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Abstract
Organic electrochemical transistors (OECTs) with two topolo-
gies and three ionic liquid electrolytes were analyzed to get 
information about their influence on the selected transistor’s 
characteristics. The channel of the OECT device was based 
on conductive polymer poly(3,4-ethylenedioxy-thiophene) 
poly(styrene sulfonate) (PEDOT:PSS). Dynamic character-
istics were measured and analyzed. From the results follow 
that in the case of the double GATE configuration both the 
rise and decay current components contain diffusion contribu-
tion which limits the use of OECT in switching applications. 
Besides the influence of the OECT topology, the used electro-
lytes significantly affect transistors characteristics. Ionic liq-
uid 1-butyl-3-methylimidazolium trifluoromethane-sulfonate 
(BMIM OTf) exhibited the best performance among the other 
tested ILs based on methylimidazolium.
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1 Introduction
One of the key device of organic electronics for simple elec-

tronic circuits is an organic field effect transistor (OFET) which 
is widely studied from the point of view of both theoretical and 
practical aspects [1-3]. OFETs typically operate at voltages in 
the order of tens of volts and lot of efforts was spent to decrease 
the operating voltage below 10 V. 

In contrast to OFETs, the organic electrochemical transis-
tor (OECT) exhibits some advantageous properties, such as 
very low operating voltage [4], ability to work in the liquid 
environment [5], and simple fabrication process using common 
printing methods such as inkjet [6] and screen printing [7-10]. 
However, OECT exhibits also some disadvantages. The main 
one being low switching performance in terms of the switch-
ing speed and the switching ratio, which are crucial for some 
type of applications. The switching performance is directly 
proportional to the speed and efficiency of the electrochemi-
cal redox reaction in the channel between the polymer semi-
conductor backbone and ions injected from the gate electrode. 
Note that unlike OFET, the gate electrode being formed from 
the electrolyte is in direct contact with the channel between 
source and drain electrodes in the OECT. In our study we used 
for the channel of OECT most commonly used p-type organic 
polymer poly(3,4-ethylene dioxythiophene) - poly(styrene 
sulfonate) (PEDOT:PSS). This polymer exhibits a variety of 
advantageous properties such as environmental stability, good 
film-forming ability and the possibility to vary its electric con-
ductivity by several orders of magnitude [11]. 

After the application of electric field between the gate and 
source (drain) electrode the ions (free to move) are injected into 
the channel and the electrochemical reaction starts. According 
to Eq. (1) cations M+ are injected. Thus, PEDOT+ (holes) and 
cations are present in the redox reaction. PEDOT+ is reduced 
and comes into neutral “non-conducting” PEDOT0 state at the 
side of negative electric potential. Charge carrier concentration 
decreases and transistor is in the OFF state.

PEDOT PSS M e PEDOT PSS M+ − + − − ++ + ↔ +0
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The ratio of the drain – source currents (IDS) in the ON and 
OFF states (switching ratio) and speed of switching between 
these states are the dominant parameters of OECT in switching 
applications. Their improvement is necessary to obtain OECT 
with satisfactory properties.

There are known two general topologies of OECT: vertical 
topology [12] and planar topology [13]. Vertical topology is 
advantageous in switching application due to the fast IDS cur-
rent response to the control gate–source voltage (VGS) because 
of the shortest possible distance between the gate terminal and 
the channel through the thickness of the electrolyte layer. Verti-
cal OECT with carbon drain and source contacts overlapping 
the channel and defining the interface between the electrolyte 
(mixture of PSSNa/D-sorbitol/glycerol/deionized water) and 
channel to limit the difference between ON and OFF times 
was presented [9]. The other type of vertical OECT was manu-
factured by using vias through the flexible substrate [10] with 
the poly[(quaternary imidazolium) chloride] as an electro-
lyte. Other interesting possibility how to fabricate the vertical 
OECT is using textile monofilaments coated with PEDOT:PSS, 
where the transistor is created on the crossing of two coated 
monofilaments in the presence of the electrolyte [14]. Besides 
the PEDOT:PSS also the poly(3-hexylthiophene) (P3HT) can 
be used as channel material [15]. The planar topology is mostly 
used in sensor applications because the electrolyte/analyte can 
be added to the OECT structure after the fabrication. This fea-
ture facilitates testing of different electrolytes for switching 
applications of OECT. The main disadvantage of this topology 
is slower IDS current response to control VGS voltage due to much 
larger distance between the gate terminal and the channel given 
by their lateral arrangement. Despite that, the planar topology 
is advantageous for testing of the OECT, e.g. the influence of 
the PEDOT:PSS channel volume [13] or the geometry [16] on 
the OECT performance. Planar topology is also well suitable 
for testing of different electrolytes [17].

The next possibility how to improve the performance of 
OECT, is the variation of geometrical dimensions [16]. The 
dimensions of channel and the distance between the channel 
and gate terminal through the electrolyte have the main impact 
on the switching parameters of OECT. Channel resistance in 
the ON state (RON) is directly proportional to the dimensions 
and the resistivity of the channel. Therefore, to get the high 
switching ratio the dimensions of the topology and materials of 
the channel and electrolyte must be well designed.

In this paper we present the results of the study of switch-
ing performance obtained on the planar topology of OECT 
[18], see Fig. 1a), and modified double GATE OECT struc-
ture, Fig. 1b). The proposed topologies are designed for the 
printing of all layers. The main goal of this paper is, in the 
first place, to find the geometry of OECT with high switch-
ing ratio, in the second place, to find suitable gate material 
for good transistor performance. Three different ionic liquids 

(ILs), 1-ethyl-3-methylimidazolium-bis(trifluoromethyl-sul-
fonyl)imide (EMIM TFSI), 1-butyl-3-methylimidazolium 
trifluoromethane-sulfonate (BMIM OTf) and 1-ethyl-3-meth-
ylimidazolium tetrafluoroborate (EMIM BF4), were used as 
electrolytes in the OECT. The experimental results clearly indi-
cate, that the OECT topology has a significant influence on its 
dynamic switching behavior and the chemical composition of 
ILs influences the electrochemical process and therefore over-
all switching performance of the OECT device.

2 Materials and methods
The OECT structures, see Fig. 1, were prepared by screen 

printing on a flexible substrate (175 µm Melinex® ST504) which 
was used as delivered (adhesive side). At first, the channel was 
printed from screen printing ink formulation of PEDOT:PSS, 
Clevios™ SV3, purchased from Heraeus. The PEDOT:PSS 
was used as delivered without further purification. The sheet 
resistance of the resulting layer was ~ 700 Ω/□ in the case of three 
electrode OECT structure, Fig. 1a) and ~ 2.24 kΩ/□ in the case 
of double GATE OECT structure, Fig. 1b). After that, the drain, 
source, and gate terminals were printed from the carbon paste 
Gwent D1, modified by 20 wt. % of N-methyl-2-pyrrolidone 
(NMP. The sheet resistance of the carbon layer was ~ 50 Ω/□. 
The UV curable dielectric CSP-5210 purchased from Chang 
Sung Corporation CSC was then printed as the mask defining 
an reservoir for the electrolyte. Finally, liquid electrolytes were 
preciously drop coated by micro pipette -  0.5 µl droplet on the 
three electrode OECT structure (Fig. 1a) and 0.75 µl on the 
double GATE OECT structure (Fig. 1b). Three ionic liquids (ILs) 
were used as liquid electrolytes: 1-ethyl-3-methylimidazolium-
bis(trifluoromethyl-sulfonyl)imide (EMIM TFSI), 1-butyl-3-
methylimidazolium trifluoromethane-sulfonate (BMIM OTf) 
and 1-ethyl-3-methylimidazolium tetrafluoroborate (EMIM 
BF4) (summarized in Table 1). They were used as delivered. The 
chemical structures of the ionic liquids are depicted in Fig. 2 .

Table 1 Abbreviations and full names of used ILs.

Abbreviation Full name

EMIM TFSI
1-ethyl-3-methylimidazolium-
bis(trifluoromethyl-sulfonyl)imide

BMIM OTf
1-butyl-3-methylimidazolium 
trifluoromethane-sulfonate

EMIM BF4

1-ethyl-3-methylimidazolium 
tetrafluoroborate

All data were collected by the ACS BASICv2.0 software for 
their subsequent evaluation and visualization.
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Fig. 1 The layouts of measured OECTs. a) Three electrode OECT 
structure, b) Double GATE OECT structure.

c)

a)

d)

b) e)

Fig. 2 The chemical composition of  ionic liquids used as electrolytes. 
Cations (a) 1-ethyl-3-methylimidazolium (EMIM+) and (b) 1-butyl-3-

methylimidazolium (BMIM+). Anions (c) bis(trifluoromethyl-sulfonyl)imide 
(TFSI-), (d) trifluoromethanesulfonate (OTf-) and (e) tetrafluoroborate (BF4

-).

3 Results
Experimental results and extracted parameters of both OECT 

structures are presented in the following paragraphs. Three dif-
ferent ionic liquids were used to compare their influence on the 
switching performance of both OECT structures.

Waveforms of control VGS voltage and response of IDS current 
were measured during the testing. Switching performance 
parameters were estimated from the waveforms of IDS current. 
The calculated characteristics were: switching ratio, tON/OFF,
tOFF/ON, RON, ROFF, IDSon, and IDSoff. The switching ratio is the ratio 
between IDS current in ON state and OFF state, Eq. (2). Response 
times tON/OFF and tOFF/ON were determined as the difference 

between times when IDS current reached 10 % and 90 % of its 
minimum and maximum value, Eq. (3). Resistances RON and ROFF 

were simply calculated using the Ohm’s law. RON was determined 
from the current in the ON state (IDSon). ROFF was dependent on 
the efficiency of the electrochemical reaction. Currents IDSon and 
IDSoff were determined directly from the IDS current waveforms.

Switching ratio DSon

DSoff

= −( )I
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t t t
t t t
ON OFF
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3.1 Three electrode OECT structure
Dynamic characteristics of the three electrode OECT with 

different electrolytes are shown in Fig. 3 for IL EMIM TFSI, 
in Fig. 4 for IL BMIM OTf, and in Fig. 5 for IL EMIM BF4. 
All OECTs were dynamically switched by the control VGS volt-
age between −1 V and 1 V at the constant voltage VDS = −1 V. 
Table 2 summarizes the parameters obtained for the three elec-
trode OECT structure. 
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Fig. 3 Dynamic characteristics of the three electrode OECT structure with IL 
EMIM TFSI. The red dashed line represents electric stimulant VGS pulse, the 

black solid line is the IDS current response.
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Fig. 4 Dynamic characteristics of the three electrode OECT structure with IL 
BMIM OTf. The red dashed line represents electric stimulant VGS pulse, the 

black solid line is the IDS current response.
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Fig. 5 Dynamic characteristics of the three electrode OECT structure with IL 
EMIM BF4. The red dashed line represents electric stimulant VGS pulse, the 

black solid line is the IDS current response.

Table 2 Comparison of parameters extracted from the measurements of three 
electrode OECT structure with different electrolytes.

IL
EMIM 
TFSI

BMIM
OTf

EMIM
BF4

Switching ratio (-) 1.4 2520 2440

tON/OFF (s) 20.6 0.33 0.34

tOFF/ON (s) 8.9 0.34 3.4

RON (Ω) 7.2E+03 8.0E+03 7.9E+03

ROFF (Ω) 1.0E+04 2.0E+07 1.9E+07

IDSon (A) -1.39E-04 -1.25E-04 -1.26E-04

IDSoff (A) -9.83E-05 -4.96E-08 -5.16E-08

3.2 Double GATE OECT structure
Dynamic measurement results of the double GATE OECT 

structure with different electrolytes are shown in Fig. 6 for IL 
EMIM TFSI, in Fig. 7 for IL BMIM OTf, and in Fig. 8 for 
IL EMIM BF4. All OECTs were dynamically switched by the 
control VGS voltage between 0 V and 1 V at the constant voltage 
VDS = −1 V. Table 3 summarizes the parameters obtained for the 
double GATE OECT structure. 

Table 3 Comparison of parameters extracted from the measurements of the 
double GATE OECT structure with different electrolytes.

IL
EMIM 
TFSI

BMIM
OTf

EMIM
BF4

Switching ratio (-) 8.8 88 24.0

tON/OFF (s) 15.5 8.6 0.7

tOFF/ON (s) 38.5 30.9 68.8

RON (Ω) 1.37E+3 1.29E+3 9.56E+3

ROFF (Ω) 1.20E+4 1.24E+5 5.15E+5

IDSon (A) -7.29E-4 -7.76E-4 -1.05E-4

IDSoff (A) -8.31E-5 -8.08E-6 -1.94E-6
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Fig. 6 Dynamic characteristics of the double GATE OECT structure with IL 
EMIM TFSI. The red dashed line represents electric stimulant VGS pulse, the 

black solid line is the IDS current response.
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Fig. 7 Dynamic characteristics of the double GATE OECT structure with IL 
BMIM OTf. The red dashed line represents electric stimulant VGS pulse, the 

black solid line is the IDS current response.
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Fig. 8 Dynamic characteristics of the double GATE OECT structure with IL 
EMIM BF4. The red dashed line represents electric stimulant VGS pulse, the 

black solid line is the IDS current response.
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4 Discussion
The paper deals with the kinetics of current switch-

ing of organic electrochemical transistor (OECT) based on 
PEDOT:PSS hole conducting polymer. The polymer forms a 
transistor channel between source and drain electrodes. The 
gate electrode which is in the direct contact with channel poly-
mer was prepared using several types of ionic liquids. In the 
initial conductive state the PEDOT is oxidized (PEDOT+:PSS-) 
and holes represent free charge carriers. After the application 
of electric field between the gate and source (drain) electrodes 
the ions (free to move) are injected from the electrolytic gate to 
the channel and the electrochemical reaction starts. For nega-
tive gate bias no change of the channel current was observed. 
However, if the gate was positive the cations M+ were injected 
from the ionic liquid to the channel polymer and electrochemi-
cal reaction started. The reaction is described by Eq. (1). At 
the negative electrode PEDOT+ is reduced to neutral “non-
conducting” PEDOT0, free charge carrier (positive bipolarons) 
concentration decreases and current is switched to low val-
ues. The transistor is in the OFF state. The ratio of the drain – 
source currents (IDS) in the ON and OFF states (switching ratio) 
and speed of switching between these states are the dominant 
parameters of OECT in switching applications. 

Let us discuss at first the three electrode OECT structure. 
From Fig. 3 – Fig. 5 and Table 2 follows that the switching 
ratio is lowest in the case of ionic liquid EMIM TFSI (1.4). For 
ILs BMIM OTf and EMIM BF4 the switching ratios are nearly 
the same, about 2500. Similarly, the rise (tON/OFF) and decay 
(tOFF/ON) times are the lowest in the case of IL EMIM TFSI 
(20 s and 9 s, respectively). For BMIM OTf and EMIM BF4 

both times are nearly the same, 0.3 s. Note that decay time is in 
the case of IL EMIM BF4 influenced by a “diffusion” tail. This 
effect is very weak for IL BMIM OTf. Note that this behavior 
cannot be related to both electric conductivity and viscosity of 
ionic liquid and needs a further research.

The behavior of the transistors with the double GATE 
OECT structure is a little different. The main differences in the 
structures are shown in Table 4. It follows from Table 3 that the 
switching ratio is the best for transistor with IL BMIM OTf (88). 
The rise process is fastest for transistor with IL EMIM BF4. This 
ionic liquid shows high conductivity (14 mS·cm-1) and quite low 
viscosity (32 mPa·s), see Table 5. However, the decay process 
is slower than kinetics of transistors with IL EMIM TFSI and 
BMIM OTf. Note that in this case the control VGS voltage was 
between 0 V and 1 V (instead of VGS between −1 V and 1 V in 
the case of three electrode configuration) which could make the 
decay process slower.

Table 4 Comparison of channel resistance, sheet resistances, and area where
the channel is in contact with IL for both measured structures.

OECT Structure Three electrode Double GATE

Channel resistance (Ω) 8.0E+3 1.3E+3

Sheet resistance (Ω/□) 0.7E+3 2.2E+3

Active area (cm2) 8.0E-4 7.5E-3

Table 5 Parameters of used ionic liquids.

IL
EMIM 
TFSI

BMIM
OTf

EMIM
BF4

Conductivity (mS·cm-1) 8.5 3.4 14

Viscosity (mPa·s) 27 74 32

Density (g·cm-3) 1.5 1.3 1.3

5 Conclusion
The selection of appropriate electrolyte together with OECT 

geometry are the key factors influencing the switching perfor-
mance of OECT. The presented research was focused among 
others on the influence of ionic liquids of different chemical 
structures on kinetics parameters of the OECT. The following 
conclusions can be mentioned:

- Concerning the switching ratio the conductivity of the 
channel polymer (here PEDOT:PSS) must be as high as 
possible.

- Double GATE configuration does not improve the kinet-
ics parameters of the transistor in comparison with the 
three electrode one.

- The ionic liquid with small anion exhibits shorter rise 
and decay times due to their higher mobility and the easer 
diffusion through given layers.

- After the application of the control VGS voltage in the case 
of the three electrode configuration the rise part of cur-
rent kinetics consists of mainly one component whereas 
the decay part contains in addition slow probably diffu-
sion part.

- In the case of the double GATE configuration both the 
rise and decay components contain diffusion contribution 
– it limits the use in switching technology.

- The higher viscosity of ionic liquid the higher switching 
ratio of the transistor.

It could be concluded, that the three electrode OECT struc-
ture showed in general better switching performance and is 
therefore more suitable for systematic testing of OECT param-
eters than the double GATE structure.
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