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Solvent-induced changes in PEDOT:PSS films for organic
electrochemical transistors

Shiming Zhang, Prajwal Kumar, Amel Sarah Nouas, Laurie Fontaine,

Hao Tang, and Fabio Cicoira?
Department of Chemical Engineering, Polytechnique Montreal, Montreal,
Québec H3C 3J7, Canada

(Received 1 September 2014; accepted 14 December 2014; published online 30 December 2014)

Organic electrochemical transistors based on the conducting polymer poly(3,4-
ethylenedioxythiophene) doped with poly(styrenesulfonate) (PEDOT:PSS) are of
interest for several bioelectronic applications. In this letter, we investigate the
changes induced by immersion of PEDOT:PSS films, processed by spin coating
from different mixtures, in water and other solvents of different polarities. We
found that the film thickness decreases upon immersion in polar solvents, while
the electrical conductivity remains unchanged. The decrease in film thickness is
minimized via the addition of a cross-linking agent to the mixture used for the spin
coating of the films. © 2014 Author(s). All article content, except where otherwise
noted, is licensed under a Creative Commons Attribution 3.0 Unported License.
[http://dx.doi.org/10.1063/1.4905154]

Organic electronic devices have attracted particular attention in recent decades because they are
easy to process over large areas, exhibit electronic properties that can be tuned via chemical synthesis,
and are compatible with flexible and low-weight substrates.'> Besides established applications such
as organic light-emitting diodes, organic solar cells, and organic field-effect transistors,>* the past few
years have seen the rise of organic bioelectronics, which exploits the coupling of devices based on
conducting polymers with biological systems.> Among organic bioelectronic devices, organic elec-
trochemical transistors (OECTs) are investigated because they can be operated at low voltages (below
1 V) and are able to act as ion to electron converters.>”'! OECTs consist of source and drain electrodes
and a channel containing a conducting polymer in ionic contact with a gate electrode via an electro-
Iyte solution. The gate voltage modulates the current flowing in the channel between the source and
drain electrodes.'>!3 OECTs have been used as sensors for chemical and biological species, such as
hydrogen peroxide,14 glucose,15 neurotransmitters,'© chloride ions,'! DNA,!7 as well as to establish
controlled cell gradients on conducting polymer surfaces,'® monitor tissue integrity,'” and record in
vivo brain activity.?’ They have been integrated with microfluidic channels for lab-on-a-chip appli-
cations,’! and are also the fundamental unit of other newly emerging devices, such as ion transistors
and organic electronic ion pumps.®??

The majority of OECTs are currently based on the conducting polymer poly(3,4-ethylenedi-
oxythiophene) doped with polystyrene sulfonate (PEDOT:PSS). PEDOT:PSS is a heavily doped
p-type semiconductor, where holes on the PEDOT™ chains are compensated by sulfonate anions on
the PSS~ chains (dopant).?* The application of a positive gate bias causes cation inclusion into the
PEDOT:PSS channel.'> These cations compensate the sulfonate anions in the film and de-dope
PEDOT", thereby decreasing the source-drain current. PEDOT:PSS films are typically obtained by
spin coating from commercially available aqueous suspensions, which need to be mixed with other
chemical compounds to increase film electrical conductivity, which in films processed from pristine
PEDOT:PSS suspensions is typically as low as 1 S/cm.®!>2* Mixing with other chemical compounds
is also necessary to facilitate film processing and to improve film mechanical stability. The com-
pounds employed to increase film conductivity are often named secondary dopants. However, as
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there is no evidence that they change the doping level of PEDOT,? it is more appropriate to name
them conductivity enhancement agents.*® The conductivity increase upon addition of conductivity
enhancement agents is likely due to the fact that they alter the film morphology during drying, lead-
ing to lower energy barrier for charge carrier transport between individual PEDOT:PSS clusters.?
Despite the widespread use of PEDOT:PSS in organic electronics, little attention has been so far dedi-
cated to the behaviour of PEDOT:PSS films in water, which is a universal solvent for bioelectronic
applications. In this letter, we investigate the variation of the thickness, chemical composition, and
electrical properties of PEDOT:PSS films after immersion in water and in other solvents with different
polarities. These studies are of paramount importance for the development of devices working at
the interface with biological systems and living tissues, where the release of substances needs to be
strictly controlled.

PEDOT:PSS films were deposited on glass substrates by spin coating from mixtures containing
all or part of the following components: a PEDOT:PSS aqueous suspension (Clevios™ PH1000,
Haraeus Electronic Materials), the surfactant dodecyl benzene sulfonic acid (DBSA), which facili-
tates film processing, one conductivity enhancing agent among glycerol, sorbitol, ethylene glycol
(EG), and dimethyl sulfoxide (DMSO), to increase film electrical conductivity, and the cross-
linking agent 3-glycidoxypropyltrimethoxysilane (GOPS), to improve film mechanical stability and
adhesion to the substrate.”’® The Clevios PH1000 PEDOT:PSS aqueous suspension has a PE-
DOT:PSS content of 1.1 w/w %, with a PEDOT to PSS ratio of 1:2.5 (i.e., ~0.3 w/w % PEDOT
and ~0.8 w/w % PSS).% Therefore, the amounts of conductivity enhancement agents added to the
suspension can, as it is the case for the range of ~2 w/w % and 40 w/w % investigated in this work,
significantly exceed the initial amount of PEDOT:PSS. After spin coating, the films were baked at
140 °C for 1 h. The film thickness was measured with a Dektak 150 profilometer. The film electrical
conductivity was obtained by four point probe measurements according to the model developed by
Smits.?*! Additional experimental details are available in the supplementary material.>

To gain insight into the effect of the various additives, we first investigated films obtained from
a mixture of Clevios PH1000 and DBSA. Although DBSA is widely used as an additive (surfactant)
to facilitate film processing from PEDOT:PSS suspensions,'>2%23 its effect on film conductivity has
not been investigated yet. By measuring the electrical conductivity of PEDOT:PSS films processed
from mixture with different DBSA contents, we found that DBSA significantly affects film conduc-
tivity (inset of Fig. 1). The highest conductivity (~500 S/cm) is observed for a mixture containing
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FIG. 1. Electrical conductivity of PEDOT:PSS films processed from mixtures containing Clevios PH1000, 0.5 v/v %
DBSA, and different v/v % concentrations of conductivity enhancing agents (DMSO, EG, glycerol). The inset shows the
electrical conductivity variation versus increasing DBSA concentrations in absence of conductivity enhancing agents. The
films thickness is about 150 nm. The error bars correspond to the standard deviations of three samples.
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2 v/v % DBSA. However, we found that concentrations of DBSA higher than ca. 0.5 v/v % induce
a phase separation in the mixture, which makes processing by spin coating more difficult and results
in a poor film quality. Therefore, for the following studies, we kept the DBSA concentration at
0.5 v/v % and used conductivity enhancing agents, such as glycerol, sorbitol, EG, and DMSO, to
achieve high film conductivity. Although conductivity enhancing agents have been used for decades
for the processing of PEDOT:PSS films, their role is still under debate. Kim et al. proposed that
these compounds could induce screening effects, thus reducing the coulombic interactions between
PEDOT™* and PSS~ and therefore enhancing the charge carrier hopping rate and conductivity in the
PEDOT:PSS films.?! Inganas et al. considered conductivity enhancing agents to act as plasticizers,
which would aid the reorientation of the PEDOT:PSS chains during the baking process to form
more connection pathways between PEDOT* chains.?> Ouyang et al. attributed the conductivity
enhancement to an effect on the conformation of the PEDOT* chains.* Leo et al.* and Jonsson
et al.® assumed that removal of insulating PSS~ is the prime reason for the conductivity improve-
ment after the introduction of conductivity enhancing agents. It has been reported recently that the
conductivity of PEDOT:PSS films can be increased up to about 4000 S/cm, a value comparable to
that of indium tin oxide, via a post-treatment with sulphuric acid.>® However, sulphuric acid is a
strong and corrosive acid, which limits its application in bioelectronics.

Fig. 1 shows the effect of the conductivity enhancing agents EG, DMSO, and glycerol (data
for sorbitol are shown in Fig. S1 in the supplementary material*’) on the conductivity of films
processed from mixtures of Clevios PH1000 and DBSA (0.5 v/v %). The highest conductivity, of
600-700 S/cm, is observed for glycerol (5 v/v %), DMSO (5 v/v %), and sorbitol (2.5 wt. %).
Considering the lower toxicity of glycerol with respect to DMSO and EG and its ease of process as
compared to sorbitol, we employed it as the conductivity enhancing agent in our experiments.

The mixture used to process our films contains 94.5 v/v % of Clevios PH1000, 5 v/v % of glyc-
erol, and 0.5 v/v % of DBSA. Most of the glycerol is expected to be removed after baking, based on
water-glycerol temperature-composition phase diagrams obtained at atmospheric pressure.’’ This
hypothesis is supported by XPS analysis (shown in Fig. S2), which shows that our films processed
from pristine Clevios PH1000 and from Clevios PH1000/glycerol mixtures show similar carbon to
sulphur (C/S) and oxygen to sulphur (O/S) ratios. As the addition of glycerol to Clevios PH1000
leads to a significant increase of the amount of C and O in the liquid mixture, a significant presence
of glycerol in the film would result in an increase of C/S and O/S ratios, with respect to films
processed from pristine Clevios PH1000 (from ~2.7 to ~16 for the C/S ratio and from ~7.5 to ~21
for the O/S ratio). The significant removal of glycerol after baking is further validated by weighing
experiments carried out with an analytical balance (see Fig. S3 in supplementary material).*°

As all organic bioelectronic devices work in aqueous environment, we first investigated the
changes of PEDOT:PSS film properties after immersion into deionized water. We found that water
immersion induces a considerable decrease in film thickness and, as a consequence, an increase
in sheet resistance (see Table S1 in supplementary material®”). Inspired by this observation, we
measured the change in thickness and conductivity of PEDOT:PSS films after immersion for
10 minutes in solvents with different polarity parameters, namely, iso-propanol (polarity parameter
3.9), acetone (5.1), and Milli-Q deionized water (10.2).3 The polarity parameter, as defined by Sny-
der,* is a measure of the ability of a solvent to interact with various polar test solutes. Interestingly,
we observed (Fig. 2) that solvents with higher polarity parameter induce a larger thickness decrease.
The decrease ratio is nearly independent of the initial film thickness. The decrease in thickness
does not significantly affect the film electrical conductivity (see Table S1 in the supplementary
material®®).

To gain insight into the mechanism of the thickness decrease of PEDOT:PSS films after immer-
sion in water, we analyzed the film chemical composition before and after immersion in water
by XPS, focusing in particular on the relative intensities of the characteristic PEDOT* and PSS~
peaks. Fig. 3(a) shows a portion of the XPS spectra (between 164 and 172 eV binding energy) of
PEDOT:PSS films before and after immersion in water. The S(2p) peak at the binding energy of ca.
169 eV corresponds to the sulphur signal of PSS~, and the doublet peaks at ca.165 eV correspond
to the sulphur signal of PEDOT*.* Interestingly, after immersion in water, the ratio between the
intensities of the PSS~ and PEDOT™* peaks decreases from ca. 2:1 to ca. 1.6:1, which suggests
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FIG. 2. Thickness and conductivity of PEDOT:PSS films (after immersion for 10 minutes) versus polarity parameters of
the solvents: isopropanol (polarity parameter 3.9), acetone (5.1), and Milli-Q deionized water (10.2). The value at polarity
parameter =0 corresponds to the film thickness before immersion in the solvents. The thickness values on the left y axes are
normalized with respect to the initial films thicknesses (about 150 nm). The PEDOT:PSS film is deposited from a mixture
containing 94.5 v/v % of Clevios PH1000, 5 v/v % glycerol, and 0.5 v/v % DBSA. The polarity parameters are obtained from
the literature.33 The error bars correspond to the standard deviations of three samples.

that excess PSS~ is removed from the film, thus explaining the decrease in film thickness.*’ The
excess PSS~ is expected to be mostly accumulated on the surface of the films, thus its removal has
negligible influence on the film conductivity.*!

It has been reported that the stability of PEDOT:PSS films in aqueous solutions can be
improved by the addition of the cross-linker GOPS, which is expected to prevent partial dissolution
or delamination of the PEDOT:PSS films when immersed into an electrolyte solution.'>*? The
detailed mechanism of the cross-linking reaction is still unclear, since several chemical reactions
can take place between GOPS and the components of the mixture as well as the glass (SiO;) sub-
strate. According to the literature, GOPS should react with glycerol via an epoxy-hydroxy (etheri-
fication) reaction, to form a network structure.**** Alternative or parallel reaction paths can be the
condensation of the methoxy groups with the —OH groups of glycerol**¢ and at the glass substrate
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FIG. 3. XPS S(2p) spectra of films processed from mixtures containing 94.5 v/v% of CleviosTM PH1000, 5 v/v% glycerol
and 0.5 v/v% DBSA after water immersion for 10 min: (a) without GOPS; (b) with 1 v/v % GOPS.
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FIG. 4. Thickness (left y scale) and conductivity (right y scale) change of films processed from mixtures containing
94.5 v/v% of CleviosTM PH1000, 5 v/v% glycerol and 0.5 v/v% DBSA with increasing GOPS concentration. The error
bar stands for standard deviation of three samples.

surface.*’ It is worth mentioning that we observed a thickness increase and an identical thickness
before and after water immersion also for films processed from PEDOT:PSS/GOPS mixtures in
the absence of glycerol. This might indicate that the GOPS is also able to react with itself or with
PEDOT:PSS, as recently found for the system PEDOT/graphene oxide.*®

To further clarify the role of GOPS in PEDOT:PSS film, we carried out thickness and resistivity
measurements on PEDOT:PSS films with different GOPS contents. Increasing the content of GOPS
in the PEDOT:PSS/DBSA/glycerol mixture causes the increase of film thickness and the decrease
of film conductivity (Fig. 4). The film thickness increases linearly with the GOPS concentration and
reaches 500 nm (i.e., ~5 times the thickness of pristine PEDOT:PSS films) when 5 v/v % GOPS is
present in the mixture. This is likely due to the fact that, after the cross linking reaction takes place, a
large amount of non-evaporating species (with respect to the PEDOT:PSS initial content of ~1 w/w %
in the Clevios PH1000 suspension) is present in the film. To estimate the PEDOT:PSS to cross-linking
network ratio, we used the elemental ratios obtained from XPS (see Fig. S2 in the supplementary
material®®). The C/O/Si elemental ratio in the GOPS molecule (CoH,0sSi) is 9/5/1. Assuming that
this ratio is maintained in the film and using the Si content as a reference, we determined the amount
of GOPS-related species (cross-linking network) present in the film with respect to PEDOT:PSS. For
films processed from a mixture containing 1 v/v % GOPS, the amount of GOPS-related species (C,
O, and Si) is ca. 52.5%, which increases to 82.5% for films processed from a mixture containing 2.5
v/v % GOPS. Such a large content of non-evaporating and non-conducting species in the films may
indicate that GOPS is able to cross-link with glycerol or other species in the films and explain the
increase of thickness and the decrease of electrical conductivity.

Films containing GOPS show no thickness decrease after immersion in water and the corre-
sponding XPS spectra did not show changes neither in PEDOT:PSS ratio (Fig. 3(b)) nor in C/Si ra-
tio (Fig. S2 in the supplementary material®®). This result proves the effectiveness of the cross-linked
network in preventing film dissolution and delamination in aqueous solutions.

As the electrical properties of PEDOT:PSS films are essential for application in OECTs, we
tested the electrical stability of the PEDOT:PSS films with and without GOPS in water using a two
terminal device. Before the measurements, all films were rinsed in water for 10 min to stabilize the
thickness. Although the films containing GOPS show superior mechanical stability, a considerable
current decrease is observed during the first 3 h of operation (see Fig. S5 in supplementary mate-
rial’®). This phenomenon is likely related to the water absorption by the PSS~ units in the film.
The addition of GOPS yields thicker films at a given spin-coating speed. The thicker films likely
contain a larger amount of PSS~ units, which are not removed by water due to the presence of the
GOPS cross-linker. As a consequence, the excess of hydrophilic PSS~ would absorb larger amounts
of water and cause irreversible morphological changes in the film,* thus resulting in a decrease in
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FIG. 5. Transient electrical measurement (10 cycles) with a duration of about 15 000 s (250 min) for OECTs fabricated from
PEDOT:PSS/5 v/v % glycerol/0.5 v/v % DBSA films: (a) without GOPS; (b) with 1 v/v % GOPS. The spin-coating speeds
for both films are 500 rpm for 10 s followed by 1500 rpm for 45 s. The thickness of the film with and without 1 v/v % GOPS
is about 350 nm and 150 nm, respectively.

conductivity. Water absorption of PSS~ likely reaches a saturation state (i.e., PSS~ is fully hydrated)
within 3 h and, afterwards, the current becomes stable.

Finally, we studied the effect of GOPS on the electrochemical stability of OECTs by compar-
ison with a device employing no GOPS (Fig. 5). A high surface area (1000-2000 m?g~") activated
carbon was used as the gate electrode.’® The source-drain voltage (Vgs) was fixed at —0.2 V, and gate
bias (V) was pulsed from 0 to 0.6 V with a step of 0.2 V. Each OECT was run for 10 cycles for a
total time of about 250 min. As shown in Fig. 5, for films processed at the same spin-coating speeds,
PEDOT:PSS channel containing GOPS shows a higher current (I45), which should result from the
higher film thickness. OECTs with and without GOPS crosslinker show comparable electrochem-
ical stability after 10-cycles operation. However, devices containing GOPS show a considerable
negative base current shift (Fig. 5(b)), which is likely caused by the water absorption of PSS~ in the
films, and by the presence of the non-conductive species in the cross-linked network.

In summary, we have investigated the variations of the properties of PEDOT:PSS films in
liquids with different polarities. Increasing the solvent polarity leads to a decrease in thickness and
an increase in sheet resistance, while the film electrical conductivity remains substantially unaf-
fected. XPS analysis reveals that the thickness decrease is caused by the removal of PSS~ from the
film. The thickness decrease after solvent immersion can be minimized when a GOPS crosslinker
is added to the processing mixture. OECT based on PEDOT:PSS film processed with or without
GOPS crosslinker shows comparable current/voltage characteristics.
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