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We investigated the device characteristics of organic electrochemical transistors based on thin

films of poly(3,4-ethylenedioxythiophene) doped with poly(styrene-sulfonate). We employed

various channel thicknesses and two different electrolytes: the micelle forming surfactant

cetyltrimethyl ammonium bromide (CTAB) and NaCl. The highest ON/OFF ratios were achieved

at low film thicknesses using CTAB as the electrolyte. Cyclic voltammetry suggests that a redox

reaction between oxygen dissolved in the electrolytes and PEDOT:PSS leads to low ON/OFF ratios

when NaCl is used as the electrolyte. Electrochemical impedance spectroscopy reveals that doping/

dedoping of the channel becomes slower at high film thickness and in the presence of bulky ions.
VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4927595]

Organic conducting polymers lay the foundation for or-

ganic bioelectronics.1–7 Poly(3,4-ethylenedioxythiophene)

doped with poly(styrene-sulfonate) (PEDOT:PSS) is a well

known highly conducting and optically transparent poly-

mer.8,9 Organic electrochemical transistors (OECTs) based

on PEDOT:PSS are exploited in bioelectronics and sens-

ing.3,10–12 OECTs consist of a conducting polymer channel,

connected to source and drain electrodes that are in ionic con-

tact with a gate electrode via an electrolyte solution. OECTs

based on PEDOT:PSS work in depletion mode: a hole

source-drain current (Ids) flows upon application of a drain-

source voltage (Vds). When a positive gate-source voltage

(Vgs) is applied, electrolyte cations enter the channel and

dedope it, thus leading to a decrease of Ids. An important fig-

ure of merit OECTs is the current modulation, typically

expressed in terms of ON/OFF ratio, which depends on proc-

essing and composition of the conducting polymer channel,13

device geometry,14–17 gate material,18,19 and nature of the

electrolyte.20–22 OECT performance is also affected by the

thickness of the conducting polymer channel. As current

modulation relies on redox processes, which involve

exchange of ions between the electrolyte and the polymer

film, the entire film volume is relevant for charge transport.

This working mechanism differs from that of organic field

effect transistors, where only the very first few monolayers at

the gate dielectric/channel interface are relevant for charge

carrier transport.23 Malliaras et al. have recently demon-

strated that the transconductance (dIds/dVgs) and the capaci-

tance of PEDOT:PSS OECTs depend on channel thickness

and aspect ratio.24,25

Here, we investigate the effect of the PEDOT:PSS chan-

nel thickness on OECT modulation using two different elec-

trolytes: the cationic surfactant hexadecyltrimethylammonium

bromide, also known as cetyltrimethyl ammonium bromide

(CTAB) and NaCl. CTAB, beyond its critical micelle concen-

tration (CMC), is known to lead to high current modulation in

OECTs and it is therefore a model system to study the dop-

ing/dedoping process in OECTs.20 We employed cyclic vol-

tammetry (CV) and electrochemical impedance spectroscopy

(EIS) to gain insight into the impact of channel thickness and

nature of the electrolyte on device performance.

The OECT’s PEDOT:PSS channels were patterned on a

glass substrates using a procedure previously published.14 The

effective channel dimensions (geometric area of about

12 mm2) were defined by the contact region between the film

and the electrolyte, confined into a cloning cylinder.18 Films

were deposited by spin coating a mixture containing a

PEDOT:PSS suspension (CleviosTM PH 1000, Haraeus

GmbH, Germany), the conductivity enhancer ethylene glycol

(19.7 v/v%), and dodecylbenzenesulfonic acid (DBSA) (0.3 v/

v %).26 Different speeds (500, 1000, 2000, and 4000 rpm for

20 s) were employed to achieve film thicknesses of about 500,

180, 110, and 50 nm, as measured by a Dektak 150 optical

profilometer. The electrical conductivity of PEDOT:PSS films

was extracted from the sheet resistance, measured by a four-

point probe system.27 Activated carbon (AC) gate electrodes

(geometric area about 25 mm2) were prepared by drop casting

a suspension of AC (Picachem BP9, 28 mg ml�1) and Nafion

(2.4 mg ml�1) in isopropanol on carbon fiber paper

(Spectracarb 2050, 10 mils).19 Aqueous solutions of 0.01M

NaCl and 0.001M CTAB (i.e., above the CMC) were used as

the electrolytes. The ionic conductivity of the electrolytes was

measured by a Traceable
VR

expanded range conductivity meter.

OECT characterization was carried in ambient conditions with

an Agilent 2902A source/measure unit controlled via Labview

software. Transfer curves were extracted from OECT transient

characteristics (Ids versus time) measured at different Vgs. CV

and EIS were carried out in a three-electrode cell, where a

PEDOT:PSS film acted as the working electrode (WE), a Pt

foil as the counter electrode (CE), and aqueous Ag/AgCl asa)E-mail: fabio.cicoira@polymtl.ca
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the reference electrode (RE). The electrolyte solutions were

purged with N2 or air for 1 h prior to measurements and during

the CV (at reduced flow to prevent the formation of foam in

CTAB). A hollow cylindrical well confined the electrolyte on

the WE (over an area of 0.64 cm2).

To highlight the role of channel resistance in OECTs’

modulation, we first measured the electrical conductivity of

PEDOT:PSS films at four different thicknesses (Figure 1). The

conductivity increases from �300 S cm�1 to �450 S cm�1 as

thickness increases from �50 nm to �110 nm. Further increase

in thickness to �180 nm and �500 nm results in a modest

increase up to �500 S cm�1. This behavior can be tentatively

explained with a transition from percolation to bulk-like charge

transport occurring upon film thickness increase. This would

be an analogy to conduction in two-dimensional materials such

as graphene.28 A percolative behavior is characteristic of

sparse networks with limited connectivity and few continuous

conductive paths. Thus, we hypothesize that in case of 50 nm

thick PEDOT:PSS films, charge carriers are mainly transported

in quasi-two dimensional paths between adjacent PEDOT

grains, while in thicker films they are transported in three

dimensional PEDOT-PEDOT networks.

The transfer characteristics (�0.4 V�Vgs� 0.6 V and

Vds¼�0.2 V) of OECTs with different channel thicknesses

(Figure 2(a) for NaCl electrolyte and Figure 2(b) for CTAB

electrolyte) show the typical Ids vs Vgs behavior of

PEDOT:PSS OECTs and reveal that, at a given Vgs, jIdsj
increases with increasing channel thickness. This trend con-

firms that the transport of electronic charge carriers takes

place in the entire channel volume.

The ON/OFF ratios (Table I) are significantly higher for

devices using the CTAB electrolyte, in agreement with the

previously published results.20 Decreasing the film thickness

from �500 to �50 nm leads to an increase of the ON/OFF

ratio from �50 to �220. The same thickness variation leads

to minor changes in devices using the NaCl electrolyte. ON/

OFF ratios as high as �1700 (at Vds¼�0.5 V and Vgs vary-

ing from �0.8 V to 0.6 V) were achieved with OECTs using

a 110 nm thick PEDOT:PSS channel and 0.001M CTAB

electrolyte (Figure 2(c)). The devices show negligible hyster-

esis under our measurements conditions (Figure 2(d)).

To further investigate the effects of channel thickness

and electrolyte composition on current modulation, we per-

formed CV. Figure 3(a) shows CVs of PEDOT:PSS films in

CTAB and NaCl. The potential of the WE was swept from

0 V vs Ag/AgCl towards negative potentials (�1 V vs. Ag/

AgCl) and then towards positive potentials (þ0.8 V vs. Ag/

AgCl) with a scan rate of 5 mV/s. Under N2 purging, the

position of the redox peaks in the two electrolytes does not

differ significantly: the typical oxidation wave is observed

between �0.4 V and 0.5 V vs. Ag/AgCl and the reduction

FIG. 1. Sheet resistance (red circles, left y axis) and electrical conductivity

(blue stars, right y axis) of PEDOT:PSS films (geometric area of

15� 15 mm2) of different thicknesses (�500, 180, 110, and 50 nm). The

error bars correspond the standard deviation of four samples.

FIG. 2. Transfer characteristics (�0.4V

�Vgs� 0.6 V and Vds¼�0.2 V) of

PEDOT:PSS OECTs with four different

channel thicknesses (�500 nm, 180 nm,

110 nm, and 50 nm) using 0.01M NaCl

(a) and 0.001M CTAB (b) as the elec-

trolyte. OECT based on a 110 nm thick

PEDOT:PSS film using 0.001M CTAB

as the electrolyte, showing a high ON/

OFF ratio of �1700 (Vds¼�0.5V and

Vgs varying from �0.8V to 0.6V). The

blue star represents the ON and OFF cur-

rents at Vgs¼�0.8 and Vgs¼ 0.6 V (c).

Hysteresis behavior of an OECT based

on a 50 nm thick PEDOT:PSS film. The

black curve corresponds to the forward

bias (from Vgs¼�0.4 to Vgs¼ 0.6 with

Vds¼�0.2 V) and the red curve to the

reverse bias (d).
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takes place between �0.4 V and �0.8 V vs Ag/AgCl. The

voltammograms are more distorted in CTAB, which suggests

a slowed down doping/dedoping process with respect to

NaCl, likely related to lower ionic conductivity (�0.1 mS/

cm for 0.001M CTAB with respect to �2.0 mS/cm for

0.01M NaCl), slower migration, and higher steric hindrance.

Indeed, the diameter of the positively charged CTAþ micelle

is �1�4 nm (Refs. 19 and 29) and that of Naþ is �0.2 nm.

The intensity of the CV current increases with increas-

ing film thickness from �50 nm to �500 nm (Figure 3(b)).

The amount of charge needed to dedope/dope the films (Q)

was calculated by integration of the anodic current over time

and the film capacitance was calculated from the slope of Q

(during doping) vs electrode potential (Table II). An increase

of the film capacitance of about a factor of 6 was found upon

a thickness increase from 50 nm to 500 nm. These results, in

agreement with recent findings by Malliaras et al.,25 are con-

sistent with the dedoping/doping mechanism of PEDOT:PSS

films, which involves incorporation/release of electrolyte

cations: the CV current depends on the dedoping/doping

charge, in turn related to the amount (thickness) of

PEDOT:PSS to be dedoped/doped. The values of the volu-

metric capacitance are higher in thinner films, which points

to a more effective dedoping/doping process at lower thick-

nesses. Although higher values are found for CTAB, the

effect of the electrolyte is rather modest.

As OECTs are mostly operated in ambient conditions,

we explored the effect of dissolved oxygen on the redox

behavior of PEDOT:PSS films (�50 nm thickness) by car-

rying out CV under air purging (Figures 3(c) and 3(d), red

dotted curves). Voltammograms obtained under air purging

indicate an increase of the cathodic current between

�0.5 V and �0.8 V vs Ag/AgCl for both electrolytes. This

suggests that PEDOT:PSS, once it is electrochemically

reduced to the dedoped state, it is readily reoxidized

chemically to the doped state by dissolved O2,30 with a

process similar to that exploited for electrocatalytic oxygen

reduction at PEDOT electrodes.31–35 In OECTs, this effect

may hinder the dedoping of PEDOT:PSS that is expected

at positive Vgs, thus leading to lower ON/OFF ratios. The

cathodic current is higher in NaCl than CTAB. This can

tentatively be attributed to a lower O2 solubility, which

would result in a more effective dedoping of PEDOT:PSS.

We are currently investigating the use of oxygen radical

scavenging additives (e.g., tannic acids), in the electrolyte

or in the PEDOT:PSS film, to prevent PEDOT:PSS oxida-

tion by environmental O2.36

The doping/dedoping processes in PEDOT:PSS films in

NaCl and CTAB were further investigated by EIS (Figure 4).

The Nyquist plots obtained in NaCl consist of lines almost

parallel to the imaginary impedance axis. Those obtained in

CTAB are not parallel to the imaginary impedance axis, in

particular at high film thickness, thus suggesting a hindered

TABLE I. ON/OFF ratios extracted from transfer characteristics

(�0.4 V�Vgs� 0.6 V and Vds¼�0.2 V) of PEDOT:PSS OECTs with four

different channel thicknesses (�500, 180, 110, and 50 nm) using 0.01M

NaCl and 0.001M CTAB as the electrolytes.

Thickness (nm)

ON/OFF ratio

NaCl electrolyte CTAB electrolyte

474 6 90 �7.0 �50

180 6 10 �5.5 �180

110 6 10 �7 �130

55 6 5 �7 �220

FIG. 3. Cyclic voltammetry of PEDOT:

PSS films (�250 nm thickness) using

0.01M NaCl and 0.001M CTAB as

the electrolytes, carried out under

N2 purging (a). Cyclic voltammetry

of PEDOT:PSS films (50 nm and

�500 nm thicknesses) using 0.01M

NaCl as the electrolyte, carried out

under N2 purging (b). Cyclic voltam-

metry of PEDOT:PSS films (�50 nm

thickness) carried out under N2 or air

purging using 0.01M NaCl (c) and

0.001M CTAB (d) as the electrolyte.
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ionic charge transport through the film. For both electrolytes,

the uncompensated resistance (which includes ionic contri-

bution from the electrolyte and electronic contribution from

PEDOT:PSS) is lower for thicker films. The real component

of the impedance of 500 nm-thick films at 10 kHz is �1.9 kX
in NaCl and �4.9 kX in CTAB, while that of 50 nm-thick

films is �4.0 kX in NaCl and �9.9 kX in CTAB. As the dis-

tance between working and reference electrodes was kept

constant during all the experiments (i.e., the ionic contribu-

tion to the high-frequency real impedance for a given elec-

trolyte remained unchanged), our results indicate that thicker

films have lower electronic resistance than thin films. As

expected for pseudocapacitve electrodes, the imaginary part

of the impedance shows that the capacitive component of the

impedance (i.e., the capacitance at the lowest frequency

C ¼ Zi

2pf ) increases with film thickness. In case of the NaCl

electrolyte, the capacitance increases from �0.12 mF (�35 F

cm�3) to �0.69 mF (�23 F cm�3) as the thickness varies

from 50 nm to 500 nm. In case of CTAB, for the same thick-

ness variation, the capacitance increases from �0.11 mF

(�32 F cm�3) to �0.42 mF (�14 F cm�3). The volumetric

capacitance is higher for thin films, which supports the trend

observed with CV. Using the capacitance values extracted

from CV (Table II) and the high frequency resistance

extracted from EIS, we estimated the following time con-

stants (s ¼ RC) for the doping/dedoping process of

PEDOT:PSS films: s � 0:8 s in NaCl and s � 1:7 s in CTAB

for a 50 nm thickness and s � 2:4 s in NaCl and s � 5:0 s in

CTAB for a 500 nm thickness. A similar trend was found for

the time constant extracted from transient (Ids vs time)

OECT measurements. These results confirm that the doping/

dedoping process becomes slower at higher film thicknesses

and in the presence of bulky ions.

In conclusion, we investigated the effect of channel

thickness, electrolyte ions (NaCl and CTAB), and dissolved

oxygen on the performance of OECTs based on

PEDOT:PSS. We found that (i) higher ON/OFF ratios are

achieved when CTAB is used as the electrolyte; (ii) thin

PEDOT:PSS films have superior performance as OECT

channels, in terms of current modulation, compared to their

thicker counterpart, despite their lower electrical conductiv-

ity; (iii) the effect of thickness on current modulation is

more pronounced when CTAB is used as the electrolyte.

Using cyclic voltammetry, we detected a significant effect of

dissolved O2 on the CV current of PEDOT:PSS, particularly

in the presence of a NaCl electrolyte. The dissolved oxygen

might oxidize PEDOT:PSS during the electrochemical

dedoping process, thus leading to a lower ON/OFF ratio. EIS

revealed that the doping/dedoping process in PEDOT:PSS

becomes slower at higher film thicknesses and in the pres-

ence of bulky ions.
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TABLE II. Amount of doping charge and capacitance (absolute and volumetric values) of PEDOT:PSS films extracted from the anodic voltammetric currents

at 5 mV/s in NaCl and CTAB electrolytes. The film volumes are 3.0� 10�5 cm3 for the thick film and 3.4� 10�6 cm3 for the thin film.

Electrolyte

PEDOT:PSS film

thickness (nm)

Charge (C)

(�10�3)

Normalized

charge (C/cm3) Capacitance (F) (�10�3)

Normalized

capacitance (F/cm3)

0.01M NaCl 54 6 10 1.52 50 1.15 38

474 6 90 0.25 74 0.18 54

0.001M CTAB 54 6 10 1.44 47 1.1 41

474 6 90 0.23 66 0.19 55

FIG. 4. Nyquist plots, obtained from EIS, of PEDOT:PSS films (thicknesses

of �500 nm and �50 nm) in 0.01M NaCl (a) and 0.001M CTAB (b) electro-

lytes. PEDOT:PSS is used as working electrodes, a Pt foil as counter

electrode, and Ag/AgCl as reference. The frequency range is 0.5 kHz to

10�4 kHz with an AC amplitude of 5 mV. The PEDOT:PSS films were

doped at 0.6 V vs Ag/AgCl for 30 s prior to EIS by chronoamperometry.
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