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Abstract: We investigate the sigmoidal concentration dependence of electrical conductivity of
poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) processed with linear glycol-
based additives such as ethylene glycol (EG), diethylene glycol (DEG), triethylene glycol (TEG),
hexaethylene glycol (HEG), and ethylene glycol monomethyl ether (EGME). We observe that a sharp
transition of conductivity occurs at the additive concentration of ~0.6 wt.%. EG, DEG, and TEG
are effective in conductivity enhancement, showing the saturation conductivities of 271.8, 325.4,
and 326.2 S/cm, respectively. Optical transmittance and photoelectron spectroscopic features are
rather invariant when the glycols are used as an additive. Two different figures of merit, calculated
from both sheet resistance and optical transmittance to describe the performance of the transparent
electrodes, indicate that both DEG and TEG are two most effective additives among the series in
fabrication of transparent electrodes based on PEDOT:PSS films with a thickness of ~50-60 nm.

Keywords: conducting polymer; PEDOT:PSS; electrical conductivity; processing additive; linear
glycol; sigmoidal function

1. Introduction

The poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) compos-
ite has been widely studied for various applications, ranging from an active layer for
electronics and energy devices to functional packaging layers [1-3]. In optoelectronic de-
vices, PEDOT:PSS has been used as transparent and flexible electrodes, because of its high
electrical conductivity, high transmittance in the visible region, high mechanical integrity;,
and high ruggedness in ambient conditions [4-9]. PEDOT:PSS is also an effective buffer
layers for charge injection and extraction in devices [10-12]. PEDOT composites can be a
redox-active component for energy storage [13,14]. The high conductivity and easy control
of doping states have enabled its use as a promising p-type thermoelectric material [15-19].
Through electrochemical doping and dedoping, it is also possible to use PEDOT compos-
ites as a conductance-controllable layer in transistor [20-22]. Bioelectronic applications
have also been sought from the PEDOT composites [23,24]. It should be emphasized that
PEDOT and the related composites are industrially compatible because they can be easily
synthesized in a large scale and processed as water-based dispersions.

The electrical conductivity of PEDOT:PSS has been largely increased by varying a
processing protocol in an aqueous dispersion or by applying post-deposition treatment
on thin films [5-7,25-34]. For example, diverse classes of solvents and chemicals have
been used as an additive for enhancing the electrical conductivity of PEDOT:PSS films.
These additives have often been called as a secondary dopants because a minute amount
is added to the stock dispersion of PEDOT:PSS, although the chemicals do not seem
to significantly alter the charge-carrier density. The most noticeable chemicals include

Materials 2021, 14, 1975. https:/ /doi.org/10.3390/ma14081975

https://www.mdpi.com/journal /materials


https://www.mdpi.com/journal/materials
https://www.mdpi.com
https://orcid.org/0000-0002-4215-5786
https://doi.org/10.3390/ma14081975
https://doi.org/10.3390/ma14081975
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/ma14081975
https://www.mdpi.com/journal/materials
https://www.mdpi.com/article/10.3390/ma14081975?type=check_update&version=2

Materials 2021, 14, 1975

20f 10

dimethyl sulfoxide (DMSO) and ethylene glycol (EG) [4,30-34]. DMSO and EG have been
proven to enhance the conductivity and widely used for fabrication of high-conductivity
electrodes. Sorbitol, which is a sugar alcohol and in a solid form at room temperature, has
also been added into PEDOT:PSS for conductivity enhancement [34,35]. Surfactants have
also been mentioned as an effective additive [36-38]. Polymers with a common building
block of ethylene oxide have been mixed with PEDOT:PSS dispersions and showed a
positive effect on the conductivity enhancement [39-41]. The governing mechanisms of
conductivity enhancement have been proposed to be phase segregation between conductive
parts (i.e., PEDOT) and insulating parts (i.e., PSS), bond-structural changes of PEDOT,
crystallization of PEDOT, and elimination of PSS [4,26-28,33].

In addition to the use of additives, other methods have been implemented to increase
the electrical conductivity of PEDOT:PSS composites. Dipping of PEDOT:PSS films in a
solvent can remove excessive PSS and increase the conductivity [8,29-32]. Treatment with
sulfuric acid (H,SO4) and organic acids has showed to be very effective in removing PSS,
separating phases, and enhancing crystallinity, resulting in the electrical conductivity as
high as ~4 kS/cm [6,7,42,43]. Despite the effectiveness in conductivity enhancement, it
can be also challenging to apply the post-deposition treatment because the procedure may
damage the underlying layers and structures.

In this work, we investigated the changes in the electrical conductivity of PEDOT:PSS
films as a function of the concentrations of various linear glycols as an additive and
extracted the threshold concentrations from their sigmoidal dependencies. We chose
ethylene glycol (EG), diethylene glycol (DEG), triethylene glycol (TEG), hexaethylene glycol
(HEG), and ethylene glycol monomethyl ether (EGME, also known as 2-methoxyethanol)
as the additive, because these share common glycol structures. Although some of these
chemicals have been studied before, we have focused on their concentration dependencies
of systematically varied molecular structures to quantify the transition points. The electrical
conductivity of the PEDOT:PSS with additives followed the sigmoidal dependence with an
inflection point at the glycol concentration of ~0.6 wt.%. We then studied the optical and
photoelectron spectroscopic features of the PEDOT:PSS films processed with additives and
correlated the electrical properties. We also calculated two different figures of merit, which
have been often used to describe the performance of the transparent electrodes, using both
sheet resistance and optical transmittance of the PEDOT:PSS films. We found that both
DEG and TEG could be effective in fabrication of transparent conducting electrodes based
on PEDOT:PSS films with a thickness of ~50-60 nm.

2. Materials and Methods

An aqueous dispersion of PEDOT:PSS has the concentration of 10.2 mg/mL and
the nominal weight ratio of PEDOT to PSS of 1:2.5. The PEDOT:PSS dispersion was
mixed with various additives at controlled molar concentrations and stirred for 24 h at
room temperature. PEDOT:PSS films were prepared on a clean glass or silicon substrate
by spin-coating at 3 krpm for 60 s and annealed on a hot-plate at 140 °C for 10 min in
air. The absorption spectra of the films were measured using a Jasco V-670 UV-Vis-NIR
spectrophotometer. The sheet resistances (Rg,) of the films were measured using 4-point
probes in a colinear arrangement with a spacing of 1 mm and an Agilent 34450A digital
multimeter. The resistance (R) in a unit of (2, obtained by dividing the voltage difference in
the inner probes by the current flowing between the outer probes, was converted to the
sheet resistance (Rgp,) in a unit of Q) per square ((}/sq.) by multiplying a correction factor
(7t/In2) for very thin films [44]. The film thickness (d) was measured by using an Alpha-step
500 surface profilometer. The electrical conductivity (c4.) was calculated with the sheet
resistance and thickness of PEDOT:PSS films (04, = 1/Rghd). At least four different points
were tested to get the average values. X-ray photoelectron spectra (XPS) were obtained
under ultra-high vacuum (7 x 10~ mbar) by using Sigma Probe (Thermo VG Scientific,
East Grinstead, UK) with a monochromatic Al-Ka X-ray at 15 kV and 100 W. Survey scan
of XPS was performed at 50 eV for pass energy and 1.0 eV for step size. A high-resolution
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scan was performed at 20 eV for pass energy and 0.1 eV for step size. The XPS peaks were
fitted with the Avantage program and calibrated with Cls (284.5 eV) as reference. Scanning
electron microscopic imaging was conducted using S-3400N (Hitachi, Tokyo, Japan).

3. Results and Discussion

Toward the investigation of increased electrical conductivity of PEDOT:PSS film by
using additives, various additives with different chemical structures have been chosen
and applied. The electrical conductivity of a solidified PEDOT:PSS film is known to be
increased when the stock PEDOT:PSS in a stage of aqueous dispersion is mixed with
various additives such as EG, DEG, DMSO, and sorbitol [4,25-28,30,32-34,39]. Especially,
EG is a commonly used agent for the conductivity enhancement of PEDOT:PSS since
it is a liquid form at ambient conditions and is a mass-produced commercial chemical.
To understand the compositional dependence of the electrical conductivity and other
properties of PEDOT:PSS films on the structures of additives, we have applied EG and
other linear glycol-type additives as the conductivity enhancing agents for PEDOT:PSS
complexes (Table 1). These additives share common repeating units of ethylene oxide and
chain ends of either hydroxyl or methoxy groups. These additives can be well mixed with
water due to their hydrophilic moieties, and thus a homogeneous dispersion of PEDOT:PSS
and spin-cast high-quality films can be obtained (Figure S1).

Table 1. Chemical structures, boiling points, and density of the additives.

Additive Structure Bmh(llgC)P oint ]()gj:;lst;’

ethylene glycol (EG) HO/\/OH 196 1.113

diethylene glycol (DEG) HO/\/O\/\OH 245 1.118

triethylene glycol (TEG) HO’{\/O]\H 285 1.124

3 (4 mmHg)
hexaethylene glycol (HEG) HO,{\/ O]\H 217 1.127
y &Y 6 (4 mmHg) ’

ethylene glycol monomethyl 0]

ether (EGME) HOTYN"N 124 0.965

We characterized the electrical properties of the PEDOT:PSS films, which were solution-
deposited after mixing with the additives at different concentrations (Figure 1). The sheet
resistances (Rg) of PEDOT:PSS films were measured using a colinear 4-point-probe method.
In this simple and straightforward method, the contact resistances at the film/probe
interfaces can be excluded by recording the voltage difference between two inner probes
under a current applied between two outer probes. The typical sheet resistance of the
pristine PEDOT:PSS film was ~70-120 k()/sq. Figure 1a shows that the sheet resistances
of the PEDOT:PSS films depend on the processing conditions. The sheet resistance of
the films was clearly reduced when linear glycols were added, which also agrees to the
previous studies (See Table S1) [4,22,28,32-34,39-41]. Even at a low concentration of 0.1 M
of TEG, the sheet resistances dropped to 565 (1/sq and eventually stabilized at higher
concentrations. EG and DEG showed the sheet resistance transition points at slightly
higher concentrations of 0.3 and 0.5 M, respectively, and the Ry}, values were stabilized
at 550-600 ()/sq at higher concentrations of additives. A much longer glycol, HEG, was
also effective in reducing the sheet resistance, although the stabilized sheet resistance was
2 kQ)/sq. On the other hand, EGME, which has one hydroxyl group and one methoxy
group at the ends, is relatively ineffective in the resistance reduction. The sheet resistance
of EGME-added PEDOT:PSS was 20 k(}/sq.
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Figure 1. (a) Sheet resistance of poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) films processed
with linear glycol-based additives at various concentrations. (b) Film thickness of PEDOT:PSS films processed with the
additives. (c) Electrical conductivity of PEDOT:PSS films as a function of the weight fraction of additives in the stock
PEDOT:PSS dispersion. Solid lines in (c) are fitting curves of data with a sigmoidal logistic function as shown in Equation (1).

The sheet resistance of a conductive film was also studied with the different film
thickness. Figure 1b compares the thickness of the PEDOT:PSS films processed using differ-
ent concentrations of the additives. All additives decreased the film thickness, compared
to the average thickness of 77.7 nm of the pristine PEDOT:PSS. The thickness values are
estimated around 55-60 nm at the concentration of 1.0 M. The decrease in the film thickness
is similar to the previous report on the thickness of PEDOT:PSS processed with EG as an ad-
ditive [32]. The decrease in thickness when processed with additives might originate from
the liquid-phase additives acting as a diluting agent during the spin-coating procedure.

From the sheet resistance and thickness of the PEDOT:PSS films, we can obtain the
electrical conductivity as shown in Figure 1c. The electrical conductivity represents an
intrinsic property of the materials, although the sheet resistance is an important parameter
of conductive films for applications in transparent electrodes. The electrical conductivity
of the PEDOT:PSS films followed a sigmoidal curve as a function of the weight fraction
of additives with an inflection point. The sigmoidal dependencies have been previously
reported with DEG, EG, DMSO, and sorbitol, and the threshold points have been assigned
to be ~0.3-0.6 wt.% [28,34]. The sigmoidal curve is observed when a cumulative effect of a
certain probability distribution is important. In the case of the conductivity enhancement
in PEDOT:PSS with additives, the sigmoidal behavior can be explained phenomenolog-
ically by the probability of molecular interaction between PEDOT:PSS and the additive.
Then the concentrations of both polymer and additive are the determining factors for the
conductivity enhancement. To quantitatively analyze the data, we have fit the data with
a sigmoidal logistic function, which is a cumulative distribution function of the logistic
distribution, as in Equation (1):

Tge = 00+ Osat — 00
‘ 1+ exp{—k(wagq — w;)}’

)

where ¢, is the electrical conductivity of the sample in a unit of S/cm, oy is the base
conductivity of untreated PEDOT:PSS, o is the saturation conductivity, w,;; is the weight
fraction of additives in a unit of wt.% in the PEDOT:PSS dispersion, w; is a location
parameter indicating the inflection point, and k is an inverse of a scale parameter describing
the steepness of the curve. Table 2 presents the fitting results of the data with the logistic
function (Equation (1)), with the coefficients of determination (R?) ranging from 0.911 for
EGME to 0.997 for DEG and TEG. We note that other types of sigmoidal curves (e.g., the
cumulative distribution function of the normal distribution, which can be expressed with
an error function) can also describe the sigmoidal behavior. In this case, the parameters are
similar to the values in Table 2 with the differences less than 7%.
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Table 2. Fitting parameters of a sigmoidal logistic function (Equation (1)).

(41} wi

e Osat
Additive (S/cm) (S/cm) (Wt%) k
EG 271.8 32 0.64 67.7
DEG 3254 49 1.06 7.2
TEG 3262 47 0.60 20.1
HEG 95.9 3.0 0.58 67.3
EGME 11.0 29 0.66 20.7

The saturation conductivities are 271.8, 325.4, and 326.2 S/cm for EG, DEG, and TEG,
respectively. These polar solvents can strongly interact with PSS from the PEDOT:PSS
complexes, resulting in an effective phase separation in the films and/or elimination of
the insulating components from the films [26,28,29,39,45]. The saturation values are much
lower for HEG (95.9 S/cm) and EGME (11.0 S/cm). We believe that the low conductivity
of HEG-added PEDOT:PSS films is due to the residual additives remaining in the films.
It has been previously reported that the residual solvents can limit an efficient charge
transport in the polymer complexes [39]. The case of EGME is interesting, considering
that the structural difference between EG and EGME is one end group (hydroxyl group
vs. methoxy group). Although EGME is also polar and can enhance the conductivity,
the affinity with PSS is not strong enough to result in a large degree of changes. The
sheet resistance of EGME-processed PEDOT:PSS films was reduced by a factor of only
~2.4 although the post-treatment was very effective in the resistance reduction by a factor
of ~200 in the previous reports [5,30]. The PEDOT:PSS films have similar transition points
(w;) of 0.6-1.0 wt.% of the linear glycol series as additives, which show close agreement
to the values in the previous reports [28,34]. The coefficient k, representing how steep
the curve is near the point of inflection, is the smallest for DEG. On the other hand, EG
and HEG showed sharp increase in the conductivity as the additive concentration passed
through the transition point. In these cases, an additive concentration of 0.8 wt.% is enough
to show a saturation in the conductivity.

Such a sigmoidal dependence of the electrical conductivity on the amount of glycol
additives suggests that a fraction of the components in PEDOT:PSS are influenced by the
additives. The probability density function of a logistic distribution shows a symmetric
curve peaked at the location parameter (i.e., w; in Equation (1)). In this case, w; may reflect
the quantity of additives with the highest probability of interaction between the additive
molecule and PEDOT:PSS. With a small amount of additive (w,;7 < w;), only a small fraction
of the components in PEDOT:PSS, either in an unbound form or in a complexed form, are
affected and participate in molecular redistribution and reorganization. The conductivity
sharply increased as the weight fraction of additives increased to near the inflection point
(waqq ~ wi) because many additive molecules can interact with PEDOT and PSS. When the
fraction of additives increased further to the saturation points (w,z; > w;), there are only
little molecules left to interact with. The points of inflection and saturation depend on
the polymer compositions, the molecular weights, the polymerization conditions, and the
degree of complexation, as well as the structure of additives.

We investigated the optical properties of PEDOT:PSS films using UV-Vis-NIR spec-
trophotometer, since transmittance is a critical factor for applications in transparent elec-
trodes and the spectra can also provide information on the doping states of the PEDOT
composites (Figure 2) [3,8,22,46,47]. Transmittance (T) spectra of the PEDOT:PSS films
made from dispersions with the additives (1 M), regardless of the structural variations,
showed a fairly high optical transparency of T > 90% in the visible region with a peak value
at around 450 nm. These films can be used for transparent coating layers that pass through
the visible light. The transmittance T at 550 nm, which is often used as a benchmark condi-
tion for visually transparent coatings, was >97% obtained by addition of DEG. TEGME
and EGDME follow close second and third ones, respectively.
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Figure 2. (a) Transmittance spectra, (b) representative transmittance values at 550 nm, and (c) absorption coefficients of the

PEDOT:PSS films processed with various solvent additives at the concentrations of 1 M.

Typical PEDOT:PSS films show a large absorption in the near-infrared (NIR) region
and relatively high transmission in the visible region. Indeed, the absorption coefficient
(«) in the NIR region reaches ~10* em ™1, while those in the visible region were an order of
magnitude lower (Figure 2c). When the additives were mixed in the PEDOT:PSS dispersion,
the absorbance of films slightly decreased compared to the pristine PEDOT:PSS. However,
there was no noticeable change in the shape of the absorption spectra. Although the
absorption coefficients vary depending on the additives, the ratios between the absorbance
at NIR to that at visible regions remain similar, suggesting that the doping states are
rather invariant.

From the sulfur 2p signals of X-ray photoelectron spectroscopy (XPS), we extracted
the molar ratios of sulfonate to EDOT and sodium sulfonate to sulfonic acid (Figure 3).
The XPS signals for S 2p at 163170 eV in the PEDOT:PSS films should be deconvoluted,
because: (a) there are multiple peaks for the aromatic S in PEDOT with a binding energy
peak at 163-166 eV and the sulfonate form of PSS at 167-170 eV, (b) each of S 2p spectra
shows spin-split signals (i.e., S 2p1,, and S 2p3,,) with the corresponding ratio of 1:2,
(c) the sulfur in PEDOT can be either in a neutral form (S) or in a cationic form (5%), and
(d) the sulfonic acid (i.e., PSSH) and sodium sulfonate (i.e., PSSNa) also have a difference of
~0.4 eV in the binding energy [26,45,48,49]. Changes in the ratios, examined by XPS, have
been correlated with the conductivity increase [32,45,50]. In our samples, we found that
the sulfonate-to-EDOT ratio was 2.4 for pristine PEDOT:PSS films, similar to the nominal
ratio of the stock dispersion. The ratios slightly decreased to 2.29, 2.18, 2.27, 2.31, and
2.16 for EG, DEG, TEG, HEG, and EGME, respectively, as shown in Figure 3g. Because
the ratios are rather close to each other, it is not clear at this moment if a change in the
ratio at the surface of PEDOT:PSS films by additives is a necessary condition or not for the
conductivity increase. The PSSNa/PSSH ratios dropped from 4.3 for the pristine sample to
1.6 for EG, 1.7 for DEG, 1.2 for TEG, 1.4 for HEG, and 1.9 for EGME, as shown in Figure 3h.
Sodium ions can be eliminated by attractive interaction with the oxygen-rich additives.
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Figure 3. XPS S(2p) spectra of PEDOT:PSS films processed with various additives at 1 M: (a) Without additive and with
(b) EG, (c) DEG, (d) TEG, (e) HEG, and (f) EGME. (g) Ratios of sulfonate to EDOT monomer using the areal ratios of
deconvoluted peaks of the XPS signals. (h) Ratios of PSSNa/PSSH.

We investigated, parameter wise, how effective these additives are for applications
in transparent conducting films by comparing two representative figures of merit. Sheet
resistance (Ry;) and transmittance (T) of transparent conducting films are two important
parameters and often combined to evaluate the figures of merit of transparent electrodes.
One method has been proposed to use Equation (2):

TlO
¢Hﬂacke = Rih = Udcd eXP(—lof’Cd)r (2)
S

to evaluate a figure of merit in a unit of Q~! and to quantitatively compare the performance
of transparent electrodes [51]. Alternatively, the two parameters, T and Ry, are often
correlated, at least for a thin metallic film placed in a free space, with Equation (3):

-1
()

2Rsh Tdc

where 0op is the optical conductivity and Zj is the impedance of free space
(Zo=4m/c=419 x 1071 s/cm in cgs unit, which corresponds to 337 () in SI unit) [46,52].
In this case, a unitless ratio of 0,./0yp is often used as an alternative figure of merit of
transparent conductive films. It has been suggested that the ratio of >10 is required for
touch panels [53]. We applied these approaches to compare the effectiveness of the addi-
tives (Figure 4). We selected the wavelength of 550 nm for comparison and found that DEG
and TEG are equally effective as an additive to result in the PEDOT:PSS-based transpar-
ent electrodes. The Haacke figures of merit (®g,,c.) of the PEDOT:PSS films, calculated
from Equation (2), are 1.6 x 1073 O~ ! for DEG and 2.0 x 1073 Q! for TEG. EG has
1.2 x 1073 O~!, marking the third place among the additives of interest. For the ratios
of o4/ Top shown in Equation (3), we get the 15.3, 32.3, and 27.3 for EG, DEG, and TEG,
respectively. As expected from the electrical conductivity of the polymer films, HEG and
EGME are rather ineffective as an additive for PEDOT:PSS. We note that the DEG- and
TEG-added PEDOT:PSS films are more stable than the pristine PEDOT:PSS, as the films do
not show significant changes in the electrical and optical properties after aging in air for
several days (Figure S2).



Materials 2021, 14, 1975

8 of 10

References

(a) 107 (b)
100}
— 10°F ] —
g 10F
o
Z o
$ o
§ 10%F o 1}
I
N ’_‘ ’_‘
10-5 i i 01 L L L

?‘\6('\(\6 <© 0@0 ‘?’0 ?\6066\‘\?»

?{\5(\06 €© K° <© ‘8\?’066‘&%
Figure 4. Figures of merit of the PEDOT:PSS films processed with additives. (a) The parameter
proposed by Haacke. (b) The ratios of electrical conductivity to optical conductivity, at the wavelength
of 550 nm.

4. Conclusions

In this study, we investigated the effects of linear glycols and a derivative (EG, DEG,
TEG, and HEG, and EGME) as a processing additive on the electrical and optical properties
of PEDOT:PSS films. We found that repeated ethylene oxides with hydroxyl groups were
effective in enhancing the electrical conductivity from 3-5S/cm in a pristine PEDOT:PSS
to 270-330 S/cm with additives. We varied the concentration of the additives in the
stock dispersion of PEDOT:PSS and observed sigmoidal dependence of the electrical
conductivity. Through a curve fitting of the experimental conductivity—concentration data
with a sigmoidal logistic function, sharp transitions were observed at the concentration
of ~0.6 wt%. The PEDOT:PSS films with a thickness of 50-60 nm showed the reasonable
transmittance of 94-97%. We also evaluated two different figures of merit for transparent
electrodes and found that DEG and TEG among the series were effective in enhancing the
performance of the PEDOT:PSS-based transparent conducting films.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ma14081975/s1. Figure S1: SEM images of the PEDOT:PSS films. Figure S2: Relative changes
in the properties after aging in air. Table S1: Comparison of the film properties with previous reports.
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