rheology of PEDOT:PSS/Tween 80 Solutions  

The rheology of pristine PEDOT:PSS solution shows a decrease in viscosity with increasing 

shear rate (Figure 4-23) similar to shear thinning.59,79,80 However, there is a degree of 

uncertainty in this considering PEDOT:PSS is primarily water, which has a high surface 

tension, and may skew results at low shear rates.81 Results show that at 1 s-1 the viscosity of 

pristine PEDOT:PSS solution is approximately 0.20 Pa.s which correlates closely to the 

literature values.59,79 There have been reports that this value could be higher,80 but these 
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discrepancies are likely caused by different concentrations of PEDOT:PSS in solution.80 The 

viscosity of Tween 80 is greater than PEDOT:PSS (0.43 Pa.s) and stays relatively constant 

regardless of the shear rate (Figure 4-23).  

 

 

Figure 4-23: Shear viscosity (Pa.s) of pristine PEDOT:PSS solution (red cross) and Tween 80 surfactant (black circle) for 

varying shear rates (s-1) from 0.1 – 100 s-1 

 

The effect of Tween 80 on the viscosity of PEDOT:PSS can be seen in Figure 4-24. The data 

shows that, initially, there is an increase in the viscosity with surfactant concentration. This 

increase continues until a percentage of 0.93 wt% is reached at which point the viscosity then 

begins to decrease. Whilst there is a spread in the viscosity for differing shear rates, the trends 

across all rates are the same.  

 



167 

 

 

Figure 4-24: Viscosity (Pa.s) of PEDOT:PSS/Tween 80 solutions with varying Tween 80 concentration (wt%) for different 

shear rates (s-1). Shear rates are 1 (black circle), 10 (red triangle) and 30 s-1 (blue square) 

 

Furthermore, the higher the shear rate, the lower the viscosity at any given Tween 80 

concentration which shows the solution has retained a shear thinning like behaviour 

(Figure 4-25). This effect becomes more exaggerated as surfactant wt% increases until 

0.93 wt% where it reduces. The greatest viscosity obtained at a surfactant concentration of 

0.93 wt% for a shear rate of 1 s-1 was 2.71 Pa.s which is 2.51 Pa.s greater than that of pristine 

PEDOT:PSS at the same shear rate (Figure 4-24). The lowest viscosity obtained at 1 s-1 for a 

PEDOT:PSS/Tween 80 solution was for a surfactant addition of 3.16 wt% giving a viscosity of 

0.36 Pa.s. Whilst significantly lower than the viscosity at 0.93 wt%, this is still greater than 

pristine PEDOT:PSS. 
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Figure 4-25: Shear viscosity (Pa.s) of pristine PEDOT:PSS/Tween 80 solutions with surfactant concentration 0.00 (black 

circle), 0.93 (red triangle), 2.27 (blue square) and 3.46 wt% (green cross) for varying shear rates (s-1) from 0.1 – 100 s-1 

 

The initial increase in viscosity caused by Tween 80 follows the reported literature 

findings,79,80,82,83 which can partially be accounted for by the greater viscosity of Tween 80 

(0.43 Pa.s) (Figure 4-23). However, results for PEDOT:PSS/Tween 80 at 0.93 wt% are 

significantly higher, suggesting alternative mechanisms are influencing viscosity. The influence 

of Tween 80 on water is shown in Figure 4-26. While the data at low shear rate (1 s-1) is varied, 

this is likely due to the surface tension of water creating an elevated viscosity reading which is 

overcome as shear rate increases.81 At higher shear rates the viscosity is more consistent and 

shows the addition of Tween 80 to have no significant effect on the viscosity of the solution. 

This shows that the effect seen with aqueous PEDOT:PSS must be due to the interaction of the 

surfactant with the polymer. 

 



169 

 

 

Figure 4-26: Viscosity (Pa.s) of water/Tween 80 solutions with varying Tween 80 concentration (wt%) for different shear 

rates (s-1). Shear rates are 1 (black circle), 10 (red triangle) and 30 (blue square) s-1 

 

The cause for this trend relates to the notion that there is a saturation of the interaction between 

Tween 80 and the solid content of PEDOT:PSS in solution, which has been alluded to 

throughout this chapter. It has previously been suggested that the surfactant will create 

PEDOT – surfactant and PSS – surfactant complexes.21 Therefore, the Tween 80 will be 

contributing to the polymer content in solution up to 0.93 wt%, without adding to the 

surrounding solution. However, the decrease seen above 0.93 wt% Tween 80 (Figure 4-24) is 

not reported in the literature for other surfactants. Above this concentration, it is hypothesised 

that there will be no further interaction between Tween 80 and PEDOT:PSS meaning any 

further addition will dilute the solution. This explains the decrease in viscosity seen for 

concentrations above 0.93 wt%. 
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These results inform the suitability of PEDOT:PSS/Tween 80 solutions for bulk manufacturing. 

Tween 80 addition has previously been shown to produce an effective PEDOT:PSS ink for 

IJP84,85 and R2R methods when used in conjunction with other additive.83 IJP and R2R 

generally favour lower viscosity inks.86 While limitations to attainable shear rates make it 

difficult to determine solution suitability for IJP,79 pristine PEDOT:PSS is thought to be 

appropriate.79,80 At 3.16 wt%, the PEDOT:PSS/Tween 80 viscosity is comparable to that of 

pristine PEDOT:PSS (0.36 and 0.20 Pa.s at 1 s-1, respectively). Viscosity also substantially 

decreases with increasing shear rate, most noticeable demonstrated at 0.93 wt% (2.71 & 

0.29 Pa.s at 1 & 30 s-1, respectively). This suggests a PEDOT:PSS/Tween 80 system could be 

suitable for bulk manufacturing, however, further investigation would be needed. 

4.5.2 Surface Tension of PEDOT:PSS/Tween 80 Solutions  

The wettability and surface tension of PEDOT:PSS/Tween 80 solutions, with varying surfactant 

concentrations, were assessed. The contact angle of pristine PEDOT:PSS on glass was 21.8 °, 

significantly lower than the contact angle of water (~55 °),87 suggesting that PEDOT:PSS alters 

the surface tension of the solution. The contact angle appears to increase up to 0.47 wt% 

surfactant followed by a decrease for greater Tween 80 concentrations (Table 4-3). To assess 

this effect in greater detail a capillary climb method was employed (section 2.3.2.2), from which 

surface tension was calculated (Table 4-3). 
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Table 4-3: Contact angle (°), capillary climb height (mm) and calculated surface tension (mNm-1) of PEDOT:PSS/Tween 80 

solutions for varying surfactant concentration.  

Tween 80 

Concentration (wt%) 

Contact 

Angle (°) 

Capillary 

Height (mm) 

Surface Tension 

(mNm-1) 

0.00 21.8 15 30.6 

0.37 28.5 14 30.1 

0.47 31.6 16 36.8 

0.93 27.1 8 16.5 

1.29 27.6 12 26.6 

1.32 27.6 9 18.8 

2.27 25.3 13 28.2 

2.50 23.8 15 32.7 

3.16 28.4 17 36.8 

3.46 25.4 17 35.9 

 

The surface tension data calculated in Table 4-3 is represented in Figure 4-27. The surface 

tension of pristine PEDOT:PSS solution was calculated to be 30.6 mNm-1. The data then closely 

resembled the contact angle results with a significant decrease in surface tension up to 0.93 wt% 

Tween 80. At this concentration surface tension was lowest measuring 16.5 mNm-1, followed 

by an increase with further surfactant to 36.8 mNm-1 at 3.16 wt% Tween 80, surpassing the 

surface tension of pristine PEDOT:PSS. 
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Figure 4-27: Surface tension (mNm-1) of PEDOT:PSS/Tween 80 solutions for difference Tween 80 concentrations (wt%) 

 

In accordance with the contact angle data, the surface tension of pristine PEDOT:PSS is 

significantly lower than that of water, 72 mNm-1.22,79,88,89 While literature sources often quote 

PEDOT:PSS solution as having a similar surface tension to water,45,79,80,83,90 it has previously 

been measured as low as 44 mNm-1,82 substantially closer to the values found in this study. It 

is likely that these differences have come from the measurement method used. In this case, there 

is likely a greater interaction of PEDOT:PSS with the capillary walls. Therefore, while the 

dominant force for other testing methods is water, using this method will allow more polymer 

to interact with the substrate material, potentially hindering the movement of solution up the 

capillary. 

With the addition of Tween 80, surface tension (Figure 4-27) shows an inverse trend to viscosity 

(Figure 4-24) with 0.93 wt% Tween 80 causing both the lowest surface tension and greatest 

viscosity. A similar occurrence has been reported in the literature with the addition of Tween 80 
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in small quantities.82 This drop in surface tension has been seen with alternative surfactants and 

other additives.45,79,90 Notably, the addition of Triton X-100 decreased surface tension from 72 

to 30 mNm-1.45 However, consideration of surface tension and contact angle together 

complicate the effect of Tween 80. Below 0.93 wt%, it is thought that the surfactant contributes 

to the amount of polymer in solution by interacting with the solid PEDOT:PSS component. 

This means the surfactant will have little to no effect on the water component. Furthermore, the 

surfactant will saturate the polar bond of the hydrophilic PSS, freeing polar groups within the 

water. This creates a system whereby the polymer is less dissolved, and the water has a higher 

surface energy. The contact angle (Table 4-3) and surface tension (Figure 4-27) results 

marginally increase at low concentrations, reflecting these changes. 

Above 0.93 wt% it is suspected the PEDOT:PSS – surfactant interaction is saturated, therefore, 

allowing the Tween 80 to influence the surface tension of the water component. Again, this is 

demonstrated in the contact angle data with a gradual decrease appearing at higher 

concentrations. The effect of Tween 80 on water is well established, and has been shown to 

decrease surface tension with increasing concentration.91 However, despite the drop in surface 

tension aligning with contact angle results at 0.93 wt%, higher values do not follow the same 

trend. Above this concentration, surface tension begins to increase, which is contrary to contact 

angle and literature findings for other surfactants.48 As mentioned, the use of a capillary method 

is likely distorting surface tension results through interaction of the polymer with the capillary 

wall. Nevertheless, it is still unclear why surface tension and contact angle data do not correlate. 

A hypothesis is that at higher surfactant concentrations, the PEDOT:PSS in solution becomes 

more dilute. This would then cause less polymer to interact with the capillary and surface 

tension would tend towards a Tween 80 – water mix. The surface tension of water with 1 wt% 
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Tween 80 has been quoted as 38.1 mNm-1.91 This is comparable to the surface tension of 

PEDOT:PSS/Tween 80 solution with 3.16 wt% surfactant at 36.8 mNm-1. 

Therefore, this difference in results shows that the properties of a PEDOT:PSS solution droplet 

on a substrate will primarily be dominated by the water component with the polymer acting to 

reduce surface tension. However, the behaviour of the liquid in a capillary has been shown to 

be different and is likely due to increased chain interaction with the capillary wall. This has 

potential connotations for bulk manufacture, especially IJP in which the solution will likely 

pass through a small nozzle. However, lowering the surface tension is advantageous when 

considering R2R manufacture as a lower surface tension will improve the wettability of the 

solution and allows for a more even coating.40,49,90,92,93 This is particularly important when 

considering PP, PET or other polymeric substrates used in R2R manufacture since pristine 

PEDOT:PSS solution coverage and adhesion on these substrates is usually poor.40 By lowering 

the surface energy and more closely matching this between solution and substrate, higher 

quality films can be produced.45 

4.6 Conclusion 

This chapter has explored the effect of Tween 80 on the thermal, film and solution properties 

of PEDOT:PSS. TGA analysis initially showed that the thermal stability of the polymer was 

altered by the presence of the surfactant causing earlier onset of degradation. Whilst the cause 

of this is somewhat unclear, it is likely that the formation of acids during Tween 80 degradation 

could be a contributing factor. It was also shown that the primary degradation mechanism in 

PEDOT:PSS/Tween 80 samples was cleavage of the PSS sulfonate group, consistent with 

pristine PEDOT:PSS. This data concludes that PEDOT:PSS/Tween 80 films cannot be 

annealed above 140 °C. Furthermore, the time needed to fully anneal a PEDOT:PSS/Tween 80 

sample was found to be 60 minutes. 
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The addition of Tween 80 also significantly improved the conductivity of PEDOT:PSS films. 

This improvement was greatest up to a concentration of approximately 1 wt% surfactant for 

both drop and dip cast samples. It was also shown that both sheet and bulk resistivity decreased 

with the addition of Tween 80, indicating an effect throughout the bulk of the material and not 

just at the surface. Structural analysis through AFM and XRD showed that the surfactant causes 

separation of the PEDOT and PSS components whilst also allowing the polymer chains to align. 

The latter was attributed to the change from a benzoid to quinoid structure in the PEDOT, 

despite Raman not being able to substantiate this claim. These changes produced superior 

conducting pathways and limited the barriers to electron flow. However, these results showed 

that adding too much surfactant caused a plateau in the resistivity for the drop cast samples. 

Even though this was not seen for dip cast samples, conductivity data showed a similar plateau, 

alluding to PEDOT:PSS – Tween 80 interaction saturation. Furthermore, excess Tween 80 was 

seen on the surface of the film, negatively impacting film quality. 

Finally, Tween 80 was shown to alter the solution properties of PEDOT:PSS, with an increase 

in surfactant concentration leading to a higher viscosity. The greatest viscosity occurred at 

approximately 1 wt% surfactant, further strengthening the saturation hypothesis. Above this, 

viscosity decreased and was attributed to higher concentrations of Tween 80 diluting the solid 

polymer content in solution. The surface tension showed the opposite trend, with an initial 

decrease followed by an increase above 1 wt%. Whilst it was not possible to discern for sure if 

this system would be suitable for IJP or R2R manufacturing, the reduction in surface tension 

would be beneficial. This would improve the wettability of the solution on flexible polymer 

substrates used in bulk manufacturing leading to enhanced film quality. 
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Chapter 5: Results and Discussion – Alternative 

Conductivity Enhancement Methods of 

PEDOT:PSS 

In this chapter, various conductivity enhancement methods will be explored including multiple 

dip castings, the addition of the solvent MEK to PEDOT:PSS/Tween 80 solutions, and solvent 

washing using MEK, ethanol and methanol. In most cases, these were performed alongside pre-

treatment with Tween 80 expanding on the previous chapter. The effects of each treatment on 

the sheet resistivity were measured along with XRD and Raman analysis of the microstructure 

and visual assessment of film quality. 

5.1 Multiple Dip Cast PEDOT:PSS/Tween 80 Films 

Multiple dip cast samples were prepared using the method described previously 

(section 2.2.2.2). Glass substrates were dipped for 30 seconds in solution and annealed at 

140 °C for 1 hour with a range of surfactant concentrations being used. The process was then 

repeated up to five times for each PEDOT:PSS/Tween 80 solution. This, in effect, placed 

multiple layers of the corresponding solution onto the already existing layer. The annealing 

process was repeated for every dip performed and 12 hours of equilibration was allowed after 

the last dip layer, prior to any measurements. The rational for this was to determine whether the 

film thickness, and subsequent effect on the conducting properties of PEDOT:PSS/Tween 80, 

could be controlled in this manner, similar to previous literature findings for pristine 

PEDOT:PSS.1,2 
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5.1.1 Sheet Resistivity of Multiple Dip PEDOT:PSS/Tween 80 

Films 

The sheet resistivity of PEDOT:PSS/Tween 80 multiple layered films was found to decrease 

with the number of dips across all surfactant concentrations (Figure 5-1). The number of dips 

also alters the trend in the data with Tween 80 concentration. The ‘1 Dip’ samples (reported in 

section 4.4.1) show that as the concentration of Tween 80 increases, the sheet resistivity 

decreases. The scatter at concentrations between 0.35 and 0.55 wt% are caused by the Tween 80 

initially interacting with the excess PSS before disrupting the PEDOT – PSS interaction 

(section 4.4.1 ).3 The data then shows the same pronounced decrease in sheet resistivity up to 

1 wt% surfactant with greater concentrations resulting in a much subtler improvements in 

results (section 4.4.1). However, once a second layer is added the sheet resistivity for pristine 

PEDOT:PSS is significantly lowered. Furthermore, low concentrations of surfactant increase 

resistivity until 1 wt% after which the trend is similar to the ‘1 Dip’ samples. 
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Figure 5-1: Sheet resistivity (Ω□-1) of PEDOT:PSS/Tween 80 films with increasing concentrations of surfactant (wt%) for 

varying layer numbers. Legend indicates the layer (or ‘Dip’) number for each set of data. Dotted guidelines hand drawn to 

highlight overall trend of each data set. Error bars show ±1 SD 

 

For higher dip numbers, the pristine PEDOT:PSS resistivity continues to drop, however, the 

addition of Tween 80 causes resistivity to decrease less with each layer applied. For 3 to 5 dips, 

the lowest resistivities were for pristine PEDOT:PSS with results for films containing the 

surfactant plateauing at 1 wt%. This effect is more clearly seen in Figure 5-2 in which the sheet 

resistivity has been plotted against dip number for selected Tween 80 concentrations. This 

figure also highlights that the difference in resistivity between pristine PEDOT:PSS and 

samples containing Tween 80 gets smaller with increasing dip number. The lowest sheet 

resistivity (16.75 Ω□-1) recorded across all samples was obtained for the ‘5 Dip’ pristine 

PEDOT:PSS sample. This is significantly smaller than the lowest sheet resistivity obtained for 

‘1 Dip’ which contained 3.46 wt% surfactant (60.86 Ω□-1). 
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Figure 5-2: Sheet resistivity (Ω□-1) of PEDOT:PSS/Tween 80 films for increasing layer (or ‘Dip’) number. Data plotted for 

films containing surfactant concentrations of 0.00 (black circle), 0.93 (red square), 1.32 (green triangle) and 3.16 (blue 

diamond) wt%. Error bars show ±1 SD. Dotted guidelines present to show trend of the data 

 

The effect on film thickness for increasing dip application is seen in Figure 5-3. As expected, 

the increase in dip number leads to an increase in film thickness for all surfactant 

concentrations. As previously seen (section 4.4.1), the ‘1 Dip’ sample shows an increase in 

thickness with greater Tween 80 addition, which is not observed with 2 – 4 layers. In these 

situations, the greatest thickness is obtained when no Tween 80 is present. The increase in 

thickness is smallest for samples containing 0.49 wt%, with films containing 1.40 wt% showing 

a slightly larger increase with each layer applied. 
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Figure 5-3: Average thickness (µm) of PEDOT:PSS/Tween 80 films containing 0.00 (dotted), 0.49 (striped) and 1.40 (block 

colour) wt% surfactant for differing dip numbers. Error bars show ±1 SD. Average was taken from a 4 µm x 5 µm area as 

specified in the Experimental Chapter, section 2.5.5 

 

When sheet resistivity is considered with regard to thickness, there is a large decrease in 

resistivity as the samples get thicker (Figure 5-4). This is true for all concentrations of 

Tween 80, with the decrease being more prominent for samples containing 0 or 0.49 wt%. For 

these samples, an increase in thickness initially causes a large decrease in resistivity, which 

becomes less prominent at greater thicknesses. While the decrease in resistivity for the sample 

containing 1.40 wt% surfactant is still substantial, this shows a more linear trend and an initially 

lower resistivity for thinner samples. The latter shows a 63 % decrease in the sheet resistivity 

across a 12 µm increase, compared to a 97 % decrease for pristine PEDOT:PSS samples for the 

same thickness increase.  



187 

 

 

 

Figure 5-4: Sheet resistivity (Ω□-1) as a function of average PEDOT:PSS/Tween 80 film thickness (µm) for surfactant 

concentrations (wt%) of 0.00 (black circle), 0.49 (red square) and 1.40 wt% (green triangle). Thickness was increased by 

increasing the dip number, effectively adding another layer to the film. The layer number increased from 1 to 4 with ‘1 Dip’ 

being the left most data point. Dotted guidelines present to show the trend of the data 

 

Similar trends of a decrease in sheet resistivity with thickness has been seen previously within 

the literature.1,2,4-6 However, whist the trend is similar, the resistivity values differ between this 

study and other reports. For example, in the case of Martin, et al. (2004)5, pristine PEDOT:PSS 

sheet resistivity decreased from 4300 to 1800 Ω□-1 with an increase from 0.17 to 0.53 µm. This 

equated to a 58 % drop in resistivity which, despite the large drop in absolute values, is a much 

smaller percentage decrease. However, this was with much thinner films, meaning the thickness 

range is considerably smaller, and films were manufactured via spin coating making direct 

comparison difficult. Alternatively, Alemu, et al. (2012)1 saw a decrease from 140 to 25 Ω□-1 

for a thickness increase from 50 (1 layer) to 300 nm (6 layers). These results were closely 
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matched by Mengistie, et al. (2014)2 and, in both cases, the percentage decrease was 

approximately 83 %. This is closer to results seen in this study and is more comparable since 

the method of thickness increase was through multiple layer application. There is still, however, 

limitations to this comparison since these two studies implemented a solvent wash too. As 

discussed previously (section 1.5.1.3), it is likely that the thickness effect may be limited to 

sheet resistivity measurements, caused by the thickness correction factors implement when 

using the 4-point probe.7 Furthermore, as previously discussed (section 1.5.1.3) conductivity 

calculations factor in thickness (section 2.6) and often show trends that do not follow resistivity 

data. However, due to the multiple layer approach used to increase thickness, it was deemed 

that converting to conductivity for comparison would not be suitable since the 4-point probe 

only measured the surface resistivity. Therefore, a true representation of conductivity through 

the whole sample cannot be established. 

Despite this, there are other aspects that can be considered as to why sheet resistivity is lower 

for pristine PEDOT:PSS when more layers are applied. As discussed in section 4.4.1, the 

PSS-rich regions can be thought of as resistors in a circuit which follow Thevenin’s theorem. 

Therefore, thicker films provide more opportunity for resistance to be lower since the PSS-rich 

regions are more likely to stack and replicate a circuit with resistors in parallel. There is also 

greater opportunity for conductivity PEDOT-rich regions to reside closer together, further 

reducing resistance to electron flow. 

There are other suggestions which may contribute, as follows. Firstly, the multiple dip method 

involves submerging an existing film into the PEDOT:PSS solution, which could then be acting 

as a solvent wash. Washes are a common method used with solvents, such as methanol, 

removing excess PSS from the film to improve conductivity (sections 1.5.2.3 & 5.3 ).1,8-10 

Whilst water is not a common wash solvent, it has been previously used as a post-treatment 
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method to improve conductivity from 3 to 10 Scm-1.11,12 This could also partially explain why 

sheet resistivity decreases less when Tween 80 is present since the surfactant may be acting as 

a barrier to PSS removal. However, the 4-point probe predominantly measures the film surface 

meaning the outer PEDOT:PSS layer would not have the reduced PSS content caused by 

washing, therefore, this theory is inconclusive. However, thicker films allow some electron 

flow under the surface of the sample.7 Since PSS is likely removed from layers under the 

surface, more conductive subsurface layers may cause a reduction in resistivity. 

Another factor is repeat processing results in previous layers being annealed multiple times. 

While logically this may reduce sheet resistivity, it has already been shown that 1 hour of 

annealing is sufficient to achieve the maximum reduction (section 4.3.2). Furthermore, the top 

layer would only have been annealed once and measurement with the 4-point probe is primarily 

on the surface. Therefore, regardless of any affect further annealing might have on layers 

underneath, it is unlikely this would have a direct effect on the sheet resistivity. This would also 

be unaffected by the presence of Tween 80. 

The final theory is that when a new layer is added to an already present PEDOT:PSS film, the 

PEDOT:PSS solution interacts differently than with the glass substrate. Due to the surface 

energy of the PEDOT:PSS film, PEDOT-rich regions may deposit as a new layer more readily, 

or excess PSS may not be deposited as easily. Alternatively, the PEDOT:PSS film under the 

newly deposited solution might cause the PEDOT and PSS to segregate leading to more of the 

conductive PEDOT residing at the film surface. The possible removal of PSS through washing 

may also affect the deposition of a new PEDOT:PSS layer. This may also explain why the 

addition of Tween 80 results in a less pronounced sheet resistivity decrease. The surfactant will 

be interacting with the free polar group of the PEDOT and PSS which may hinder their 
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interaction to already deposited film. However, these suggestions are more hypothetical and 

evidence of this would require further research. 

The overall likelihood is that a combination of effects occurs with progressively higher dip 

numbers. Despite not knowing the exact mechanism behind the resistivity reduction for higher 

dip numbers, this does provide an alternative method of conductivity enhancement without the 

need for additives. However, from a processing perspective this is a less convenient method, 

due to increases in cost and time, therefore, is unlikely to replace current conductivity 

enhancement methods.  

5.1.2 Structural Analysis of Multiple Dip Samples 

5.1.2.1 X-Ray Diffraction (XRD) 

The XRD traces in Figure 5-5 show the effect of increasing dip number for pristine PEDOT:PSS 

films on chain alignment. As has been discussed previously (section 4.4.5.2), the ‘1 Dip’ sample 

shows weak, broad peaks around 26 and 18 °. These peaks become more prominent as the 

number of dips increase. Whilst the increased intensity of these peaks might be assumed to be 

evidence of chain alignment, their broadness still suggests no long range order.5,13-18 

Furthermore, significant changes in alignment would either cause peaks to shift or new sharper 

peaks to appear.19-21 A comparable trace was seen by Kim, et al. (2014)15 in which similar peaks 

were reported and it was concluded that pristine PEDOT:PSS did not show long range order or 

alignment. The growth of the peaks, especially for the sample consisting of 5 dips, is most likely 

due to concentration effects as the films become significantly thicker with each dip. This data 

is also evidence that alignment does not contribute to the decrease in sheet resistivity seen for 

the multiple dip sample (section 5.1.1). 
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Figure 5-5: XRD traces showing the effect of increasing dip number (from bottom to top) on the diffraction pattern for 

pristine PEDOT:PSS (0.00 wt% Tween 80). Baseline of glass substrate was removed 

 

The effect of multiple dip casting for PEDOT:PSS/Tween 80 films with a surfactant 

concentration of 1.32 wt% can be seen in Figure 5-6. As previously discussed (section 4.4.5.2), 

the ‘1 Dip’ sample (Figure 5-6a) displays sharp, defined peaks at 2.3 and 6.8 ° and two smaller 

peaks at 4.6 and 11.3 ° due to the addition of Tween 80 disrupting the PEDOT and PSS 

interaction and allowing for chain alignment.3,15,18 The broad peaks seen for pristine 

PEDOT:PSS are also visible for 1 and 2 layer samples (Figure 5-6a & b, respectively). This can 

clearly be seen in Figure 5-6d when compared to the ‘2 Dip’ sample containing no Tween 80. 

However, these broader peaks are not clear once 5 dips have been applied as the intensity of 

the sharp peaks are much greater (Figure 5-6c). 
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Figure 5-6: XRD traces of PEDOT:PSS/Tween 80 films with 1.32 wt% surfactant showing a) 1 dip, b) 2 dip & c) 5 dip samples. d) shows comparison of pristine PEDOT:PSS (0.00 wt%) and 

1.32 wt% surfactant 2 dip samples. Baseline of glass substrate was removed 
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As already discussed, the broad peaks seen in the pristine samples are evidence of no long range 

order5,13-18 with the intensity of the peaks increasing due to the higher quantity of PEDOT:PSS 

present for the ‘5 Dip’ sample. This is also the reason why the sharp peaks are much more 

prominent in the ‘5 Dip’ sample when the Tween 80 is present. It is well understood that the 

addition of the surfactant causes alignment of the polymer chains,3,15,18 however, it appears that 

for the ‘5 Dip’ sample the ratios of the peak intensities change. When considering only the 

biggest peaks at 2.3 and 6.8 °, the ratio between them changes from 1.60 to 3.98 from 1 to 

5 dips, respectively. This shows that the peak at 2.3 ° is increasing more rapidly per dip. This 

does not appear to be the case for the ‘2 Dip’ sample, however, a baseline is harder to determine 

for the peak at 2.3 ° due to the distortion of the trace at these angles. In a previous study by 

Kim, et al. (2014)15, two similar sharp peaks were seen at 4.4 and 6.3 ° after washing with 

concentrated H2SO4 which were attributed to stacking of the PEDOT:PSS following excess PSS 

removal.15 Therefore, the XRD results seen in this study could be providing evidence that PSS 

is being removed during the application of multiple layers. Alternatively, the data might be 

showing that excess PSS is not deposited as readily on an already present layer of PEDOT:PSS. 

This would then support the hypothesis that there may be preferential interaction of 

PEDOT-rich components within solution to a pre-existing PEDOT:PSS layer. However, it is 

difficult to distinguish between these two mechanisms. Whilst this data does not provide 

evidence that multiple dips improve the chain alignment further, it does show evidence of 

variation in the surface composition when additional layers are cast. 

5.1.2.2 Raman Spectroscopy 

Figure 5-7 shows the Raman spectra for pristine PEDOT:PSS films with increasing dip number. 

It can be seen that for ‘1 Dip’ there are two main peaks at 1600 and 1460 cm-1 with a shoulder 

appearing at 1360 cm-1. As before (section 4.4.5.3), these correspond to the C=C aromatic 
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structure and SO3 group in PEDOT and PSS, respectively.22 It can be seen that there is no 

significant change or shift in these peaks following further dips which suggests that the multiple 

dipping process does not significantly change the chemical structure of the material. 

 

 

Figure 5-7: Raman spectra of pristine PEDOT:PSS (0.00 wt% Tween 80) films for 1, 2 and 5 dip samples (from bottom to 

top) 

 

Figure 5-8 shows the Raman spectra for multiple dipped samples of PEDOT:PSS/Tween 80 

with 1.32 wt% surfactant. As the dip number increases, the shoulder at 1360 cm-1 becomes more 

pronounced while the small peak at 1460 cm-1 reduces. By 5 dips, these two features become 

nearly indistinguishable from one another, however, the main peak at 1600 cm-1 remains 

unchanged regardless of dip number.  
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Figure 5-8: Raman spectra of PEDOT:PSS/Tween 80 films containing 1.32 wt% surfactant for 1, 2 and 5 dip samples (from 

bottom to top) 

 

The likelihood of a benzoid/quinoid change was discussed previously (section 4.4.5.3) and it 

was established that, while this may be occurring with the addition of Tween 80, it was unlikely 

to induce a large enough change to be detected by Raman. The shoulder at 1360 cm-1 is 

associated with the SO3 group in PSS, meaning this could be evidence of greater quantities of 

PSS being present in the films with further dips. This would indicate that PSS is preferentially 

being deposited onto the film with each subsequent casting. This would provide evidence 

against the hypothesis that PEDOT is preferentially deposited, as suggested in the previous 

section. Furthermore, it is known that CH and OH groups show peaks in this range22 meaning 

these results could be showing a build-up of Tween 80 causing the peaks for PEDOT:PSS to 

appear less prominent. While all these suggestions are hypothetical, without higher resolution 

or deconvolution of the peaks the cause of the change cannot be established with certainty. 
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5.1.3 Surface Roughness of Multiple Dip PEDOT:PSS/Tween 80 

Films 

Despite the use of multiple dips reducing the sheet resistivity of pristine PEDOT:PSS films 

there are issues with using this as a method of resistivity improvement. One issue is the film 

roughness substantially increases with each layer (Figure 5-9). 

 

 

Figure 5-9: Surface profiling of pristine PEDOT:PSS for a) 1, b) 2, c) 3 and d) 4 dips. Profile shows the displacement height 

(µm) along the sample with 5 profiling runs being performed spaced 2 mm apart 

 

This was also indicated by an increase in the error bar size for thickness measurements of 

pristine PEDOT:PSS (Figure 5-3). After calculating the Ra of these films, an increase from 0.04 

to 0.41 µm can be seen between the 1 and 2 layered pristine PEDOT:PSS films (Figure 5-10). 
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The Ra continues to increase, but to a lesser extent after 3 and 4 dips, with a maximum Ra value 

of 0.71 µm being obtained for the ‘4 Dip’ sample (Figure 5-10).  

 

 

Figure 5-10: Ra (µm) of PEDOT:PSS/Tween 80 films containing 0.00 (spotted), 0.49 (striped) and 1.40 wt% (block colour) 

surfactant for different dip numbers 

 

The multiple dip method has a noticeable negative impact on the surface quality of the films 

which could have an adverse effect on an overall application. However, the addition of 

Tween 80 can significantly mitigate this issue (Figure 5-10), as well as marginally reducing the 

Ra of the ‘1 Dip’ sample. In the case of 2 layers and above, the lower quantity of surfactant 

appears to produce the best results giving the lowest Ra regardless of dip number. A similar 

result was previously seen (section 4.4.4) in which the Ra initially dropped with Tween 80 

before increasing at higher concentrations. The surface profiling plots seen in Figure 5-11 for 

samples containing 1.40 wt% Tween 80 also verify the improved Ra with the presence of the 

surfactant. 
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Figure 5-11: Surface profiling of PEDOT:PSS/Tween 80 films containing 1.40 wt% surfactant for a) 1, b) 2, c) 3 and d) 4 

dips. Profile shows the displacement height (µm) along the sample with 5 profiling runs being performed on each sample 

spaced 2 mm apart  

 

The improvement in surface roughness with surfactant can be attributed to an alteration of the 

surface energy and wettability of the solution. As was discussed in section 4.4.4, Tween 80 

reduces the surface tension of PEDOT:PSS solution which leads to better coating during the 

casting stage.9,23,24 However, even though this solves the issue of surface quality, the resistivity 

was shown to improve more significantly with pristine PEDOT:PSS, and after 3 layers the 

pristine samples were showing better results than those with Tween 80 (section 5.1.1). 

Overall, the use of multiple dipping as a method for conductivity enhancement may not be as 

effective as the sheet resistivity data initially suggests. While more dips cause the resistivity to 

drop substantially, this not necessarily the case when conductivity is considered. However, this 
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could not be accurately calculated here due to the multiple layer application and 4-point probe 

only measuring surface resistivity, which does not allow for accurate conductivity 

representation. Additionally, this multiple layer method becomes more problematic once film 

quality is considered as without the presence of surfactant, the roughness increases with each 

layer. Furthermore, the complexity and increase in time and materials needed to implement this 

is not ideal for bulk manufacture. Finally, even though it has not been analysed in this study, 

the increased thickness will reduce the transmission of light through the film.1,2,5 This is 

problematic in optoelectronic devices since they require high light transmission in order to 

function optimally.1,2,5 

5.2 Methyl Ethyl Ketone (MEK) Solvent Addition to 

PEDOT:PSS/Tween 80 Solution 

The addition of MEK to the PEDOT:PSS/Tween 80 mixture was initially reported by 

Thompson (2017)25 as a method to improve the wettability and adherence to polymer substrates. 

The resistivity of the PEDOT:PSS/Tween 80/MEK system was also analysed showing a 

decrease in resistivity above a 2 v/v% total addition of surfactant and solvent.25 However, 

the effect of solely adding MEK to PEDOT:PSS was not assessed. Furthermore, as a 

Tween 80/MEK solution was mixed prior to adding to PEDOT:PSS,25 it was suspected that a 

large degree of solvent would be lost during this process due to a high evaporation potential.26 

This would bring a degree of uncertainly into the quantities of each addition to PEDOT:PSS. 

Therefore, this study aims to improve upon the existing findings by adding known quantities of 

either additive directly to PEDOT:PSS solution. It should be noted that during the stirring stage, 

solutions containing MEK significantly reduced in volume due to evaporation of the solvent. 

This brought into question the accuracy to which the concentrations could be quoted. To 

counteract this, all solutions were mixed in a sealed vial and lid removal time was kept short to 
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minimise evaporation. Furthermore, the boiling point of MEK is 80 °C,26,27 meaning it would 

be completely removed from the film during annealing phases. However, studies have shown 

that alternative low boiling point additives can still impart changes in the PEDOT:PSS structure 

despite not remaining in the final film.4 Throughout this section, all additives were measured 

by volume and the ratio of MEK to Tween 80 kept at 3:1.25 To enable comparison with previous 

results (section 4.4.2), the volume percentages have been converted to weight percentages 

(wt%) (section 2.2.1). With limitations in mind, the sheet resistivity, and thermal properties of 

PEDOT:PSS/Tween 80/MEK and PEDOT:PSS/MEK were assessed. 

5.2.1 Sheet Resistivity of PEDOT:PSS/Tween 80/MEK 

Sheet resistivity was performed to establish whether MEK improved the resistivity of 

PEDOT:PSS and PEDOT:PSS/Tween 80 (Figure 5-12). The Tween 80 and MEK 

concentrations was initially kept constant at approximately 0.52 wt% and 1.19 wt%, 

respectively, and films were drop cast. MEK was found to increase the resistivity of 

PEDOT:PSS from 1360 to 2030 Ω□-1 at 1.19 wt%. The same was also seen when MEK was 

added to PEDOT:PSS/Tween 80 solution with an increase in resistivity from 510 to 910 Ω□-1.  

 



201 

 

 

Figure 5-12: Mean sheet resistivity (Ω□-1) of differing PEDOT:PSS solution mixtures either containing Tween 80, MEK or 

both. Concentrations of Tween 80 and MEK were approximately 0.52 wt% and 1.19 wt%, respectively. Samples were 

annealed at 100 °C for 4 hours and left to equilibrate before measurements were taken. Error bars show ± 1 SD 

 

The effect of altering the concentration of Tween 80/MEK to PEDOT:PSS solution 

(maintaining the 1:3 ratio between surfactant and solvent) was assessed in comparison to the 

addition of the surfactant alone (Figure 5-13) for drop cast films. The concentration of additives 

is quoted as the Tween 80 concentration in the total solution. The trends between samples with 

and without MEK do not vary significantly, with a large resistivity reduction observed until 

approximately 1 wt% at which point results plateau. These results are similar to data seen 

previously in this study (section 4.4.2), and in the work conducted by Thompson (2017)25. 
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Figure 5-13: Sheet resistivity (Ω□-1) of PEDOT:PSS/Tween 80 (black circle) and PEDOT:PSS/Tween 80/MEK (red square) 

films for varying surfactant concentration (wt%). MEK to Tween 80 ratio was 3:1. Error bars show ± 1 SD 

 

The data presented leads to the conclusion that the addition of MEK to PEDOT:PSS is not 

beneficial to the conductive properties, regardless of the presence of Tween 80. Furthermore, 

MEK causes the resistivity to deteriorate when the solvent was added to the PEDOT:PSS with 

and without the surfactant (Figure 5-12). The addition of Tween 80 causes the interaction 

between the PEDOT and PSS to be disrupted which leads to the improvement in conductivity 

(section 4.4.2).10,11,28-37 It has previously been reported that any addition to PEDOT:PSS 

requires two or more polar groups to disrupt this bond and increase conductivity.38 Given that 

MEK contains only one polar group, the PEDOT – PSS interaction is unlikely to be affected 

explaining why resistivity does not decrease.38 Similar accounts to this have been reported with 

more polar solvents that only contain one polar group, such as methanol.39,40 However, this does 

not address why resistivity increases when only MEK is added to PEDOT:PSS. It is possible 

that the MEK addition dilutes the PEDOT:PSS solution, meaning less conductive material is 
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deposited and a thinner film is produced. Additionally, MEK has a pH similar to water41 which, 

when added to PEDOT:PSS solution, will decrease acidity. In doing so, this could lead to fewer 

H+ ion being available, increasing the interaction between the PEDOT and PSS and reducing 

possibility for chain alignment (section 1.5.2.1 & 1.5.3).28,42 Even though Tween 80 is likely to 

be causing a similar effect with regards to pH,43,44 the overwhelming enhancement effects 

caused by the disruption of the bonding between the two components nullifies any pH effect. 

5.2.2 Thermal and FTIR Analysis 

Thermal analysis of PEDOT:PSS/Tween 80/MEK was limited to TGA and samples of 

PEDOT:PSS/MEK were not tested due to the detrimental effect of the solvent addition to 

conductivity (section 5.2.1). 

TGA of PEDOT:PSS/Tween 80 and PEDOT:PSS/Tween 80/MEK shows the presence of the 

solvent does not significantly alter the trace (Figure 5-14). The onset of degradation appears at 

approximately 150 °C for both samples, which is significantly earlier than pristine PEDOT:PSS 

at 260 °C. There is no noticeable mass loss due to the removal of MEK during TGA since 

samples were heated to 90 °C during preparation (section 2.4.1.1) which is above the boiling 

point of MEK.26,27 The traces of PEDOT:PSS/Tween 80 and PEDOT:PSS/Tween 80/MEK 

show varying degradation rates around 200 °C. However, this is due to the varying quantities 

of surfactant in the two samples which has previously been shown to affect TGA measurements 

(section 4.2.1). 

 



204 

 

 

Figure 5-14: TGA trace of Tween 80 (black), pristine PEDOT:PSS (blue), PEDOT:PSS/Tween 80 containing 0.93 wt% 

surfactant (red) and PEDOT:PSS/Tween 80/MEK containing approximately 0.52 wt% surfactant and 1.19 wt% solvent 

(green). Samples run from 25 °C to 400 °C at 10 °Cmin-1 in air 

 

The FTIR spectra seen in Figure 5-15 shows the comparison of pristine PEDOT:PSS and a 

PEDOT:PSS/Tween 80/MEK sample containing approximately 0.52 wt% surfactant and 

1.19 wt% solvent. There are some slight differences between the two traces, mainly the increase 

in size of the C-H peaks at 2850 – 2900 cm-1 and the broad OH peak at 3100 – 3700 cm-1.45 The 

main bonds in MEK are C-H, C-C and C=O, however, C-H and C-C can all be found in both 

PEDOT:PSS and Tween 80. As previously seen (section 4.2.2), the addition of Tween 80 causes 

both of these peaks to become more prominent. However, the C=O in MEK is a ketone, unlike 

the C=O bond in Tween 80 which is an ester. Therefore, a ketone peak would be expected to 

appear at approximately 1715 cm-1 if MEK was present.45 Since this peak does not appear in 

the PEDOT:PSS/Tween 80/MEK trace, this shows MEK is not present in the sample. This is 

likely due to the samples being dried at 110 °C causing the solvent to evaporate. 
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Figure 5-15: FTIR spectra of PEDOT:PSS/Tween 80/MEK (top, black trace) and pristine PEDOT:PSS (bottom, red trace) as 

comparison to show the effect of MEK within the solution mix. Samples were analysed in transmission by combining with 

KBr and pressing into discs. A blank KBr disc was used to obtain a background scan 

 

Overall, while the use of MEK has been reported in the literature to improve the wettability of 

PEDOT:PSS,25 it is not a good additive to improve conductivity. The low vapor pressure of 

MEK also caused issues in the accuracy of the measurements due to it evaporating from 

solution.26,27 The discussion in this section assumed that the ratio of MEK to Tween 80 was 

unaltered in PEDOT:PSS solution. However, regardless of careful handling, it is impossible to 

ensure that no solvent was lost prior to film forming. This alters the ratio of Tween 80 to MEK 

and, as a result, the true masses of each component added to PEDOT:PSS are uncertain. This 

volatility and error make MEK unsuitable for use in bulk manufacturing processes. 
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5.3 Solvent Washing of PEDOT:PSS/Tween 80 Films 

The use of solvent washes is a well-established method to improve the conductivity of 

PEDOT:PSS films,1,3,9,15,17,38 with the highest conductivity being achieved after washing with 

concentrated H2SO4.
15 Whilst just using a solvent wash has proven beneficial, there have also 

been studies to show that the combination of chemical addition to PEDOT:PSS solution 

followed by a solvent wash can further enhance the conductivity of PEDOT:PSS films.9,18,36,38 

This has been shown to be the case when using Triton X-100 surfactant as a pre-treatment.9,18 

Oh, et al. (2014)9 found that the addition of Triton X-100 initially improved conductivity to 

100 Scm-1, with further improvement to 350, 650 and 900 Scm-1 achieved by washing with 

butanol, ethanol, or methanol, respectively.9 In this study, the effect of washing pristine 

PEDOT:PSS and PEDOT:PSS/Tween 80 films with MEK, ethanol and methanol were 

assessed. While methanol is a well-established wash solvent, it has not been used alongside the 

addition of Tween 80. Ethanol and MEK were also tested as less volatile/toxic, more 

environmentally friendly alternatives to methanol. The sheet resistivity, conductivity, and 

micro-structure of washed samples were analysed. 

5.3.1 Sheet Resistivity 

Each of the solvent washes produced an improvement in the film resistivity of pristine 

PEDOT:PSS but to differing degrees (Figure 5-16). The use of MEK caused a decrease in 

resistivity from 935 to 400 Ω□-1 with ethanol and methanol washes lead to significantly larger 

decreases to 50 and 36 Ω□-1, respectively. 
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Figure 5-16: Sheet resistivity (Ω□-1) of pristine PEDOT:PSS films with pre-wash and after washing with MEK, ethanol and 

methanol. Error bars show ±1 SD 

 

The decrease in sheet resistivity of pristine PEDOT:PSS films that have been washed with 

different solvents follows an expected trend. It has previously been seen in the literature that 

washing with methanol improves the conductivity more than ethanol.9,12 It was also expected 

that MEK would not improve the conductivity as much as ethanol or methanol due to it having 

a lower polarity.39,40 The reason for conductivity enhancement after a solvent wash is mainly 

linked to the removal of insulating excess PSS from the PEDOT:PSS film, reducing electron 

hopping distance between PEDOT-rich areas (section 1.5.3).1,8,15,28,36,46-48 Furthermore, it has 

been suggested that if bound PSS is removed from PEDOT, then the PEDOT will more freely 

align upon the second annealing (after the wash has been performed) at a nano scale, providing 

better conducting pathways.15 However, this is less likely to be the case with the washes used 

in this study since interference with the ionic bond between PEDOT and PSS is unlikely, due 

to the solvents only containing one polar group.38  
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Using a similar technique to Alemu, et al. (2012)1, the solvents used to wash the 

PEDOT:PSS/Tween 80 films were analysed by FTIR to detect PSS removal (Figure 5-17). In 

each case, a small peak or shoulder appears in the region of 1600 to 1700 cm-1 consistent with 

the C=C in the phenyl structure of PSS found at 1624 cm-1.45,49-51 Although MEK contains a 

peak at approximately 1725 cm-1 representing the carbonyl group,27,45 neither ethanol or 

methanol show peaks in this region.45,52,53 However, these solutions were used to wash all 

PEDOT:PSS/Tween 80 samples, therefore, it is possible that the surfactant could also have been 

washed out of the film. This was seen within the literature whereby Triton X-100 surfactant 

was removed by methanol wash as well as excess PSS.3,18 However, while the C=O group in 

Tween 80 would show at 1732 cm-1,45 the peak that appears in the solvent washes is closer to 

1624 cm-1 suggesting only PSS is being removed. 

 



209 

 

 

Figure 5-17: FTIR spectra of a) MEK, b) ethanol & c) methanol solvents used to wash PEDOT:PSS/Tween 80 films. Black rings highlight contamination from washing 
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The effect of solvent washing on the resistivity of PEDOT:PSS/Tween 80 films with differing 

surfactant concentrations can be seen in Figure 5-18 & 5-19. The use of MEK shows a 

noticeable difference to the pre-wash samples at surfactant concentrations between 0.00 – 

0.50 wt% with no effect at higher concentrations of Tween 80. In the case of ethanol and 

methanol, both solvent washes give the lowest results when no Tween 80 is present 

(Figure 5-19). The addition of the surfactant causes the sheet resistivity to decrease less for 

methanol and ethanol washes with results plateau above approximately 0.50 wt%. At 3.46 wt% 

surfactant the sheet resistivity measured after washing with methanol was 49 Ω□-1 which is 

13 Ω□-1 greater than the pristine PEDOT:PSS methanol washed films. There is a trend across 

the different solvents with methanol producing the lowest sheet resistivity across all Tween 80 

concentrations, followed by ethanol. However, the difference in sheet resistivity becomes much 

smaller at higher surfactant concentrations, with a difference of only 14 Ω□-1 between methanol 

and MEK at 3.46 wt% Tween 80. 
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Figure 5-18: Sheet resistivity (Ω□-1) of PEDOT:PSS/Tween 80 films for varying surfactant concentration (wt%) pre-wash 

(black cross) and after washing with MEK (red diamond), ethanol (blue square) and methanol (green circle). Error bars 

show ±1 SD. Dotted guidelines present to show trend of the data 

 

 

Figure 5-19: Sheet resistivity (Ω□-1) of PEDOT:PSS/Tween 80 films after washing with different solvents for different 

surfactant concentrations (wt%). Concentrations increase from left to right and quantities are indicated in the legend. Error 

bars show ±1 SD 
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A similar reverse trend can be seen in the conductivity data (Figure 5-20). For pristine 

PEDOT:PSS, MEK gives the lowest conductivity of 8.06 Scm-1 with methanol showing the 

highest of 64.38 Scm-1. When Tween 80 is added, the MEK wash shows a drop in conductivity 

at lower concentrations, followed by an increase that plateaus after 0.93 wt%. Ethanol and 

methanol both show higher conductivities when no surfactant, with conductivity improvement 

being smaller as the Tween 80 concentration increases. The methanol wash for a sample 

containing 0.93 wt% surfactant providing the highest calculated conductivity of 74.42 Scm-1. 

However, this result does not appear to follow the expected trend, so it is likely to be an 

anomalous result. This could have been caused by a difference or error in thickness 

measurements which would be reflected when conductivity is calculated. It should also be noted 

that the use of solvent washes did not show any significant difference in the thickness or 

roughness of the films and the trend of increasing thickness with increasing surfactant 

concentration was also unaffected (section 4.4.1). 
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Figure 5-20: Conductivity (Scm-1) of PEDOT:PSS/Tween 80 films for varying surfactant concentration (wt%) after washing 

with MEK (red diamond), Ethanol (blue square) and methanol (green circle). Dotted guidelines present to show trend of the 

data 

 

It has previously been seen that the use of the surfactant Triton X-100 followed by a solvent 

wash improves the conductivity by a greater extent than washing pristine PEDOT:PSS.3,18 This 

was attributed to the surfactant causing PEDOT – surfactant and PSS – surfactant complexes. 

During washing, the excess PSS, excess surfactant, and PSS – surfactant are thought to all be 

removed from the film, with the presence of the surfactant aiding in PSS removal.18 The film 

then largely comprises of PEDOT – surfactant complex which are structurally dominated by the 

PEDOT chains.18 However, the same trend does not occur with Tween 80 (Figure 5-18 & 5-19) 

and instead it reduces the effect of solvent washing with methanol and ethanol. This could be 

due to Tween 80 having a higher Mw (1310 gmol-1) and larger repeat unit compared to 

Triton X-100 (625 gmol-1),54 reducing the solubility in the solvents used.55 This is confirmed 

by the FTIR data in which no Tween 80 is present in the solvents used for washing 

(Figure 5-17). When bonded to the PSS, Tween 80 could therefore act as a barrier to the 
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polymer being removed from the film during washing. The Mw of Tween 80 could also affect 

the mobility of the PEDOT chains to which it is bonded.56 Therefore, once the excess PSS has 

been removed, the remaining PEDOT – surfactant complex might not be able to re-align as 

freely during the post-wash annealing stage. This would potentially explain why at higher 

Tween 80 concentrations, the measured resistivity for different solvent washes is very similar 

since the present of the surfactant will dominate the PEDOT chain alignment. 

5.3.2 Structural Analysis 

5.3.2.1 X-Ray Diffraction (XRD) 

The XRD data in Figure 5-21 shows the effect of differing solvent washes on pristine 

PEDOT:PSS films. It can be seen that all three washes give identical traces with broad 

peaks at 18 and 26 ° typical of PEDOT:PSS.5,13-18 Unlike with the addition of Tween 80 

(section 4.4.5.2), no sharp peaks appear after solvent washing. This is indicative that a wash 

alone does not cause chain alignment suggesting that the primary improvement in the 

conductivity is due to the removal of PSS.5,13-18 
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Figure 5-21: XRD traces showing the effect of different solvent washes (pre-wash at the bottom, methanol at the top) on the 

diffraction pattern of pristine PEDOT:PSS films. Baseline of glass substrate was removed 

 

As has been highlighted before (section 4.4.5.2), the addition of Tween 80 causes the 

appearance of peaks with the main two at 2.3 and 6.8 °. Both of these peaks can be clearly seen 

in the pre-wash sample when 1.32 wt% surfactant is present (Figure 5-22). However, when the 

sample was subsequently washed with methanol, they disappear with only the peaks at 18 and 

26 °, associated with the disordered nature of PEDOT:PSS, remaining. 
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Figure 5-22: XRD traces showing the effect of a methanol wash (pre-wash at the bottom, methanol at the top) on the 

diffraction pattern of PEDOT:PSS/Tween 80 films with a surfactant concentration of 1.32 wt%. Baseline of glass substrate 

was removed 

 

It is known that the use of methanol as a solvent wash treatment will primarily remove PSS 

from a PEDOT:PSS film, as shown in the FTIR analysis (Figure 5-17).1,3,17 Therefore, the 

disappearance of the sharp peaks after methanol washing suggests that the primary orientation 

caused by Tween 80 must be within the excess PSS regions. This could come from induced 

segregation triggered by surfactant addition11,36,37 allowing larger areas of PSS to align without 

being disrupted by PEDOT. This also shows that the polymer bonded to the surfactant is not in 

an ordered state, indicating the reduction in chain mobility caused by the presence of the 

Tween 80. 
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5.3.2.2 Raman 

The Raman spectra of pristine PEDOT:PSS remains unchanged after solvent washing 

(Figure 5-23) with similar peaks appearing at 1600 and 1460 cm-1 and a shoulder at 1360 cm-1 

(section 4.4.5.3). This shows that washing does not induce any noticeable benzoid/quinoid 

change, nor is there a noticeable reduction in the 1360 cm-1 shoulder, associated with the SO2 

group in PSS.22 

 

 

Figure 5-23: Raman spectra of pristine PEDOT:PSS (bottom trace,) and PEDOT:PSS films after methanol and ethanol 

solvent washes  

 

Similarly, the same is true for PEDOT:PSS/Tween 80 films (Figure 5-24) consistent with the 

literature that PSS removal is undetected by Raman.15,17,18 
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Figure 5-24: Raman spectra of glass (bottom trace) and PEDOT:PSS/Tween 80 films, containing 1.32 wt% surfactant, with 

and without a methanol wash (methanol wash being the top trace) 

 

5.4 Conclusion 

This chapter analyses the use of additional conductivity enhancement methods for 

PEDOT:PSS, with and without Tween 80. This included the use of multiple dip casting, the 

addition of MEK to PEDOT:PSS solution, and solvent washes with MEK, ethanol and 

methanol. 

It was shown that sheet resistivity for multiple dip cast pristine PEDOT:PSS films decreased 

with increasing dip number. This initially appeared to provide a better method to reduce 

resistivity compared to the addition of Tween 80. It was also found that the addition of the 

surfactant caused the sheet resistivity to be worse when more than 3 layers were applied. 

Structural analysis showed no signs of further improvement in either chain alignment or any 

evidence of a benzoid/quinoid change of the resonance structure. Despite this, three theories 

were suggested to explain the decrease in sheet resistivity as follows: reduced PSS in subsurface 
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layers due to removal by water in PEDOT:PSS solution; multiple annealing stages; increase in 

PEDOT or decrease in PSS deposition when interacting with an existing PEDOT:PSS layer. Of 

these, the latter was considered the most likely to cause a major effect in sheet resistivity, 

although a combination of effects may have occurred. However, it was deemed that 

conductivity could not be accurately calculated due to the layering effect and the 4-point probe 

only measuring the film surface. It was also shown that surface roughness increased (indicating 

reducing film quality) with each layer of pristine PEDOT:PSS applied. This issue was 

counteracted with the presence of Tween 80, however, resistivity was negatively impacted. 

Finally, the practically of this method on a bulk manufacturing scale was questioned since 

applying multiple layers would increase time and processing costs. 

The addition of MEK solvent to PEDOT:PSS in conjunction with Tween 80 showed no further 

improvement to the sheet resistivity of PEDOT:PSS. Furthermore, when added to PEDOT:PSS 

without the surfactant present, MEK increased sheet resistivity. It was identified that the 

evaporation potential of the solvent meant it would unlikely remain in the film, especially after 

the annealing stage. Because of this, the accuracy of the Tween 80 concentrations quoted for 

any sample containing MEK becomes limited. Whilst the use of MEK has previously been 

shown to improve the wettability of PEDOT:PSS solution,25 it is not suitable as an additive for 

conductivity enhancement or for use on a bulk manufacturing scale. 

Finally, the effect of differing solvent washes on PEDOT:PSS/Tween 80 films was assessed. 

The results showed that pristine PEDOT:PSS films washed with methanol gave the lowest sheet 

resistivity compared to ethanol and MEK washes. When the concentration of Tween 80 was 

varied, it was seen that only MEK showed a similar trend to the pre-wash samples. For ethanol 

and methanol, the presence of the surfactant reduced the improvement attained by the washes. 

Conductivity showed a similar trend with a methanol wash of pristine PEDOT:PSS giving the 
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highest conductivity recorded in this study at 64.38 Scm-1. This is significantly higher than the 

best conductivity of an un-washed PEDOT:PSS/Tween 80 film containing 1.40 wt% surfactant 

which gave 26.80 Scm-1. This improvement was linked to the removal of PSS from the film 

through FTIR analysis, where the addition of Tween 80 presented a barrier to PSS removal. It 

was clear from the XRD data that there was no chain alignment occurring in the pristine 

PEDOT:PSS samples after washing, and the Raman data showed no evidence of a benzoid to 

quinoid shift. However, the sharp peaks in the XRD data, caused by the addition of Tween 80, 

disappeared after washing with methanol. This suggests the alignment being detected is the 

long range orientation of PSS chains. Whilst this may imply that there is no alignment of the 

PEDOT chains, it could be that due to a shorter chain length this alignment is not detected by 

XRD. The main reason for reduced improvement in the wash samples containing Tween 80 

was attributed to a higher Mw than other surfactants seen in the literature (e.g., Triton X-100). 

This reduces the solubility of Tween 80 in the solvents, meaning less is removed from the film 

during washing. This was also confirmed by FTIR analysis in which no evidence of the 

surfactant was seen in the wash solvents. 

Overall, the use of multiple dip casting or MEK addition are less effective conductivity 

enhancement methods than adding Tween 80. However, rather than having a cumulative effect, 

the presence of the surfactant becomes a hindrance when washing with methanol is 

implemented compared to with pristine PEDOT:PSS. This chapter has shown that even though 

PEDOT:PSS conductivity is improved with the addition of Tween 80, it can be increased more 

by solely washing with methanol. However, this method is less desirable when considering the 

volatility, extra time and cost in processing, and the negative environmental impacts of using 

methanol on a bulk manufacturing scale. 
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Chapter 6: Results and Discussion – Improvement of 

PEDOT:PSS Adhesion on Polymeric Substrates 

The use of PEDOT:PSS in applications suitable for bending (e.g., flexible flat panel displays) 

or in some bulk manufacturing process (e.g., gravure printing) has already been shown within 

the literature (section 1.3.4).1-6 These processes require substrate materials that are flexible, 

meaning polymers such as PP and PET are often used.1-6 This is particularly problematic since 

the affinity of PEDOT:PSS to such substrates is known to be weak7-9 due to their poor adhesive 

and hydrophobic properties.7,10 Surface modification of the substrate, such as corona treatment 

of PET, has been shown to improve PEDOT:PSS adhesion, however, such processes can be 

time consuming and expensive.11,12 Investigation into PEDOT:PSS adhesion on polymer 

substates is limited and therefore further study is needed. 

This chapter explores the use of PDA, a semi-conductive biopolymer (section 1.6.1),13,14 as a 

primer applied to PET, PP, and glass substrates prior to PEDOT:PSS film casting. The adhesive 

nature of this material means it has already been widely used as a surface modifier in many 

applications, such as noble metals, metal oxides, ceramics, and polymers (including PET, PE, 

and PTFE).13-16 Furthermore, the semi-conductive nature suggests an even greater suitability 

since it is less likely to interfere with the conductive properties of PEDOT:PSS. The following 

chapter provides an initial assessment of the suitability of PDA through contact angle analysis, 

film quality assessment, scratch tape test and force pull-off tests. These systems will also be 

tested in conjunction with the use of varying Tween 80 concentrations since it was suspected 

that the surfactant may also improve PEDOT:PSS solution wettability on polymer substrates. 

Finally, sheet resistivity was measured to analyse any effect on the conductive properties of the 

PEDOT:PSS/Tween 80 films. 
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6.1 Pristine PEDOT:PSS on PDA Coated Substrates 

Initially, the effectiveness of PDA as a primer was investigated with pristine PEDOT:PSS (i.e., 

without the addition of Tween 80). Wetting properties, film quality and adhesion were assessed 

on PP, PET, and glass substrates with and without PDA. 

6.1.1 Wettability of Pristine PEDOT:PSS Solution on Substrates 

with and without PDA Primer 

The wettability of pristine PEDOT:PSS solution was assessed through contact angle 

measurements on each substrate, with and without a PDA coating. Results show that when no 

PDA was present, glass has the greatest wettability (22 °), with polymeric substrates displaying 

poor wetting (72.5 ° and 52 ° for PP and PET, respectively) (Figure 6-1). The use of a PDA 

primer appears to alter the contact angle differently for each of the substrates. In the case of 

glass and PET there is an increase in the contact angles of 4 and 18.5 °, respectively, however, 

there is a 12 ° decrease for PP. 
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Figure 6-1: Contact angle (°) of pristine PEDOT:PSS solution droplet on substrates of glass, PET, and PP without (block 

black) and with (red stripes) a PDA primer coating. Error bars show data range 

 

There are three main factors that can alter the contact angle of a solution on a substrate, namely, 

the surface energy of the substrate, the surface tension of the solution, and the substrate 

roughness.10,17-19 Of these, it can be assumed that the substrate surface roughness is the least 

important. It has been shown that an increase in roughness for a hydrophilic substrate will 

decrease contact angle, but then increase contact angle on a hydrophobic substrate.17 However, 

this is difficult to control between substrates and is closely linked to differences in surface 

tension and surface energy of the solution and substrate, respectively.17 Furthermore, when 

comparing between substrates with and without a PDA coating, the change in roughness is 

likely to be minimal due to the PDA layer only being 50 nm thick.13,20,21 Therefore, variations 

in roughness were omitted as a source of contact angle change in this study. 
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Given aqueous PEDOT:PSS is primarily water it will likely behave as such when considering 

contact angle.22-24 It was also previously highlighted that the presence of PEDOT:PSS in 

solution can affect wetting and surface tension properties (section 4.5). However, surface 

tension will remain consistent given the same PEDOT:PSS solution was used throughout. On 

the other hand, the surface energy of the substrates will differ greatly making it the main cause 

of variation in the contact angles. In the case of glass, the surface energy is around 83 mNm-1,25 

with PET and PP having surface energies of 33 and 45 mNm-1, respectively.26 The surface 

tension of water is approximately 72 mNm-1, with PEDOT:PSS solution often being quoted as 

similar.7,11,27-31 This is more closely matched to glass meaning PEDOT:PSS solution will show 

better wettability on this substrate compared to PP and PET.7,29 

As highlighted, the results do not follow the same trends when PDA is present. One reason for 

this could be that the surface energy of PDA has been quoted as approximately 55 mNm-1.32 

This would explain why wettability gets worse on glass but better on PP, since the difference 

between surface tension and surface energies will increase and decrease, respectively.7,25,26,29 

However, this does not explain why there is a substantial increase for PET. Given the surface 

energy of PDA is closer to the surface tension of PEDOT:PSS than PET, a slight decrease in 

contact angle should have been evident. This could be linked to the orientation of the PDA 

molecules when they polymerise onto the surface of the substrate. It has been seen that PDA 

can either orientate with the more polar carbonyl attaching to or facing away from the 

substrate.20,33-35 It is possible that on PET, polar groups will attach to the carbonyl groups in 

PDA causing the less polar benzene ring, containing the NH group, to be at the surface. This 

means the surface energy will be lower than if the carbonyl groups were facing outwards,35 

likely causing the surface energy to decrease when PDA is coated onto PET. Therefore, the 

difference in surface energy between PET/PDA and PEDOT:PSS solution surface tension will 
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be greater than PET without PDA, resulting in an increased contact angle.7,29 Regardless of the 

points discussed, it can be said that the PDA coating is thin enough to allow some interaction 

to still occur with the substrate material. If the PDA coating was thick, then each substrate 

would show similar contact angle results, varying only with the PDA bonding orientation. 

6.1.2 Film Quality of PEDOT:PSS on PDA Coated Polymeric 

Substrates 

As explained in the experimental chapter (section 2.7), drop and dip casting methods were used 

to create films for force pull of and scratch tape testing, respectively. However, the film quality 

for each casting method had to be assessed prior to testing, with cracked or insufficiently 

coherent films being removed from the test batch. In all cases, the quality of the films on the 

glass substrate, were adequate for testing regardless of PDA application. The quality of the dip 

cast pristine PEDOT:PSS films on polymeric substrates with and without a PDA coating can 

be seen in Figure 6-2. On substrates without PDA, there was a noticeable lack of films formed 

on both PP (Figure 6-2a) and PET (Figure 6-2c). This is problematic for scratch tape testing 

since a full film is required to perform the test. However, a significant improvement in film 

formation was observed when PDA was used as a primer on both substrates (PP/PDA –

Figure 6-2b, PET/PDA – Figure 6-2d). 
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Figure 6-2: Dip cast PEDOT:PSS films on substates of a) PP, b) PP/PDA, c) PET, & d) PET/PDA 

 

The ability for these substrates to pick up solution via dip casting is mainly liked to the 

wettability and availability of polar groups on the surface of these materials. The glass substrate 

used was untreated soda lime glass which contains Si-O bonds and also O- groups due to the 

presence of sodium and calcium oxides (Na2O and CaO).19 These groups have a high polarity 

which means glass has a high surface energy and will readily interact with water and 

PEDOT:PSS.7,25,29,36 However, whilst PET does have polar groups in the form of C=O, these 

groups are less polar and in the case of PP there are no polar groups.26,36 This means that in both 

cases the PEDOT:PSS solution is less likely to be picked up via dip casting and, therefore, no 

film was formed. 
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PDA has previously been used as a surface modifier, even on polymeric materials that are 

known for having poor adhesion properties.13-16 Due to the highly polar functional groups 

contained within the material, strong interactions with other molecules can form13,14,20 and 

wettability is improved on these substrates,33 as previously shown with PP (Figure 6-1). This 

would, in part, explain the improved film formation seen for PP/PDA substrates, however, the 

wettability of PET was worsened when primed with PDA (Figure 6-1). This suggests an 

alternative mechanism is allowing for the PEDOT:PSS to be deposited on PET when PDA is 

present. It was postulated that even though wettability decreases, the functional groups present 

in PDA can interact more readily with PEDOT:PSS, effectively removing the polymer from 

solution when the substrate is submerged. This is also likely to be happening with the PP/PDA, 

with the added improvement of better wettability. However, this is hypothetical and would 

require further investigation. 

As with dip casting, there were no issues relating to film quality for drop cast PEDOT:PSS 

films on glass, regardless of the PDA primer. The outcome of drop casting on PET and PP 

substrates with and without PDA is shown in Figure 6-3. On all substrates, unsuitable films 

were produced either due to cracking or non-uniformity. This was the case even with the PDA 

primer, showing its ability to improve film quality for drop cast films is not as significant as 

dip casting. However, it could be argued that the films on substrates primed with PDA 

(Figure 6-3b & d) show marginally better qualities. This is apparent due to the extensiveness of 

the cracks on PP (Figure 6-3a) and the lack of film formation on PET (Figure 6-3c) when no 

PDA is present. 
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Figure 6-3: Drop cast PEDOT:PSS films on substates of a) PP, b) PP/PDA, c) PET, & d) PET/PDA 

 

As before, the film quality is linked to wettability, however, with drop casting there is no 

reliance on the substrate needing to pick up PEDOT:PSS since it is deposited directly onto the 

surface. This may explain why a better film is formed on PP for drop casting than dip casting. 

However, it appears that film cracking is more of an issue with this casting method. While there 

is uncertainty as to why this is the case, cracking can occur when a thicker film dries too quickly 

and causes strain through material shrinkage. A thicker PEDOT:PSS film is known to be 

produced via drop casting (section 4.4.2), so this is likely the main factor leading to cracking. 

These cracks are problematic for force pull off testing since the adhesive could penetrate the 

cracks and adhere to the substrate below. 
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The film quality for both dip and drop cast films acted as an initial assessment of the 

effectiveness of PDA as a primer for PEDOT:PSS application on polymer substrates. While 

there is improvement on both substrates when PDA is present, there are clear issues when films 

were drop cast. However, the improvement seen for dip cast films was more significant, with 

no cracking occurring on substrates coated in PDA. 

6.1.3 Adhesion of PEDOT:PSS Films on Uncoated and PDA Coated 

Substrates 

The adhesion of pristine PEDOT:PSS films on various substrates was analysed using two 

methods: scratch tape testing for dip cast films; and pull-off strength for drop cast films. From 

the film quality analysis (section 6.1.2), films that were cracked or incoherent were not tested. 

This is because they were deemed unsuitable for analysis and low adhesive properties can be 

inferred from the poor film formation. 

Table 6-1 shows the scratch tape test data for pristine PEDOT:PSS on glass, PP and PET 

substrates with and without a PDA primer. The data shows PDA improves the adhesion of the 

PEDOT:PSS films to all substrates. On glass, an improvement from >65% to <5% of the film 

being removed was observed with the addition of PDA. Whilst both polymer substrates show 

>65% being removed with a PDA layer, this is still evidence of improved adhesion since these 

samples had coherent films, unlike substrates with no PDA (section 6.1.2). However, compared 

to glass, it is clear that the adhesion to polymeric substrates is still poor even with the application 

of PDA.  
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Table 6-1: Scratch tape test classification and relevant percentage removed of pristine PEDOT:PSS films on various 

substrates. Not applicable (N/A) given where incoherent films were formed after casting 

Substrate Classification Percentage Removed 

Glass 0B >65 % 

Glass/PDA 4B <5 % 

PP N/A N/A 

PP/PDA 0B >65 % 

PET N/A N/A 

PET/PDA 0B >65% 

 

Due to poor film quality (section 6.1.2), no pull-off strength data for PEDOT:PSS on polymeric 

substrates with or without PDA could be obtained. However, there was an improvement on 

glass from 0.137 to 0.275 MPa with the addition of PDA. It should also be noted that with PDA 

present the glue/PEDOT:PSS adhesion failed before the film to substrate bond meaning the 

result of 0.275 MPa is not a true maximum. This is unusual since the bond strength of the 

adhesive is quoted as 15 MPa37 and the point of failure is much lower than this value. 

Regardless, the increase in force pull-off is still evidence for the improvement in adhesion 

caused by the addition of PDA.  

The reasoning for the improvement in adhesion is likely similar to those already discussed 

regarding the wettability and film quality (sections 6.1.1 & 6.1.2, respectively). Glass has 

a higher surface energy, compared to the polymer substrates, due to more polar 

functional groups which promotes better adhesion.10,13,14,18-20 When glass is then coated in 

PDA, this adds to the availability of functional groups, further strengthening the interaction to 

PEDOT:PSS. 
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6.2 PEDOT:PSS/Tween 80 on Various Substrates  

Following the analysis on pristine PEDOT:PSS, the effect of Tween 80 addition on wettability, 

film quality and adhesion were investigated on glass, PP and PET. This was initially done 

without priming these substrates with PDA to more accurately identify the effects caused by 

the surfactant. 

6.2.1 PEDOT:PSS/Tween 80 Solution Wettability on Various 

Substrates  

Figure 6-4 shows the contact angle of PEDOT:PSS/Tween 80 solutions for varying surfactant 

concentration on three substrate materials. The wettability of these solutions on glass has 

previously been discussed (section 4.5.2) but is included here for comparison to the polymer 

substrates. It was shown that the addition of Tween 80 caused surface contact angle on glass to 

initially increase from 21.8 ° for pristine PEDOT:PSS, up to 31.6 ° at 0.47 wt% surfactant. 

Above this concentration results, decreased to approximately 27 ° at 0.93 wt%, followed by a 

plateau with greater surfactant addition. Unlike on glass, the addition of Tween 80 causes a 

significant decrease in the contact angle of PEDOT:PSS on the polymer substrates, even at low 

concentrations. Results decrease from 72 to 56 ° for PP and from 52 to 45 ° for PET at 0.00 and 

0.37 wt%, respectively. This downward trend continues for increasing surfactant concentration, 

with results plateauing above 2.27 wt% Tween 80 at approximately 40 and 36 ° for PP and 

PET, respectively. Greater variation in the results is seen for PP, mainly be due to the anomalous 

result at 0.47 wt% Tween 80 skewing the data. Despite the large reduction in contact angle 

achieved on both substrates, solution wettability on glass is still superior, with a lower contact 

angle observed throughout. 
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Figure 6-4: Contact angle (°) of droplets of PEDOT:PSS/Tween 80 solutions for differing surfactant concentration (wt%) on 

substrates of glass (black circle), PP (red triangle) and PET (green cross). Error bars show data range 

 

The decrease in contact angle seen on polymeric substrates is due to a reduction in the surface 

tension of the solution leading to more closely matched surface energies between solution and 

substrate.29 Therefore, it can be deduced that Tween 80 is causing a reduction in PEDOT:PSS 

solution surface tension, which is commonly seen throughout the literature with other 

surfactants reportedly improving wettability of PEDOT:PSS on Teflon, PDMS and 

PET.7,27,29,38-40 The discrepancies seen between polymeric substrates and glass can be linked to 

the differences in the already discussed polar functional groups of the varying materials 

(sections 6.1.1 & 6.1.2). 
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6.2.2 PEDOT:PSS/Tween 80 Film Quality on Various Substrates  

As was the case for pristine PEDOT:PSS, films on glass were coherent with no cracks, 

regardless of the addition of Tween 80. The improvement in wettability on polymer substrates 

subsequently led to an enhancement of film quality for both dip cast (Figure 6-5 & 6-6) and 

drop cast (Figure 6-7 & 6-8) samples. For dip cast samples on PP (Figure 6-5), coherent films 

were formed at concentrations of 0.47 wt% and above (samples labelled Z3 – Z10). This was 

not the case for PET in which only samples containing 1.29 to 2.50 wt% Tween 80 produced 

good quality films. Solutions with Tween 80 concentrations outside these limits produced 

incoherent films (Figure 6-6). 

 

 

Figure 6-5: PEDOT:PSS/Tween 80 dip cast film samples on PP substrates used for adhesion scratch testing. Surfactant 

concentration increases with increasing number 
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Figure 6-6: Dip cast PEDOT:PSS/Tween 80 film with 0.37 wt% surfactant on PET 

 

In the case of drop cast samples, cracking is apparent in films up to and including 0.47 wt% 

surfactant (those labelled 1 – 3) on both PP (Figure 6-7) and PET (Figure 6-8). However, for 

concentrations of 0.93 wt% and above these issues are mitigated. As mentioned previously 

(section 6.1.2), this cracking is most likely linked to shrinkage of the films on drying. However, 

the presence of the surfactant is thought to plasticise the PEDOT:PSS, improving its tolerance 

to such mechanical stresses.41 It is likely that at concentrations lower than 0.93 wt%, the 

interaction with PEDOT:PSS is not saturated (section 4.5.2)42,43 meaning films will be 

comparatively more brittle and susceptible to cracking. However, as previously seen on glass 

(section 4.4.4), the increase in Tween 80 concentration above 2 wt% reduced film quality on 

PP and PET due to excess surfactant appearing on the surface of the film, giving it a waxy 

texture. 

 



239 

 

 

Figure 6-7: PEDOT:PSS/Tween 80 drop cast film samples on PP substrates used for adhesion scratch testing. Surfactant 

concentration increases with increasing number 

 

 

Figure 6-8: PEDOT:PSS/Tween 80 drop cast film samples on PET substrates used for adhesion scratch testing. Surfactant 

concentration increases with increasing number 
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6.2.3 PEDOT:PSS/Tween 80 Film Adhesion to Various Substrates  

As with pristine PEDOT:PSS (section 6.1.2), films that were either cracked or incoherent were 

removed from the sample set. Scratch tape and force pull off tests, for dip and drop cast films 

respectively, were performed on PEDOT:PSS/Tween 80 films with varying surfactant 

concentrations. 

6.2.3.1 Scratch Tape Testing 

Table 6-2 shows the awarded classification for films of varying Tween 80 concentrations on 

differing substrates. The data for the glass substrate shows that with up to 0.93 wt% Tween 80, 

over 65 % of the films were removed by the tape. At 1.29 and 1.32 wt%, less film was removed, 

with concentrations of 2.27 and 2.50 wt% showing no film removal (given the classification 

5B), suggesting adhesion was improving. However, it is likely the excess surfactant on the 

sample surface (section 6.1.2) was acting as a barrier to adequate tape adhesion. Furthermore, 

the films at Tween 80 concentrations of 3.16 and 3.46 wt% were damaged during the cross-

hatching preparation, with large amounts of the film being removed before the tape could be 

applied. This showed that the adhesion of the films was affected by the high surfactant 

concentration. 

Films of up to 1.32 wt% Tween 80 on PP were given a 0B classification. Above this 

concentration there is some improvement in film adhesion, especially at 3.46 wt% where 15 – 

35 % of the film remained intact. In the case of PET, all of the tested films showed >65% film 

removal from the substrate, even with the highest surfactant concentrations. There were also a 

large number of samples that could not be tested due to incoherent film formation, particularly 

on PET. Furthermore, poor tape adhesion due to excess surfactant and film damage during cross 

hatching for higher surfactant concentrations were also issues for samples on these polymer 

substrates.  
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Table 6-2: Scratch tape test classification PEDOT:PSS/Tween 80 films on varying substrates. Not applicable (N/A) results 

given where films were not coherently formed after casting. Each classification represents percentage removed as follows: 

5B, 0%; 4B, <5%; 3B, 5 – 15%; 2B, 15 – 35%; 1B, 35 – 65%; 0B, >65% 

Tween 80 Concentration 

(wt%) 

Substrate  

Glass PP PET 

0.00 0B N/A N/A 

0.37 0B N/A N/A 

0.47 0B 0B N/A 

0.93 0B 0B N/A 

1.29 4B 0B 0B 

1.32 2B 0B 0B 

2.27 5B 1B 0B 

2.50 5B 0B 0B 

3.16 1B 1B N/A 

3.46 0B 2B N/A 

 

It is clear from this data that limited observations can be made. The addition of Tween 80 can 

be considered to improve adhesion to polymeric substrates, but this conclusion can only be 

drawn from the fact coherent films are formed when the surfactant is present. This is mainly 

due to limitations in this testing method, some of which, such as the interference of excess 

surfactant and the samples being damaged during cross hatching, have already been discussed. 

Furthermore, there is clear limitation in the classification method, especially at the lower 

classification bands. For example, the 0B band indicates 0 – 35 % of the film is left on the 

substrate. This is a large percentage range and causes many of the results to fall within the same 

classification, suggesting they all adhere in equal amounts which is unlikely to be true. 

Additionally, there is exposure to large amounts of human error due to the subjective nature of 

classifying adhesion in this way. 
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6.2.3.2 Force Pull-Off Testing 

Figure 6-9 shows the effect of varying the Tween 80 concentration on PEDOT:PSS adhesion 

to glass, PP and PET substrates for drop cast films. It should first be noted that there are data 

point missing. In the case of the polymer substrates, only samples containing more than 

0.93 wt% are shown due to unsuitable films being formed at lower concentrations 

(section 6.2.2). For the films on glass the missing measurements are due to experimental error 

causing the films to break during loading into the machine. 

When considering films on glass, the addition of low surfactant concentrations causes a 

significant reduction in adhesion. For pristine PEDOT:PSS, the stress required to remove the 

film was 0.137 MPa which decreased to 0.016 MPa at 0.93 wt% Tween 80. As surfactant 

concentration increases further, there appears to be a slight increase in the adhesion up to 

0.099 MPa at 3.46 wt%. Similar to wettability results (section 6.2.1 & 4.5.2), the decrease in 

adhesion at low surfactant concentrations can initially be explained by the Tween 80 interacting 

with the polar groups in PEDOT:PSS.23,43-46 The reduces the availability of potential 

interactions with glass, causing adhesion to fall. However, the cause of the increase in adhesion 

at higher surfactant concentrations is uncertain. An explanation could be that once the 

PEDOT:PSS – surfactant interaction is saturated, the excess Tween 80 provides free hydroxyl 

groups with which the glass can interact, causing adhesion to increase.10,18,19 
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Figure 6-9: Pull-off stress (MPa) applied to remove PEDOT:PSS/Tween 80 films with differing surfactant concentrations 

(wt%) from substrates of glass (black circle), PP (red triangle), and PET (green cross) 

 

For both PP and PET, coherent films were formed at 0.93 wt% and above providing an initial 

suggestion that adhesion is improved. However, the increase in Tween 80 concentration does 

not further enhance the adhesion to PP by any significant amount, with the results all lying 

between 0.015 and 0.030 MPa. Furthermore, although there is overlap in these results with glass 

and PET, PP shows comparatively low pull off stress more consistently compared to the other 

substrates. On PET, the data shows large amounts of scatter with the greatest stress being 

0.082 MPa at 2.50 wt% and the lowest 0.015 MPa at 1.29 wt%, making it difficult to identify a 

consistent trend. However, while this variation seems large, the actual values are relatively 

small, and it could be said that, overall, there is no substantial change in the adhesion to a PET 

substrate for films containing 0.93 – 3.46 wt% Tween 80. In addition, compared to pristine 

PEDOT:PSS on glass, the adhesion to PET is still significantly lower, regardless of Tween 80 
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concentration. Despite this, when Tween 80 is present the adhesion results of glass and PET are 

comparable. 

The results show that pristine PEDOT:PSS has superior adhesive properties on glass compared 

to polymeric substrates. This was evident by no coherent films being formed on PP or PET. 

The addition of Tween 80 to PEDOT:PSS caused adhesion to worsen on glass at low 

concentrations followed by a slight increase above 3 wt%, mirroring the contact angle data 

(section 6.2.1). The initial worsening was attributed to the Tween 80 interaction with the polar 

functional groups of PEDOT:PSS, reducing availability for interaction with glass.23,43-46 

However, at higher concentrations the polar groups in the excess surfactant act as points of 

electrostatic interaction.10,18,19 Adhesion was improved on PP and PET, as deduced by the 

formation of films suitable for testing, however, this only occurred at and above 0.93 wt% 

surfactant concentration. However, adhesion to PP remained low regardless of further 

Tween 80 addition. Whilst the result for PET were variable, some pull-off stresses were 

comparable to that of PEDOT:PSS/Tween 80 films on glass. 

6.3 PEDOT:PSS/Tween 80 on PDA Coated Substrates 

The addition of Tween 80 to PEDOT:PSS has been shown to be somewhat beneficial to 

wettability, film quality and adhesion (section 6.2). The effect of implementing a PDA primer 

on substrates of glass, PP and PET on these properties was assessed for PEDOT:PSS/Tween 80 

samples. 

6.3.1 PEDOT:PSS/Tween 80 Solution Wettability on PDA Coated 

Substrates 

Figure 6-10 shows how a PDA primer on glass alters the contact angle of 

PEDOT:PSS/Tween 80 solutions containing varying surfactant concentrations. It is clear that 
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the presence of the PDA coating causes the contact angle of each formulation to increase whilst 

still following a similar trend. A maximum contact angle of 42 ° was obtained at a concentration 

of 0.93 wt% on a glass/PDA substrate. This then decreases and is lowest at 3.16 wt% with a 

measurement of 31 °. As previously discussed (section 6.1.1), the higher contact angles are 

linked to the surface energy of PDA being lower than glass. When applied as a primer it will 

cause a greater discrepancy between the surface energies of the substrate and the solutions 

leading to an increase in the contact angles.7,29,32 This decrease in wettability may contribute to 

the drop in adhesion (section 6.3.3) due to decreased solution spreading leading to reduced 

interaction with the substrate.10,18,19 

 

 

Figure 6-10: Contact angle (°) of droplets of PEDOT:PSS/Tween 80 solutions for differing surfactant concentrations (wt%) 

on a glass substrate without (black circle) and with (red square) a PDA primer layer present. Error bars show data range 
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The contact angle data for increasing Tween 80 concentration was the same for PP and PP/PDA 

substrates (Figure 6-11). The exception to this is pristine PEDOT:PSS which shows a 

significantly lower contact angle when PDA is present, as already established (section 6.1.1). 

The lowest contact angle recorded for a PP/PDA substrate was 43 ° at 3.16 wt%, with PP 

showing a similar result of 42 ° at the same concentration. 

 

 

Figure 6-11: Contact angle (°) of droplets of PEDOT:PSS/Tween 80 solutions for differing surfactant concentrations (wt%) 

on a PP substrate without (black triangle) and with (red plus) a PDA primer layer present. Error bars show data range 

 

Finally, in the case of PET (Figure 6-12), a similar phenomenon to glass occurs whereby coating 

with PDA results in the same overall trend but at elevated contact angles. However, unlike 

glass, this is only true for concentrations up to 1.32 wt%, above which the results become 

comparable regardless of the PDA primer. It appears that the presence of Tween 80 at these 

higher concentrations is mitigating the increase seen for pristine PEDOT:PSS when a PDA 

primer is applied. 
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Figure 6-12: Contact angle (°) of droplets of PEDOT:PSS/Tween 80 solutions for differing surfactant concentrations (wt%) 

on a PET substrate without (black diamond) and with (red cross) a PDA primer layer present. Error bars show data range 

 

6.3.2 PEDOT:PSS/Tween 80 Film Quality on PDA Coated 

Substrates 

As has been the case throughout, the quality of dip and drop cast PEDOT:PSS/Tween 80 films 

on glass were good regardless of PDA application. The quality of the dip cast samples on PP 

and PET substrates with a PDA primer can be seen in Figure 6-13 and 6-14, respectively. For 

all surfactant concentrations, coherent films were formed with no quality issues. Previously 

when no PDA was applied (section 6.2.2), coherent films were only formed at concentrations 

above 0.47 wt% on PP and between 1.29 to 2.50 wt% on PET. This shows PDA improved film 

quality on these polymeric substrates. 
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Figure 6-13: PEDOT:PSS/Tween 80 dip cast film samples on PP/PDA substrates used for adhesion scratch testing. 

Surfactant concentration increases with increasing sample number 

 

 

Figure 6-14: PEDOT:PSS/Tween 80 dip cast film samples on PET/PDA substrates used for adhesion scratch testing. 

Surfactant concentration increases with increasing sample number 
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The outcome of drop casting on PP and PET substrates with a PDA primer can be seen in 

Figure 6-15 and 6-16, respectively. Unlike dip casting, signs of cracking still appear when PDA 

is present. As seen with no PDA primer (section 6.2.2), this occurs at surfactant concentrations 

of 0.47 wt% and below (numbered 3 - 1) for PP/PDA and 0.37 wt% and below for PET/PDA. 

This suggests that Tween 80 is needed to resolve issues of cracking on drop cast samples.  

 

 

Figure 6-15: PEDOT:PSS/Tween 80 drop cast film samples on PP/PDA substrates used for force pull-off testing. Surfactant 

concentration increases with increasing sample number 
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Figure 6-16: PEDOT:PSS/Tween 80 drop cast film samples on PET/PDA substrates used for force pull-off testing. Surfactant 

concentration increases with increasing sample number 

 

The use of a PDA primer has shown to be effective at improving film quality for dip cast 

samples for all Tween 80 concentrations on polymeric substrates. As previously discussed, 

(section 6.1.1), this is likely due to PDA increasing the available polar functional groups.13,14,20 

PDA more readily interacts with PEDOT:PSS in solution and causes preferential deposition of 

the polymer compared to PP or PET with no PDA coating. However, the use of PDA does not 

stop the films from cracking at low Tween 80 concentrations following drop casting. As 

previously discussed (section 6.2.2), this could be linked to films shrinkage, which is mitigated 

by the plasticising effect of the surfactant.41 Furthermore, the issue of excess Tween 80 above 

2 wt% causing a waxy film surface is still an issue for both casting methods (section 6.2.2) on 

substrates primed with PDA. 
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6.3.3 PEDOT:PSS/Tween 80 Adhesion on PDA Coated Substrates 

As before, scratch tape and force pull-off testing were performed to assess the adhesion of 

PEDOT:PSS/Tween 80 films on PDA coated substrates. Films that were cracked or incoherent 

from the film quality analysis were removed from the testing batch. Results from section 6.2.3 

are shown again for comparison to substrates without a PDA coating. 

6.3.3.1 Scratch Tape Testing 

The data presented in Table 6-3 shows the awarded scratch test classification for dip cast films 

of varying Tween 80 concentrations on substrates with and without a PDA primer. As 

previously seen, the results for pristine PEDOT:PSS show an improvement for all substrates 

coated in PDA. This presented as a substantial decrease in film removal on glass and the 

capability of film formation on polymer substrates (section 6.1.3). However, the results for 

glass/PDA show a drop in the classification awarded once Tween 80 is added in low 

concentrations. This shows that the surfactant initially makes the adhesion worse which is likely 

due to it interacting with polar groups in the PEDOT:PSS meaning there is less interaction with 

the PDA.23,43-46 At 0.93 wt% adhesion appears to increase with less film being removed, which 

may be an effect of excess surfactant acting as a barrier between the tape and the film. However, 

at the same concentration on glass with no primer, a classification of 0B was given showing an 

improvement in adhesion when PDA is present. Samples containing 1.29, 2.27, 2.50, 3.16 and 

3.46 wt% Tween 80 were all awarded 5B classification meaning no film was removed. This 

shows an improvement caused by the PDA primer since only 2.27 and 2.50 wt% were awarded 

a 5B classification when no PDA was present. Furthermore, films at the highest concentrations 

were not damaged during cross hatching, unlike when no PDA was applied, also showing an 

advantage of the primer. These improvements are likely due to the increased availability of 

polar groups with which PEDOT:PSS/Tween 80 can interact, improving adhesion.10,13,14,18-20 
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Table 6-3: Scratch tape test classification PEDOT:PSS/Tween 80 films on varying substrates. Not applicable (N/A) results 

given where films were not coherently formed after casting or were significantly damaged during scoring meaning testing 

could not be completed. Each classification represents percentage removed as follows: 5B, 0%; 4B, <5%; 3B, 5 – 15%; 2B, 

15 – 35%; 1B, 35 – 65%; 0B, >65% 

Tween 80 

Concentration 

(wt%) 

Substrate 

Glass PP PET 

No PDA PDA No PDA PDA No PDA PDA 

0.00 0B 4B N/A 0B N/A 0B 

0.37 0B 0B N/A 0B N/A 0B 

0.47 0B 0B 0B 0B N/A 0B 

0.93 0B 3B 0B 0B N/A 0B 

1.29 4B 5B 0B 0B N/A 0B 

1.32 2B 4B 0B 0B 0B 0B 

2.27 5B 5B 1B 2B 0B 4B 

2.50 5B 5B 0B 2B 0B 3B 

3.16 1B 5B 1B 2B N/A 5B 

3.46 0B 5B 2B 2B N/A 5B 

 

The results for PP show that classifications from 0.47 to 1.32 wt% do not vary, regardless of 

PDA application. However, the increase in film quality at 0.00 and 0.37 wt%, as well as 

awarding a 2B classification above 2.27 wt%, shows an improvement in adhesion caused by 

the PDA primer. In the case of PET, the use of PDA allowed all films to form coherently. A 0B 

classification was given for films up to 1.32 wt% surfactant, with most of the sample being 

removed. Above this concentration, higher classifications were awarded with 2.27 and 

2.50 wt% showing higher classifications when PDA was present. 

Despite the reduction in adhesion caused by Tween 80, the use of PDA as a primer shows 

improved adhesion across all substrates. This was primarily seen through the higher 

classification awarded at surfactant concentrations above 1.32 wt%. Furthermore, on PP and 

PET there is an improvement seen through the production of coherent films for all surfactant 
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concentrations. As before (section 6.2.3), the excess Tween 80 is likely interfering with the 

adhesion of the tape to the film. Despite this, situations where higher classifications were 

awarded for greater surfactant concentrations still provide evidence of the improved adhesion 

caused by PDA. 

6.3.3.2 Force Pull Off Testing 

Force pull-off testing was performed on drop cast PEDOT:PSS/Tween 80 films on glass, PET, 

and PP substrates with and without a PDA primer layer. The data seen in Figure 6-17 shows 

the effect of varying the Tween 80 concentration on adhesion to glass and glass/PDA substrates. 

It is clear that for pristine PEDOT:PSS, the application of PDA significantly increases adhesion 

on glass from 0.137 to 0.275 MPa, however, in the latter case the film was not removed so the 

final pull-off stress is likely higher (section 6.1.3). As was the case with no PDA primer 

(section 6.2.3), the addition of Tween 80 causes the pull-off stress to substantially decrease. 

Results drop to 0.052 MPa at a concentration of 0.37 wt% surfactant for glass/PDA which is 

very close to the 0.042 MPa achieved at the same concentration on glass. For a concentration 

of 0.93 wt%, the pull off stress required is greater for glass/PDA than when no primer is applied, 

however the film was not fully removed. Regardless, this is still evidence to suggest that PDA 

is improving adhesion at this concentration, although the degree to which this is occurring 

cannot be accurately commented on. For greater concentrations of Tween 80 the trends for glass 

and glass/PDA are very similar initially suggesting the primer is not improving adhesion. On 

the other hand, films were not being removed when PDA was present at concentrations of 

0.93 wt% and above, which could be an indication that adhesion was better with the primer. 

However, further comment on the accuracy or extent of this cannot be made. 
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Figure 6-17: Pull-off stress (MPa) applied to remove PEDOT:PSS/Tween 80 films with differing surfactant concentrations 

(wt%) from a glass substrate without (black circles) and with (red squares) a PDA primer coating. Hollow shapes indicate 

films that were not removed 

 

The application of a PDA primer to PP shows no noticeable improvement in force pull-off stress 

across all surfactant concentrations (Figure 6-18). Furthermore, PP/PDA adhesion shows 

consistently lower results (0.015 to 0.030 MPa) compared to glass and PET when PDA is 

present. It is also worth noting that all of the films were removed from the substrate, regardless 

of the potential for excess surfactant interfering with adhesive bond strength. 
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Figure 6-18: Pull-off stress (MPa) applied to remove PEDOT:PSS/Tween 80 films with differing surfactant concentrations 

(wt%) from a PP substrate without (black circles) and with (red squares) a PDA primer coating.  

 

In the case of PET/PDA substrates (Figure 6-19), a coherent film was produced at 0.37 wt% 

which was not the case on PET alone. Furthermore, samples at 1.29 and 2.27 wt% gave results 

of 0.091 and 0.118 MPa, respectively, which are noticeably greater than any result attained on 

PET without PDA. These observations show evidence of improved adhesion when using PDA 

as a primer for PET. However, there is still a large amount of variation in the data, once again 

making trend identification difficult. Furthermore, a larger number of samples were not 

removed from the substrate (indicated by a hollow data point) meaning complete comparison 

of this data could not be made. However, given that no film removal is the worst case scenario, 

this still show that adhesion marginally improved with PDA application. 
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Figure 6-19: Pull-off stress (MPa) applied to remove PEDOT:PSS/Tween 80 films with differing surfactant concentrations 

(wt%) from a PET substrate without (black circles) and with (red squares) a PDA primer coating. Hollow shapes indicate 

films that were not removed 

 

The adhesion data shows that, in general, the addition of PDA improves adhesion for all 

substrates when Tween 80 is present. The addition of PDA on glass only showed improvement 

in pull off data for low surfactant concentrations, but above 1.32 wt% there was no difference 

when the primer was present. However, the scratch test data showed adhesion increased for 

these higher concentrations. Although PDA did not appear to alter the pull off results on PP, 

improvement in film quality at low surfactant concentrations and the increase in awarded 

scratch test classification for concentrations above 2.27 wt% shows enhanced adhesion with the 

primer present. Similarly, PET showed the greatest adhesion when PDA was applied, and 

Tween 80 was added. In the pull off data this was particularly prominent for a concentration of 

2.27 wt% which showed the greatest stress result for any PET/PDA sample. There was also 

evidence of this improvement with enhanced film quality, particularly dip cast samples 
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(section 6.2.2), and higher scratch test classifications achieved at higher surfactant 

concentrations. 

6.4 Sheet Resistivity of PEDOT:PSS/Tween 80 Films on 

Varying Substrates 

The sheet resistivities of PEDOT:PSS/Tween 80 dip cast films on varying substrates were 

analysed to determine if a PDA primer negatively impacted conductivity. During the annealing 

of the PEDOT:PSS/Tween 80 films on polymeric substrates, samples were found to either crack 

or lift off the substrate. Furthermore, it was suspected that annealing was melting or altering the 

structure of the polymer materials, therefore, the annealing stage was omitted. Instead, films 

were left at room temperature for 24 hours to allow drying and equilibration to take place. 

Figure 6-20 shows how removing the annealing phase impacts sheet resistivity (note, while 

annealed samples on a polymer substrate were produced, the film quality was of a low 

standard). The data initially shows that the sheet resistivity of annealed films on both glass and 

PP/PDA are very similar. On both substrates with no annealing, the sheet resistivity is higher 

at low surfactant concentrations since excess water removal and chain reorganisation will not 

occur (sections 4.3.2 & 3.3.1). However, above 1.50 wt% on glass the sheet resistivity is 

comparable regardless of annealing condition. For example, the film containing 3.46 wt% 

surfactant produced a resistivity of 61 Ω□-1 when annealed, and 48 Ω□-1 with no annealing. 

This could be related to the higher concentrations of Tween 80 displacing greater amounts of 

bound water from the samples. However, this is speculative and would require further 

investigation. 
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Figure 6-20: Sheet resistivity (Ω□-1) of PEDOT:PSS films with varying surfactant concentration (wt%) on glass (black 

circle) and PP/PDA (red triangle) substrates, with (solid shapes) and without (hollow shapes) annealing. Samples that were 

not annealed were left to dry and equilibrate for 24 hours at room temperature in atmospheric conditions. Error bars 

indicate ± 1 SD 

 

Figure 6-21 shows the variation in sheet resistivity of PEDOT:PSS/Tween 80 samples for 

varying surfactant concentrations on a glass substrate with and without a PDA primer. As 

expected, the sheet resistivity for pristine PEDOT:PSS on glass is higher than observed in 

section 4.4.1 due to the lack of annealing, giving a measurement of 3065 Ω□-1. However, the 

trend is comparable, with the addition of Tween 80 causing an initial increase in the sheet 

resistivity followed by a subsequent decrease. The sheet resistivity of PEDOT:PSS on 

glass/PDA is 3013 Ω□-1 , which is comparable to glass without PDA. Furthermore, the trend 

remains the same with an initial increase seen at low surfactant concentrations, a plateau above 

1.32 wt% and the lowest resistivity of 47 Ω□-1 being achieved at a concentration of 3.46 wt%. 

Across all concentrations of Tween 80 there is no observable difference in the sheet resistivity 

with the addition of the PDA primer. 



259 

 

 

Figure 6-21: Sheet resistivity (Ω□-1) of PEDOT:PSS films with varying surfactant concentration (wt%) on a glass substrate 

without (black circle) and with (red square) a PDA primer. Note, samples were not annealed but were left to dry and 

equilibrate for 24 hours at room temperature in atmospheric conditions. Error bars indicate ± 1 SD 

 

The data for a PP substrate (Figure 6-22) shows a similar trend in sheet resistivity with 

increasing Tween 80 concentration reducing resistivity. Pristine PEDOT:PSS with no PDA 

gave a result of 2056 Ω□-1, which is the lowest seen across any substrate without annealing. 

However, as seen previously in the annealed samples (section 4.4.1), this is within the error 

observed for pristine PEDOT/PSS. At low Tween 80 concentrations there was an initial 

increase in sheet resistivity with a maximum of 3216 Ω□-1 being reached at 0.47 wt%, which 

was seen on glass (Figure 6-21) (section 4.4.1). Further surfactant addition then causes 

resistivity to decrease, with the lowest measurement of 47 Ω□-1 being achieved at 3.46 wt%. 

Whilst there is a higher degree of variation, the addition of the PDA follows the same trend. At 

zero and low concentrations of Tween 80 the PDA primer resulted in marginally higher sheet 

resistivities. The lowest sheet resistivity at 3.46 wt% was also slightly higher than any other 

substrate at 57 Ω□-1, however, this is still within normal variation for these samples so can be 

considered comparable. 
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Figure 6-22: Sheet resistivity (Ω□-1) of PEDOT:PSS films with varying surfactant concentration (wt%) on a PP substrate 

without (black triangle) and with (red plus) a PDA primer. Note, samples were not annealed but were left to dry and 

equilibrate for 24 hours at room temperature in atmospheric conditions. Error bars indicate ± 1 SD 

 

Like the previous two substrates, PET without PDA (Figure 6-23) shows increasing surfactant 

concentration causes a decrease in sheet resistivity. The lowest resistivity measured at 3.46 wt% 

surfactant was 46 Ω□-1 which is comparable to glass and PP at the same Tween 80 

concentration. Due to the film not being coherently formed for pristine PEDOT:PSS no 

comparison could be made to when PDA was employed. Despite this, when Tween 80 was 

present no change in sheet resistivity was observed when PDA was applied.  
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Figure 6-23: Sheet resistivity (Ω□-1) of PEDOT:PSS films with varying surfactant concentration (wt%) on a PET substrate 

without (black diamond) and with (red cross) a PDA primer. Note, samples were not annealed but were left to dry and 

equilibrate for 24 hours at room temperature in atmospheric conditions. Error bars indicate ± 1 SD 

 

Figure 6-24 shows that the overall trend across the three substrates with and without PDA is 

very similar for increasing Tween 80 concentration. The most noticeable difference is that for 

polymeric substrates, resistivity does not plateau until higher surfactant concentrations (above 

2 wt%). It is unclear why the resistivity falls quicker on a glass substrate, but some hypotheses 

can be made. Firstly, wettability is worse on polymeric substrates due to their hydrophobic 

nature and given water will bond primarily to excess PSS this could reside more at the film 

surface. Therefore, a greater amount of Tween 80 would be needed to sufficiently improve 

wettability and prevent this movement of PSS. Secondly, the films on PP and PET are likely to 

be thinner due to reduced PEDOT:PSS deposition caused by poor wettability. A thinner film 

has been shown to result in increased sheet resistivity.1,39,47-49 Therefore, Tween 80 could be 

improving wettability enough to equalise film thickness for all substrates, resulting in 

comparable resistivities at higher concentrations. 
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Figure 6-24: Sheet resistivity (Ω□-1) of PEDOT:PSS films with varying surfactant concentration (wt%) on glass (circle), 

PET (square) and PP (diamond) substrate without (hollow) and with (solid) a PDA primer layer. Note, samples were not 

annealed but were left to dry and equilibrate for 24 hours at room temperature in atmospheric conditions. Error bars 

indicate ± 1 SD 

 

In general, the use of a PDA primer does not alter the sheet resistivity of PEDOT:PSS/Tween 80 

films on any of the substrates used. While the results for PP/PDA where marginally higher at 

low surfactant concentrations, they were still comparable to PP. 

6.5 Conclusion 

This chapter assesses the wettability, adhesion, and sheet resistivity of PEDOT:PSS/Tween 80 

films on glass, PET, and PP substrates, with and without a PDA primer layer. The initial focus 

on pristine PEDOT:PSS showed that the contact angle on glass was much lower than that of 

PET or PP, the latter showing the most inferior wettability of the three. This was due to the 

surface energy of glass being more closely matched to the surface tension of PEDOT:PSS 

solution, resulting in better wettability. Results then indicated that the presence of PDA 

increased the contact angle for glass and PET but decreased it for PP. The increase on glass was 
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attributed to the lower surface energy of PDA causing a greater discrepancy to PEDOT:PSS 

solution. On the other hand, the differences on the polymer substrates were attributed to the 

different orientations of the PDA molecule when adhering to the substrate. The film quality of 

pristine PEDOT:PSS on polymeric substrates was also shown to be poor for both dip and drop 

cast samples due to the poor wettability. This was dramatically improved for dip cast samples 

with the presence of PDA. However, cracking remained an issue on drop cast samples despite 

the PDA primer layer. Adhesion on PP and PET was also poor, but this could only be 

established due to incoherent or cracked films being formed. The PDA primer improved film 

quality of dip cast samples showing adhesion was enhanced, however, cracking was still an 

issue on drop cast samples. Furthermore, the extent of adhesion increase could not be measured. 

On the other hand, PDA on glass significant improved adhesion for pristine PEDOT:PSS films. 

The effect of Tween 80 varied depending on the substrate. On glass, the wettability initially 

increased at low concentrations but subsequently decreased again above 1 wt%. This was likely 

due to the surfactant initially interacting with the excess PSS, reducing the PSS interaction with 

water. Once the PSS is saturated, the Tween 80 interacts with the water reducing the contact 

angle. In the case of PP and PET, the increase in Tween 80 concentration led to a continuous 

decrease in contact angle which was expected based on literature souces.7,27,29,38-40 However, 

the improvement in wettability did not initially lead to an improvement in film quality on 

polymeric substrates. Quality on dip cast PP was only improved for concentrations above 

0.47 wt% whilst coherent films were only produced for concentrations of 1.29 to 2.50 wt% on 

PET. Results for drop cast films were also poor at lower surfactant concentrations, with films 

containing 0.93 wt% and below showing signs of cracking. PEDOT:PSS adhesion to glass was 

negatively affected by the addition of Tween 80. However, the improvement in film quality 

was evidence of adhesion improvement on both polymer substrates, although pull off stress 
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remained low on PP regardless of surfactant concentration. There was some evidence of an 

upward trend on PET with increasing Tween 80 addition, however, data scatter made this hard 

to identify with certainty. There were also issues with leaching of Tween 80 from the films in 

concentrations of 1.29 wt% and above. This led to films being damaged when cross hatched in 

scratch testing and acted as a barrier to sufficient adhesion of the tape or adhesive in these 

testing methods. 

When PDA was applied as a primer to these substrates, the trends in contact angle for increasing 

surfactant concentration did not vary greatly. This was most obvious for PP and PET. Whilst 

the trends for glass and glass/PDA were similar, there was an overall increase in the contact 

angles at each Tween 80 concentration. Film quality was improved across all dip cast samples 

when PDA was present on the polymer substrates. This was attributed to the PDA allowing 

preferential deposition of the PEDOT:PSS due to the increased availability of polar functional 

groups. However, cracking was still an issue on drop cast samples at lower Tween 80 

concentrations due to shrinkage on setting. The PDA primer was then shown to improve 

adhesion across all substrates for all surfactant concentrations. An increase in awarded scratch 

test classification was seen for all substrates at concentrations above 1.32 wt% when PDA was 

applied. For glass, the pull of data only showed improvement at lower surfactant concentrations 

whilst PET showed a general overall improvement across all Tween 80 concentrations. The 

same increase in pull off data was not seen for PP samples. However, scratch test data and film 

quality improvement implied better adhesion on PP. Similar issues associated with excess 

Tween 80 were still present in these samples which may have interfered with the results. 

Finally, sheet resistivity was shown to be higher for non-annealed samples, compared to 

annealed films, on glass and PP at surfactant concentrations below 2 wt%. Above this, there 

was no difference between annealed and unannealed samples on glass. It was established that 
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there was a difference in the resistivity trends between differing substrates. Whilst at Tween 80 

concentrations above 2.27 wt% the resistivity is relatively similar, polymeric materials showed 

a more gradual decline in the resistivity to this point than glass. It was hypothesised that the 

hydrophobic nature of the polymer substrates and the affinity of water to PSS causes this 

insulating component to reside primarily at the surface. It was also suggested thinner films 

might be created on PP and PET due to issues with wettability which were mitigated at higher 

surfactant concentrations. For all substrates, the PDA coated material showed similar resistivity 

trends to when no PDA was present. 

Overall, the use of PDA was shown to be effective in improving adhesion and the quality of 

films using dip and drop cast methods on glass, PET, and PP for PEDOT:PSS/Tween 80 

samples. This was seen to be most effective for pristine PEDOT:PSS, however, it was 

established that the adhesion improvement on PP and PET did not elevate levels to that of glass. 

While Tween 80 did improve wettability and film quality, the improvement achieved by 

surfactant addition alone was not as substantial as PDA. Finally, PDA was shown to not 

interfere with the sheet resistivity of PEDOT:PSS/Tween 80 films, making it a suitable primer 

from this point of view.  
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Chapter 7: Conclusions 

The overall aims of this project were to optimise processing parameters, enhance conductivity 

and improve polymeric substrate adhesion of PEDOT:PSS. There was also focus on the thermal 

and solution properties of the system, as well as an intention to establish the mechanisms 

causing conductivity enhancement for each method implemented. Whilst most of these targets 

were met, some questions remain, which have the potential to be explored further in the future 

(Chapter 8). This section contains a summary of the main conclusions that can be draw from 

each chapter throughout this work. 

Chapter 3 focused on pristine PEDOT:PSS with regards to thermal properties, moisture kinetics 

and optimal processing conditions. It was found that multiple heating runs did not identify any 

major thermal transitions, however, suggestion of a Tg caused by the softening of the PSS phase 

was identified at 140 °C. PEDOT:PSS atmospheric moisture uptake after annealing was shown 

to be rapid and resulted in a significant mass increase. However, the impact of this on sheet 

resistivity was minimal, removing the need for close environmental control or sample 

encapsulation. Finally, a maximum annealing temperature of 220 °C was established, above 

which degradation would become problematic. However, heating to 140 °C for 40 minutes was 

sufficient to fully anneal pristine PEDOT:PSS, removing the need for higher temperatures and 

greater times. 

The aim in Chapter 4 was to assess the effect of the non-ionic surfactant Tween 80 on the 

thermal, film and solution properties of PEDOT:PSS. Major degradation was shown to occur 

at a substantially lower temperature when Tween 80 was present (160 °C) compared to pristine 

PEDOT:PSS (250 °C). It was hypothesised that this could be linked to the formation of acids 

as the surfactant breaks down. Despite this, annealing could still take place at 140 °C, but a 

time of 60 minutes was needed to achieve the lowest resistivity. The sheet resistivity, and 
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conductivity, of PEDOT:PSS were significantly improved with the addition of Tween 80, 

showing its potential as a conductivity enhancing agent. Improvement was most prominent up 

to 1 wt% surfactant in solution, above which only marginal reductions in sheet and bulk 

resistivity were seen. This was the case for both dip and drop cast samples. AFM and XRD 

analysis showed that Tween 80 led to the separation of PEDOT and PSS, as well as allowing 

for chain alignment to occur. This meant superior conducting pathways were formed and it was 

suspected a benzoid to quinoid structural change occurred in PEDOT, although this was not 

detected by methods used in this study. However, excess surfactant resulted in negative effects 

on film quality. Lastly, Tween 80 caused an increase in viscosity but a decrease in surface 

tension up to 1 wt%. Whilst the rise in viscosity may be considered detrimental, the reduction 

in surface tension would lead to greater wettability and film quality on polymer substrates. 

The use of three alternative conductivity enhancement methods were assessed in Chapter 5, 

namely: multiple dip casting, MEK solvent addition, and solvent washing. Multiple dip casting 

dramatically improved the sheet resistivity of pristine PEDOT:PSS, causing consecutively 

lower measurements for each layer added, following previous literature findings. This was 

attributed to multiple possible factors including PSS removal from and additional annealing of 

subsurface layers, and the hypothesis that PEDOT:PSS solution will interact differently with a 

layer of PEDOT:PSS compared to glass. The multiple dip method resulted in the lowest sheet 

resistivity being recorded within this work when 5 layers were applied. Furthermore, the 

addition of Tween 80 limited the effectiveness of this method. However, it could not be 

determined whether the resistivity decrease would translate to an improved conductivity due to 

limitations with using a 4-point probe measurement. Furthermore, no evidence could be found 

that structural changes had occurred due to the application of multiple layers. It was also shown 
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to have significant drawbacks, including reduced film quality and unsuitability in bulk 

manufacturing processes.  

The addition of MEK to PEDOT:PSS caused sheet resistivity to increase rather than decrease. 

It was also shown that PEDOT:PSS/Tween 80/MEK films produced a higher resistivity than 

PEDOT:PSS/Tween 80 films with no MEK. This showed that MEK was not a suitable additive 

for conductivity enhancement. Finally, solvent washing with methanol, ethanol and MEK all 

caused a decrease in sheet resistivity of pristine PEDOT:PSS films, with methanol causing the 

largest decrease and MEK producing the smallest. Structural analysis did not show any signs 

of chain alignment or a benzoid to quinoid shift meaning the improvement in sheet resistivity 

was due to PSS removal. This was confirmed by FTIR analysis of each solvent wash showing 

evidence of PSS present after washing. The addition of Tween 80 caused the effectiveness of 

washing to diminish and it was theorised this was due to the surfactant acting as a barrier to 

PSS removal. XRD analysis showed no chain alignment after washing PEDOT:PSS/Tween 80 

films, suggesting that the long range order seen with Tween 80 addition occurs in the excess 

PSS chains. 

To finish, Chapter 6 evaluated the use of PDA as a primer layer on polymeric substrates to 

improve PEDOT:PSS wettability and adhesion. It was initially shown that pristine PEDOT:PSS 

had low contact angle measurements on glass, with greater contact angles on PET and PP 

indicating poorer wetting on polymer substrates. Coating these materials in a PDA primer led 

to improved wettability on PP but reduced wetting on glass and PET. It was thought that the 

PDA molecule orientates differently depending on the substrate, leading to this variety in 

results. Film quality was also improved on the polymer substrates for both dip and drop cast 

films, however, cracking remained an issue on drop cast films regardless of PDA presence. 

PDA significantly increase in the adhesion of PEDOT:PSS on glass when assessed via scratch 
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tape and force pull off testing. The same could not be quantified for the polymer substrates due 

to issues of film quality. Tween 80 was shown to continuously improve wettability on PET and 

PP (without PDA) at greater concentrations. However, film quality only improved above 

0.47 wt% for dip cast films, and between 1.29 to 2.50 wt% for drop cast samples. Furthermore, 

the addition of the surfactant caused a decrease in adhesion of PEDOT:PSS to glass. This was 

likely due to a reduction in available functional groups within PEDOT:PSS when Tween 80 

was added. Therefore, there was a decrease in the electrostatic interactions between the 

PEDOT:PSS and glass. Alternatively, adhesion was deemed to have improved on polymeric 

substrates with surfactant addition, mainly due to the successful formation of coherent films. 

More substantial conclusions could not be drawn from the adhesion data due to scatter in the 

results and issues relating to the surfactant leaching out of the films interfering with the testing 

methods.  

The application of a PDA primer did not significantly alter the contact angle for increasing 

surfactant concentrations on PET and PP. However, an overall increase in contact angle was 

seen across all surfactant concentrations when PDA was applied to glass. There was also an 

improvement in film quality for all Tween 80 concentrations with PDA present, although 

cracking was still an issue at low concentrations on drop cast samples. The benefits of adhesion 

on glass caused by priming with PDA were reduced when Tween 80 was added to PEDOT:PSS. 

However, PDA still showed comparatively greater adhesion at each Tween 80 concentration 

across all substrates. Finally, the presence of PDA did not negatively affect sheet resistivity. 

The trend of decreasing resistivity for increasing surfactant concentration was also seen across 

all substrates. However, a difference between glass and polymeric substrates was apparent, with 

a higher surfactant concentration of 2.27 wt% (compared to 1 wt% on glass) being needed 

before a plateau was achieved in the resistivity results. 
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Overall, the lowest PEDOT:PSS sheet resistivity in this study was obtained by applying 5 layers 

of pristine PEDOT:PSS to a glass substrate using the multiple dip casing method (16.75 Ω□-1). 

However, the effect on conductivity could not be measured and it was established that this 

would be an impractical technique to implement on a bulk manufacturing scale. The greatest 

conductivity achieved in this study was obtained by washing pristine PEDOT:PSS with 

methanol (68.4 Scm-1). Again, this is not a feasible approach to implement for bulk 

manufacturing given the volatility and the negative environmental impact of this solvent. 

Therefore, Tween 80 was shown to be a good, non-hazardous alternative to enhance the 

conductivity of PEDOT:PSS, with a solution addition of 1.40 wt% resulting in a measurement 

of 26.8 Scm-1. This surfactant was also shown to have beneficial effects on solution properties 

resulting in superior wettability, film quality and adhesion on polymer substrates, making this 

method more suitable for processes such as R2R and IJP. Additionally, priming with PDA 

showed potential as a method to enhance PEDOT:PSS affinity to polymer substrates, with film 

quality and adhesion improving when implemented. 
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Chapter 8: Future Works 

This chapter contains a description of possible future work that could follow on from the work 

presented in this document. This is grouped by the relevant results and discussion chapters, with 

a final paragraph on potential work further outside the scope of this project. 

Firstly, the water kinetics of PEDOT:PSS could be better understood when considering films 

rather than a sample in a DSC pan. Even though this was evaluated in this study, tighter control 

of film sample environment and moisture removal without heat would provide a clearer 

understanding of moisture uptake. This could be achieved through the use of an environmental 

chamber at varying humidities and would also provide an opportunity to more closely assess 

how this impacts sheet resistivity/conductivity. It was also thought that heat was required to 

fully remove bound water from PEDOT:PSS. This could be confirmed through further use of 

the vacuum oven at a greater variety of temperatures and hold times. There is also scope for 

further optimisation of annealing conditions given this was only assessed in 10 °C and 

10 minute intervals. 

Although it was determined that the addition of Tween 80 caused an earlier onset of degradation 

in PEDOT:PSS, the reasoning for this was unclear and there is opportunity for further 

investigation. For example, TGA experiments could have been performed under inert argon to 

establish if degradation was oxidative. Additionally, FTIR could be performed during 

degradation or XPS could be used to provide alternative insight into the degradation 

mechanisms. It was also discussed that there was a saturation level for surfactant addition 

around 1 wt% which could be studied in more depth. This could be achieved using optical 

analysis to better identify when excess Tween 80 appears on the film surface. There is also 

availability for FTIR, Raman and XRD to be used during surface scanning, meaning areas of 

Tween 80, PEDOT and PSS could more accurately be identified. In this work, the mechanisms 
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behind the improvement in conductivity were analysed with XRD, AFM and Raman 

techniques. However, there is scope for deeper analysis using all of these methods. Firstly, only 

select surfactant concentrations were assessed using these techniques. Analysing a greater range 

of Tween 80 concentrations would more accurately identify the concentration at which 

structural changes occur. Whilst higher resolution AFM could not be done in this study, it has 

been previously used to show the appearance of ‘nano-fibrils’ with certain additives. Similarly, 

Raman was limited and may be used to identify a benzoid to quinoid shift within the material 

if greater analysis through curve deconvolution is performed. Samples could also be assessed 

with XPS or nuclear magnetic resonance spectroscopy to provide additional insight. The 

properties of PEDOT:PSS/Tween 80 solution could also be analysed in greater detail through 

the use of alternative methods to provide comparison to results seen in this study. For example, 

a mobile surface analyser could be used for surface energy and oscillating drop testing could 

measure viscosity. 

Multiple dip casting was shown to improve pristine PEDOT:PSS sheet resistivity, but the cause 

for this was unknown. A more detailed analysis of this method could take place to identify why 

these improvements were seen. This could be performed though compositional surface analysis, 

with AFM, Raman, FTIR and energy dispersive x-ray spectroscopy (EDS), of each layer 

applied. Cross-sectional analysis of the layers via SEM would also provide understanding of 

how adjacent layers were interacting. These techniques may also be used to assess why the 

addition of Tween 80 hinders resistivity decrease for multiple dip samples. Optical and SEM 

could also be implemented to examine the film quality more closely. Solvent washing is a 

well-established method of improving PEDOT:PSS conductivity but the combination of 

Tween 80 addition and methanol washing did not appear to have the same compounding 

improvement as previously seen with Triton X-100 addition. Alternative solvents, such as 
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concentrated acids (e.g., H2SO4, TFMS) could be tested to see whether the desired 

compounding improvement can be achieved when Tween 80 is added. Washing with water has 

also rarely been done so the effectiveness of this could be tested. Surface scanning using 

Raman, FTIR, AFM and EDS could also be performed on PEDOT:PSS/Tween 80 washed 

samples to analyse whether the separated PSS regions are removed from the film. 

There is a large scope for further assessment of the use of PDA as a primer layer for 

PEDOT:PSS adhesion improvement. This could initially be through testing a greater range of 

substrate materials to see where it is most effective. The polymerisation route of PDA could 

also be altered, for example with different buffers, to examine if that has an effect on 

wettability/adhesion. Additionally, measurements of contact angle and adhesion could be done 

though more accurate methods that remove human error. In the case of contact angle this could 

be using an automated measurement system, and for adhesion the use of standardised 

aluminium stubs and adhesion tester. 

There are other areas that could be explored that are more loosely related to the scope of this 

project. For example, Tween 80 was the main additive used throughout, however, Tween 20, 

40 and 60 could be tested as alternatives since they all have varying molecular weights and 

structures. Furthermore, the 4-point probe was used as the main technique to measure 

resistivity, and conductivity was calculated from this measurement. However, there are 

alternative methods to assess electrical properties, such as current – voltage characteristics, 

2-point probe measurements, and dielectric analysis. Finally, the two film casting methods used 

in this study were representative of bulk manufacturing ink deposition. Considering an optimum 

Tween 80 concentration has now been identified, the suitability of this composition could now 

be tested in bulk processes such as IJP or gravure printing. 


