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ABSTRACT

Thin films of poly-3,4-ethylene dioxythiophene (PEDOT) were electrodeposited on transparent electrodes of indium
tin oxide (ITO) using potentiostatic regime. These films had thicknesses ranging from 15 nm to 60 nm and were
studied using UV-vis absorption and chronoamperometric techniques in monomer-free tetrabutylammonium
perchlorate/acetonitrile solutions. The charge transfer diffusion coefficient (D) of the films were calculated using
Cottrell model for a wide range of potential steps from −1.60 to 1.60 V vs. Ag°/AgNO3. For p-doped films, the

highest diffusion coefficients were obtained when a potential of 0.70 V was applied. Moreover, a direct relationship
between film thickness and their diffusion coefficients was found for thin PEDOT films showing D values up to 1.4

× 10−9 cm2 s−1 for 60 nm thickness films. These values are remarkably higher than the D of 1.8 × 10−11 cm2 s−1

obtained for spin-coated PEDOT: PSS films of similar thickness.

Keywords: Electropolymerization, PEDOT, thin films, diffusion coefficient.

INTRODUCTION

One of the most popular polythiophenes in the field of organic electronic devices is the poly-3,4,-ethylene
dioxythiophene (PEDOT) in the form of a polymer mixture with polystyrene sulfonate (PSS) (see Scheme 1a), which

for the last two decades has been intensively studied because of its high conductivity and excellent stability.1-5 Thin
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films of p-doped PEDOT show good transparency in the UV-vis region. For these reasons, thin PEDOT films have
found different applications in devices such as sensors, antistatic coatings, organic light-emitting diodes (OLEDs),

electrochromic windows as well as in organic photovoltaic devices mainly used as hole extraction layers. 6, 7

Scheme 1. Chemical structures for a) PEDOT: PSS and b) PEDOT: ClO4
−

Furthermore, thin PEDOT films can be obtained from EDOT solutions on suitable electrodes (e.g., indium tin oxide)

by electrochemical polymerization.8-10 Electropolymerization allows not only a controlled polymerization and
deposition of the film in one-step but also a precise control of the thickness and conductive characteristics of the film

by tuning some electrochemical parameters (e.g., the potential of polymerization, doping level).11-15 Moreover,

electrogenerated thin PEDOT films, containing small counteranions, like perchlorate (PEDOT: ClO4
−, Scheme 1b),

have shown higher conductivities than thin PEDOT: PSS films deposited from aqueous solutions of PEDOT: PSS by

spin-coating.16

Charge transport of conducting polymers is related to the microstructure of thin films.17 Since the length of the main
chain of electrogenerated polymers is short (mostly oligomers), charge carriers (e.g., electronic or ionic particles) do
not move on a continuous intramolecular pathway; instead, intermolecular transport of the charges is the dominant

process.18 During the p-doping process of a conducting polymer, electrons are taken out from the thin film (oxidation
process) and anions are simultaneously inserted in the thin film to preserve the electroneutrality of the material. For
this reason, each positive electronic charge (e.g., hole) in the thin film, is counterbalanced by an anion which boosts
the polymer conductivity. Therefore, a higher p-doping level implies an increase in the concentration of holes and
anions in the conducting polymer thin film. The conductivity of the material can be attributed to the mobility of these
species, which are charge carriers, along the conjugated backbone.

Charge transport properties, the in homogeneous process of diffusion/migration through conducting polymer films,
can be quantified by the charge transfer diffusion coefficient (D) using the Cottrell model (vide infra). Nevertheless,
it is not possible to know with this model the contribution made by diffusion and migration separately. Those
diffusion coefficients could provide a different approach and understanding of electrical properties of conducting
polymers. Diffusion coefficients are directly related to the charge carriers’ mobility and conductivity for different

materials (e.g. crystalline semiconductors) via the Einstein equation.19 However, it has been reported that this
equation only can be regarded as an indicator of the degree of dispersion of conjugated polymers because of their

complex morphology. 20 Additional equations have been considered in which case conductivity is proportional to

D1/2.21
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Charge transfer diffusion coefficients can be determined by using chronoamperometric techniques to quantitatively
describe charge transport in conducting films. The resultant current (i) can be measured as a function of time (t) by

means of the classic Cottrell equation for chronoamperometry, 21

where Q is the total consumed charge during the film oxidation and L is the film thickness. Diffusion coefficients
calculated using the Cottrell equation were reported by Ito and co-workers for PEDOT: PSS films on ITO prepared

by a layer-by-layer deposition technique. 22 These films showed D values up to 5 × 10−10 cm2 s−1. Here, we aim to
determine charge transfer diffusion coefficients of electrochemically generated thin PEDOT films on ITO, following

the reported methodology described by Ito and co-workers, 22 throughout a large range of potential steps resulting in
polymer films at different doping levels.

In this study, UV-vis absorption behavior of electrogenerated thin PEDOT films is related to their charge transfer
diffusion coefficients determined by chronoamperometric techniques, within a wide range of potential steps from
−1.60 V to 1.60 V vs. Ag°/AgNO3. Highly p-doped PEDOT films are obtained when potentials of −0.10 V or higher

are applied, showing maximum values of D at a potential of 0.70 V. However, when doping potentials higher than
1.00 V are applied the diffusion coefficients drastically decrease, this behavior is probably due to overoxidation of
the polymer. A direct relationship between the thickness of thin PEDOT films and the diffusion coefficients is
shown. Finally, diffusion coefficients of electrogenerated PEDOT films are compared to spin-coated PEDOT: PSS,
which are typically used in organic electronic devices.

Experimental Section

ITO electrodes were purchased from KINTEC (10-ohm m−2, Polished grade, 25 × 10 × 1.1 mm); 3,4-
ethylenedioxythiophene (EDOT), anhydrous acetonitrile (MeCN, 99.8% purity), PEDOT: PSS (conductive grade,
water dispersion 1.3 wt%) and tetrabutylammonium perchlorate (TBAP, ≥ 99% purity) from ALDRICH. All the
chemicals were used as received. Thin PEDOT films were electrodeposited on ITO electrodes as previously

reported.23,24 The absorption spectra of the films were measured on a UV-vis spectrophotometer THERMO
SCIENTIFIC GENESYS 10S UV-vis. Charge transfer diffusion coefficients of thin PEDOT films were calculated
from experiments in monomer-free solutions under nitrogen atmosphere at 25 °C. A three-electrode cell was used

with ITO/PEDOT electrode (area of 1.0 cm2) as working electrode (WE), platinum mesh as a counter electrode (CE)

(area of 2.9 cm2), and Ag°/AgNO3 as a reference electrode (RE). The WE and CE were placed in parallel separated

by a distance of 1.1 cm. Chronoamperometric pulses were applied at various pre-potentials for a time of 30 s, and at
several final potentials for a time of 1 s, within a range of −1.60 V to 1.60 V. Current transients for thin PEDOT
films were plotted for different potential steps. These plots were used to determine the charge transfer diffusion
coefficients using the Cottrell model (Equation 1).

RESULTS AND DISCUSSION

Thin PEDOT films with a thickness of ca. 60 nm were deposited on ITO as reported previously. 23,24 Absorption
spectra of thin PEDOT films during electrochemical p-doping and un doping, in 0.1 M TBAP/MeCN solution, is
shown in Figure 1. The spectrum for the "as deposited" thin PEDOT film showed an absorbance maximum in the UV
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region of 360 nm, and a shoulder in the visible region around 700 nm. A series of UV-vis spectra of thin PEDOT
films, measured after applying various potential pulses from −1.40 V to 1.00 V, shows a progressive decreasing in
absorbance of the peak located at 600 nm. This peak is related to the π-π* transition for neutral PEDOT.
Furthermore, a continuous increasing absorbance of the 950 nm signal due to the formation of radical cations

(polarons) and dications (bipolarons). 25 Hence, the structure of thin PEDOT films changed from a neutral state to a
highly conducting p-doped state. A comparison of “as deposited” spectrum and highly oxidized PEDOT spectra
demonstrate that the initial PEDOT film was already highly p-doped. When oxidation potentials higher than 1.0 V
were applied, a general decrease in absorbance was shown for the UV-vis spectra but any significant change was
observed in the form of the spectra. This behavior could be assigned to the overoxidation when the potential is over
1.0 V with the resulting degradation of the thin PEDOT films.  
 

 
Figure 1. Absorption spectra of PEDOT deposits with a thickness of 60 nm on ITO after various potential pulses.

 
 
For a better appreciation and a quantitative discussion of charge (e.g., holes and counteranions) transport properties
of thin PEDOT films on ITO, charge transfer diffusion coefficients (D) were calculated using the Cottrell model.
Figure 2 shows current-time curves for PEDOT deposit with a thickness of ca. 60 nm on ITO as well as bare ITO
electrode (inset Figure 2). The current transients were obtained after applying a potential of 0.80 V during 1 s with a
pre-potential of −1.00 V for 30 s. A much smaller current was observed for a bare ITO electrode (related to the
double layer charging) compared to the current shown by the PEDOT film, which is mainly assigned to the doping
process of the conducting polymer. A plot of current vs. inverse square root of time shows a linear relation for short
periods of time. The charge transfer diffusion coefficient is calculated using the slope of the linear plot.   
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Figure 2. Current transient for bare ITO and thin PEDOT films with a thickness of 60 nm on ITO when a doping potential of 0.80

V is applied for 1 s after a pre-potential of −1.00 V applied for 30 s. The inset shows the curve for a bare ITO electrode.

 
 
Charge transfer diffusion coefficients of thin PEDOT films were obtained applying a highly p-doping potential of
0.80 V during 1s, after a series of pre-potentials from −1.60 V to 0.70 V were applied during 30 s. Thereby, PEDOT
films deposited on ITO, submitted to different potential pulse, were studied ranging from undoped films (e.g., for
pre-potentials of −1.60 V) to highly p-doped deposits (e.g., for pre-potentials of 0.70 V). In other words, both large
and small structural changes were studied for thin PEDOT films. The related chronoamperograms are depicted in
Figure 3a. Similar trends are observed regardless of the potential step applied. The current might mainly originate
from the oxidation process of thin PEDOT films, that is, the structural changes on these thin films have none or
imperceptible contribution to the current. Figure 3b shows the charge transfer diffusion coefficients calculated using
the Cottrell model (Equation 1).
 

 
Figure 3. (a) Chronoamperograms for thin PEDOT films with thickness of 60 nm, and (b) charge transfer diffusion coefficients (D)

as a function of pre-potentials (Ei) applied during 30 s. These prepotentials were followed by the application of a potential of 0.80 V

during 1 s.

   
 
Throughout the application of different potential amplitudes, the charge transfer diffusion coefficients remained

almost invariable. An average D of 1.4 × 10−9 cm2 s−1 with a standard deviation of 0.1 × 10−9 cm2 s−1 were
determined for thin PEDOT films. The calculated diffusion coefficient was higher than those reported for PEDOT:

PSS films which were deposited by the layer-by-layer technique of 5 × 10−10 cm2 s−1 22 and spin-coating technique
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of 6 × 10−10 cm2 s−1. 26

For the next section of the study, diffusion coefficients were calculated applying a pre-potential of −0.90 V during 30
s, followed by different potentials ranging from −0.80 V to 1.60 V for a time of 1 s. The current transients for
potentials ≤ 1.00 V quickly decrease to values close to zero (Figure 4a). However, thin PEDOT films overoxidation
may be observed on the chronoamperograms for potentials ≥ 1.20 V, where the current transients do not tend to zero.
This amount of remaining current might be assigned to PEDOT overoxidation and charges trapped into the polymer
film. The former is confirmed by the UV-vis absorption spectra of thin PEDOT films doped at several potentials (see
Figure 1).

Figure 4. (a) Chronoamperograms for thin PEDOT films with a thickness of 60 nm and (b) charge transfer diffusion coefficients

(D) as a function of various potentials (Ef) applied during 1 s. These potentials followed the application of a pre-potential of −0.90

V during 30 s.

Figure 4b shows charge transfer diffusion coefficients calculated by Cottrell model (Equation 1). Two areas are
clearly observed in the plot, (i) D for potentials between −0.10 V and 1.60 V increased following a parabolic trend
whereby maximum diffusion coefficient values were obtained for a potential range of ca. 0.70 V. Similar trends have

been reported for in situ conductivity measurements,27 where the maximum conductivity is not necessarily found at
the maximum applied potential. When potentials higher than −0.10 V was applied, UV-vis absorption spectra of thin
PEDOT films showed the peak assigned to the π-π* transitions to be overlaid by polaronic and bipolaronic waves
(see Figure 1). This confirms that highly doped thin PEDOT films are obtained at this potential range. However, D
values quickly decreased when potentials higher than 1.20 V were applied. The decrease in the charge transfer
diffusion coefficients is attributed to overoxidation process of thin PEDOT films, which is confirmed by UV-vis
absorption and chronoamperometric studies. These potential values probably change the chemical structure and
properties of the PEDOT deposits, e.g., decrease conductivity. (ii) For potentials lower than −0.10 V, the values of D
did not follow the trend showed for higher p-doping potentials. This phenomenon, expected for undoped or barely
doped polymer structures, is observed because Cottrell model fails when any diffusion of charges flows into the
polymer.

Figure 5 depicts cyclic voltammograms, for PEDOT deposits of 60 nm thickness, obtained by applying an initial

potential of −1.00 V and switching potentials of 1.00 V and 1.35 V with a scan rate of 0.10 Vs−1 in monomer-free
solution, and charge transfer diffusion coefficients taken from Figure 4b. Similar as reported in the literature for

conductivity measurements,28 the polymer oxidation peak centered at ca. 0.10 V seems to be the breakpoint between
an undoped or barely doped, and a highly doped conducting structure. Moreover, the maximum value of diffusion
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coefficients is found to be on the voltammogram plateau for a potential of 0.70 V. This behavior was also previously

reported for PEDOT deposits using in situ conductivity measurements.29, 30 Structural changes are clearly identified
by the polymer oxidation and reduction peak shifts, and the change in the shape of the cyclic voltammograms
obtained at switching potential of 1.00 V and 1.35 V (Figure 5).

Figure 5. Cyclic voltammograms and charge transfer diffusion coefficients (D) of thin PEDOT films in monomer-free solution. The

CVs were obtained applying an initial potential of −1.00 V and switching potentials of 1.00 V (solid line) and 1.35 V (dashed line)

with a scan rate of 0.10 Vs−1.

Charge transfer diffusion coefficients were determined for electrogenerated thin PEDOT films of three different
thicknesses of 15, 30 and 60 nm doped with three different counter anions of perchlorate, hexafluorophosphate, and
tetrafluoroborate, as well as PEDOT: PSS spin-coated on ITO with a thickness of ca. 60 nm (see Table 1). For this
purpose, D was calculated by applying a potential of 0.80 V during 1 s with a pre-potential of 0.5 V for a time of 30 s
too thin PEDOT films in monomer-free solution.  

Table 1. Charge transfer diffusion coefficients (D) of electrogenerated PEDOT films with thicknesses of 15, 30 and 60 nm doped

with perchlorate, hexafluorophosphate and tetrafluoroborate anions, and PEDOT: PSS spin-coated on ITO with a thickness of ca.

60 nm. D values were determined to apply a pre-potential of 0.50 V for a time of 30 s followed by a potential of 0.80 V during 1s.
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A direct relationship was found between the film thickness of electrogenerated PEDOT deposits and their
corresponding diffusion coefficients. An increased film thickness results in increased charge transfer diffusion

coefficients. Similar behavior for thin PEDOT films was reported by Park and co-workers, 31 who found a similar
relationship between thickness and conductivity. Lower diffusion coefficient values for thinner films can be assigned
to early growing stages of polymer structures due to the formation of mainly short chains of primary oligomers. As
the film grows, a longer polymer conjugation is obtained through longer polymer chains until the polymer thickness
reaches a certain level, and at this point, the conductivity decreases while the thickness increases. Furthermore, any
significative influence in the diffusion coefficients was observed by doping electrogenerated PEDOT films with
different counteranions. Finally, charge transfer diffusion coefficients for electrogenerated thin PEDOT films were
found to be higher than spin-coated PEDOT: PSS films of similar thicknesses. A similar behavior was reported based

on conductivity measurements,16 ascribing this phenomenon to the presence of PSS non-electronic conductor

macromolecules in the PEDOT bulk.32 PSS macromolecules impact on the diffusion coefficient, because the charge

transfer in a conducting polymer occurs mainly as an interchain process,18 thus the PSS non-electronic conductor
macromolecules in the PEDOT bulk leads to a decrease in conductivity if compared to thin PEDOT films that
contain only small counteranions, as perchlorate. These types of small counterions do not interfere with charge
transport. Larger D values lead to higher conductivities which is very important for technological applications.

CONCLUSIONS

Charge transfer diffusion coefficients of electrodeposited PEDOT films on ITO with a thickness of 60 nm were
determined for a large range of potential steps in a monomer-free solution. The diffusion coefficients were obtained
by chronoamperometric techniques using Cottrell model. By means of UV-vis absorption spectra and diffusion
coefficients, thin PEDOT films are found in undoped or barely doped state (lower than −0.10 V), highly doped state
(−0.10 V to 1.0 V) and overoxidized state (higher than 1.0 V). The highest diffusion coefficients were obtained for
potentials ca. 0.70 V. Moreover, diffusion coefficients of thin PEDOT films show a direct relationship with their film
thickness (15, 30 and 60 nm). Finally, two orders of magnitude higher charge transfer diffusion coefficients are
shown for electrogenerated PEDOT films if compared to spin-coated PEDOT: PSS of similar thicknesses (ca. 60
nm). The large difference in D values was attributed to the introduction of PSS non-electronic conductor

macromolecules on the conducting polymer bulk, where the phase separation can generate lower conductivity values.
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