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Abstract: 

The electrical, morphological and optical properties of a series of spiral-bar coated single layers of 

PEDOT:PSS influenced by the addition of 10 different secondary dopants have been studied. The 

optical properties of these samples have been analyzed over a broad spectral range from 190 nm to 30 

µm using spectroscopic ellipsometry and transmittance. The isotropic model fits the ellipsometric data 

quite well. No substantial differences in the optical constants were obtained, despite a difference being 

expected from the significant change of specific electrical conductivity (by 3 orders of magnitude). In 

the infrared part of spectra, the multiple Lorentz oscillators’ model was used instead of the frequently 

used Drude model by applying narrow oscillators for molecular vibrations together with the broad 

oscillators describing electronic transitions in the mid-gap states. The geometrical parameters obtained 

from ellipsometry evaluation have been found to be in good agreement with standard mechanical 

characterization probes (profilometry and AFM). The highest value of the specific electric 

conductivity, 78.3 S/cm, was achieved by using n-methyl methanamide as a secondary dopant. The 

research results confirm that spectroscopic ellipsometry is a valuable tool for characterization of the 

functional layers used in printed electronics. 

1 Introduction  

Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) is one of the most promising 

conducting polymers for industrial applications, such as light emitting diodes, light emitting capacitor, 



photovoltaic cells and sensors, organic transistors, and batteries. [1-5] High application importance is given by 

its high electrical conductivity, reasonable optical transparency in the visible spectral region and good 

environmental stability. Due to these properties, PEDOT:PSS has become one of the most important and widely 

used transparent electrode layers or electrically active layers in polymer based, organic electronic devices. 

Films of PEDOT:PSS can be easily processed from aqueous dispersions with the presence of different 

solvents / secondary dopants by various coating or printing techniques. In the literature, other deposition 

methods (such as an electrospray deposition [6]) are discussed. The physical properties of such layers depend on 

their morphology, where isotropic and anisotropic behaviour could be present. 

It is well known that the addition of solvents, such as ethane-1,2-diol, glycerol, metyl sulfoxide, dimethyl 

sulfoxide, N,N-dimethylformamide, tetrahydrofuran, N-methylpyrrolidone, 2-nitroethanol, 1-methyl-2-

pyrrolidinone, isopropanol, meso-erythritol (1,2,3,4-tetrahydroxybutane) and sorbitol increase the conductivity 

of PEDOT:PSS by up to 2 or 3 orders of magnitude [7-17].  

In the literature PEDOT:PSS films secondary doped with ethylene glycol with the additional solvent post-

treatment show enhanced conductivities up to 1418 S/cm attributed to the removal of PSS from PEDOT:PSS 

layers [7]. For addition of dimethyl sulfoxide increase of conductivity up to 966 S/cm has been reported 

explained by possible chain extension [8]. Ouyang at al. reported increase of specific conductivity up to 200 

S/cm using ethylene glycol, or 143 S/cm using dimethyl sulfoxide, attributed to the increased interchain 

interaction [9]. For ethylene glycol as secondary dopant conductivity 160 S/cm has been reported by Ouyang at 

al. attributed to conformational changes [10]. Kim et al. reported specific conductivity 4 S/cm using 

tetrahydrofuran, 30 S/cm using dimethyl formamide and 80 S/cm using dimethyl sulfoxide explained by 

screening effect of secondary solvent [11]. Increase of conductivity up to 48 S/cm attributed to morphological 

changes caused by different secondary solvents and post-treatment was reported by Jönsson et al. [12]. Increase 

of specific conductivity of PEDOT using methanol as a secondary solvent up to 20 S/cm explained by structural 

changes has been reported by Kim et al. [13]. Crispin at el. reported enhanced conductivity of PEDOT:PSS up to 

10 S/cm using diethylene glycol explained with phase separation of PEDOT and PSS [14]. Improved electric 

conductivity persists even upon complete removal of solvents from layers with drying.  

Other observed effects of secondary dopants on PEDOT:PSS films besides significant improvement of 

conductivity are saturation of conductivity at a certain concentration, and increased roughness. Several properties 

are required for suitability of the secondary dopants for PEDOT:PSS, such as high solubility in water, high 

boiling point and high static dielectric constant.  

The transport properties (especially DC electric conductivity) of PEDOT:PSS films prepared by spin coating 

were found to be strongly anisotropic. In studies [18-19], a quantitative explanation of this behavior was 

introduced in terms of the morphological model in which flattened, quasimetallic PEDOT-rich grains are 

organized in horizontal layers, separated by continuous insulating PSS lamellas (“lasagna-like structure”). It is 

believed that charge transport in PEDOT:PSS occurs via a hopping process.  

Another morphological model uses the idea of transformation of the shape of PEDOT-rich grains from short-

curved domains to a long-stretched network (conformation change) that lead to larger grain sizes and lower 

inter-grain hopping barriers by solvent post treatment [7, 10]. The driving force for this effect was shown to be 

the interaction between the dipoles of the secondary dopant and dipoles or charges on the PEDOT chains or 

depletion of insulating PSS, which results in the development of a compact thin film structure with PEDOT-rich 



granular networks. Such a network generates larger contact areas between better oriented PEDOT-rich grains, 

resulting in the improved conductivity due to enhanced conducting pathways for carriers. An increase in the 

apparent size of the PEDOT-rich particles was reported by Timpanaro et al. [21]. 

Assuming isotropic optical properties of PEDOT:PSS layers, the pseudo-dielectric constant was measured by 

in-situ ellipsometry to study their growth onto flexible polymeric substrates [22]. Isotropic optical behavior was 

also reported in the case of PEDOT:PSS prepared by the electrospray method [6]. Anisotropic optical properties 

were reported by Petterson et al. [23-24] for spin coated PEDOT and PEDOT:PSS thin layers. The optical 

properties were studied by variable angle spectroscopic ellipsometry in combination with reflection and 

transmission measurements. 

The uniaxial anisotropy of PEDOT films reveals different ordinary (in-plane showing metallic character) and 

extraordinary (out-of-plane) indices of refraction. Petterson et al. [24] studied PEDOT:PSS layers prepared from 

dispersions with sorbitol. A higher electrical conductivity of these layers compared with pure PEDOT:PSS layers 

is expected together with an increase in the extinction coefficient in the near-infrared range (Drude term). 

However, the reported extinction coefficient parallel to the surface plane is 15-20% larger (above 1000 nm) for 

the films of PEDOT:PSS prepared without sorbitol compared to those prepared with sorbitol. According to [24], 

the long wavelength absorbance could be a result of mid-gap states, and the change in the extinction coefficient 

is associated with the red shift of the absorbance maximum. Thus, sorbitol acts as a plasticizer which enables 

reorientation of polymer chains to a more random state and inter-chain interactions between the conducting 

polymers. 

We report on the electrical, morphological and optical study of a series of spiral-bar coated single layers of 

PEDOT:PSS, influenced by the addition of different secondary dopants, 6 of which have been reported for the 

first time. The optical properties were studied over a wide spectral range using spectroscopic ellipsometry. The 

isotropic model was used to describe the measured data and the anisotropic model was introduced and its 

usefulness discussed. This paper deepens the results presented during poster session at the 26th International 

Conference on Amorphous and Nanocrystalline Semiconductors [25]. 

 

2 Experimental The layers were spiral-bar coated from custom made synthetized PEDOT:PSS 1:2.5 (COC 

Ltd.) water based dispersion (0.8 wt%). The secondary dopant in the amount of 5 wt% was added dropwise into 

the dispersion under mixing by a magnetic stirrer. The mixing was then continued for 6 hours. Prepared ink 

formulations were filtered by a PTFE syringe filter (0.45 µm) and then deposited using an automatic film 

applicator with a wire bar coater (TQC AB3120) using the 50 µm spiral bar. The dispersions with various 

secondary dopants (Methanamide, N-methyl methanamide, N,N-Dimethylacetamide, Dimethyl sulfoxide, 

Ethane-1,2-diol, propane-1,2-diol, Butane-1,2-diol, Tetrahydrothiophene 1,1-dioxide, N,N-Dimethylformamide, 

2-Aminoethanol) were applied on float glass. The samples were dried in a hot air oven for 30 minutes at 120 °C.  

The properties of the used secondary dopants [27, 28] are summarized in Table 1. All the used secondary 

dopants have quite high static dielectric constants and a boiling temperature higher than 120 °C, and they are 

soluble in water. 

Two variable angle spectroscopic ellipsometers (VASE and IR-VASE J. A. Woollam Co.) were used for the 

optical characterization of the prepared samples. The first ellipsometer is equipped with an automatic rotating 

analyzer over the spectral range 190 nm – 1700 nm (UV-VIS-NIR), measuring 30 revolutions with photon 



energy steps of 0.05 eV at three selected angles of incidence (AOI) (50°, 60° and 70°). The second ellipsometer 

is equipped with a rotating compensator for 1.7 µm − 30 µm (NIR-MIR), using AOI as above, measuring 20 

scans, 15 spectra per revolution with wavenumber steps 16 cm-1. Normal incidence optical transmittance was 

measured by the same instruments. WVASE32 software was used for modelling the measured data.  

AFM measurements were performed using the Solver NEXT (NT-MDT Co., Russia) equipped with a 

NSG10 tip (NT-MDT Co., Russia) in semicontact (tapping) mode. Two measurements (spot size 3×3 μm) were 

performed on each sample and the average root mean square (RMS) of the surface roughness was determined 

according to the ISO 4287/1. 

Electrical properties were measured via the 4 point method using a 6 ½ Digit Digital Multimeter Rigol DMM 

3068 at room temperature 20 °C. The geometrical properties of conductive tracks between measuring electrodes 

were determined using optical microscopy (Leica DM750 M, ICC 50 HD Camera). The layer thicknesses were 

estimated using a mechanical profilometer (Dektak XT). 

 

Table 1 Physical properties of the spiral-bar coated samples with various secondary dopants / solvents; the data for the 

solvents are from [27, 28] and the specific electrical conductivity of samples was measured at the room temperature. 

sample secondary dopant / solvent static 

dielectric 

constant of 

solvent  

boiling 

temperature of 

solvent (°C) 

density of 

solvent 

(g/cm3) 

specific 

conductivity of 

sample (S/cm) 

1 None - - - 0.3 

2 2-aminoethanol (C2H7NO) 38 170 1.012 2.4 

3 tetrahydrothiophene 1,1-dioxide 

(C4H8O2S) 

44 285 1.261 19.8 

4 N,N-dimethylformamide (C3H7NO) 37 153 0.944 25.6 

5 propane-1,2-diol (C3H8O2) 32 188 1.040 27.8 

6 butane-1,2-diol (C4H10O2) 20 195 1.002 29.5 

7 N,N-dimethylacetamide (C4H9NO) 38 165 0.923 34.8 

8 ethane-1,2-diol (C2H6O2) 37 197 1.110 54.2 

9 methanamide (CH3NO) 111 210 1.130 69.0 

10 dimethyl sulfoxide (C2H6OS) 47 189 1.100 70.3 

11 N-methyl methanamide (C2H5NO) 186 183 1.003 78.3 

 

3 Results and discussion 

3.1 Electrical properties  

The values of the evaluated specific electrical conductivity of the layers at room temperature are summarized 

in Table 1. As expected, because of the high static dielectric constant of the used secondary dopants, all the 

secondary dopants, except 2-aminoethanol, increased specific electrical conductivity by more than 2 orders of 

magnitude in comparison with the PEDOT:PSS sample without secondary dopant. The highest value of specific 



electrical conductivity was achieved by using n-methyl methanamide as the secondary dopant. The measured 

values of specific electrical conductivity are comparable with the values found in the literature (25.6 S/cm for 

sample 4 <=> 30 S/cm using dimethyl formamide [11]; 70.3 S/cm for sample 10 <=> 80 S/cm using dimethyl 

sulfoxide [11]; 29.5 S/cm for sample 6 <=> 10 S/cm using diethylene glycol [14]). Reported values for 

conductivity using ethane-1,2-diol are significantly higher (around 700 S/cm) [7] <=> 54.2 S/cm for sample 8 as 

well as the conductivities enhanced using dimethylsulfoxide (966 S/cm) [8] <=> 70.3 S/cm for sample 10 what 

was given by using commercial grade of PEDOT:PSS dispersion PH 1000 from H. C. Starck. For our study we 

used custom made synthetized dispersion of PEDOT:PSS to have full control under the composition and 

additives content. Disadvantage of custom made dispersion is that the conductivity was not expected to be at 

level of the top commercial dispersion of PEDOT:PSS. 

The data for the specific electrical conductivities were plotted against the static dielectric constant of the 

used secondary dopant / solvent (see Fig. 1). Dependence of specific electrical conductivity on static dielectric 

constant can be roughly divided into two parts (below 40 and over 40). It can be concluded that overall the 

influence of static dielectric constant on the conductivity is hardly to explain from our measurements. If we 

consider derives of methanamide (samples 4, 9 and 11 – labelled by red points in Fig.1) it can be concluded that 

higher dielectric constant lead to higher conductivity.  The samples with the three highest specific electrical 

conductivities were prepared from secondary dopants / solvents having the highest static dielectric constants, but 

the relationship for whole set of solvents is not statistically very significant. Nevertheless, the role of the high 

static dielectric constant of given solvents in influencing the specific electrical conductivity of PEDOT:PSS 

layers is still evident. The high static dielectric constant of the used secondary dopants was reported to increase 

the screening effect [11], which might have an influence on the increased specific conductivity reported here. 

 

 

Figure 1 Dependence of specific electrical conductivity on the static dielectric constant of used secondary dopant / solvent 

with its chemical formula depicted. Red circles denote derives of methanamide. 

 

 

3.2 Morphological properties  

A linear scratch was mechanically induced in the PEDOT:PSS layer to a depth where the layer/substrate 

interface was reached. The thickness of the layers was then estimated as the height of the obtained step via the 

profilometry measurement. From the AFM measurement, the root mean square surface roughness was calculated 

as a parameter describing the surface morphology of the samples. The thickness of the layers and the surface 



roughness obtained using mechanical probes (profilometry + AFM) are summarized together with the results of 

the optical measurements in Figures 2 and 3 (histograms). The thicknesses obtained from isotropic model are 

close (difference maximally 25%) to the results measured using mechanical profilometry.  

 

 

Figure 2 Thickness of the layers determined via mechanical profilometry (P) and spectroscopic ellipsometry with isotropic 

model (I) and anisotropic model (A). 

 

 

Figure 3 Surface roughness of the layers determined by AFM (F) and spectroscopic ellipsometry with isotropic model (I) and 

anisotropic model (A). 

 

From the results of the AFM surface roughness of the layers, it could be concluded that the layer roughness 

increases when the secondary dopant is involved in sample preparation; only one exception to this rule was 

found (sample 9). This conclusion is consistent with the results of previously reported papers [7-17]. 

 

 

Figure 4 a) Dependence of specific electrical conductivity on the surface roughness obtained from AFM (left) and b) 

dependence of specific electrical conductivity on the surface roughness obtained from ellipsometry (right) with secondary 

dopant / solvent chemical formula depicted. 

 



The data for the specific electrical conductivities were plotted against the surface roughness obtained from 

AFM (see Fig. 4a). Except two secondary dopants (2-aminoethanol = sample 2 and methanamide = sample 9) 

the obvious positive trend of specific electrical conductivity on the surface roughness can be identified. 

Conduction via surface states caused possibly by conformational reorganization might have an influence on the 

increased specific conductivity reported here as found also by Gasiorowski et al. [8]. Notice that when surface 

roughness obtained by ellipsometry is used the overall dependence of specific conductivity on the surface 

roughness is not clear (see Fig. 4b). 

 

AFM image (Figure 5) of sample 8 shows PEDOT-rich particles, which are visible as darker areas. Although 

the electrical conductivity increases by three orders of magnitude, there is no significant difference in the 

appearance (reported e.g., in [7]) for any secondary dopant. This observation is consistent with previous work 

[29], where dimethyl sulfoxide, sorbitol, ethane-1,2-diol and N,N-dimethylformamide were used as secondary 

dopants. The study includes Raman spectroscopy analysis, which confirmed that the spectra of the doped 

PEDOT:PSS films obviously showed the same pattern as those of the undoped PEDOT:PSS. In the Raman 

spectra, no presence of secondary dopants was found after heat treatment of the films. 

 

 

Figure 5 Typical AFM image (sample 8). 

 

3.3 Optical properties Spiral-bar coated layers were investigated using spectroscopic ellipsometry. The 

change of the polarization state is usually expressed by two parameters, amplitude ratio ψ and phase shift ∆, that 

are defined using the Fresnel reflection coefficients for p- and s- polarized light:  

𝑟𝑝
𝑟𝑠

= 𝑡𝑡𝑡(𝜓) ∙ exp(iΔ) (1) 

Spectroscopic ellipsometry is an indirect optical characterization method, where the measured values ψexp and 

∆exp are compared to the values calculated from the model. In the model structure, the optical constants of the 

layers and their thicknesses are assumed, and it is possible to calculate the corresponding values of ψmod and ∆mod 

belonging to the proposed model structure. Geometrical properties, such as thickness of the PEDOT:PSS layer 

and surface roughness, could also be determined as parameters of the model. In this way, the optical parameters 

of studied layers, such as complex refractive index (which includes refractive index as the real part and 



extinction coefficient as the imaginary part) can be calculated. Computation of various parameters of the layers 

was performed via regression analysis, where the minimization procedure was based on the mean square error 

(MSE) values; MSE is given in the following expression: 
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where N is the number of measured pairs of ellipsometric parameters ψexp and ∆exp and M represents the total 

number of fitted parameters. 𝜎𝜓,𝑖
𝑒𝑒𝑒 and 𝜎Δ,𝑖

𝑒𝑒𝑒are then the estimated experimental error of ψexp and ∆exp, 

respectively. Ellipsometric data measured for all three angles of incidence 50°, 60° and 70° were used in the fit 

simultaneously. 

 

3.3.1 Isotropic model  

In this approach, each of the films of secondary doped PEDOT:PSS was modeled as a homogenous optically 

isotropic layer. The sample model used for ellipsometry spectra analyses consists of: 1) a semi-infinite glass 

substrate (with optical constants obtained previously on a blank sample of uncoated float glass), 2) a 

homogenous, isotropic layer representing the secondary doped PEDOT:PSS, 3) surface roughness modeled by a 

Bruggeman type effective medium approximation of the 50% voids and 50% layers [31], and 4) air as the 

ambient medium. 

The wide spectral range was split into two parts, where the measured data were processed differently. The 

UV-VIS-NIR part of the spectrum in the 0.7 – 6.5 eV range was fitted separately from the IR part of 0.035 eV – 

0.7 eV. 

The Lorentz multiple oscillator model was chosen as the model dielectric function, where the complex index 

of refraction is expressed as a function of photon energy, hν, as: 

𝑁� = �𝜀1(∞) + ∑ 𝐴𝑛
𝐸𝑛2−(ℎ𝜈)2−𝑖Γ𝑛ℎ𝜈

𝑁
𝑛=1 �

1/2
 (3) 

Parameter An corresponds to the intensity, Γn denotes the wideness, En denotes the center energy of the n-th 

oscillator, and ε1(∞) denotes the dielectric function at infinite energy.  

The isotropic model fits to the measured data quite well, and the goodness-of-fit test defined by MSE was 

less than 10. The quality of fitting of the experimental data for sample 4 is shown in Figure 6, where the 

goodness-of-fit test MSE is equal to 6.4. 



 

Figure 6 Measured values of ψ (circles) and ∆ (triangles) for UV-VIS part of spectra of sample 4 together with the best fit 

(solid line) using the isotropic model for the angle of incidence 70°. 

 

From the regression analysis, the imaginary part of the complex refractive index (extinction coefficient) was 

calculated. Overall, the extinction coefficient exhibits a similar spectral behavior for all the studied samples. UV 

part of the spectra was fitted by two Lorentz oscillators with central energies within the interval 𝑀𝑛1 ∈

(5.39, 5.66) eV and 𝑀𝑛2 ∈ (6.33, 6.5) eV for all the studied samples. These transitions are close to those 

previously reported in the literature, they were attributed to the p-p* transitions of the benzene rings of PSS [23-

25]. The NIR part of spectra contains similar values of the extinction coefficient for all samples, showing that the 

response in the NIR spectrum was not influenced by the used secondary dopants. This part of the spectrum has 

been frequently described using the Drude term (free carrier contribution). It will be shown later that when the 

MIR spectral range is considered, the Drude term should be replaced by the sum of Lorentz terms. 

There are no significant differences between either the refractive index n or the extinction coefficient k 

among all the samples with different electric conductivities, which is in contrast with the results reported by 

Gasiorowski et al. [8]. (See Figure 7 for samples 1 and 11, which are the samples with the lowest and the highest 

value of the electrical conductivity). 



 

Figure 7 Comparison of the refractive index (upper part) and the extinction coefficient (lower part) as a function of photon 

energy for UV-VIS part of spectra obtained using the isotropic model for samples 1 (black dashed line) and 11 (purple solid 

line) having the lowest and the highest specific electrical conductivity, see Table 1. 

 

The second part of the spectral range, i.e., the MIR part (0.035 eV – 0.7 eV), was fitted using the same 4 

layer model. The thickness was introduced from previous regression analysis of the UV-VIS part of spectra and 

with the optical constant of the secondary doped PEDOT:PSS layer modeled again by a sum of Lorentz 

oscillators. Similar to the analysis of the UV-VIS part of the spectra, the isotropic model fits the data quite well, 

with the MSE being less than 3. Thus, it could be claimed that the given model corresponds very well to these 

data. The quality of the fitting for sample 9 is displayed in Figure 8, where MSE = 1.1. 

 

 



Figure 8 Measured values of ψ (circles) and ∆ (triangles) for MIR part of spectra of sample 9 together with the best fit (solid 

line) using the isotropic model for the angle of incidence 70°. 

 

Figure 9 shows comparison of the refractive index and the extinction coefficient for samples 1 and 11, which 

are the samples with the lowest and the highest values of the electrical conductivity, respectively. The similarity 

of both is evident.  

 

Figure 9 Comparison of the refractive index (upper part) and the extinction coefficient (lower part) as a function of photon 

energy for MIR part of spectra obtained from the isotropic model for samples 1 (black dashed line) and 11 (purple solid line) 

having the lowest and the highest value of specific electrical conductivity, see Table 1. 

 

Generally, two different features can be observed in the spectral dependence of the extinction coefficient in 

the MIR. A total number of 11 Lorentz oscillators used for its description consists of 3 broad Lorentz oscillators 

and 8 narrow ones. When focusing on the 3 broad oscillators, we assigned them to so called “mid-gap states”. 

We supposed the existence of many electronic states (bands) within the bandgap, analogous to the typical 

behavior of amorphous materials because of the complicated structure of the polymer layer. Electronic 

transitions appear within the bandgap or between valence/conduction bands, whereas the gap states are present in 

the MIR part of spectra. Applying the molecular orbital picture, the charge transfer between different molecules 

or within molecule could be attributed to these MIR absorptions, although the so-called “mid-gap states” have 

not been modeled previously. Notably, using the Drude model to describe the free carrier absorption is likely not 

valid here. We supposed that the MIR optical frequencies excite only a fraction of the electronic transitions. 

Whether any of these transitions could be assigned to hoping transport measured in DC conductivity is not clear 

while the samples with very similar extinction coefficients present up to 2-3 orders-of-magnitude different 

electrical conductivities.  



The 8 narrow oscillators present at wavenumbers smaller than 2000 cm-1 (0.25 eV) were assigned to narrow 

resonance vibrational lines, which are superposed on previously described broad Lorentz oscillators. Because a 

low resolution used in our measurement (16 cm-1), fewer vibrations modeled by narrow Lorentz oscillators were 

found in the range 500 to 2200 cm-1 than those reported in [32-33]. 

The consecutive step in the creation of the isotropic model merges both measurements together, which 

enabled the use of the model with the sum of Lorentz oscillators for the whole spectrum. This process was 

performed for all samples with MSE of approximately 6 or less. For practical use of PEDOT:PSS + secondary 

dopant layers, it is important that they provide high transparency and good electrical conductivity. Comparison 

of the transmittance of the layers measured on a bare glass substrate and sample 11 (having the highest electrical 

conductivity) is depicted at Figure 10, where the short wavelength as well as the long wavelength absorption 

edges of the glass substrate are clearly visible. This figure demonstrates reasonable optical transparency of the 

studied samples, especially in the visible part of the spectrum. 

 

 

Figure 10 Comparison between the transmittance measured through the bare float glass substrate (black dashed line) and the 

transmittance of glass + sample11 (purple solid line) with the highest value of specific electric conductivity. 

 

Geometrical parameters (thickness of layers and surface roughness) obtained using the isotropic model are 

summarized in Figures 2 and 3. 

In spite of increased specific electrical conductivity by 2-3 orders of magnitude when the secondary dopant 

is used, there is no such large difference in the optical constants. Furthermore, the optical constants of doped and 

undoped PEDOT:PSS layers are very similar, as suggested in [29]. Thus, we may conclude that increasing the 

DC electric conductivity by secondary dopants is not necessarily connected with the change of the optical 

properties of samples. It is very likely that incorporation of secondary dopants introduces morphological changes 

(conformational changes [7, 9]) of the PEDOT:PSS spatial arrangement in the layers, preferably leading to the 

conducting PEDOT arrangement. The differences in spatial arrangement were not found in the AFM analysis; 

however, they could likely cause an impact in the molecular fingerprint spectral region.  

The isotropic model was successfully used by [6] in the case of PEDOT:PSS layers prepared by the 

electrospray method onto indium-tin-oxide (ITO) substrates. It was concluded that the type of growth (isotropic 



vs. anisotropic) originates from a preferential orientation of the polymer chains obtained in the preparation 

process, the applied sort of substrate, and its morphology, and the growth depends on the film thickness. 

3.3.2 Anisotropic model  

Because of the lack of direct access to the sample morphology, it is not clear yet if the spiral-bar coated 

samples exhibit optical anisotropy. As mentioned before, according to previous research results [24], the 

anisotropic model with different in-plane and out-of-plane refractive indexes and extinction coefficients were 

considered for the spin coated samples. The xz plane is the plane of incidence. The optical response of layer is 

described by an ordinary complex index of refraction parallel to the surface plane (xy plane, 𝑁� Rin-plane = 𝑁𝑒�= 𝑁𝑦� ) 

and an extraordinary index of refraction perpendicular to the surface plane (𝑁�𝑜𝑜𝑜−𝑜𝑜−𝑒𝑝𝑝𝑛𝑒 = 𝑁𝑧�).  

Using the previously obtained optical constants described by the sum of Lorentz oscillators independently 

for in-plane and out-of-plane optical constants, the model has very large number of possible correlated 

parameters. Attempting to fit the many oscillators in this range independently, result in the values without any 

physical meaning, especially for describing the out-of-plane optical constants. This result, in our opinion, is a 

strong disadvantage of using the anisotropic model.   

To address this problem, the anisotropic UV-VIS optical constant were adopted from the study of Pettersson 

et al. [24], with the aim to expand the optical constants to the MIR. We attempted to describe the in-plane 

hopping transport via the Lorentz term, giving the optical response of a polaron with central energy in the IR part 

of spectra. Because three Lorentz oscillators were not sufficient to describe the in-plane behavior, one more 

Lorentz oscillator was added in the IR region. In the out-of-plane spectra, one Lorentz term with three 

parameters (center energy – same as last oscillator from in-plane, wideness and intensity) was used. 

The geometric parameters (thickness of layers and surface roughness) obtained using anisotropic model are 

summarized in Figures 2 and 3. When comparing geometrical parameters obtained via spectroscopic 

ellipsometry with those obtained using mechanical methods (profilometry and AFM), the isotropic model 

provides thicker layers, but the anisotropic model gives thicknesses closer to mechanical profilometry. Due to 

closeness of the thickness results for all methods, we consider the accuracy of obtaining the thickness with 

spectroscopic ellipsometry sufficient in the cases of both of the used models. 

In both cases (isotropic and anisotropic model), the surface roughnesses are in very good agreement with the 

AFM measurements, with the only exception (sample 9 isotropic model) being where the fitted value of surface 

roughness decreases to zero.  

The optical constants for PEDOT:PSS prepared without solvent (sample 1) obtained using the anisotropic 

model are presented in Figure 11.  



 

Figure 11 Refractive index (red dashed line) and extinction coefficient (green solid line) of sample 1 as a function of photon 

energy obtained from the anisotropic model for in-plane (upper part) and out-of-plane (lower part). Notice different scale for 

in-plane and out-of-plane optical constants. 

 

The applied model does not provide a good fit to the IR fingerprint vibrations that were ignored here for the 

simplicity. Nevertheless, using this approach, it is possible to describe the optical constants of PEDOT:PSS + 

secondary dopant layers using the anisotropic model with MSE below 9, which is generally worse than the MSE 

obtained for the isotropic model. The validity of this model is therefore questionable.  

General conclusions can be consistently found by comparing the results obtained by the isotropic and 

anisotropic models. 

Although many previous works recommended application of the anisotropic model for PEDOT:PSS layers, 

we successfully evaluated the spectroscopic data using the isotropic model. This result can be due to the different 

methods of samples preparation (spin coating vs. spiral-bar coating). Moreover, using of the isotropic model was 

reported in earlier literature [6]. Thus, in further research, we prefer to use the isotropic model instead of the 

anisotropic model. 

 

4 Conclusions  

The electrical, morphological and optical properties of spiral-bar coated layers were studied. The layers were 

prepared from PEDOT:PSS dispersions modified with 10 different secondary dopants / solvents, where 6 of 

these solvents were not previously reported in the literature. 

The selected solvents caused an increase of the specific electric conductivity in the range of 2.4 to 78.3 S/cm, 

which is more than two orders-of-magnitude higher than the value of 0.3 S/cm measured for layers prepared 

from the pure PEDOT:PSS dispersion. The highest increase in specific electrical conductivity (78.3 S/cm) was 

measured for the sample prepared using the secondary dopant / solvent of N-methyl methanamide, which is 

much more efficient than generally used dimethyl sulfoxide.  

The aim of the work was also focused on finding a non-destructive and contactless technique for the 

evaluation of thickness of secondary doped PEDOT:PSS layers. For this purpose, the UV/VIS ellipsometry 

technique was used in combination with AFM and mechanical profilometry techniques. The estimated film 

thickness (~ 200 nm) and surface roughness determined via UV and VIS ellipsometry measurements were found 



to be consistent with the above-mentioned standard characterization tools (mechanical profilometry, AFM). 

Ellipsometry, unlike profilometry, has the advantage in absence of risk of local film removal (scratch). Hence, 

ellipsometry is concluded to be a reliable and non-destructive tool for layer thickness determination. 

From the goodness of fit test of regression analysis, the optical constants (refractive index and extinction 

coefficient) of PEDOT:PSS layers, prepared with 10 different secondary dopants in broad spectral range from 

UV to MIR (0.19 - 30 µm), could be described/fitted by the isotropic model. However, no substantial differences 

in the optical constants were observed, despite such differences being expected from the significant change of 

specific electrical conductivity (3 orders of magnitude). It was found that the near-infrared part of the spectrum 

that is frequently fitted by the Drude term in the literature could be better described by the model of the multiple 

Lorentz oscillators describing (a) the narrow molecular fingerprint vibrations superposed on (b) broad electronic 

transitions inside/among mid-gap states. The connection of these Lorentz oscillators to hoping transport/polaron 

is likely improbable due to the similarity of the optical constants obtained for all samples. Using the anisotropic 

model resulted in the same conclusion, where again, no significant differences were found among the optical 

constants of the studied samples. From the regression analysis results and from the point of view of simplicity of 

the fitting calculation, the isotropic model was preferred. The isotropic model was more suitable for the fitting of 

the given data sets, probably due to the use of the spiral-bar coating method, which likely influenced the 

arrangement of the polymer chains during deposition and formation of the wet layer. 

In this paper, we demonstrated that spectroscopic ellipsometry is a non-destructive characterization 

technique that provides important feedback for the development of PEDOT:PSS layers from aqueous dispersions 

with the presence of different secondary dopants / solvents produced using the spiral-bar coating technique. 

Spectroscopic ellipsometry can be beneficial for the characterization of PEDOT:PSS layers prepared on flexible 

substrates and therefore appears to be a valuable tool for the characterization of functional layers used in printed 

electronics. 
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