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Abstract 

Understanding the relationships between morphology, fabrication processes, and 

thermoelectric performance in conducting polymers is essential to the development of high- 

efficiency organic thermoelectrics as an alternative to commonly used rare metals. Altering the 

film fabrication process of Poly(3,4-ethylenedioxythiophene): poly(styrene sulfonate) 

(PEDOT:PSS) with the addition of high boiling solvents to the precast solution improves the 

electrical conductivity and significantly increases its Seebeck value.  Neutron scattering 

monitors the changes in the atomic, nanoscale and mesoscale morphology of PEDOT:PSS thin 

films with the addition of dimethyl sulfoxide (DMSO) to the aqueous solution prior to film 

formation and with varying fabrication procedures. The neutron scattering results show a 

decrease in the deuterated PSS (dPSS) domain size along with systematic variations in PEDOT 

fibril assemblies in the final blend film with the addition of DMSO to the pre-deposition 

solution. These structural modifications indicate that the reported increase in conductivity of 

PEDOT:PSS blends with addition of DMSO reported in the literature can be ascribed to the 

disruption of solvated PEDOT assemblies by the DMSO, forming smaller PSS domains in the pre-

deposition solution, allowing smoother film formation. These improvements are observed 

significantly with the addition of just 1% DMSO, but continue to modestly improve with the 

addition of up to 5% DMSO to the PEDOT:PSS blend pre-deposition solution.  The fact that the 

variations in the measured morphology are independent of whether the films were deposited 

by spin or ultra-sonic spray casting methods emphasizes the crucial importance of the structure 

of the blend in the pre-deposition solution in determining the final thin film blend morphology.   
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Introduction 

Conducting polymers are an important class of materials, where their use in energy 

harvesting applications aid in the development of technologies to improve sustainability. 

Thermoelectric materials transform a temperature gradient to an electric current, or inversely 

an electric potential to a change in temperature. Thermoelectrics have been useful in 

commercially available energy technologies; for instance, they are commonly found in 

photovoltaics for solar-energy generation and light-emitting diodes.1,2,31 The efficiency of a 

material in converting a thermal gradient to an electric potential is given by the dimensionless 

figure of merit ZT, which is calculated by 𝑍𝑇 = !!"#
$

 . In this equation, S is the Seebeck 

coefficient of the material, σ its electric conductivity, T is the temperature, and 𝜅 is its thermal 

conductivity. Most common thermoelectrics with high ZT’s are inorganic materials consisting of 

rare metals, for instance BiSbTe or Bi2Te3/Sb2Te3 super lattice domains exhibit ZT=1.2 and 2.4, 

respectively.4,5 However, these inorganic materials are brittle, and expensive to obtain and 

fabricate thermoelectrics from. On the other hand, thermoelectric polymers offer a flexible 

material that can conformally coat an object and offer ease of processing that is scalable for 

commercial manufacturing of high-quality films.6 Thus, these organic thermoelectrics provide 

an inexpensive and viable alternative to the brittle rare metals that are currently more common 

in thermoelectric applications. However, the performance of organic thermoelectrics lags that 

of inorganic thermoelectrics. Thus, a more thorough understanding of how the thermoelectric 

performance of these promising materials can be tuned is needed. For instance, previous 

studies have shown that alteration of the film formation conditions result in a dramatic 

improvement in thermoelectric performance. Thus, understanding the relationships between 
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fabrication processes, morphology development during fabrication, and thermoelectric 

performance in conducting polymer constructs is needed to move this field towards the 

rational development of organic thermoelectrics with optimal performance.  

Poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT: PSS) is a promising 

and commonly studied conjugated polymer blend that currently has the highest reported ZT 

(0.25 with no doping, and 0.42 with DMSO doping) of any organic material at room 

temperature.7,8 Moreover, previous studies have shown that altering the film fabrication 

process such as including the addition of high boiling solvents to its precast solution or 

immersion of the cast film in ethylene glycol dramatically impacts its electrical conductivity and 

Seebeck value.8-1622 More precisely, the addition of dimethyl sulfoxide (DMSO) to the pre-

deposition PSS:PEDOT solution has been shown to increase the electrical conductivity and 

lower the Seebeck coefficient of a film that is formed from that solution.9 Some of these studies 

have shown an increase in electrical conductivity by as much as a factor of 1000.109,10 For 

instance, Dimitriev , et al, reported that the conductivity increased by a factor of 4 with the 

addition of just 1% DMSO and an order of magnitude increase with the addition of 5% DMSO to 

the pre-deposition solution.9 Further studies using small and ultra-small angle neutron 

scattering showed that adding DMSO to the pre-deposition solution altered the morphology of 

spray coated films.10,11 In these studies, it was observed that the local fibril-like PEDOT domains 

decrease in size and become more uniformly shaped with addition of DMSO. This improved 

uniformity of PEDOT fibrils in the larger PSS domain resulted in enhanced conductivity due to 

better mesoscale ordering, with increases in conductivity by a factor of 800.10  
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Additional studies, using techniques such as atomic force microscopy (AFM), scanning 

electron microscopy (SEM), and Raman Spectroscopy have provided insight into how altering 

the film fabrication technique improves the conductivity of the thermoelectric film. Varying the 

film coating technique alters the smoothness and wetting, which are monitored by imaging the 

film surface.6,11,12 Particularly, the thickness, wetting, and roughness of the deposited films 

varied with the surface tension, contact angle, viscosity, and deposited drop sizes in spray 

coated films, which varied with pre-deposition concentrations of DMSO. 6,11,12 Zabihi, et al., 

observed that the spin coating created a stratified structure with an upper PSS-rich layer on a 

PEDOT-rich lower layer. The structure and surface roughness of the upper PSS-rich layer varies 

with substrate temperature and annealing temperature, which impacts film conductivity.12 

Smoother surfaces, especially surfaces which displayed fewer large domains as observed in 

AFM and SEM, were the most conductive. 12 These studies also verify that the PEDOT: PSS films 

are smoother at the meso-scale length scale and exhibit higher conductivity when spin-coated 

than when spray coated. These reports also showed that spin cast surfaces tend to be smoother 

with the addition of DMSO to the pre-deposition solution than without, leading to further 

increases in conductivity.12 Additionally, Ouyang et al, observed that the increase in 

conductivity occurs only when additives are included in the liquid pre-deposition solution and 

are then annealed.6,14  

To date, few studies have been performed to clearly identify the morphology of 

PEDOT:PSS blend films and correlate its structure to its performance as an organic 

thermoelectric. The studies that have been published use various compositions of PEDOT:PSS 

solutions and additives with different treatments and coating methods.8-12 The existing 
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knowledge of morphological changes is often limited to the length scale of the techniques used, 

whether that be AFM, Raman Spectroscopy or neutron scattering.9,11,12,14 Of these 

investigations, only a couple have addressed the changes in morphology over a broad range of 

length scales.9,11 Additional studies suggest that the morphology of the PEDOT:PSS system 

undergoes observable changes across a broad range of length scales, from atomic- to nano- to 

micron length scales, with incremental variation in pre-deposition solution composition.12-14 

Therefore, analysis of the structure over the aforementioned length scales offers crucial insight 

into how the morphology of the blend and ordering of its components varies with film 

formation conditions. In this study, we focus on the variation of the blend film structure with 

deposition technique (spin coating to spray coating) as well as the loading of DMSO in the pre-

deposition solvent. Using small-angle and ultra-small-angle neutron scattering provides insight 

into the morphological changes in PEDOT:dPSS films on length scales that range from 10’s of 

angstroms up to 100’s of microns.17  

Specifically, we have explored how the morphology of the Poly(3,4-

ethylenedioxythiophene): deuterated poly(styrene sulfonate) (PEDOT:dPSS) polymer blend 

varies when cast by spin coating or spray coating, coupled to the impact of the presence of 

DMSO in the pre-deposition solution on the structure of the deposited film. We monitored the 

change in PEDOT:dPSS structure when 1% wt., 3% wt. and 5% wt. DMSO was added to the pre-

deposition solution and compared the structure of these as-cast films using small-angle neutron 

scattering. These results provide insight into the relative importance of deposition technique 

and predeposition solution structure on final film morphology and provide insight that can be 

used to optimize the performance of PEDOT:PSS blend films in functional applications.  
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Experimental Methods 

Synthesis  

PEDOT:dPSS (1.3%wt.) in aqueous solutions were created by the polymerization of 3,4-

ethylenedioxythiophene (EDOT) in a deuterated poly(styrene sulfonate) (dPSS) aqueous 

solution following the BAYTRON P synthesis as described in the literature.19-22 In this 

polymerization, EDOT monomers from TCI America were oxidatively polymerized in an aqueous 

dPSS (Mw 429 kDa, PDI 1.15, Polymer Source Inc. Canada) solution using charge balancing 

counter ions Na2S2O8 (Sigma-Aldrich, USA) and Fe2(SO4)3.5H2O (Acros-Organics, USA). This bulk 

solution was separated into smaller volumes to create a series of solutions with a range of 

DMSO loadings. To remove large aggregates that may have formed, the blend solutions were 

then filtered 3 times through 5-micron syringe filters.  

Film Formation 

The solutions were deposited to form films by spin coating and spray coating onto 

Silicon crystal wafer substrates that have been etched with piranha (3:1 sulfuric acid and 

hydrogen peroxide) and oxidized under ultra-violet light. All cast films were annealed at 413K 

for 20 minutes to remove any excess water and dopant.  

Spin coated films were fabricated using 1ml of solution spun at 1000 rpm for 90 seconds 

as illustrated in Figure 1. Speed and duration of deposition were chosen based on common 

parameters used in other studies as well as to optimize consistency of the coating and maintain 

a conductive surface. The conductivity in all films was confirmed using an ohmmeter.  

Spray coated films were deposited using a custom-built jet-nozzle sprayer that 

transitions across the substrate as illustrated in Figure 1. Nozzle speed was adjusted to a 
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minimum spray speed of around 0.05 ml/sec to achieve a smooth consistent coating that was 

also conductive. 30 spray passes were made to achieve well distributed visually consistent 

films.  

  

Neutron Scattering 

Substrates with deposited films were physically divided into smaller pieces of 1.2cm 

squares post-deposition to fit into sample containers on all neutron scattering instruments.16 Si 

wafers with polymer film were stacked to increase scattering statistics, giving a total film 

thickness in the neutron beam of 50 microns for spray coated samples and 5 microns for spin 

coated samples. All neutron measurements were taken at room temperature (~298K) and were 

normalized to transmission as well as for thickness of samples.23 Sample container and Si wafer 

background scattering were subtracted from sample scattering to obtain the scattering of the 

PEDOT:dPSS films.  

 

Figure 1 – Illustration of deposition processes that occur during the formation of PEDOT:dPSS 
films on Si Substrates. Spray coating with use of custom built ultra-sonic nozzle (a) and spin 
coating (b). 
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To monitor the structure of the PEDOT:dPSS blend films over a broad range of length 

scales, four neutron scattering instruments were used. At Oak Ridge National Laboratory 

(ORNL), these were the General Purpose Small Angle Neutron Scattering (GP-SANS) instrument 

at the High Flux Isotope Reactor with a neutron wavelength (λ) range of λ = 4.75Å, 6 Å, and 18Å; 

and the Ultra-Small Angle Neutron Scattering (USANS) instrument at the Spallation Neutron 

Source with distinct wavelengths of λ/n, where λ=3.6Å, and the harmonic peak n=1-5.17,24 At 

the National Institute of Standards and Technology (NIST) Center for Neutron Research, the 

instruments used were the Very Small-Angle Neutron Scattering (VSANS) instrument, measured 

using two wavelengths of λ=5Å and λ=17Å; and the USANS instrument, measured using λ=5Å.25 

The combinations of these experiments provide data over a merged Q-range, from 1 x 10-6 A-1 

up to 5 x 10-1 A-1, which covers real space length scales that span microns to nanometers using 

USANS and nanometers to angstroms using the SANS/VSANS instruments and is defined by the 

scattering vector, Q, in reciprocal space according to Bragg’s Law, 𝑄 = !" #$%(')
)

 , where λ is the 

wavelength of the neutrons, and θ is the scattering angle. 

 Reduction of the raw data from ORNL was performed using Mantid, while reduction of 

the raw data from NIST was performed using IGOR pro 8.26,27 All data were combined and 

USANS point-space data was scaled to the normalized SANS data.28 The VSANS data overlays 

the GP-SANS data and was therefore omitted from the final fits but was used to properly scale 

USANS data. Fitting and analysis were performed using SasView.29 The data were fit to models 

that included a combination of the Debye-Anderson-Brumberger (DAB) model and the elliptical  
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cylinder form factor.30-33 The DAB model is captured in the first term of Equation 1 below, which 

was developed to model, and often used to characterize, the structure of two-phase 

systems.10,30,31  The elliptical cylinder form factor is described as the second term in Equation 1  

and has been applied to model and characterize the parallelepiped and cylindrical shaped 

structures in crystalline assemblies.10,34,35 The DAB equation models the phase separated 

structure of the polymer blend, thus describing the morphology and size of the two  

polymer domains, parameterized as the correlation length, L, which is a measure of the average 

distance between dPSS domains. This structural feature dominates the scattering in the lowest 

Q region, and thus is primarily measured using USANS. The elliptical cylinder models the 

average cross-sectional size and shape of the PEDOT fibrillar crystals that form in the phase 

separated polymer blend. The elliptical cylinder model quantifies the size of the cross section of 

the PEDOT crystals by providing the minor radius, rmin, and ratio of minor and major radii, ν, 

which is then used to calculate the major radius, 𝑟%&' = ν 𝑟%()' ,	as well as the length of the 

cylinder, H. These length scales are primarily measured in the mid to high Q regions using SANS.  

𝐼(𝑞) = 𝐴*
+"

(*-(.×+)!)!
+ 𝐴1

*
2#$%

(	3(&)	5()(6)
&6

	)1 + 𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑  (1) 

Table 1- Correlation length (L), minor (rmin) and major (rmaj) radii in both spin and spray 
deposited films.  

Cor length, L 
(Å) 

Minor Radius , rmin 
(Å) 

Major Radius, rmaj  
(Å) 

Spin Pristine 52776 ± 0.24 90.00 ± 3.4 540 ± 5.14 
Spin 1% DMSO 15098 ± 0.26 4.92 ± 4.8 168 ± 2.10 
Spin 3% DMSO 11700 ± 0.13 200.00 ± 0.02 10000 ± 8.1 
Spin 5% DMSO 7500 ± 0.03 12.00 ± 1.7 12 ± 0.03 
Spray Pristine 100000 ± 596 9.00 ± 3.2 810 ± 8.3 
Spray 1% DMSO 29117 ±  754 4.46 ± 4.1 3416 ± 6.47 
Spray 3% DMSO 22788 ± 459 82.00 ± 1.59 9102 ± 4.89 
Spray 5% DMSO 15000 ± 0.03 50.00 ± 0.01 750 ± 0.01 
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In Equation 1, L is the correlation length of the PSS:PEDOT film and the normalization factor, 

𝐴* = 8𝜋𝛷(1 − 𝛷)𝛥𝜌1. Here Δρ2 is the neutron scattering length density contrast of the two 

phases , and 𝛷 represents the volume fraction of one phase. In the second term, A2 is a pre-

factor, Vcyl is the volume of the cylinder, and J(a) is the Bessel function, where a and b are the 

radii defined as, a=Qrʹ, and b = QH, where H is the cylinder length and r7 = r89:D2(1 + ν1).  

Results  

The neutron scattering curves of PEDOT:dPSS films that were formed from aqueous solutions 

containing varying amounts (0% wt., 1% wt., 3% wt., and 5% wt.) of DMSO were measured. The 

impact of deposition technique was also studied, where both spin-coated and spray coated 

 

Figure 2 – Plot of neutron scattering intensity (I(Q)) as a function of Q (Å-1) for spin coated 
films. SANS data for Pristine (black), 1%wt DMSO (blue), 3%wt DMSO (red), and 5%wt DMSO 
(green) solutions are dots and corresponding fits to Equation 1 are lines. 
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films were examined. These scattering curves are analyzed to determine the impact of these 

fabrication parameters on the nanoscale and mesoscale structure of the formed polymer blend 

thin films. These scattering curves and their fits to the DAB-elliptical cylinder model as 

described in Equation 1 are shown in Figures 2 and 3. The correlation length (L) of the phase 

separated domains, as well as the minor (rmin), and major radius (rmaj) of the PEDOT fibrils are 

also presented in Table 1 for the samples studied. The fitting of the data to the model was 

insensitive to the cylindrical length, H, which consistently attained very large values (> 31000 Å).  

 

Impact of addition of DMSO to pre-deposition solution on blend morphology 

Inspection of these results shows that as DMSO is added to the solution, the sizes of the 

dPSS domains in the film dramatically decrease, as quantified by the change in the correlation 

 

Figure 3 – Plot of neutron scattering intensity (I(Q)) as a function of Q (Å-1) for spray coated 
films. SANS data for Pristine (black), 1%wt DMSO (blue), 3%wt DMSO (red), and 5%wt DMSO 
(green) solutions are dots and corresponding fits to Equation 1 are lines. 
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length. The correlation length in the spin coated films decreases from 5.2 microns to about 1.5 

microns with the addition of 1% DMSO, a 70% decrease in size. Addition of more DMSO to the 

pre-deposition solution, 3% and 5% DMSO, further decreases the correlation length to 1.2 

microns and 0.75 microns, respectively. These values correspond to a 78% and 85% decrease, 

respectively, in domain size when compared to the domains formed from pure aqueous 

solution. This decrease in correlation length establishes the formation of smaller dPSS domains 

in the spin-cast films with the addition of DMSO to the pre-deposition solution. This is 

consistent with the formation of smaller dPSS domains in solution with addition of DMSO to the 

pre-deposition solution, as illustrated in Figure 4a. These results are also consistent with studies 

that showed smoother surfaces and increases in conductivity in PEDOT:PSS films with addition 

of DMSO to pre-deposition solutions.8-10,12  

While analysis of the lowest Q region provides information on the micron-scale domain 

structure (L), analysis of the higher Q regions (smaller length scales) provides information on 

the smaller PEDOT crystalline fibril structure (rmin & rmaj). This analysis shows that the PEDOT 

crystalline fibrils form domains with rectangular or elliptical cross-sections and the size of these 

fibrils in the film changes with the addition of DMSO to the pre-deposition solution and with 

the deposition technique. First, the addition of 1% DMSO to the pre-deposition solution 

decreases both the minor radius and the major radius of the fibril in the film, starting a 

fluctuation of size that is consistent with the disruption of the dPSS domains and a  

reorganization of the PEDOT crystals with the addition of DMSO, as illustrated in Figure 4b. This 

trend reverses with the addition of more DMSO (3%). However, the major radius remains 
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significantly greater than the minor radius, indicating that eccentric crystal domains are formed. 

The further addition of DMSO (5%) again reverses the size trends, where the elliptical cross 

section of the fibrils becomes more symmetric, shown by the decrease in rmaj and rmin. This 

variation indicates that the increase in DMSO to 5% drives the domains and PEDOT fibrils to 

eventually form a uniform elliptical shape.  

This analysis indicates that the addition of DMSO initiates a reorganization of the fibrils 

that increases their packing and concurrently decreases the domain size. When PEDOT:dPSS is 

added to water, the hydrophilic dPSS domains encapsulate the hydrophobic PEDOT fibrils. 

Furthermore, when the water evaporates during film formation, the dPSS domains trap the 

PEDOT fibrils in place.14 The observed changes in PEDOT radius and uniformity, combined with 

 

 

Figure 4 – Sketch to illustrate change in domain (a) and fibril structure (b) with the addition of 
DMSO to the pre-deposition aqueous solution of PEDOT:dPSS. Large dPSS domains with 
randomly oriented fibrils break-up and shrink when DMSO is added and PEDOT fibrils become 
well-aligned. 

a 

 

b 
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the decrease in correlation length, show a decrease in all structure sizes from the micron to the 

nanoscale by nearly an order of magnitude with the addition of DMSO. Structural changes of 

this magnitude are consistent with the size and smoothness changes as well as conductivity 

increases reported by other groups.9,10,12 

Impact of Deposition Technique on Blend Structure 

To monitor the impact of deposition procedure on the morphology and structure of the phase 

separated blend film, the neutron scattering curves of PEDOT:dPSS films formed by spray 

coating were also measured and analyzed as shown in Figure 2. A qualitative inspection of 

these curves shows similar trends to those observed in the films formed by spin coating, most 

notably as the decrease in low Q scattering of the PEDOT:dPSS blends with the addition of 

DMSO. Quantitatively, the decrease in domain size (as monitored by the correlation length) is 

consistent with that of the spin coated films. Spray coated films show a 70% decrease in 

domain size relative to those formed from the aqueous solution (10 microns to 2.9 microns) 

with the addition of 1% DMSO, followed by further decreases in domain size with additional 

DMSO (a 77% size reduction with 3% DMSO and 85% size reduction with 5% DMSO). As with 

the spin coated samples, the phase separated structure decreases systematically from that of 

the pure (0% DMSO) PEDOT:dPSS solutions. Given that the qualitative and quantitative changes 

in dPSS domain size in the film with addition of DMSO to the pre-deposition solution is very 

similar for both deposition techniques, it appears that the morphological changes in the film 

are due to the structural changes of the blend in the pre-deposition solution with addition of 

DMSO and not a result of the mechanics of the film formation processes associated with the 

deposition technique.  
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Analysis of the neutron scattering curves at smaller length scales (higher Q value) also 

shows similar morphological changes of the samples fabricated by the two deposition 

techniques. The addition of DMSO to the pre-deposition solution also results in PEDOT fibrillar 

domains that fluctuate in size with DMSO loading for the samples fabricated by spray coating. 

In the spray coated samples, the rmin initially decreases with added DMSO, followed by an 

increase in domain size at 3% DMSO and a slight decrease with 5% DMSO. The rmaj initially 

increases significantly with addition of 1% and 3% DMSO, then decreases as 5% DMSO is added 

to the pre-deposition solution, leading to a more symmetric cross-section of the PEDOT 

crystalline fibrils at this highest DMSO loading. These results, therefore, demonstrate the 

disruption of the PSS and PEDOT domains with DMSO addition to the pre-deposition solution is 

dominant in determining the structure of the PEDOT:dPSS phase separated polymer blend film. 

This is accompanied by a reorganization of the PEDOT fibrils with addition of DMSO. As the 

amount of DMSO is increased in the pre-deposition solution, the dPSS domains continue to 

break up into smaller domains, while the PEDOT fibrils become more uniformly aligned. This 

observation is consistent with an increase in packing density of the PEDOT fibrils within the 

smaller dPSS domains. Therefore, it appears that very similar morphological formation 

processes occur during film development in the spray coated films as with the spin-coated 

films.  

Discussion 

Figure 5 plots the domain size of the spin and spray coated samples as a function of amount of 

DMSO in the pre-deposition solution. Careful inspection shows that not only are the trends of 

the two samples similar, but quantitatively follow each other. This is exemplified by plotting the 
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ratio of the domain size in the spin coated samples to that in the spray coated samples, where 

this ratio is consistently about 50%. Thus, the domains in the spray-coated films are 

systematically twice as large as those in the spin-coated films. This observed difference in 

structure with a change in film formation conditions is consistent with reported smoothness 

and size changes showing that spin coated films have consistently smoother surfaces with 

increased conductivity relative to spray coated films.10,12 This is also qualitatively consistent 

with the significant increase of conductivity of PSS:PEDOT films when 1% DMSO is added to the 

pre-deposition solution, which is followed by smaller increases in conductivity when increasing 

the DMSO concentration to 3% and 5%.12  

Given the similarity of the morphology of both the spin coated and spray coated films 

with the addition of DMSO, it is our interpretation that the structure of the deposited films are 

guided by the structure of the PSS:PEDOT assemblies that exist in solution prior to deposition. 

PSS:PEDOT forms aggregates in the aqueous solution. Consequently, addition of DMSO to a 

PEDOT:PSS aqueous solution disrupts the conductive PEDOT assemblies, thereby creating 

smaller PSS domains in solution, as depicted in Figure 4a. Even though the PEDOT fibrils remain 

encapsulated by a layer of PSS, the smaller fibril assemblies remain in proximity to one another 

and the distance between the domains decreases. The PSS layer between the fibril assemblies 

also decreases as a result. This thin insulating PSS layer with small PEDOT fibrils enables a 

relatively smooth and more conductive film to form which translates to the observed 

morphology of the domains in the film upon deposition. Thus, we ascribe the large increase in 

conductivity with the addition of up to 5% DMSO in the pre-deposition solution to the 

formation of smaller dPSS domains in solution with well aligned PEDOT fibrils. 
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However, the difference in domain size in the phase separated blend films with coating 

procedure appears to be primarily influenced by solvent evaporation during film formation. The 

formation of consistently smaller domains in the films deposited using spin coating are 

attributed to the faster evaporation times commonly experienced in spin-coating techniques. 

For instance, in spin coating, the solution spreads quickly and evenly, coating the entire surface 

 

Figure 5 – Comparison of changes in domain size, as monitored by correlation length, of 
PSS:PEDOT films with the addition of DMSO to pre-deposition solutions for both spin (red 

triangles) and spray (black spheres) coated samples. The ratio of the correlation lengths of spin 
coated to spray coated films (blue squares) remains constant and is denoted on the right axis. 
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while excess solvent in the solution is cast beyond the edge of the Si substrate. Subsequent 

drying allows the remaining solvent to evaporate quickly and evenly throughout the film. In 

comparison, when spray coating a solution onto a silicon substrate, the small droplets of 

solution impact the surface and dynamically spread in a localized area, each leaving a polymer 

solution droplet on the film surface. Additional spray passes deposit additional droplets. By 

dynamically wetting the substrate, a uniform film is created on the surface. During film 

formation, the solvent coalesces as a thicker layer on top of the film than that in the spin 

coated samples. Evaporation time of the solvent during annealing takes longer in spray coated 

samples than in spin-coated, and this slow drying allows for the polymer to aggregate more in 

the process. Smaller domains are therefore found in the faster evaporating spin coated samples 

than in the spray coated samples. Thus, samples formed by spin-coating exhibit a more well 

dispersed network of smaller connected domains than spray coated samples, which results in 

smoother surfaces and improved performance. It is interesting that this variation with coating 

technique does not fluctuate with the addition of DMSO to the solution, strongly suggesting 

that the presence of the DMSO does not alter the relative evaporation kinetics of the two 

deposition techniques. 

A subset of the samples reported here (pristine and 5%wt DMSO PEDOT:dPSS films 

created by spray coating) coincide with samples that have previously been studied using 

SANS/USANS.10 Qualitatively, the results reported here are consistent with those reported 

previously, however previous studies report smaller domain and PEDOT fibrillar structures. We 

believe that the quantitative differences are due to variations in substrate and slight deviation 

in deposition conditions that were required to enable the direct comparison of spin and spray 
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coated samples in this study. These changes resulted in the formation of thicker samples in this 

study than were examined on the previous study. The thicker films contain larger domains and 

aggregates, as demonstrated by the large correlation lengths reported in Table 1. It is 

interesting that the impact of this increased film thickness does not appear to alter the 

underlying physics that control film formation with the addition of DMSO to the pre-deposition 

solution, as the structure of dPSS domains and PEDOT fibrils in the final conjugated polymer 

blend film follow similar trends for all systems studied. 

Conclusions 

The neutron scattering results reported here provide insight into the structure of 

PEDOT:dPSS thin films over length scales that range from angstroms to microns.  These results 

show that the addition of DMSO to pre-deposition PEDOT:dPSS polymer blend aqueous 

solutions significantly decreases the correlation length of the fabricated phase separated blend 

film, regardless of deposition technique. The decrease in correlation length is greatest when 

just 1% DMSO is added to the PEDOT:dPSS polymer blend and continues to decrease with the 

addition of 3% DMSO and 5% DMSO.  These results demonstrate an increased dispersion of the 

PSS domains, which results in the improved alignment of PEDOT fibrils within the domains.  

Smaller domains with well aligned fibrils are consistent with previously observed  increased 

conductivity of PEDOT:PSS films formed from solutions containing DMSO. 

Spin coating PEDOT:dPSS films resulted in consistently smaller domains than ultra-sonic 

spray coating due to faster evaporation times, which inhibits aggregation of domains and traps  

the aligned PEDOT fibrils. However, the qualitative similarity in the changes in blend 
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morphology for films formed with the two deposition techniques is interpreted to indicate that 

the structures of the deposited films are intimately dependent on the structure of the 

PSS:PEDOT assemblies that exist in solution prior to deposition. These results therefore provide 

important structural insight into the film formation process in conjugated polymer blend films, 

which is valuable in rationally designing film fabrication procedures to attain targeted 

morphologies and performance.   
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