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Abstract

:

Commercially available formulations of the popular conductive polymer, poly(3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) are aqueous dispersions that require the addition of secondary dopants such as dimethyl sulphoxide (DMSO) or ethylene glycol (EG) for fabricated films to have the desired levels of conductivity. CleviosTM F HC Solar, a formulation of PEDOT:PSS produced by Heraeus, GmbH, achieves over 500 S/cm without these secondary dopants. This work studies whether secondary dopants such as DMSO have any additional effect on this type of PEDOT:PSS. The temperature dependencies of the conductivity of F HC Solar spin-coated thin films measured using a four-probe method seem to exhibit different charge transport properties compared with secondary doped PH1000. Observations made using atomic force microscopy (AFM) show that different concentrations of DMSO affect the orientation of the PEDOT domains in the thin film. These morphological changes cause room temperature conductivity to reduce from 640 S/cm in pristine films to as low as 555 S/cm after adding 7 wt% of DMSO along the film. Such tuning may prove useful in future applications of PEDOT:PSS, such as nanoprobes, transistors and hybrid solar cells.
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1. Introduction


In recent years, the tremendous technological progress in nanoelectronics has fostered the development of organic conjugated polymers, which have emerged as a promising class of materials to engineer many devices from electrochemical transistors, bioelectronic devices, and nanoprobes. At the same time, research on inexpensive and renewable energy devices has become a generational challenge due to the alarming rate and effects of global warming [1]. Photovoltaic (PV) technology has advanced to the point that it is projected to supply a large fraction of the world’s energy demand in the future [2]. However, in spite of falling prices, the cost of the PV module still accounts for the largest percentage of investments in solar cells [3]. Contributing factors to this situation are the use of scarce resources, such as indium and gallium, and high temperature (≥850 °C) dopant diffusion and annealing processes that are usually required in the manufacture of silicon homojunction photovoltaic cells, which dominate the market. Replacing these materials and processes with simpler earth-abundant counterparts and low-temperature techniques is the goal of the current so-called third-generation PV devices. Commercially available poly(3,4-ethylenedioxythiophene):poly styrenesulfonate (PEDOT:PSS) is one of the best choices for making such devices, owing to its high transmittance in the visible light range, high adjustable conductivity, intrinsic high work function, excellent thermal stability, and good film forming capability [4,5,6,7]. It has attracted a growing amount of research into silicon-organic hybrid solar cells (SOHCs) in various configurations [8,9,10,11,12]. Consequently, architectures that use n-type Si as the absorber and PEDOT:PSS as the front transparent carrier-selective contact have thus far been able to achieve device efficiencies exceeding 17% [13].



PEDOT:PSS aqueous dispersions were first commercialized under the trade name Baytron® by Bayer AG, followed by H.C. Starck, GmbH, and most recently by Heraeus, GmbH, under the trade name CleviosTM [14]. PEDOT:PSS is a complex polyelectrolyte chain, where PEDOT-rich sections usually migrate towards the center, while the PSS-rich portions form a shell-like structure due to their hydrophilic nature (Figure 1). Most PEDOT:PSS dispersions contain 30 nm colloidal nanoparticles. In what follows, these nanoparticles will be referred to as gel particles when they are in their dispersed state. The morphology of these gel particles was recently studied in detail by Jain et al. [15]. PEDOT:PSS dispersions such as Clevios PH500, PH750, or PH1000 usually need the addition of a high boiling point and polar organic solvents, such as dimethyl sulphoxide (DMSO), sorbitol, or ethylene glycol (EG), to reach high conductivities [16,17,18,19]. PEDOT:PSS gel particles in solution, when deposited, form a flat, pancake-like microstructure (Figure 1). The size of the structures may be controlled through the addition of these solvents during the preparation of the solution or post-treatment with the goal of transforming the compact PEDOT coils into more elongated shapes [20,21]. Studies have shown that mixing these solvents and annealing at higher temperatures change the morphology of PEDOT:PSS films and consequently improve their conductivity [22,23,24,25,26,27]. It has also been observed that the morphology of the PEDOT:PSS nanostructures significantly affects the bulk transport properties [28,29].



Recently, Heraeus has distributed a PEDOT:PSS dispersion named F HC Solar that advertises 500 S/cm without any secondary dopant. This makes it a good candidate for organophotovoltaics without the need for any pre-treatment [30]. Unfortunately, specifics regarding the solution, such as the PEDOT content, or the presence of additives, have not been revealed. While the electrical characteristics and morphology of PEDOT:PSS have been widely discussed, not much information exists for F HC Solar. This may probably be due to the assumption that they are comparable. The behavior of this solution in the previously mentioned solvents is not known to the best of our knowledge. In this research, we show that the charge mobility of Clevios F HC Solar (hereafter referred to as PEDOT-F) thin films is likely very different from Clevios PH1000 (hereafter referred to as PEDOT-P), which is a widely used PEDOT:PSS dispersion, also made by Heraeus. Additionally, PEDOT-F films were also doped with commonly added wt% of DMSO to check whether a large increase in conductivity would be observed, as in the case of PEDOT-P.




2. Materials and Methods


In this study, 10 mm × 10 mm, 270 µm thick silicon wafers with resistivities greater than 10,000 Ω.cm, manufactured using the Czochralski (CZ) method, were cleaned with piranha solution (2:1 by volume of H2SO4 and H2O2, respectively) to remove dust and organic residue. The native silicon oxide layer on the substrates was etched away using a 5% HF solution for 2 min. These were then treated with neutral beam oxidation (NBO) for 400 s at 500 W bias and at a substrate temperature of 400 °C [31]. This NBO is a low-damage technique in which oxygen plasma is passed through a high aspect ratio carbon aperture onto the substrate. The aperture blocks all high-energy UV radiation and neutralizes all charged species in the plasma, leaving only neutral hyperthermal (<10 eV) oxygen radicals, which are absorbed by the silicon surface in a damage-free process. This results in a passivated and highly pure silicon dioxide surface with a roughness of 0.57 nm, making for a better reference substrate layer than native silicon oxide. The PEDOT-P (Clevios PH1000 from made by Heraeus in Leverkusen, Germany) and PEDOT-F (F HC Solar, also made by Heraeus) aqueous dispersions were filtered through a 0.50 µm cellulose filter, and different secondary dopants (DMSO and EG) were added in different quantities (in wt%) (Table 1). The resulting solutions were stirred for 5 min using a magnetic stirrer. The dispersions were deposited on the substrates in 45 µL doses using a micropipette and were spin-coated with an initial drying stage at 500 rpm for 30 s, followed by an acceleration of 350 rpm/s to 3000 rpm for 60 s. Due to the small size of the substrate wafers, a build-up of solute due to the formation of a prominent edge bead could cause an uneven film surface. Therefore, the acceleration parameter played an important role in the overall uniformity of the film. In our trials, higher accelerations (≥350 rpm) were more successful in preventing the build-up of higher solute concentrations near the edge by overcoming the high surface energy of PEDOT particles. The samples were given around 6 h to dry (excluding transport between workstations) at 60 °C for the film to stabilize before the annealing process. The annealing was carried out under argon gas supplied at 1 sccm in a tube-type thermally insulated electric furnace (KTF0055N by Koyo Thermo Systems in Nara, Japan) at 140 °C for 15 min and allowed to cool down to room temperature. For morphological observations, the thickness, surface roughness, and surface profile of the samples were checked and measured using an SPM (SPM-9700 by Shimadzu Corporation in Kyoto, Japan) in the tapping mode. The grain radii and other dimensional information of the grains in each sample were measured and statistically analyzed using Gwyddion SPM analysis software (ver. 2.64) using a watershed model. For measuring the electrical characteristics, the samples were formed into rectangular shapes (10 mm × 2 mm) by removing excess parts from the spin-coated samples. The electrical contacts were made using carbon-pasted gold wires. The temperature dependence of the conductivity of these samples was tested with a standard DC four-probe method using a constant current supply (7651 Programmable DC Source by Yokogawa in Tokyo, Japan), and the voltage was measured using a Keysight Nanovolt meter 34420A for both cooling and heating cycles between 5 K and 296 K. The temperature of the films was controlled by placing the samples on a helium cooling head (4K Gifford-McMahon cryocooler RDK-101D by SHI Cryogenics Group in Kyoto, Japan) regulated by a cryogenic temperature controller (Model 335 by Lake Shore Cryotronics in Westerville, OH, USA) and a Cernox 1030SD temperature sensor (also by Lake Shore Cryotronics). The results were compared with previously obtained data measured on samples of PEDOT-P doped with 3 wt% of ethylene glycol (EG).




3. Results and Discussion


Thin films of PEDOT-F were prepared with the addition of 5 and 7 wt% DMSO (F5D and F7D) as they are the most commonly used concentrations typically for applications such as hybrid solar cells [8,9,10,11,12,13]. They were compared with samples of pristine PEDOT-F (F0) and PEDOT-P with 3% EG (P3EG). DMSO was chosen as a polar high boiling point solvent in this study due to its higher dielectric constant compared to EG. The expectation was that this would cause a larger screening effect between the counter ions (PSS) and the charge carriers (PEDOT) and minimize the Coulomb interaction between the PEDOT:PSS chains in PEDOT-F. After spin coating and annealing, the resultant thicknesses of the PEDOT-F and PEDOT-P samples on silicon substrates were roughly the same (Table 2). The dry film thickness (    h   f    ) of a thin film after spin coating depends on the initial solute concentration (    C   0    ), viscosity (    η   0   )   and density (  ρ  ) of the fluid, given by Meyerhofer’s equation:


    h   f   =       3   2   k   η   0         1   3       C   0       ( 1 −   C   0   ) ρ     −   1   3       ω   −   1   2      



(1)




where k is a constant.



As we used the same preparation conditions (i.e., spin coating speeds and time) as some previous reports [22,23], the film thicknesses of the P3EG samples were comparable. The PEDOT-F films did not vary from the PEDOT-P samples by more than 15 nm. Considering PEDOT-P and PEDOT-F also have comparable densities and viscosities, it may be inferred that PEDOT-F likely has a similar solvent ratio and relative solute and solvent densities to PEDOT-P [32]. The roughness of the films was also similar to that of doped PEODT:PSS on ITO reported by Girtan et al. [33], validating the standard preparation of the films.



Figure 2a shows the temperature dependence of the electrical conductivity of a representative sample of the prepared PEDOT-F and PEDOT-P films. All conductivities showed a T1/2 dependence at low temperatures, as indicated by their linear dependences (dashed lines) on the horizontal scale of T1/2. This conductivity behavior conforms to a model of two-dimensional weak localization at low temperatures, which follows the relation,


  σ   T   =   σ   0   + m   T   1 / 2   + B   T   p / 2    



(2)




where m and B are constants, and p~1 at low temperatures [34].



PEDOT:PSS is a complex organic compound comprised of both a highly conductive chain (PEDOT) that can have metal-like properties and an insulating polymer chain (PSS). In a dry thin-film, PEDOT:PSS grains are usually stacked as pancake-like microstructures that have PSS-rich regions in the contact areas [23]. Therefore, both metallic and insulating conduction models have to be considered when considering the charge mobility of PEDOT:PSS. The P3EG film showed a positive value of     σ   0    , which was obtained by making a linear extrapolation of   σ   T     toward 0 K. This behavior may indicate a possible disordered metallic state appearing even at 0 K where a finite high conductivity (~150 Scm−1) still exists. At higher temperatures, the dominating effect of this metallic state can explain the decrease in conductivity, possibly due to higher scattering of charge carriers. On the other hand, the F0, F5D, and F7D films all had negative values of     σ   0    . The negative     σ   0     indicates that the origin of the T1/2 dependence of the conductivity in the F0, F5D, and F7D films cannot be explained by the weak localization model based on a metal state. The temperature dependence of the conductivity did not show activation-type behavior at all (Figure 2b), which indicates that these films did not have an intrinsic insulating state with an energy gap for charge transport. More studies of the charge transport mechanism, including the electronic state of PEDOT-F films, are needed. Figure 2a showed a trend where the conductivity of the F5D sample generally tended to exceed the conductivity of F0, whereas F7D was significantly poorer. A sharp bend occurs in the plot of F5D at about 265 K. This sudden dip in the temperature dependency curve is not present in the plots of the other samples and may have been caused by external factors. At 273 K, the conductivities for F0, F5D, and F7D samples were 610 S/cm, 630 S/cm, and 530 S/cm respectively.



The addition of DMSO to pristine PEDOT-F seemed to change the surface texture of the films. AFM deflection images were used to create a map of probable grain boundaries on the surface using a watershed algorithm (Figure 3). Analysis of the top surface showed a difference in texture that was likely caused by a change in the overall alignment and stacking of PEDOT:PSS particles on the substrate. The grain maps of the AFM images were used to calculate the mean radius (Rm) of the visible grains (Figure 3). The grains appear visibly elongated and oriented nearly flat on the surface of the F5D film. Measurements of the mean grain radii (the mean distance from the grain center of mass to its boundary) indicate that in a given 500 nm square area, F7D samples had 252 grains below 10 nm, while F5D and F0 films had 220 and 152 grains, respectively. On the other hand, for grains above 30 nm, F5D samples were the highest at 33, while F0 and F7D samples had 27 and 20, respectively.



To the best of our knowledge, the addition of polar solvents as secondary dopants to PEDOT-P has always led to a large increase in conductivity, typically two to three orders of magnitude. Takano et al. postulated that the increase in conductivity of PEDOT:PSS after adding solvents is induced by the formation and growth of PEDOT nanocrystals within the core region of the gel particle during the evaporation process when the film is being prepared [29]. Although PSS acts as the charge-balancing ion, it inhibits the growth of PEDOT nanocrystals due to the strong electrostatic coupling. Polar solvents help reduce these interactions through a shielding effect. This effect was further corroborated by Itoh et al., who observed this uncoupling phenomenon even at low concentrations of EG, while higher concentrations contributed to the growth of larger PEDOT nanocrystals [35]. Fernandez et al. [36] also reported that the size of PEDOT:PSS gel particles in a wet dispersion increased after the addition of DMSO. Therefore, the addition of solvents such as EG or DMSO forms larger PEDOT:PSS particles, which, after being stacked as a thin film during the coating process, increases the size of nanocrystals in the dried thin film and results in very high conductivities compared to pristine films. In the case of PEDOT-F, the pristine films themselves showed room temperature conductivities on par with those of doped PEDOT-P films. The change when adding secondary dopant, on the other hand, was only in the order of 10s of S/cm. In fact, the conductivity seemed to decrease with concentrations exceeding 5 wt%. It may be surmised that, unlike PEDOT-P, secondary doping does not play a role in untangling the PEDOT chains in PEDOT-F. Similarly, the overall size of individual PEDOT-F nanocrystals does not grow, unlike typically observed in PEDOT-P. Nevertheless, these smaller changes in conductivity are still above the margin of error and can probably be explained through the stacking of nanoparticle grains influenced by the concentration of secondary dopant in the solution. We hypothesize that the behavior of the DMSO-doped films can be explained in terms of the undulations observed on the thin film surface [26], which are indicative of the orientation of the underlying PEDOT:PSS microstructures (Figure 4).



On dried films, the dimensions of the grains at the surface are projections of the overall stacking of individual PEDOT:PSS microstructures. The change in grain length suggests a shift in orientation or tilt of the elongated PEDOT:PSS particles. Roughness values, in terms of the arithmetic mean (Ra) and root-mean-square (Rrms) as measured by AFM, listed in Table 2 for all samples, show that the texture of F0D and F5D films are almost the same, while F7D films have a rougher texture. Combining this with the AFM image data, a surface with low roughness where grains visually seem more aligned would indicate that the individual particles were more horizontally oriented and stacked with respect to their longitudinal axes. Conversely, vertically oriented grains would present a rougher film with smaller visible grains. Adding 5 wt% DMSO, the top surface of the film exhibited slightly more elongated features compared with the pristine films. This resulted in a slightly smoother film. The morphology of the F7D film presented a texture with an increased density of sharper peaks and a corresponding increase in film roughness. Considering that all the DMSO would likely be removed by the annealing process and that the addition of DMSO would not increase the size of the PEDOT-F grains, we think that the higher roughness can only be explained by the aforementioned vertical stacking (Figure 5).



Due to the granular nature of intrinsically conducting polymers (ICPs) such as PEDOT:PSS, the charge transport is likely governed by both the intra-grain and inter-grain structures. The probable conduction pathways could be through (i) intrachain transport through conjugated PEDOT lamellae, (ii) inter-chain hops between adjacent PEDOT lamellae or (iii) interchain transport due to π–π stacking interactions [36,37]. Of all three interactions, the latter is the slowest and most resistive pathway, thus making it the rate-limiting step. A small decrease in the π–π stacking distance should have large changes in the overall conduction of interchain charge transfer and the conductivity of the film. The inter-grain conduction consequently depends on the morphology of the grains and is affected by the (i) elongation of the grain structure and (ii) stacking of the grains in relation to the direction of the current. In this study, the conductivities were measured parallel to the plane of the film. The quantity of the secondary dopant and its subsequent removal during the evaporation phase (during spin-coating) and annealing phase affect the final alignment of grains across the film (Figure 5). The favorable alignment of the PEDOT:PSS grains, namely one minimizing the overall density of PSS regions along the charge pathway, would play a factor in the conductivity of the film. Thus, the smoother F5D with more horizontally aligned grains had a higher conductivity compared to the pristine sample at most temperatures (Figure 5b). A larger amount of DMSO in solution increased the phase separation between PEDOT and PSS particles in the wet film [17]. Removal of this large amount of additive upon annealing allowed the thin film to shrink further, compacting the PEDOT:PSS grains in a more vertically aligned orientation, forcing more incoherent charge conduction to occur along the film (Figure 5c). Consequently, the conductivity of the F7D sample was lower by 85 S/cm compared with that of the pristine PEDOT-F. The change in the arrangement of PEDOT:PSS microstructures would also explain the visual contraction of the film due to the increased phase separation of PSS regions at the edges upon the addition of larger amounts of DMSO. Admittedly, we cannot explain the overall performance of the PEDOT-F solution as a whole. Further validation of the nanometer-scale changes in the grain structure using techniques such as X-ray diffraction (XRD) or grazing incidence wide-angle X-ray (GIWAXS) analysis is planned for future studies. PEDOT-F does not seem to require a secondary dopant to reach the same level of conductivity as PEDOT-P at room temperature. The pristine samples of PEDOT-F also seemed to have similar average grain sizes to those of the doped PEDOT-P film. While it is possible that PEDOT-F may already contain some form of secondary dopant, it exhibits very different temperature dependencies compared with conventionally doped PEDOT-P. This may mean that the fundamental charge transport mechanism in PEDOT:PSS has yet to be understood and may likely depend on factors that have not been addressed thus far.




4. Conclusions


Clevios F HC Solar is an aqueous dispersion of PEDOT:PSS nanoparticles that shows high conductivity without the addition of secondary dopants such as DMSO. This makes it an attractive candidate for the manufacture of Si/PEDOT:PSS hybrid solar cells. The temperature dependence of conductivity indicates that films made with this dispersion may not have an intrinsic insulating state with an energy gap for charge transport. The conductivity of F HC Solar seems to be tunable with the use of DMSO as a solvent. The addition of 5 wt% DMSO resulted in an improvement in conduction likely caused by a change in the morphology of the PEDOT:PSS grains from random orientations to a more uniform stacking of particles oriented longitudinally along the horizontal plane. Adding excess DMSO caused a change in the overall orientation of these microstructures due to a squeezing effect in the horizontal plane caused by the larger phase separation of PEDOT:PSS grains. Vertical stacks of PEDOT:PSS particles led to a greater amount of incoherent charge conduction along the film, reducing the conductivity by 85 S/cm. Controlling the shape and orientation of the PEDOT:PSS grains will lead to better control of the anisotropic conductivity of the films, depending on the application. For example, the appropriate addition of solvents or methods such as dip casting and flash annealing over a nanostructured substrate that can help orient the microstructures in a favorable direction may improve the conductivity even further. This can potentially impact the design of devices such as hybrid solar cells where the PEDOT film morphology affects the overall current density through the film, perpendicular to the film. Being able to tune and favorably orient the PEDOT grains in the direction of the current, especially on nanostructured substrates, will improve carrier mobility and, consequently, the efficiency of the cell.







Author Contributions


Conceptualization, A.S.; investigations and methodology, A.S. and T.S.; data curation, T.S.; formal analysis, A.S., T.S. and D.O., writing—original draft preparation, A.S.; writing—review and editing, A.S., T.S., R.O. and K.I.; supervision, S.S. All authors have read and agreed to the published version of the manuscript.




Funding


This study was partly supported by Grants-in-Aid for Scientific Research (Grants No. 21K18591) from the Japan Society for the Promotion of Science.




Data Availability Statement


The data presented in this study are available on request from the corresponding author, Seiji Samukawa.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Intergovernmental Panel on Climate Change Climate Change 2021—The Physical Science Basis: Working Group I Contribution to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change, 1st ed.; Cambridge University Press: Cambridge, UK, 2023; ISBN 978-1-00-915789-6.

	



Haegel, N.M.; Atwater, H.; Barnes, T.; Breyer, C.; Burrell, A.; Chiang, Y.-M.; De Wolf, S.; Dimmler, B.; Feldman, D.; Glunz, S.; et al. Terawatt-Scale Photovoltaics: Transform Global Energy. Science 2019, 364, 836–838. [Google Scholar] [CrossRef] [PubMed]

	



Kimura, K. Analysis of Solar Power Generation Costs in Japan; Renewable Energy Institute: Tokyo, Japan, 2021. [Google Scholar]

	



Kim, G.-H.; Shao, L.; Zhang, K.; Pipe, K.P. Engineered Doping of Organic Semiconductors for Enhanced Thermoelectric Efficiency. Nat. Mater. 2013, 12, 719–723. [Google Scholar] [CrossRef] [PubMed]

	



Jäckle, S.; Mattiza, M.; Liebhaber, M.; Brönstrup, G.; Rommel, M.; Lips, K.; Christiansen, S. Junction Formation and Current Transport Mechanisms in Hybrid N-Si/PEDOT:PSS Solar Cells. Sci. Rep. 2015, 5, 13008. [Google Scholar] [CrossRef] [PubMed]

	



Park, K.-T.; Kim, H.-J.; Park, M.-J.; Jeong, J.-H.; Lee, J.; Choi, D.-G.; Lee, J.-H.; Choi, J.-H. 13.2% Efficiency Si Nanowire/PEDOT:PSS Hybrid Solar Cell Using a Transfer-Imprinted Au Mesh Electrode. Sci. Rep. 2015, 5, 12093. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, X.; Yang, D.; Yang, Z.; Guo, X.; Liu, B.; Ren, X.; Liu, S. Improved PEDOT:PSS/c-Si Hybrid Solar Cell Using Inverted Structure and Effective Passivation. Sci. Rep. 2016, 6, 35091. [Google Scholar] [CrossRef] [PubMed]

	



Chen, J.-Y.; Con, C.; Yu, M.-H.; Cui, B.; Sun, K.W. Efficiency Enhancement of PEDOT:PSS/Si Hybrid Solar Cells by Using Nanostructured Radial Junction and Antireflective Surface. ACS Appl. Mater. Interfaces 2013, 5, 7552–7558. [Google Scholar] [CrossRef] [PubMed]

	



Wang, H.; Wang, J.; Rusli. Hybrid Si Nanocones/PEDOT:PSS Solar Cell. Nanoscale Res. Lett. 2015, 10, 191. [Google Scholar] [CrossRef]

	



Da, Y.; Liu, X.; Xuan, Y.; Li, Q. Photon Management Effects of Hybrid Nanostructures/Microstructures for Organic-Silicon Heterojunction Solar Cells. Int. J. Energy Res. 2018, 42, 4875–4890. [Google Scholar] [CrossRef]

	



Liang, Z.; Su, M.; Wang, H.; Gong, Y.; Xie, F.; Gong, L.; Meng, H.; Liu, P.; Chen, H.; Xie, W.; et al. Characteristics of a Silicon Nanowires/PEDOT:PSS Heterojunction and Its Effect on the Solar Cell Performance. ACS Appl. Mater. Interfaces 2015, 7, 5830–5836. [Google Scholar] [CrossRef]

	



Schmidt, J.; Titova, V.; Zielke, D. Organic-Silicon Heterojunction Solar Cells: Open-Circuit Voltage Potential and Stability. Appl. Phys. Lett. 2013, 103, 183901. [Google Scholar] [CrossRef]

	



Yoon, S.; Khang, D. High Efficiency (>17%) Si-Organic Hybrid Solar Cells by Simultaneous Structural, Electrical, and Interfacial Engineering via Low-Temperature Processes. Adv. Energy Mater. 2018, 8, 1702655. [Google Scholar] [CrossRef]

	



Elschner, A.; Kirchmeyer, S.; Lovenich, W.; Merker, U.; Reuter, K. PEDOT: Principles and Applications of an Intrinsically Conductive Polymer; CRC Press: Boca Raton, FL, USA, 2010; ISBN 978-0-429-13738-9. [Google Scholar]

	



Jain, K.; Mehandzhiyski, A.Y.; Zozoulenko, I.; Wågberg, L. PEDOT:PSS Nano-Particles in Aqueous Media: A Comparative Experimental and Molecular Dynamics Study of Particle Size, Morphology and z-Potential. J. Colloid Interface Sci. 2021, 584, 57–66. [Google Scholar] [CrossRef] [PubMed]

	



Crispin, X.; Jakobsson, F.L.E.; Crispin, A.; Grim, P.C.M.; Andersson, P.; Volodin, A.; Van Haesendonck, C.; Van Der Auweraer, M.; Salaneck, W.R.; Berggren, M. The Origin of the High Conductivity of Poly(3,4-Ethylenedioxythiophene)−Poly(Styrenesulfonate) (PEDOT−PSS) Plastic Electrodes. Chem. Mater. 2006, 18, 4354–4360. [Google Scholar] [CrossRef]

	



Ouyang, L.; Musumeci, C.; Jafari, M.J.; Ederth, T.; Inganäs, O. Imaging the Phase Separation between PEDOT and Polyelectrolytes During Processing of Highly Conductive PEDOT:PSS Films. ACS Appl. Mater. Interfaces 2015, 7, 19764–19773. [Google Scholar] [CrossRef]

	



Rivnay, J.; Inal, S.; Collins, B.A.; Sessolo, M.; Stavrinidou, E.; Strakosas, X.; Tassone, C.; Delongchamp, D.M.; Malliaras, G.G. Structural Control of Mixed Ionic and Electronic Transport in Conducting Polymers. Nat. Commun. 2016, 7, 11287. [Google Scholar] [CrossRef] [PubMed]

	



Alemu Mengistie, D.; Wang, P.-C.; Chu, C.-W. Effect of Molecular Weight of Additives on the Conductivity of PEDOT:PSS and Efficiency for ITO-Free Organic Solar Cells. J. Mater. Chem. A 2013, 1, 9907. [Google Scholar] [CrossRef]

	



Yamashita, M.; Otani, C.; Shimizu, M.; Okuzaki, H. Effect of Solvent on Carrier Transport in Poly(3,4-Ethylenedioxythiophene)/Poly(4-Styrenesulfonate) Studied by Terahertz and Infrared-Ultraviolet Spectroscopy. Appl. Phys. Lett. 2011, 99, 143307. [Google Scholar] [CrossRef]

	



Hwang, K.-H.; Kim, D.I.; Nam, S.-H.; Seo, H.J.; Boo, J.-H. Study on the Effect of DMSO on the Changes in the Conductivity of PEDOT:PSS. Funct. Mater. Lett. 2018, 11, 1850043. [Google Scholar] [CrossRef]

	



Zabihi, F.; Xie, Y.; Gao, S.; Eslamian, M. Morphology, Conductivity, and Wetting Characteristics of PEDOT:PSS Thin Films Deposited by Spin and Spray Coating. Appl. Surf. Sci. 2015, 338, 163–177. [Google Scholar] [CrossRef]

	



Nardes, A.M.; Janssen, R.A.J.; Kemerink, M. A Morphological Model for the Solvent-Enhanced Conductivity of PEDOT:PSS Thin Films. Adv. Funct. Mater. 2008, 18, 865–871. [Google Scholar] [CrossRef]

	



Kim, J.Y.; Jung, J.H.; Lee, D.E.; Joo, J. Enhancement of Electrical Conductivity of Poly(3,4-Ethylenedioxythiophene)/Poly(4-Styrenesulfonate) by a Change of Solvents. Synth. Met. 2002, 126, 311–316. [Google Scholar] [CrossRef]

	



Gravalidis, C.; Laskarakis, A.; Logothetidis, S. Fine Tuning of PEDOT Electronic Properties Using Solvents. Eur. Phys. J. Appl. Phys. 2009, 46, 12505. [Google Scholar] [CrossRef]

	



Suchand Sangeeth, C.S.; Jaiswal, M.; Menon, R. Correlation of Morphology and Charge Transport in Poly(3,4-Ethylenedioxythiophene)–Polystyrenesulfonic Acid (PEDOT–PSS) Films. J. Phys. Condens. Matter 2009, 21, 072101. [Google Scholar] [CrossRef] [PubMed]

	



Srivastava, A.; Sharma, R.K.; Kumari, P.; Laxmi, S.; Tawale, J.S.; Pathi, P.; Srivastava, S.K. Enhanced Performance of Poly(3,4-Ethylenedioxythiophene):Poly(Styrene Sulfonate)/Silicon Solar Cells Employing Inverted Pyramidal Silicon by One-Step Copper Catalyzed Etching. Opt. Mater. 2023, 143, 114249. [Google Scholar] [CrossRef]

	



Zhou, J.; Anjum, D.H.; Chen, L.; Xu, X.; Ventura, I.A.; Jiang, L.; Lubineau, G. The Temperature-Dependent Microstructure of PEDOT/PSS Films: Insights from Morphological, Mechanical and Electrical Analyses. J. Mater. Chem. C 2014, 2, 9903–9910. [Google Scholar] [CrossRef]

	



Takano, T.; Masunaga, H.; Fujiwara, A.; Okuzaki, H.; Sasaki, T. PEDOT Nanocrystal in Highly Conductive PEDOT:PSS Polymer Films. Macromolecules 2012, 45, 3859–3865. [Google Scholar] [CrossRef]

	



Jäckle, S.; Liebhaber, M.; Gersmann, C.; Mews, M.; Jäger, K.; Christiansen, S.; Lips, K. Potential of PEDOT:PSS as a Hole Selective Front Contact for Silicon Heterojunction Solar Cells. Sci. Rep. 2017, 7, 2170. [Google Scholar] [CrossRef] [PubMed]

	



Samukawa, S. High-Performance and Damage-Free Neutral-Beam Etching Processes Using Negative Ions in Pulse-Time-Modulated Plasma. Appl. Surf. Sci. 2007, 253, 6681–6689. [Google Scholar] [CrossRef]

	



Sahu, N.; Parija, B.; Panigrahi, S. Fundamental Understanding and Modeling of Spin Coating Process: A Review. Indian. J. Phys. 2009, 83, 493–502. [Google Scholar] [CrossRef]

	



Girtan, M.; Mallet, R.; Socol, M.; Stanculescu, A. On the Physical Properties PEDOT:PSS Thin Films. Mater. Today Commun. 2020, 22, 100735. [Google Scholar] [CrossRef]

	



Hikami, S.; Larkin, A.I.; Nagaoka, Y. Spin-Orbit Interaction and Magnetoresistance in the Two Dimensional Random System. Prog. Theor. Phys. 1980, 63, 707–710. [Google Scholar] [CrossRef]

	



Itoh, K.; Kato, Y.; Honma, Y.; Masunaga, H.; Fujiwara, A.; Iguchi, S.; Sasaki, T. Structural Alternation Correlated to the Conductivity Enhancement of PEDOT:PSS Films by Secondary Doping. J. Phys. Chem. C 2019, 123, 13467–13471. [Google Scholar] [CrossRef]

	



Greco, C.; Melnyk, A.; Kremer, K.; Andrienko, D.; Daoulas, K.C. Generic Model for Lamellar Self-Assembly in Conjugated Polymers: Linking Mesoscopic Morphology and Charge Transport in P3HT. Macromolecules 2019, 52, 968–981. [Google Scholar] [CrossRef]

	



Honma, Y.; Itoh, K.; Masunaga, H.; Fujiwara, A.; Nishizaki, T.; Iguchi, S.; Sasaki, T. Mesoscopic 2D Charge Transport in Commonplace PEDOT:PSS Films. Adv. Elect. Mater.