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Abstract

This thesis is focusing on an organic electronic device that has gained a lot of attention in the
last decade, the organic electrochemical transistor or OECT. Investigated are the efficiency of
the switching process of the transistor, the possibility to fabricate logic gates, different

fabrication processes and the dependence of the transistor performance on its geometry.

To examine the OECT geometry/performance relationship entirely inkjet-printed devices are
used, fabricated from only three different materials. Those simple devices are examined
focusing on two key parameters of a transistor, the on-current and the on/off-current ratio,
and how they depend on the transistor geometry. Geometry alterations concerning the
dimension of the transistor channel but also the distance between gate electrode and channel
are performed. The resulting transistors with optimized geometry are used to fabricate a basic
building block of circuitry, an inverter, also entirely by inkjet-printing. To decrease the
footprint of the transistor and monitor the influence of miniaturization on the device
performance a hybrid inkjet-printing/nanoimprint-lithography fabrication process is
developed. The resulting transistors, with feature sizes around 10um, are used to fabricate
inverters and also NAND gates. Based on these results more complex logic circuits are
designed. Inverters, NAND gates, flipflops and also 2-bit shift registers are demonstrated,
fabricated entirely by screen-printing and consisting of only five different materials. With the
degree of complexity of these logic circuits, the excellent reproducibility of screen printed
transistors and their usability for printed logic circuits is clearly demonstrated. Screen printed
devices are also used for clarification concerning the electrochemical switching process in
OECTs. By monitoring the current necessary to switch the transistor and examining it on a
microscopic level, conclusions on the efficiency of this switching process are drawn. The
obtained results contribute to a better understanding of the OECT and contribute to an

optimization of design parameters for high performance OECTs.



Zusammenfassung

In dieser Arbeit liegt das Hauptaugenmerk auf dem organischen elektrochemischen Transistor
(OECT), einem Bauteil der organischen Elektronik welchem im vergangenen Jahrzehnt viel
Beachtung zuteilwurde. Im Zuge der Arbeit werden die Effizienz des Transistorschaltvorgangs,
die Eignung fiir logische Schaltungen, verschiedene Herstellungsmoglichkeiten und der

Zusammenhang zwischen Geometrie und Leistungsfahigkeit des Transistors untersucht.

Mittels Tintenstrahldruck werden OECTs hergestellt die aus nur drei verschiedenen Materialien
bestehen. Sie werden fiir die Untersuchung des Zusammenhangs zwischen dem on-Strom
sowie dem on/off Stromverhiltnis und der Geometrie des Transistors verwendet.
Veranderungen an der Geometrie des Transistors werden hinsichtlich der Abmessungen des
Transistorkanals sowie dem Abstand zwischen Gate-Elektrode und dem Kanal vorgenommen.
Aus diesen Untersuchungen gehen Transistoren mit optimierten Abmessungen hervor die fir
die Herstellung von Invertern verwendet werden. Diese Inverter sind ebenfalls vollstdandig
durch Tintenstrahldruck hergestellt und stellen einen der Basisbausteine fiir logische
Schaltungen dar. Basierend auf dem Herstellungsverfahren durch Tintenstrahldruck wird ein
kombinierter Prozess aus Tintenstrahldruck und Nanoimprint-Lithographie entwickelt der eine
Miniaturisierung der Transistoren erlaubt. Damit soll einerseits die bendtigte Flache fir einen
Transistor moglichst verkleinert werden und andererseits auch die Auswirkungen dieser
Miniaturisierung auf die Leistungsfahigkeit der Transistoren untersucht werden. Des Weiteren
werden diese Transistoren, deren Kanalbreiten im Bereich von 10 um liegen, fur die
Herstellung von Invertern und auch von NAND Gattern verwendet. Hierbei gewonnene
Erkenntnisse werden fiir die Planung von komplexeren Schaltungen wie Flipflops (bistabile
Kippstufen) und 2-bit Schieberegistern eingesetzt. Diese Schaltungen werden mithilfe eines
Siebdruckprozesses verwirklicht bei dem fiinf verschiedene Materialien zum Einsatz kommen.
Diese vollkommen siebgedruckten Schaltungen, die eine Komplexitat aufweisen wie sie fir

OECTs zuvor noch nicht demonstriert wurde, belegen die herausragende Reproduzierbarkeit



von siebgedruckten OECTs und auch ihre Eignung firr gedruckte organisch-elektronische
Schaltkreise. Derselbe Siebdruckprozess wird auch herangezogen um OECTs herzustellen
anhand derer der Schaltprozess der Transistoren genauer untersucht wird. Der Schaltstrom
wird aufgezeichnet und mit den elektrochemischen Vorgangen im Kanal des Transistors in
Zusammenhang gebracht. Damit lassen sich Riickschliisse auf die Effizienz des Schaltprozesses
ziehen. Dies tragt zu einem verbesserten Verstdandnis der organischen elektrochemischen

Transistoren sowie zu einer weiteren Optimierung des Transistordesigns bei.
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I Introduction

This chapter is providing a short overview on the advantages of organic electronics as well as a
brief summary on the motivation for using printed organic electronics. Additionally the aim of
this thesis is described. The state of the art of this field is outlined, pointing out the research

tasks that have been pursued in the course of this work.



1. Motivation

1.1 Why Printed Organic Electronics

Organic electronics experienced a remarkable development over the past decades, starting
from the first transistors in 1986 [1], light emitting diodes [2] and photovoltaic cells [3].
Stimulus for the research activities were both academic and economic interests. Astonishing
results have been obtained, leading to high performing organic thin film transistors [4], flexible
or even stretchable electronics [5], flexible displays [6], biocompatible and biodegradable
electronics [7] and smart textiles [8], to name just a few. Some technologies even made their
way into commercially available products, like bendable TV-screens or bended smartphone
displays containing organic light emitting diodes [9,10]. In those applications one of the key
advantages of organic electronics compared to conventional silicon based electronics, which is
the possible use of large area flexible substrates, plays an important role. And this is only one
of the many positive features this technology is offering. The utilized materials are to a large
extent biocompatible, enabling in-vivo sensing applications difficult to achieve with classical
electronics. They also demand only moderate process conditions (low temperature, non-
hazardous chemicals), allowing for environmentally sustainable fabrication routines. Finally,
they are obtainable from solution, making them perfectly suitable for processing by printing
techniques. And those printing techniques, with their large area, high throughput, and flexible
substrate fabrication routines are responsible for many of the advantages organic electronics
has compared to classical electronics. Hence printed organic electronics are a rewarding target

of research.

1.2 Aim of this Work/State of the Art

There are two main types of organic electronic transistors; the field effect transistor and the
electrochemical transistor. While the field effect transistor has been studied in depth,
advanced understanding of the organic electrochemical transistor (OECT) is still nascent. To
make a contribution to this ongoing research the focus of this thesis is on the OECT, more
precisely on the understanding of influences on the transistor behavior, on the possibility of

creating logic circuits based on those transistors and on suitable simple fabrication methods.

The last objective was targeted using different printing methods, namely inkjet-printing and
screen-printing. To keep the fabrication routine as simple as possible the entire transistors, or
even the entire circuits based on those transistors, should be fabricated using solely one

printing method. Simplified this task can be described as the structuring of the transistors



electrodes and its electrolyte. The possibility to fabricate organic electrochemical transistors
with the aid of printing processes has already been demonstrated in literature. To the best of
our knowledge only one group demonstrated OECTs that are entirely inkjet-printed [11] at the
time this thesis was stared in 2012. A modified desktop printer was used in this work, focusing
on the evaluation of their fabrication method concerning functional devices on foil and on
photo-paper substrates. In the meantime (2014) another group demonstrated entirely inkjet-
printed devices, indicating that this is still a valuable research target [12]. Others used inkjet-
printing to structure the PEDOT:PSS electrodes of lateral OECTs, serving as the bottom layer
for a drop of electrolyte applied on top by hand [13-15]. Inherently the geometry of those
transistors is less defined compared to entirely printed transistors. A small number of research
groups also used screen printing for the fabrication of organic electrochemical transistors.
Transistors utilizing screen printed electrodes, consisting of PEDOT:PSS and a highly conducting
inert material, and an electrolyte deposited by stencil printing, a process demanding a layer of
UV-curable material in addition to the materials needed for the functionality of the transistor,
were demonstrated [16]. A different approach based on screen-printing was pursued by
Nilsson et al.: A deactivation material was printed onto an unstructured layer of PEDOT:PSS,
over-oxidizing the exposed PEDOT:PSS and thereby structuring the electrodes. This process,
somehow contradicting the additive approach of printing, was finalized by a printed electrolyte
layer [17]. Also a combinatory six-step process for the fabrication of an active-matrix physical
sensor circuit utilizing OECTs, comprising inkjet-printing as well as screen-printing steps, has
been reported [18]. A rather extravagant printing process using flexography to structure the
PEDOT:PSS electrodes on top of a structured ion conducting membrane was also
demonstrated. The resulting devices use the electrolyte as the substrate and exhibit an
“inverted” transistor structure, with the electrodes applied on top of the electrolyte, both
being uncommon features for OECTs [19].Another extravagant type of OECTs is formed by
fibers covered in PEDOT:PSS that are connected by a drop of electrolyte[20]. A more common
fabrication method is based on xurography or razor writing using a cutting plotter. This
method can be used to structure the electrodes by cutting an unstructured layer of
PEDOT:PSS, or by cutting defined structures into plastic foils to create masks (for defining the
electrolyte area or the electrode area) or a combination of both. Using this method at least
one subsequent step of spin-coating or printing is inevitable [21-25]. Another field of
fabrication techniques is based on photolithography and can roughly be divided in two groups:
(i) Photolithography is used to structure the PEDOT:PSS electrodes and subsequent steps are

necessary to structure the electrolyte. These steps involve another photolithography step to



create a well defining the electrolyte area, micro molding or printing [17, 20, 26, 27]. (ii) A
multi-step photolithography process is used to structure metal electrodes and define areas for
the semiconductor and also for the electrolyte. This process involves metal deposition, spin
coating, dry etching and developing steps, making it very complex but yielding transistors with
very small dimensions [28-33]. All in all a large variety of fabrication techniques is possible,
with most of them including subtractive steps, vacuum processes, wet or dry etching,
sophisticated equipment or a combination of different structuring methods. For that reason
the demonstration of a simple fabrication process for OECTs is considered an important

research task.

This fabrication process should then be used to demonstrate logic circuits based on OECTs,
also entirely fabricated by a single manufacturing technique. Logic gates have been reported in
the literature, including inverters, ring oscillators and also NOR and NAND gates [11, 20, 23].
To the best of our knowledge no one has ever demonstrated any logic circuit more complex
than this. These complex circuits would increase the amount of possible applications for OECTs
tremendously as not only simple switching but also more sophisticated tasks could be
mastered. But these circuits demand a large number of transistors performing uniformly.
Pronounced variations of the transistor performance would lead to malfunction of the circuit.
Consequently working circuits would demonstrate the high uniformity achievable by printing
methods. The large number of transistors can also be used to evaluate the deviation of
transistor to transistor performance statistically. Until now there is only one other study
examining the deviation of the transistors on-resistance for photo lithographically structured
OECTs [32].But not only the printed transistors are of interest. Passive circuit elements, like
resistors, capacitive and inductive structures, printed in a uniform manner are attractive as
well [34]. So statistically evaluating the large number of resistors also needed in the printed

circuits is another valuable research task.

When planning a circuit, knowing the characteristics of a single device is of advantage. This is
one of the major goals; to understand the influence of the transistor geometry on the device
performance. Additionally the basic understanding of the switching process should be
enhanced. At the time the work for this thesis started not much information concerning this
topic was to be found in literature. Two research groups examined the influence of the gate
area to channel area ratio, with one group focusing on the transistor behavior [15] and the
other on the sensitivity when the transistor serves as a sensor [29]. How the electrode

dimensions alter the switching speed of the transistor was examined by another group using



photolithography structured devices [32]. During the time this thesis was realized other studies
were published, one evaluating the influence of the channel thickness on the transistor
performance to optimize the transistors for sensing applications [35] and the other examining
the channel thickness effect on the on/off ratio of the transistor [36]. How to tune the channel
geometry in order to obtain transistors with optimized performance was the target of another

research paper published [37], confirming that this is a topic of major interest.

With this thesis contributions to a deeper understanding of the OECT features, both the
switching process and the parameters influencing the transistor performance are provided.
This work will also enhance the predictability when designing a very promising organic
electronic device for circuitry as well as many other applications, the Organic Electrochemical

Transistor.
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[l Fundamentals

In the following section some fundamentals concerning the organic electrochemical transistor
are presented. What is the base of the transistors functionality, what materials are used and
what are their properties, how does an OECT work, what are possible designs and which
design rules need attention, how to build a logic circuit using OECTs? Those questions will be

answered in the following chapter.



2. OECT, Basic Principles

Although both, the organic field effect transistor (OFET) and the organic electrochemical
transistor (OECT), are organic electronic devices, utilizing organic semiconductors as active
materials and amplify or switch electronic signals, their working principles are differing
significantly. The organic field effect transistor OTFT is driven by an electric field and the
transition between the on- and the off- state is a matter of charge carriers accumulated just
below the surface of an organic semiconductor in contact with an insulator. The OECT, on the
other hand, is driven by an electrostatic potential and instead of an insulator the organic
semiconductor is in direct contact with an ion conducting material. And most prominently, not
only the surface but the whole volume of the organic semiconductor is involved in the
switching process between the on- and the off-state. Switching is a result of modifying the
conductivity of the bulk of the material. With the conductivity being proportional to the
concentration of charge carriers ¢ and their respective mobility p (eq.2.1), there are two

alterable factors present enabling modification.
0O X Ux*c (Eq.2.1)

It is suggested that the hole mobility pu decreases as there are ions injected into the bulk of the
semiconductor. In this way the hole tunneling is disrupted, which can contribute to the change
of conductivity [1]. For semiconductors used in OECTs the second mechanism, the change of
the charge carrier concentration c, is of greater interest. Due to a reversible redox reaction,
the semiconductor is switched between a doped state, where a large number of charge
carriers is available (conducting state), and a de-doped state, where a very small number of
charge carriers is available (non-conducting state) [1]. Like this a precise alteration of the
conductivity is possible, of course under the prerequisite of a semiconductor material capable

of reversible doping and de-doping via a redox reaction.

In the history of OECTs, starting in 1984 with H. S. White et al. [2], a variety of materials have
been used that meet this requirement. The mentioned transistors of White et al. where
fabricated using Polypyrrole as their organic semiconductor. Most commonly used
semiconductors for the devices implemented in the following decades are Poly(3-
Methylthiophene) [3], Polyaniline [4], Polycarbazole [5] and also Polypyrrole [6]. To the best of
our knowledge it was in 2002 by D. Nilsson et al. [7] that the first organic electrochemical
transistors utilizing PEDOT:PSS were demonstrated to work, the material of choice for most of

the recently implemented OECTs.
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PEDOT:PSS was first synthesized at Bayer AG in the 1980s. The derivative of polythiophene,
poly(ethylenedioxithiophene), is doped with poly(styrenesulphonate) to form PEDOT:PSS. This
chemical doping takes place during the polymerization process, resulting in a water soluble
organic semiconductor capable of forming highly conductive films (10 S/cm) with excellent
stability [8]. Initially designed for antistatic coatings in photographic films its potential for new
applications was soon recognized [8]. To adopt the material properties for a wide range of
applications, efforts were taken to increase the conductivity, resulting in PEDOT:PSS films
exhibiting a conductivity of more than 3000 S/cm. To the best of our knowledge these films,
treated with sulfuric acid and used as transparent electrodes for optoelectronic devices [9],
mark the highest conductivity achieved for PEDOT:PSS. Its primary structure is shown in figure
2.1a, with the PEDOT drawn in blue and the PSS drawn in black. As depicted both polymers are
present in their charged state. The secondary structure is shown in figure 2.1b. Small segments
of PEDOT with a molecular weight of 1500 to 2500 g/mol are interacting with the long PSS
chain, having a molecular weight of around 400000 g/mol [10]. Sections of the chain with
linear conformation (as depicted in figure 2.1b) alternate with sections with coiled
conformation [11]. Colloidal gel particles of several PEDOT:PSS chains, with the PEDOT located
preferably in the particle center and enclosed by hydrophilic PSS chains, are suggested for the
tertiary structure [12].These grains interact with each other to form the quaternary structure

and the conductive bulk material [12].

\

PSS Chain

PEDOT Segments

Figure 2.1: a) primary structure of PEDOT:PSS b) secondary structure of PEDOT:PSS (adapted from [10])

The conductivity of PEDOT:PSS, with PEDOT being p-doped, is based on the transport of holes
in the material. The actual charge carriers are denoted as polarons and bipolarons [13]. In the

neutral, de-doped form none of these charge carriers is present on a PEDOT segment. The
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thiophene rings exhibit the aromatic configuration and the band gap between the valence
band and the conductive band is too high to allow for a thermal excitation of a significant
amount of charge carriers, resulting in a very poor conductivity. The allowed transition is
indicated as black arrow in the band diagram in figure 2.2a. Upon withdrawal of one electron,
a polaron is formed. This polaron consists of a positive charge as well as an unpaired electron
present on the PEDOT segment. Both are marked in figure 2.2b, as well as the unpaired
electron also highlighted in the band diagram in figure 2.2b. Additionally the double bond
configuration is partially changed from the aromatic to the quinoid form, stabilized by the
polaron. Due to the change in structure and charge of the polymer chain also the band
structure is modified. With the formation of electronic levels inside the band gap energy
barriers for excitation are lowered, resulting in an increased conductivity [14]. The allowed
transitions are marked as black arrows in the band diagram in figure 2.2b. Bipolaron formation
can be achieved in two ways; either two polarons in close proximity combine or a polaron gets
further oxidized. Both cases result in a PEDOT segment carrying two positive charges, as
marked in figure 2.2c. Similar to a polaron the double bonds configuration is partially changed
to the quinoid form and the band structure is altered by formation of electronic levels inside
the band gap. The result is enhanced conductivity [14]. Both of the described charge carrying
structures are likely to be present in PEDOT:PSS. To examine which one is predominant, two
useful characterization methods are at hand as they exploit intrinsic differences between
polarons and bipolarons. First is electron paramagnetic resonance spectroscopy (EPR),
exploiting the fact that polarons have a spin (due to the unpaired electron present after
oxidation) while bipolarons are spinless. As EPR detects only species having a spin a statement
can be made which type of charge carrier is predominant [15]. Second are UV-Vis-NIR
measurements. Here the different chemical structures and band structures result in a differing
absorption behavior. As indicated by the allowed transitions highlighted in the band diagrams
of PEDOT in its three different oxidation states, excitations demand different energy. That
energy is proportional to the allowed transitions and reflected by different absorption peaks in
the spectra for undoped PEDOT, PEDOT carrying a polaron and PEDOT carrying a bipolaron.
Using those measurements the relation between the two charge carrying structures is possible
[16]. The mechanism proposed for the transport of the charge carriers is variable range
hopping (VRH), as indicated by the temperature dependence of the PEDOT:PSS resistance that
can be fitted with this model very well [17]. The VRH model describes the possibility for

charges to hop short distances with high activation energies or long distances with low
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activation energies. In this way a charge transport along the different polymer chains is

possible. For more details we refer the reader to the original literature [18].

Figure 2.2: chemical structure and band diagram of a) undoped PEDOT b) PEDOT carrying a polaron c) PEDOT

carrying a bipolaron. In the band diagrams the allowed transitions are marked with black arrows and the unpaired

electron is marked with a red arrow.

3. OECT, Working Principle

As described in the previous section PEDOT:PSS is capable of being switched between a
conducting state, with PEDOT in its oxidized form, and a non-conducting state, with PEDOT in
its neutral form. The process of switching is achieved by electrochemical doping and de-doping

and represented by the following equation [7].
PEDOT*:PSS™ + M* + e~ & PEDOT®+ M™*:PSS~ (Eq 3.1)

In this equation the two states of PEDOT are present; the oxidized state PEDOT" coordinated to
the PSS and the neutral state PEDOT’. Switching between these two states is achieved by

applying a voltage to the PEDOT:PSS while it is in contact with an electrolyte containing mobile
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cations. The e in the equation represents the transferred electrons and the M* represents the
mobile cations. To describe the functionality of OECTs Nilsson suggested two basic
configurations of arranging PEDOT:PSS and the electrolyte, the bi-stable and the dynamic

configuration. Chapter 3.1 is based on his work [7, 19].
3.1 Basic Configurations

3.1.1 Dynamic Configuration

In this configuration there is one electrode of PEDOT:PSS in contact with an electrolyte
(compare fig 3.1a). When a constant voltage is applied the PEDOT:PSS gets de-doped at the
negative biased side of the electrode. PEDOT" is taking up one electron and is reduced to
PEDOT®. The negative charge at the PSS is balanced by a mobile cation M* from the electrolyte
that is transported into the bulk PEDOT:PSS via the electrolyte/electrode interface. At the
positive biased side of the electrode the reactions is running in the opposite direction and
PEDOT:PSS gets doped. An electron is removed from PEDOT?, oxidizing it to PEDOT". That
positive charge is balanced by the PSS present in the bulk material. As transport of M" at the
negative biased side from the electrolyte into the electrode leads to a local depletion of M, a
flow of cations is induced due to diffusion, inducing a migration of M" at the positive biased
side from the electrode back into the electrolyte. In this configuration equilibrium is obtained
with a doping degree gradient in the electrode reaching from de-doped at the negative biased
side to doped at the positive biased side. Removing the voltage leads to resolving of this
gradient as the reduced and oxidized areas are in direct contact with each other, giving this
configuration its name. When the applied voltage is increased no equilibrium state is
generated. At low negative voltages an electronic current corresponding to ohms law is
flowing in the electrode that is increasing linearly with the applied voltage. At a certain voltage
a critical concentration of de-doped non-conducting PEDOT® at the negative biased side of the
electrode is reached. The resistance at the very end of the electrode (a few hundred
nanometer) is very high in comparison to the rest of the electrode, so almost all of the
potential drops over this area [20]. When increasing the voltage the only result is a higher
potential drop at this area. As a consequence the current is saturating and becoming
independent of the applied voltage, the so called pinch-off is reached (depicted in the
characteristics in fig 3.1d at V, = OV).

14



3.1.2 Bi-stable Configuration

The bi-stable configuration, depicted in figure 3.1b is formed by two separated electrodes of
PEDOT:PSS that are connected solely by an electrolyte. When a voltage is applied
electrochemical doping is the result. The electrode reactions are the same as described before
in the dynamic configuration. The reduction at the negative biased electrode forces cations
from the electrolyte into the electrode material. At the same time the oxidation at the positive
biased electrode releases cations able to move from the electrode into the electrolyte. With
the voltage applied an ionic current of cations is flowing between the two electrodes. The
higher the applied voltage, the bigger is the driving force for the reduction as well as for the
oxidation. The ionic current is intensified and the redox reaction rates are enhanced. When the
voltage is removed, both electrodes stay in their reduced/oxidized state for a considerable
time as the recombination depends on the diffusion of cations, giving this configuration its

name.

3.1.3 Combined Configuration

When combining the two configurations described above a combination of their characteristics
is achieved (compare figures 3.1c and 3.1d). The PEDOT:PSS electrode covered with an
electrolyte and with a voltage V; applied at its ends, denoted before as dynamic configuration,
is now connected with a second PEDOT:PSS electrode. This connection is accomplished solely
by an electrolyte, which is the key attribute of the bi-stable configuration. If only the voltage V,
is applied, same behavior as observed before is accomplished. Increasing V, leads to a linear
increase of the current I, until the pinch-off voltage is reached and the current saturates. If a
second voltage V, is applied and this voltage is positive then the driving force for the reduction
at the negative biased end of the first electrode is increased. This intensified reduction results
in a pinch-off of the first electrode occurring at a lower voltage V;. The higher the voltage V,
the earlier pinch-off is achieved. Like this it is possible to control the voltage/current

characteristics of one electrode using a voltage applied to a second electrode.
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.de-doped PEDQT:PSS doped PEDOQOT:PSS electrolyte

Figure 3.1: Arrangement of a PEDOT:PSS electrode and an electrolyte in a) the dynamic configuration b) the bi-

stable configuration and c) the combined configuration. d) voltage-current characteristics of the combined

configuration.

3.2 Transistor Configuration

The transistor configuration is basically identical with the combined configuration (section
3.1.3). A picture of the configuration depicting the electrodes, voltages and currents is shown
in figure 3.2a.The source-drain line (S-D line) is a solid line of PDOT:PSS covered with an
electrolyte containing mobile cations (M*) and with a negative voltage applied (Vo). It
resembles the dynamic configuration including its voltage/current characteristics with the
pinch-off voltage where saturation of the drain-current (lp) occurs. The gate electrode is
connected to the source-drain line via the electrolyte. A positive voltage is applied between
the gate electrode and the source-drain line, denoted as the gate voltage Vs. Using this
voltage, control over voltage/current characteristics of the source-drain line is possible. With
increasing gate voltage V; the pinch-off at the source-drain line occurs at lower source-drain
voltages (Vp). When no gate voltage is applied a significant drain current is flowing,
representing the on-state of the transistor. When the gate voltage is high enough pinch-off
happens immediately when a drain voltage is applied and the transistor is in the off state. As
this characteristic, depicted in figure 3.2b, describes depletion mode behavior the transistor is

a normally-on device. Another feature of the OECT is that the source-drain voltage and current
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are negative but the gate voltage is positive. The transistor is working in the third quadrant of
the set of characteristics depicted in figure 3.2c. This behavior implicates challenges when

building circuits with this type of devices (compare chapter 5).

The area on the source-drain line that is covered with electrolyte can be considered as the
transistor channel. In this area, highlighted in figure 3.2d, the resistance of the organic
semiconductor is altered, representing the on- and off-switching of the organic
electrochemical transistor. This area is defined by the width of the source-drain line, the

thickness of the source-drain line and the width of the electrolyte line covering the PEDOT:PSS.
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Figure 3.2: a) Transistor configuration with the source-drain line (S-D) and the gate electrode (G) fabricated from
PEDOT:PSS in blue and the electrolyte in grey. Additionally the gate voltage and current (Vg, lg), the drain voltage
and current (Vp, Ip) as well as the mobile cations (M") are displayed. b) Output characteristics of an OECT. c) Set of
characteristics displaying the four quadrants a transistor can work in [19]. d) Channel area of an OECT (highlighted
with white waves) defined by the width of the source-drain line W, the thickness of the source drain line T and the

width of the covering electrolyte line L.
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3.3. Transistor Theory

Quantitative models to describe the transistor behavior and reproduce transistor
characteristics are a useful tool. For OFETs these models have been refined over the last
decades, enhancing the possibilities to predict voltage-current characteristics when physical
properties of the transistor are known [21]. For OECTs on the other hand, to the best of our
knowledge no such comprising model exists. A few attempts to describe the OECT behavior
can be found in literature, which are summarized briefly in the following. In this thesis only an
overview of the respective models is provided. For details the reader is referred to the original

literature.

Prigodin and co-workers are describing the switch-off of the OECT [22]. Following a solid-state
physics approach they describe the change of the organic semiconductors conductivity when
in contact with an electrolyte and a voltage is applied. The charge transport mechanism is
described as an intergrain hopping of charge carriers between crystalline sites inside the
polymer network. Hopping states in the polymer are associated with the strongly localized
negatively charged sites at the polymer backbone. When a voltage is applied cations migrate
into the polymer network, which is loose enough for ions to penetrate easily. Those cations
interact with the negatively charged sites at the polymer backbone. By this partial charge
compensation, the intergrain hopping taking place between different crystalline areas of the
polymer network is suppressed, thus reducing the conductivity to a very large amount. Hence
this model depicts the relation between the applied voltage (driving the cations) and the

increase of resistance in the semiconducting material.

Robinson and co-workers followed an approach combining electrochemistry and solid-state
physics [20]. Their work is based on the Nernst equation, which is describing the relationship

between activities and potential in equilibrium.

«T0 70
E—E'= BT *ln(ﬂ) (Eq. 3.2)

nxF Areact

In this equation E is the potential, E° is the standard potential, R is the ideal gas constant, T° is
the absolute temperature, n is the number of transferred electrons, F is the Faraday constant

and A is the Activity, either of the products or of the reactants. Additionally a relation between
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the activities and the doping fraction is established. Some assumptions have to be made, like a
constant total amount of doped material, which is a standard assumption in electrochemistry
when no side reactions occur. Also a maximum doping level is introduced, estimated for a
specific material. With a constant amount of counter ions in the electrolyte assumed, a
relationship for the activities A and the doping levels y between two points in the transistor

channel (a and b) can be made.

Aprod Ya y™**~yp)
= Eqg. 3.
Areact (Y™ -vya) Yb ( q 3 3)

Using those equations and setting a number of boundary conditions they were able to describe
several parameters of the OECT in steady-state qualitatively. The gradients of the potential and
of the doping fraction along the source-drain line are calculated using the set of equations
described in their publication. This is particularly interesting as the pinch-off of the transistor
can be described and understood like this. The calculations are backed by experiments
monitoring the potential at several spots of the source-drain line by the use of potential
sampling fingers and also the doping level by optical measurements. For simplified cases also I-
V curves were correctly reproduced. Although a working qualitative model is described, no
guantitative statements are possible. Many assumptions and simplifications have to be made
and many parameters remain unknown. Nevertheless important aspects of OECT physics are

highlighted.

Bernards and Malliaras show a model describing both the steady state and the transient
behavior of OECTs [23]. They divide the transistor into two circuits; an electronic circuit and an
ionic circuit, reflecting the fact that both types of charge carriers are transported in an OECT. In
the electronic circuit holes are transported within the semiconductor. It is determined by the
mobility and the density of those holes and described using Ohms law. The ionic circuit reflects
the transport of ionic charge in the electrolyte and via the electrolyte/semiconductor
interface. It is determined by the initial hole density and the charge of injected cations in the
semiconductor film. The equivalent circuit used for those circuits, as well as the theoretical
slice of organic semiconductor considered for the model are displayed in figure 3.3. A
combination of the two circuits is used to model the steady-state and the transient behavior of

the OECT.
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Figure 3.3: a) Channel of the OECT with the theoretic slice used for the model highlighted and the variable

parameters marked. b) Equivalent circuit used for the demonstrated model [23].

Using equation 3.4, reflecting the combination of the ionic and electronic circuit in steady
state, |-V characteristics can be modeled. The obtained results match experimentally

determined characteristics to a very large extend, confirming the usability of this model.

Vg—V(x)) L, V@) (Eq. 3.4)

12 dx

l(x)=q*u*po*(1—

In this equation J(x) is the current flux, q is the elementary charge, u is the hole mobility, pg is
the hole density, V, is the gate voltage, V, is the pinch-off voltage and dV(x)/dx is the electric
field.
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The transient behavior is dominated by the injection of cations into the semiconductor film
and the removal of holes at the source-drain electrode. It is described starting from the steady
state and adding two time constants: One for the ionic transport in the electrolyte (t),
determined by the electrolyte resistance and the capacitance of the double layer, and another
for the electronic transit time (t.), determined by the hole mobility, channel dimensions and
the applied gate voltage. Assuming a homogeneous de-doping in the entire transistor channel
without any saturation effects, the current, depending on gate voltage and time, can be
expressed as follows:

1(t,Vy) = Iss(Vy) + Alss » (1 - fz_f) exp (_t) (Eqg. 3.5)

Ti

In this equation Iss is the steady state source-drain current at the gate voltage V,, Al is the
difference between the source drain current at 0 V gate voltage and the source-drain current
when V, is applied, f is a constant of proportionality to take the spatial non-uniformity of the
de-doping into account and t; and 1. are the time constants described above. The constant f is
expected to depend on the drain voltage and the gate voltage. This undetermined factor f is
influencing the time dependent response to a large extent, making quantitative modelling of
the transient behavior unrewarding. Qualitative modelling on the other hand has taken a leap
forward thanks to this model. In summary this model is providing a very precise description of
the steady state behavior and also a deep insight into the transient behavior, considering the
peculiarity of the OECT with both the ionic and electronic charge transport involved in the

switching process.

4. Transistor design

There is one general design rule established concerning the geometry of the source-drain and
the gate electrode. The area of the gate electrode covered with electrolyte should be at least
ten times bigger than the area of the transistor channel. Like this an over-oxidation of the gate
electrode is prevented when reducing the transistor channel (switching the transistor off).
Such an over-oxidation leads to irreversible oxidation on the polymer chain of the PEDOT:PSS,
causing an entire loss of conductivity and thereby the destruction of the transistor[19, 24, 25].
Apart from this design consideration there are two basic transistors designs possible,
describing the arrangement of the electrodes and the electrolyte: the lateral and the vertical

transistor design.
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4.1 Lateral Design

The lateral design, as displayed in figure 4.1a, is used for all the transistors described in the
paper reprint section of this thesis. Featuring this design the transistor is built utilizing only two
active layers deposited on top of the substrate; the organic semiconductor (in this work
PEDOT:PSS) and the electrolyte (in this work diverse electrolytes are used). All the
semiconductor electrodes are located at one level, making this design tailor-made for
fabrication by printing processes. Additionally no alighment of the electrodes is necessary as
they are all structured in the same fabrication step. The electrolyte is placed on top of the
semiconductor electrodes. An implicated advantage of this design is the high degree of
freedom concerning the electrolyte material properties. Either liquid gelled or solid materials
are possible in this transistor design as no other material has to be deposited on top of the
electrolyte. Another advantage is that the electrolyte application is usually the fabrication step
finalizing the laterally designed OECT, so the electrolyte is not exposed to follow up process
steps that might deteriorate its stability or performance. A performance parameter, more
precisely the switching time, is the major drawback of this transistor design. An inherent
problem is the so called reduction front, an area of reduced PEODT outside the area covered
with electrolyte on the drain side of the source-drain line. Due to the missing physical contact
between reduced semiconductor and electrolyte, switching this area is depending on diffusion,
making it very slow. This problem can be circumvented by using an adapted lateral design: a
highly conductive inert material is printed over the organic semiconductor reaching the
transistor channel but not connecting the source and drain electrode. Like this formation of

the reduction front is hindered and faster switching devices are obtained [26].

4.2 Vertical Design

In this design, displayed in figure 4.1b, three layers are present: First the organic
semiconductor, next the electrolyte and on top again the organic semiconductor. Transistors
featuring this design are not that simple to fabricate compared to lateral OECTs. The
electrolyte needs to be solid and stable enough to withstand the processing necessary to apply
the second electrode. An alternative is the use of a second foil, carrying the top electrode,
which is laminated onto the first foil containing layers one and two. A challenge arising from
this process is the need for alignment of the first and the second electrode. An adapted form
of the vertical design is the use of a liquid electrolyte placed in a reservoir above the source-
drain electrode with a Pt-wire acting as the gate electrode. This transistor design is very

common in sensing applications (an example is given in [27]). Vertically designed OECTs are
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generally considered to be faster switching because (i) the formation of a reduction front is
less pronounced than in lateral OECTs and (ii) the location of the gate electrode directly above
the transistor channel, only separated by the electrolyte and thereby in close proximity, is
favorable in terms of the driving force for insertion of cations into the semiconductor layer.
Depending on the application it is necessary to evaluate if the performance demands justify

the much more complicated fabrication process.

a) b)
Top-View Top-View

Side-View £ G Side-View 'c EL

D L:s p WS g

Figure 4.1: Top and side view of an OECT in a) lateral and b) vertical transistor design with S, D and G being the

source, drain and gate electrodes, respectively, and EL being the electrolyte.

5. Logic Gates

When building transistors there is always the goal to fabricate circuits as well. In this way the
complexity of tasks the device is able to complete can be enhanced. A modern Intel i7
processor contains around 1.8 billion transistors [28], numbers that are way beyond the reach
of present day organic electronics. But Myny et al. demonstrated a processor comparable to
an early days Intel 4004 -processor from 1971, based on OFETs and containing 3381 single
transistors [29]. For OECTs on the other hand no circuits more complex than NAND gates have
been demonstrated. A reason for this may be the architecture OECTs demand for the
fabrication of inverters, a basic building block for every circuit. To the best of our knowledge
Nilsson and co-workers were the first to publish research on logic circuits based on OECTs.

Chapters 5.1 and 5.2 are based on this work [19, 30].



5.1 Inverter

In a NOT gate, also called inverter, the input signal is inverted. In Boolean terms an input of 1
results in an output of 0 and vice versa. An output of 0 lies in the region of zero volts whereas
an output of 1 lies in the region of the maximum input voltage of the inverter. In OECTs the
input signal is positive and the output signal negative (OECTs operate in the third quadrant of
the set of characteristic, compare figure 3.2c). To obtain the described inverter behavior,
where the output of 1, intrinsically negative for an OECT, is in the range of the maximum input
voltage, intrinsically positive in an OECT, a specific inverter architecture is needed. A voltage
divider consisting of three resistors is connected to the source-drain electrode of the
transistor. Additionally two supply voltages, one positive and one negative (+Vpp, -Vop), are
applied to the ends of the voltage divider. The input of the inverter is at the gate electrode of
the OECT whereas the output is at the voltage divider (figure 5.1a). When the input is 1, the
OECT is switched-off. In this state the transistor acts as a very high-impedance resistor. The
pathway of minimal resistance in this state is across the three resistors of the voltage divider
(compare the blue highlighted path in figure 5.1a). The voltage divider and the supply voltages
thereby define the output voltage level of the inverter in this state. They need to be adjusted
to give a logical 0 as the output signal, meaning that R1 + R2 = R3. When the input is 0, the
OECT is switched-on. In this state the transistor exhibits a low resistance; lower than the
resistor R1 of the voltage divider. R1 is bridged by the on-state transistor, resulting in the
minimum resistive pathway via the transistor and R2 and R3 of the voltage divider (compare
the red highlighted path in figure 5.1a). In this state the output of the inverter is defined by the
resistances of R2, R3 and of the on-state transistor (on-resistance) as well as the supply
voltage, adjusted to result in an output signal of 1. For the inverter design two parameters are
crucial: The transistor's on-resistance and the gate voltage necessary to switch-off the
transistor. Calculations to define voltages and resistors considering the transistor
characteristics are possible using voltage divider theory and the superposition principle. For
more details the reader is referred to paper 3 included in this thesis (Chapter 9). With the
described architecture inverter behavior is obtained using an OECT. The drawback of this
architecture is that the characteristics of the single transistor are reflected in the transfer
characteristics of the inverter. In contrast when using OFETs it is possible to use two transistors
to fabricate an inverter. In an organic complementary inverter for example a combination of
an n—type and a p-type transistor is used. In the ON-state of the inverter the p-type transistor
is on, setting the output on the level of the supply voltage. In the OFF-state of the inverter the

n-type transistor is on, setting the output on zero volts [31]. As long as leakage is prohibited,
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one particular transistor is responsible for one particular inverter state. The transient between
the two inverter states reflects the voltage area where one transistor is not entirely switched
on and the other transistor is not entirely switched off. Accordingly the inverter transfer
behavior is not depending on the characteristics of a single transistor and its ON- and OFF-
state (as it is the case for OECT based inverters). A matching performance of the two
transistors presumed highly symmetric switching behavior is possible, enabling higher gains
and noise margins compared to OECT based inverters. Those two factors are important figures
of merit for inverters. The gain represents the maximum slope of the inverter transfer
characteristics (figure 5.1b). The higher the gain the lower is the input voltage area where the
transistor is neither in the 1- nor in the O-state. For the sake of precise switching the highest
possible gain is therefore desirable. The noise margin represents the stability of the inverter
against transistor parameter variations and electrical noise [31]. A common procedure for
determining the noise margin is the “maximum equal criterion” or MEC. The noise margin is
defined by the largest square one can possibly fit between inverter transfer curve and the
mirrored inverter transfer curve (figure 5.1c) [32]. Using those two values a convenient
guantification of the inverter performance and also a comparison of the performance of

different inverters are possible.
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Figure 5.1: a) Inverter based on OECT; highlighted are the switching states. b) c) Inverter transfer characteristics

with b) gain and c) noise margin [31] depicted.

5.2 NAND Gate

A NAND gate is a very important building block because any combinatorial logic function can
be fabricated using a combination of NAND gates [33]. The added functionality compared to
the inverter is achieved by a second transistor that is connected in parallel to the first one. Like
this the function of a NAND gate is achieved. When a 0 is applied to the input of one of the
transistors, this transistor is in the on-state. It exhibits a low resistance (Rgn), making the
pathway via this transistor the one with the lowest resistance. From the combination of supply
voltage, voltage divider and Roy a logical 1 is obtained as the output signal (compare section
5.1). The same is true when both inputs signals are 0. Again the last resistor of the voltage
divider is bridged by the on-switched transistors and logic 1 is obtained at the output. Logic O
at the output is only obtained when both input signals are 1. Like this both transistors are in

their non-conducting off-state, leaving the voltage divider as the pathway with the lowest
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resistance. This combination of voltage divider and supply voltages results in logic 0 at the

output. The different states of the NAND gate are depicted in figure 5.2.

+Voo +Vop
R3 R3
ouT I—O ouT
R2 R2
. . ik :
ECT ECT ECT T ECT
IN IN2 IN IN2
R1 R1
= I = IN 1 IN 2 ouT
_VDD _VDD
1 1 0
*+Voo *+Voo ! - 1
1 At 0 0 1
R3 R3
I—O ouT :{—Q ouT
R2 R2
ect I P EcT ect ] I ! EcT
IN1 IN2 N1 IN2
R1 R1

Figure 5.2: NAND gate based on OECT; highlighted are the switching states.
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paper 1, removing of author affiliations and removing of keywords for improved readability as

well as unifying the reference format.
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6. Paper Overview

6.1 Paper 1: Influence of geometry variations on the response of

organic electrochemical transistors

o~ [ revoress

|:| electrolyte
- silver

Entirely inkjet-printed OECTs are used to examine
the relationship between the geometry of such a
transistor and its performance. The width of the
source-drain electrode, the electrode thickness and
the gap between source-drain and gate electrode
are varied, monitoring the influence of this
variation on the on-current and the on/off-current
ratio. In Addition entirely inkjet-printed inverters

are fabricated.

6.2 Paper 2: Nanoimprint Lithography-Structured Organic

Electrochemical Transistors and Logic Circuits

substrate [l PEDOT:PSS resist [l Sistamp [ electrolyte

A hybrid fabrication process combining inkjet-
printing and nanoimprint-lithography (NIL) is
developed to fabricate OECTs with critical
dimensions in the range of 10um. The PEDOT:PSS is
pre-structured by inkjet-printing before the
electrodes are defined by a NIL structuring step. To
finalize the OECTs the electrolyte is applied by
inkjet-printing. Using these devices the effect of
miniaturization on the device performance is
examined. Additionally Inverters and also NAND
gates utilizing these OECTs are fabricated and their
performance is compared to entire inkjet-printed

ones.
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6.3 Paper 3: All Screen Printed Logic Gates Based on Organic

Electrochemical Transistors

6.4 Paper 4: Efficiency of

Electrochemical Transistors

Entirely screen-printed OECTs and PEDOT:PSS
resistors are used to fabricate inverters, NAND
gates, flipflops and a 2-bit shift register. All of the
basic building blocks and the circuits are examined
concerning the uniformity of their performance.
The performance of more than 380 OECTs and
resistors is examined by comparing the output of
eight flipflops. With this study both the usability of
OECTS for complex circuits and the capability of
fabricating organic electronic devices entirely by

screen printing is demonstrated.

the Switching Process in Organic

In this paper the influence of the volume of
PEDOT:PSS in the transistor channel V¢ on the
charge necessary to switch the transistor off is
examined. Transistors are fabricated entirely by
screen-printing, varying the volume of the
transistor channel, and the gate current switching
them off is monitored. The gate current is
subsequently used to determine the amount of
PEDOT actively participating in the electrochemical
switching process and conclusions on the switching

efficiency are drawn.

33



7. Influence of geometry variations on the response of organic

electrochemical transistors

7.1 Abstract

We report on the fabrication and characterisation of entirely inkjet-printed organic
electrochemical  transistors (OECTs) based on  poly(3,4-ethylenedioxithiophene)
poly(styrenesulfonate) (PEDOT:PSS). These transistors were used to evaluate the assumed
geometry-performance relationship of OECTs by changing the transistor dimensions and
monitoring the output characteristics. We could show that the on-current depends on the
PEDOT:PSS thickness and that the on-to-off current ratio is related to the distance between
the printed electrodes. Taking these results into account, we fabricated entirely inkjet-printed
electrochemical inverters with a switching time of about 4 s. These inverters outline a first step

from organic electrochemical transistors towards logic circuits.

7.2 Introduction

Since the discovery of conducting polymers in the late 1970s, a lot of research activities in
polymer science aimed at developing printed electronic circuits, which combine
multifunctional materials with low-cost production and a versatile form factor [1]. The key
elements of any electronic circuit are transistors and resistors. There are two main concepts to
build transistors based on organic materials: organic thin film transistors (OTFT) and organic
electrochemical transistors (OECT). The simplest way to realize both organic resistors and
organic transistors is based on printable conjugated polymers that can be used as printed
resistors or if combined with electrolytes form an OECT. One well known example of such a
polymer is PEDOT:PSS (poly(3,4-ethylenedioxithiophen) poly(styrenesulfonate)) which shows
electrochemical switching over five orders of magnitude [2] via a voltage-induced reversible

redox process.

OECTs have several advantages compared to organic thin film transistors. First, due to the
absence of a gate dielectric, the charge carrier transport is not determined by the often
imperfect quality of the interface between semiconductor and gate dielectric, which leads to
trapping and performance instabilities. Second, due to the high capacitance of the electrolyte
their operating voltage is very low, allowing for a switching of the OECTs in the range of 1 V
and below. Third, only few materials and a very simple design are needed for OECTs thus
decisively simplifying the printing process. Finally, they act as an ideal platform for the

integration of electronic and biological systems, because of their unique ability to conduct
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both electronic and ionic carriers. Due to all these advantages, electrochemical transistors
increasingly find their application in cell transport measurement [3], circuitry for disposable
electronics [4], active-matrix physical sensor circuits [5], and in chemical [6] and biological
sensors [7,8]. A comprehensive overview of OECTs and OTFTs for chemical and biological

sensing is provided in literature [9].

An inherent characteristic of OECTs is that a positive input voltage is needed to switch the
transistor, resulting in a negative output voltage. This makes it impossible to drive a transistor
with a preceding one [4]. To shift the negative output voltage to positive values, a voltage
divider connected to the output of the transistor is needed. This combination of an OECT and a
voltage divider is working as an electrochemical inverter, generating an output signal of logic 1
when the input is 0 and logic 0 when the input is 1. One major drawback of OECTs is their low
switching speed which is a result of the intrinsically low mobility of the ions in the electrolyte
and the limited speed of the redox reaction. We assume that the geometry of the device also
has a substantial influence on the transistor speed. Although the general working principle of
OECTs was investigated intensively [10-13], there exists no comprehensive work on the
geometry-performance relationship of OECTs; only the influence of the ratio between the gate
area Ac and the source-drain area Aso on the I(V) curves was investigated [14,15]. Additionally a
faster response time of OECTs when the length of the source-drain line is decreased was
observed [16]. The latter was also shown for transistors used in biosensing [17]. Accordingly,
we examined the effect of varying the transistor geometry on the IV-curves of printed OECTs in
a systematic way. The OECTs were fabricated by inkjet printing and had a lateral configuration
(see Fig. 7.1(a)). The optimized geometry of the OECTs was implemented in the fabrication of
printed inverters which serve well to showcase the effect of fundamental OECT parameters in
practical applications. These inverters are composed of high performing OECTs and PEDOT:PSS

resistors, based on only three inks (PEDOT:PSS, Silver, Electrolyte), and exhibit a gain of 2.7.

7.3 Experimental

The gate electrode and the source-drain line of the transistor are formed by inkjet printing of
PEDOT:PSS on PET (polyethyleneterephthalat) substrates. A silver pad ensures good contact
between the electrodes and the measurement circuits. A cationic electrolyte is applied by
inkjet printing between gate and channel, thus covering parts of the source-drain line and the
gate electrode. The voltage divider which is used to form an inverter is printed with PEDOT:PSS
and silver ink. As the substrate for all devices we use untreated Melinex ST725 PET foil from

DuPont. Inkjet printing processes are done with the Fujifilm Dimatix Material Printer DMP
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2800 with Dimatix DMC 11610 printing cartridges. The substrate temperature during printing
is 40 C for PEDOT:PSS and silver ink. The PEDOT:PSS Clevios P Jet HC from H.C.Starck is filtered
with a 0.2 um PET filter. The silver is processed either by hand (Electrolube silver conductive
paint) or by inkjet printing. The inkjet-printed silver Cabot CCI-300 is sonicated for 15 min and
filtered with a 0.2 um PET filter before use. After printing, the ink is sintered on a hot plate for
30 min at 100°C. The electrolyte is also applied either by hand or by inkjet printing. When
inkjet is printed, 20 layers of electrolyte are applied on the substrate at ambient temperature.
The used polyelectrolyte formulation consists of: 51 wt. % deionized water, 33 wt. %
Poly(sodium-4-styrene sulfonate), 8 wt. % D-sorbitol, and 8 wt. % glycerol (85 wt. %), as found
in literature [18]. For electrical characterization, a Suess Microtec probe station and a MB
Technologies parameter analyzer are used and for the dynamic measurements a Thurlby
Thandar Instruments TG230 frequency generator and a Tektronix TDS 2014 B oscilloscope. The
different thicknesses of the layers are measured with a Dektak Profilometer by Bruker. All

process steps are carried out under ambient conditions.

7.4 Results and Discussion

Three different geometry parameters of OECTs were investigated (Fig. 7.1(a)). First the
thickness T of the PEDOT:PSS electrode was varied by increasing the number of printed layers
of PEDOT:PSS. Then the gap G between the gate and the source-drain line was tuned. Finally,
different line widths W were investigated. While modifying the geometry parameters of the
devices, the ratio of the active area (area covered with electrolyte) between the gate electrode
Ac and the source-drain line Asp (see Fig. 7.1(a)) was held constant at a ratio of 10:1. Thus the
reported influence of the area ratio on the on-to off ratio could be excluded [15]. From the Ibs
(Vos)-characteristics basically two parameters were extracted and compared with respect to
the device geometry—the on-current lon (Ips @ Ves = 0 V, Vos = -1 V) and the on-to off-ratio
lon/loff (With loff = Ips @ Ves = -Vbs = 1 V). In Fig. 7.1(b) a typical Ibs-Vos curve of an organic
electrochemical transistor with inkjet-printed PEDOT:PSS and non-optimized geometry is
displayed. From the on-current lon = -6.48 * 10° A and the off-current lof = -6.54 * 10% A an
on-to-off-ratio of 1 * 10% is extracted. Between forward and reverse drain voltage sweep a
clockwise hysteresis in the drain current is observed which results from the slow motion of the
ions during the switching process; the respective gate switching current is also plotted in Fig.

7.1 (b) and is in the order of 1 * 10”A.
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Figure 7.1: a) Architecture of a lateral OECT, the varied geometry parameters are (i) the thickness T of the
PEDOT:PSS electrodes, (ii) the gap G between the gate electrode and the source-drain line and (iii) the width W of
the source-drain line b) Output characteristics of an OECT with a non-optimized geometry (W = 100 um, G = 1500

um, T =180 nm) and an area ratio Ag/Asp= 10:1, the gate current is plotted for Vgs=-1V and V=0 V.

The electrodes’ thickness T of transistors with nominal line widths W = 10 um, 50 um, 100 um,
250 um, and a gap G = 1500 Im was modified by multiple printing of PEDOT:PSS layers.
Thickness values between 40 and 75 nm were obtained for one layer of printed PEDOT:PSS.
For two, three, five, and seven layers of successively printed PEDOT:PSS, thickness values up to
450 nm were achieved. It can be assumed that a variation of T results in a change of the
electrical properties of the PEDOT:PSS electrodes such as the conductivity (Fig. 7.2(a)). A
decrease of the sheet resistance Rswith increasing thickness values T is observed, following the
expected 1/T dependence [19]. From Rs = p/T, a resistivity of p = 0.01578 Qx*cm is deduced,
which corresponds to a conductivity of c = 63 S/cm of the printed PEDOT:PSS layer. The effect
of varying T on the OECT parameters is plotted in Figs. 7.2(b) and 7.2(c). The on-current lon
increases approximately linearly with the line thickness T (Fig. 7.2(b)) being consistent with the
1/T decrease of the sheet resistance. Since the linear lon(T) correlation is valid for lines with
different width W, the normalized lon*(T) curves collapse together (Fig. 7.2(c)). Here lon*
corresponds to lon divided by the actual line width W*; the latter can differ from the nominal
line width W due to the limited alighment accuracy and the spreading of the PEDOT:PSS ink.
The linear fit to the normalized on-current results in lon* = -15.6 *T. In a simple model lon* can
be calculated from the linear part of the I(V) curve according to lon, cac* = V/(Rs *L) = (V/L) * ¢ *
T. In our example, L = 2.5 cm is the length of the printed S-D line, V = -0.7 V is the voltage
range of the linear I(V)-part. Taking the conductivity ¢ = 63 S/cm from the fitted sheet

resistance in Fig. 7.2(a), lon, calc® = -17.6 * T which is very close to the fitted lon* line.

37



The on-to-off ratio seems to be independent of T, meaning that loff increases with T
equivalently to lon (Fig. 7.2(b)). The same observation holds for the dependence of the on-to
off-ratio on the width W. A possible explanation for this might be the slower reduction of the
PEDOT:PSS in the deeper regions of the source-drain line and in regions farther away from the
gap edge. This leads to a graduation of reduced material during the measurement with mostly
unreduced, high conducting material on the bottom of the line and fully reduced material on
the top of the line, resulting in a higher overall off-current. This so-called reduction front is
moved from the top towards the bottom of the line by the gate field and from the gap-sided
electrode edge to the other. We can conclude that it is possible to increase the on-current by
increasing the PEDOT:PSS line thickness T (and the width W), but the onto-off ratio remains

virtually unchanged.

Next, the influence of the gap G on the device performance is examined. All OECTs in this
experimental setup had a nominal line width W = 50 um and a thickness T = 120 nm
(optimized values). G was varied between 500 um and 5 mm. The magnitude of the on-current
does not depend on G (Fig. 7.2(d)) which can be expected since the on-current is measured
with no gate voltage applied. So there should be no influence of the current on the distance

between the gate and the source drain line.

However, the on-to-off ratio clearly increases for small G values (Fig. 7.2(d)). This observation
can be explained as follows: When the gap is small enough, the redox reaction time is
sufficient to reduce the entire width of the source-drain line within one measurement cycle
and the transistor can be switched off much better. An additional requirement for achieving a
complete switch-off is a gate potential that is big enough to move the cations all across the
source-drain line and cause a reduction of the whole line width. These two preconditions lead
to a low off-current. Assuming a constant on-current, transistors with smaller gaps reach

higher on-to-off ratios than transistors with larger gaps.
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Figure 7.2: a) Dependence of sheet resistance Rg on PEDOT:PSS thickness T; fit-equation R, = 0,01578 * T b)
Dependence of the on-current I, and of the on-to-off ratio on the line thickness T. c) Dependence of the normalized
on-current Iy, * on the line thickness T; |, is normalized to the widths of the source-drain lines W*; fit- equation I,,*
=-15,60158 * T. d) Dependence of the on-current and the on-to-off ratio on the gap G for transistors with W = 0,05

mm and T =120 nm.

For the printing of the electrolyte, its viscosity had to be adapted and the minimum electrolyte
volume for achieving satisfactory OECT characteristics had to be determined. It turned out that
a minimum of 20 layers of electrolyte (50 um thickness) is needed and that a 1 + 3 solution of
electrolyte in deionized water is optimal with respect to high precision splash-free printing. For
printed inverters, transistors with high on-to-off ratios rather than high on-currents are
needed. Therefore, we chose a geometry of the all inkjet-printed OECTs with a small gap value
(G = 500 um) and a source-drain line width W = 250 um with only one layer of PEDOT:PSS.
Their output characteristics (Fig. 7.3(a)) reveal lon= -4.5 * 10® A and loff = -2.7 * 10 A, leading
to an on-to-off ratio of 1.6 * 10° which is more than one order of magnitude higher than what
has been achieved for devices with non-optimized geometry. The lower hysteresis may
indicate a higher switching speed compared to transistors without optimized geometry

(compare Fig. 7.1(b)) Based on this design rule electrochemical inverters were fabricated with
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the aim to determine the switching speed of the OECTs. As pointed out in the beginning, a
voltage divider has to be printed and connected to the output of the transistor (Fig. 7.3(b)).
This voltage divider is made of PEDOT:PSS and printed silver pads, the latter used to define the
magnitude of resistance of the three needed resistors by their length. Considering the switch-
on resistance of the transistor Ron = 32 kQ and the switch-off resistance Rorr = 18 MQ),
resistors with R1: R2: R3 = 427 kQ: 280 kQ: 154 kQ) = 7.93: 5.20: 2.86 in length ratios were
printed. For such a geometry and a symmetric voltage supply of +Voo= +3 V and -Voo = -3 V
(see Ref. [8]), an output voltage of 1 V when the transistor is switched on and 0 V when it is
switched off can be achieved. The transfer characteristics of such all inkjet-printed inverters
show clear plateaus at the high and the low level (Fig. 7.3(c)). The voltage of the high level
(transistor = on) is V out = 0.97 V and the voltage of the low level (transistor = off) is Vout = -0.01
V, almost reaching the theoretical voltage levels. Moreover, the gain of 2.7 (Fig. 7.3(c) inset) is
comparable to values reported in literature [4]. In general, these transfer characteristics
confirm that the ratio of the resistors as well as the supply voltages are appropriate and that
the chosen design can be considered as functional. Concerning their dynamical behavior a
typical response to a square wave input signal with a frequency of 0.05 Hz is shown in Fig.
7.3(d). The high and low levels of +1 V and 0 V are constant for a measuring period of 110 s
and also a fast response of the output voltage Vout on Vin, depicted by a very small shift of the
two signals, is visible. Additionally, a speed difference in switching the transistor on and back
off is observable. The switching speed of the inverter is determined by graphic extraction,
resulting in a switch-on time of 3.3 s to achieve 0.9 V and a switch-off time of only 0.4 s to
achieve 0.1 V. An explanation for this mismatch may be the edge of the reduction front. During
the reduction process it is possible that this front is moving beyond the electrolyte edge
towards the drain electrode. In this case, the reverse process of oxidizing the PEDOT and
returning to the conducting state of PEDOT:PSS takes more time because the electrolyte,
triggering the reaction, is not in direct contact with the PEDOT. The total switching speed is 3.7
s, when the on- and off-switching times are added, being in the same order of magnitude as

reported for non-printed inverters with lateral design [4].
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Figure 7.3: a) Output characteristic of an entirely inkjet-printed OECT with W = 250 um, G = 500 um, T = 70 nm and
an area ratio between the gate electrode and the active area on the source-drain line of 12:1 b) circuit diagram of
an electrochemical inverter c) Transfer characteristic of an entirely inkjet-printed inverter; Inset: Gain of the

inverter d) Response characteristics for an electrochemical inverter

7.5 Conclusion

In summary, our investigations on lateral all-printed OECTs concerning their geometry-
performance relationship have shown that the on-current increases with the PEDOT:PSS layer
thickness and, less pronounced, the width and that the on-to-off ratio increases substantially
with a smaller gap between gate and source-drain area. We assume that reducing the gap to
even smaller dimensions will further increase the on-to-off ratio. This will be investigated in
future studies with structuring methods like Nano Imprint Lithography. The ink-jet printed
inverters that account for these design rules show convincing on-off switching behavior. As
logic gates, they will soon form the base for more complex circuits such as flip-flops and shift
registers. Since only three materials are needed to realize these circuits in a very
straightforward process, they have a strong potential for mass-fabricated low-cost and

disposable electronics.
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8. Nanoimprint Lithography-Structured Organic Electrochemical

Transistors and Logic Circuits

8.1. Abstract

We report on the fabrication of organic electrochemical transistors structured by nanoimprint
lithography. The devices were scaled down as a consequent result of our previous findings for
inkjet-printed transistors, where a reduced source-drain width and a shorter distance to the
gate resulted in higher onto-off current ratio. We could show that these findings also prove
true for transistors with feature sizes below 10 um. Furthermore, we fabricated inverters and
NAND gates with switching times below one second. These logic gates mark an important step

for organic electrochemical transistors towards their usability in more complex logic circuits.

8.2. Introduction

There are two main concepts to build organic transistors: the organic thin-film transistor
(OTFT) and the organic electrochemical transistor (OECT), the latter being studied in this work.
Using an electrolyte and the well-known conducting and printable polymer PEDOT:PSS
(poly(3,4-ethylenedioxythiophene): poly(styrenesulfonate)), electrochemical switching over
five orders of magnitude via a voltage-induced reversible redox process has been shown and
exploited in OECTs and circuits thereof [1]. Naturally, their performance depends heavily on
the used materials, but different geometry parameters also play a significant role [2—4]. We
could show for all-inkjet-printed OECTs that the on-to-off current ratio can be improved by
reducing the width of the source-drain electrode (width W) and its distance to the gate (gap G)
[5] (compare Fig. 8.1a). In this work, we aim to further exploit this relation by fabricating
devices with a higher resolution than provided by inkjet printing. Thus it is necessary to pattern
the PEDOT:PSS electrodes with minimum feature sizes of 10 um and below. Different
approaches to achieve this goal have been shown in literature. One technique is to rely on a
previous surface treatment of the substrate, using structured hydrophobic layers [6], CF4
etching [7] or self-assembled monolayers and V-shaped, embossed groves [8]. The methods
are promising for producing feature sizes well below one micrometer, but the first two require
a very good control over the drop volume to achieve thin layers while the third one requires a
quite complicated, high resolution surface treatment. PEDOT:PSS can also be mechanically
structured, either by laser ablation [9], oxygen plasma etching using a stainless steel mask [10]
or photolithography and lift-off [11]. However, in the context of low cost production a roll-to-

roll compatible, parallel structuring technique would be advantageous. Accordingly we
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introduce UV-based nanoimprint lithography (UV-NIL) as a high resolution, high throughput
patterning technique to structure PEDOT:PSS. Devices with a gap of G = 6 um and a width of W
= 13 um were fabricated and measured. Full usability of the NIL-structured electrochemical
transistors (NIL-OECTs) in higher integrated logic circuitry is demonstrated on the basis of
inverters and NAND gates. Furthermore, the transistors are compared to our previously

published all-inkjet-printed OECTs in terms of static and dynamic behavior.

8.3. Experimental

The OECTs presented here consist of PEDOT:PSS (Clevios P Jet HC by Heraeus) an inkjet
printable polymer electrolyte and silver ink (Cabot CCI-300) for the contact pads. The
electrolyte formulation consists of: 51 wt.% deionized water, 33 wt.% Poly(sodium-4-styrene
sulfonate), 8 wt.% D-sorbitol, and 8 wt.% glycerol (85 wt.%) [12]. As shown in Figure 8.1b-g on
an SF6 plasma treated PET foil (Melinex ST725 PET foil from DuPont) the PEDOT:PSS electrodes
are pre-structured by inkjet printing using a Dimatix DMP 2800 inkjet printer. The substrate is
held at room temperature during the printing process. The PEDOT:PSS film is dried on a
hotplate held at 100°C for 10 minutes. Next, a UV curable imprint resist [13] is spin-coated on
top of the electrodes at 2000 rpm for 30 seconds. The resist is structured by UV-NIL using a
silicon stamp and curing the resist through the substrate with an EVG 620 mask aligner. After
separating the stamp from the sample, the resist acts as an etch mask. With an oxygen plasma
dry etch in a reactive ion etcher from Oxford Instruments the pattern is transferred from the
resist into the PEDOT:PSS lines. The sample is submersed in AZ 726 MIF photo developer
(microchemicals GmbH) for 15 minutes and rinsed with IPA to remove the resist. To improve
the electrical connection to the measurement tips, Ag contact pads are inkjet-printed onto the
electrodes at room temperature and cured at 110°C for 10 minutes on a hotplate. As a last

step the electrolyte is applied, again using inkjet printing [14].
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substrate [l PEDOT:PSS resist [l Sistamp M electrolyte

Figure 8.1.: Schematic top view (a) and NIL-process scheme (b-g) of a lateral electrochemical transistor; Definition of
the gap between the gate and the source-drain line G and the width of the source-drain line W (a). On a sample
with pre-structured PEDOT:PSS (b) an imprint resist is applied by spin coating (c). Then a Si stamp with the wanted
features is pressed into the resist (d), the resist is UV-cured through the substrate and the stamp is removed,
leaving an etch-mask for the underlying PEDOT:PSS (e).The etch pattern is transferred using an oxygen plasma etch

and the resist is wet chemically removed (f). As a last step the electrolyte is inkjet printed on the sample (g).

8.4. Results and Discussion

8.4.1. Nanoimprint lithography structured electrochemical transistor and logic
gates

From Figure 8.2, showing the output characteristics of a typical NIL-OECT with a gap of 6 um
and a width of 13 um, the on current loy (lp at Vgs = 0 V, Vps = -1 V), the off current lo (Ip at
Vs = 1V, Vps = -1 V), and the on-to-off current ratio lon/lorr can be extracted. The shown
device reveals loy= 6.4 x 1077 A, logr = 1.0 x 10™° A and lon/lorr = 6.4 x 10°. Peak devices showed
an even higher ratio of up to 1 x 10*. The maximum switching current (lg max) iS lgmax = 1 % 107
A and the largest hysteresis at Vg5 = 0 V reaches 13 % of lgy. The hysteresis is a result of the
ions present in the electrolyte. As a next step, all printed NIL-structured OECT-based inverters

using the circuit design shown in Figure 8.3a were investigated. For the resistors inkjet-printed
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PEDOT:PSS is used. In order to reduce the footprint of the circuit, the resistors are also
structured by NIL. Ideally, the circuit acts as a voltage divider between R3 and R1 + R2 for a
switched off OECT or R3 and R2 + Rpy for a switched-on OECT. In reality, the parallel
resistances of Roy and Ror (Rorr = Ron at Vs = 1 V) have to be taken into account. For the
proper function it is important that Roer > R1 > Rgy. Considering the on- and off-resistances of
the transistor (compare Fig.8.2) (Roy = 875 kQ, Rorr = 3 GQ) and symmetrical supply voltages
(Vop =3V, =Vpp = -3 V) resistances of R1 : R2 : R3 = 15 MQ : 25 MQ : 40 MQ should result in
good inverter performance. Alternatively the supply voltages can be adjusted to compensate
for a mismatch in the resistance ratios. One solid NIL-structured resistor line was fabricated
and divided into the needed length parts by inkjet-printed Ag contact pads. For the inverter
shown in Figure 8.3c the resistances revealed R1: R2:R3 =6 MQ :16.6 MQ : 37.7 MQ and the
supply voltages were adapted to Vpp = 4.0 V and -Vpp = 2.1 V respectively. The device has
clear plateaus at the high and the low level. The voltage of the high level (Voutput at Vinput = 0 V)
is Voutputnigh = 0.94 V and the voltage of the low level (Vinput = 1 V) is Voutputiow = =0.03 V. This
result is in good agreement with the target voltage levels of Voutputhigh = 1 V and Voutputjow = 0 V.

The extracted gain of 3.8 (Fig. 8.3c inset) is comparable to values reported in literature [1, 5].
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Figure 8.2.: Output characteristics of a NIL-structured electrochemical transistor. The width of the source-drain line

W =13 pum and its distance to the gate G = 6 pum. From the slope of the linear fit Rgy = 875 kQ can be extracted.

To show that NIL-structured OECTs can be used for all Boolean logic operations, NAND gates

are fabricated [15] (Fig. 8.3b). The dynamic response of the NAND gate (Fig. 8.3d) shows good
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logic switching behavior, the youputnign Value (representing Logic 1) shows a slight instability
with plateau values in the range of Vouputhigh =1.01 V to 0.86 V, however there is still a clear
distinction to the low level state (Logic 0) being Vouputjow = 0.02 V. The switching time was also
measured, revealing a mismatch between switching the device from the on- to the off-state
(toff = 0.03 s) and back on again (to, = 0.9 s) (Fig. 8.4c). There are three different artifacts visible
in the NAND characteristics that can also be found in literature [1]. The sharp peak labeled “1”
in Figure 8.3d, when OECT1 is switched on and OECT2 is switched off, is a result of the
mismatch of the switching times. As stated above, OECT2 switches off over 0.03 s, so for a
short time both transistors are off. This results in the visible short drop of Vgt towards the
logic O state. The AVquyut = 0.2 V drop in the logic 1 level when OECT1 is on and OECT2 is off
(labeled “2” in Fig. 8.3d) is a result of the higher Roy of OECT1 (and thus the higher parallel
resistance to R1). The output characteristics of both OECTs used in the NAND gate can be
found in the Appendix of this chapter (Fig. 8.5). The third artefact appears whenever OECT1 is
switching off, especially pronounced when OECT2 is also off (labeled “3” in Fig. 8.3d). It is not a
stable artefact but varies both in height and transistor number from device to device. It is only
visible when the NIL-OECT switches off and in all devices most prominent when both
transistors are switched off. The artefact is thought to be a result of parasitic capacitances
between the gate and the source-drain line. When both transistors are off the parasitic
capacitance is discharged through the voltage divider and thus results in a peak in Vouipye. This
is in good agreement with the smaller change in Voupe when only OECT1 switches off, since
then part of the parasitic charge can flow over OECT2 to ground and the voltage divider is less

affected.

8.4.2. Comparison with all inkjet-printed organic electrochemical transistors

When compared to the all-inkjet-printed transistors published elsewhere the on-current is two
orders of magnitude lower for the NIL-structured devices (compare Fig. 8.4a,b) [5]. This is a
result of the decreased device geometries, but also the process steps performed on top of the
PEDOT:PSS. loy is lowered because the width of the S-D line is one order of magnitude smaller.
Also the sheet resistance of the PEDOT:PSS lines rises significantly due to the exposure to the
NIL process steps. A control experiment, where the sheet resistance of all-inkjet-printed
PEDOT:PSS lines has been measured before and after being exposed to application, curing and
stripping of the resist, revealed an increase from about 1 kQ/square to 300 kQ/square. On the
other hand loy is increased because the length of the source-drain line is reduced from 20 mm

to 1 mm. The PEDOT:PSS thickness is in the same order of magnitude for both the all-inkjet-
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printed and the NIL-structured devices, being around 100 nm. Despite the lower on-current
the on-to-off ratio has improved up to one order of magnitude. This represents a further
continuation of the trend that reducing both width and gap has a positive influence on the

transistor performance.

Concerning the dynamic behavior of the OECTs, the NIL-structured transistors show an overall
switching frequency of approximately 1.1 Hz. Compared to the 0.27 Hz of the inkjet-printed
OECTs the switching speed only improved by a factor of four (compare Fig. 8.4c). This indicates
that an effect different from the dimensions W and G seems to dominate the switching speed
for small geometry devices. The reduction front moving beyond the electrolyte area and
towards the drain electrode when switching the OECT off may be this dominant effect [16].
When switching the device back on, this area takes a relatively long time to be oxidized again.
This is supported by the dynamic behavior, which is heavily dominated by the time needed to
switch the device from the off to the on-state. While in all inkjet-printed OECTs the switching
time ratio is ton/tor = 8.3, the NIL-OECTs show a ratio of to./to = 30. This explanation can be
further backed by literature as switching speeds over 1 Hz have to the best of our knowledge
only been reported for device geometries where this reduction front is suppressed (e.g. by
replacing the PEDOT:PSS not covered by electrolyte with a conductor [3, 17]) or not affecting

the switching at all (e.g. in a vertical electrochemical transistor design [18]).
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Figure 8.4.: Output characteristics of a NIL-structured (a) and an inkjet-structured (b) OECT; (c) Dynamic response of
electrochemical inverters to a square wave signal. The switching times can be graphically extracted and read tyg =

0.9's, to, = 3.3 s (inkjet) and tog = 0.03 s, to, = 0.9 s (NIL).

8.5. Conclusion

To conclude we could show that it is possible to use nanoimprint lithography for the
structuring of PEDOT:PSS and fabricate fully-printed organic electrochemical transistors as well
as logic circuits. By reducing the device geometry both the on-to-off current ratio and the
switching speed were improved. The results indicate that further size reduction might not lead
to better device performance, as other influences beyond the geometry start to dominate the

dynamic transistor behavior. Future work will deal with the determination and evaluation of
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these influences (e.g. by suppressing the reduction front, modulating the gate area or
comparing different electrolytes) for different device geometries. Nevertheless, we could show
that lateral electrochemical transistors can exhibit good switching speeds and high on-to-off
current ratio. With the successful fabrication of logic gates future application as flip-flops or

shift registers and more complex devices with electrochromic displays can be addressed.

8.6. Appendix

Figure 8.5 shows the output characteristics of the two NIL-OECTs used for the NAND gate. The
on resistances can be calculated from the slope of the linear regime. For the devices Rgy equals

RON,OECTl =3.9MQ and RON,OECTZ =1.8 MQ respectively.
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9. All Screen Printed Logic Gates Based on Organic

Electrochemical Transistors

9.1 Abstract

We report on the fabrication and characterization of entirely screen printed integrated logic
circuits based on organic electrochemical transistors on flexible PET substrates. The transistors
are based on poly(3,4-ethylenedioxithiophene) poly(styrenesulfonate) and operate at a
voltage of 1.5 V. Together with screen printed resistors the printed transistors were used as
the building blocks for inverters, NAND-gates, flipflops and a 2-bit shift register. Dynamic
characterizations of these logic gates needing only five different inks reveal a high
reproducibility of the measured devices’ output signals. These results clearly indicate the high
uniformity and reproducibility of the screen printed transistors and resistors, emphasizing their

applicability for integrated circuitry.

9.2 Introduction

Organic electrochemical transistors (OECTs) have received considerable attention in recent
years. The function principle has been studied in several publications mathematically
describing the current saturation [1] and examining the gate electrode’s (faradaic or
capacitive) working regime [2]. A model of the working principle has been presented by
Bernards and Malliaras, describing it as a combination of an ionic and electronic circuit [3]. The
feature that both ionic and electronic charge carriers are used in OECTs makes them
particularly interesting for sensing and for applications at the interface with biology [4]. A
comprehensive overview of OECTs and OTFTs for chemical and biological sensing is provided in
literature [5]. Even applications as advanced as in-vivo recordings of brain activity have been
demonstrated [6]. Nevertheless, the use of OECTs is not limited to sensing. Their additional
advantages like the low operating voltage, the simple design allowing for a fabrication by
additive printing techniques and the possibility to use large area and flexible substrates make
them attractive for a large variety of applications. In this context the successful integration of
OECTs in basic electronic circuits [7,8], smart textiles [9], electrochromic displays [10] and
active-matrix physical sensor circuits was reported [11]. The latter uses OECTs for the readout
of a physical sensor, combining it with a simple two-color electrochromic display. To date more
complex organic electronic circuits [12] were presented only for organic thin film transistors
(OTFT)- examples here are integrated temperature sensors [13], a piezoelectricity based

pedometer [14] and the control-circuit of an e-ink display [15]. Further impressive examples
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demonstrating complex circuits using OTFTs are an 8-bit microprocessor, to some extent being
comparable to a silicon Intel 4004 early-days processor [16] that has recently been advanced
[17], a 240-stage shift register employing 13440 OTFTs [18], the design of a high-frequency AM
demodulator in a printed complementary organic technology [19] and an organic smart sensor
system on foil [20]. However, to the best of our knowledge complex integrated circuits based
on OECTs were not reported so far. A disadvantage of OTFT based circuits is the often
complicated fabrication process, including sophisticated equipment and corrosive chemicals
for the subtractive steps. Accordingly, circuitry based on OECTs with their simple design and
fabrication could be advantageous, especially when combined with applications that require

large-areas and flexible substrates.

The robust and fairly simple to process logic circuits presented in the work on hand mean an
important step in this direction. They are fabricated entirely by screen printing and are based
on electrochemical transistors with an operating voltage of 1.5 V. The printed transistors and
resistors consist of only three materials. For combining these basic components to integrated
logic circuits only two additional printable materials are needed for the wiring and the isolation
of interconnections. As a final step, printed flipflops and 2-bit shift registers were
demonstrated as basic building blocks for a printed sequential logic component. These devices

add the possibility to store an input signal, allowing for the use of OECTs in memory circuits.

9.3 Experiment

All OECTs are fabricated on PET foil (Melinex ST505) using PEDOT:PSS (Clevios S V3), a water-
based UV-curable polymer electrolyte and carbon paste (DuPont 7102). The voltage dividers
for the inverters also consist of PEDOT:PSS (Clevios S V3) and carbon paste (DuPont 7102). All
the wiring is based on screen printing of a silver paste (DuPont 5000). To facilitate the
unavoidable crossing of the silver lines a metal interlayer isolation is necessary. A screen
printable and UV-curable dielectric based on polyurethane acrylate is used. All materials are
processed by a Technical Industrial Co., Ltd. SFM 550 screen printer. The parameters of the
used screens are 100-40 mesh for the PEDOT:PSS and silver layer, 120-34 mesh for the

dielectric and carbon paste layer and 30-120 mesh for the electrolyte layer.

As a first step the carbon pads, connecting the transistor electrodes to the silver wiring and
defining the resistors for the voltage dividers, are printed. Next the PEDOT:PSS electrodes and
resistor lines are printed, followed by the first set of silver wiring. After each printed layer, the

paste is cured in an oven at 100°C for 10 minutes. To allow for crossings in the wiring, a
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dielectric is necessary. Two layers are printed wet on wet and cured under UV-light for 4
minutes. The process is repeated to increase the dielectric thickness, further reducing the
parasitic capacitance of the crossing wires as well as the probability of short circuits. The
second set of silver lines, completing the wiring, is printed and dried at 100°C for 10 minutes in
an oven. Finally two layers of electrolyte are printed wet on wet and cured under UV-light for 8
minutes. For the electrical characterizations a Suess Microtec probe station, a MB
Technologies parameter analyzer and, for the dynamic measurements, a Tektronix TDS 2014 B

oscilloscope are used. All measurements are carried out under ambient conditions.

9.4 Results and Discussion

Fig. 9.1(a) shows a photograph of a typical screen-printed OECT with a 0.5 mm wide and 3 mm
long source/drain poly(3,4-ethylenedioxithiophene) poly(styrenesulfonate) (PEDOT:PSS) line.
Since uniformity is desired, all transistors in the circuit have equal dimensions. In Fig. 9.1(b) the
output Ip(Vp) characteristics (drain current vs. drain voltage) of such a transistor are depicted,
revealing an on-current of loy=-2.38 * 10™ A at a gate voltage Vs =0V and an off-current of
lorr=-3.17*10% A at Vg = 1.5V, resulting in an on-to-off ratio of lon/lorr = 7.5%10" Additionally,
the transistor’s on-resistance (Roy) is extracted from the slope of the linear part of the Ip(Vp) -
curve at Vg =0V [red line in Fig. 9.1(b)]. In the inset of Fig. 9.1(b), the variation of the as-
determined Roy for 36 OECTs is presented as a boxplot indicating a narrow and symmetric
distribution of the Roy values with 1% quartile and 3™ quartile values of 3.84 kQ and

4.33 kQ respectively, and a median of 4.03 kQ.
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Figure 9.1. (a) Photograph of a screen printed OECT, gap between the gate electrode (G) and the source/drain line
(S/D) is 0.4 mm, active areas on G and on S/D of 2.8 mm * 2.8 mm and 1 mm * 0.5 mm respectively (b) I5(Vp) of a
screen printed OECT; from the fit of the linear part of the Vs = OV curve the on-resistance Rpy is extracted; inset:

Box-Plot depicting the distribution of Roy measurements of 36 OECTs.

Ron is very important for the design of inverters based on electrochemical transistors. Such
inverters are built from an OECT and a voltage divider [Fig. 9.2(a)], covering an area of 3.2 cm?
including all the wiring. The voltage divider consists of two supply voltages (+Vpp, -Vpp) and
three resistors (Ry, Ry, R3). In an idealized device, two states of the inverter are observed: The
first state is the so-called high level state, when logic 0 is applied and the transistor is switched
on. Here Rgy is assumed to be so much smaller than (the parallel) R; that R; is negligible,
resulting in the equivalent circuit depicted in Fig. 9.2(b). Here Vour depends on the ratio

between resistors R, + Roy and R3, the relevant voltages being the positive supply voltage +Vpp
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and ground. The second state is the low level state, when logic 1 is applied to Vy and the
transistor is switched off. Here it is assumed that R exceeds R; so much that Roge can be
neglected. This state is represented by the equivalent circuit shown in Fig. 9.2(c). In this case

Vour depends only on the three resistors (Ry, R,, R3) and the supply voltages (+Vpp, -Vop).

In reality these idealized cases are not sufficient to describe the inverter. The parallel
resistances of Ry and, to a greater extend, Roy with respect to R; have to be taken into
account. To include these parallel resistances into the dimensioning of the inverter the
superposition principle is used (compare [21]). All the calculated voltage levels presented in
this work are based on this principle. A typical voltage transition curve for a screen printed
electrochemical inverter is plotted in Fig. 9.2(d) revealing a high level voltage of
Vourhien = 1.25V at Viy =0V and a low level of Voyrow=0.02 V at Viy = 1.5 V. In the following,
an input voltage of V\y =0V will be referred to as logic 0 and an input voltage of Vy=1.5V as
logic 1. The inverter has a gain of 3.3 which is a common value for inverters based on OECTs [7,
8, 22]. The average noise-margin of eight inverters, determined by the maximum equal criteria
(MEC) [23], is 0.31 V with a standard deviation of 0.013 V, corresponding to 41.3 % of V,\/2.
The voltage levels are in good agreement with calculated levels using mean values for Roy (4.1
kQ), Ry (25.4 kQ), R, (76.6 kQ2) and R; (101.1 kQ) as well as supply voltages of +Vpp =3.5V and
-Vpp=-3.5V (as used for all circuits presented in this work). Calculations deliver values of
Vournihcac = 1.28 V for the high level and Voyriowcac =0.016 V for the low level. The
difference between the optimum high level voltage of 1.5 V and the level obtained is a result
of a non-optimized voltage divider geometry for the obtained on-resistance of the transistors.
Nevertheless, as will be proven later, the achieved output levels are sufficient for the use of
these inverters in integrated logic circuits. For the proper function it is important that
Rorr > R1 > Roy and that (R1+R;):R; = 1. The off-resistance is Rorr = 67.6 MQ [extracted from the
slope of the Vg =1.5V curve of the output characteristics in Fig. 9.1(b)] and is thus several
orders of magnitude larger than R;. Considering this, three important parameters for a proper
function of an inverter can be identified: i) the on-resistance Roy of the transistor, ii) the
resistor R, of the voltage divider and iii) the ratio between the sum of the resistors R;+R; and

the resistor Rs.

The stability of these parameter values is of great importance for the integration of such
inverters in more complex circuits. The high stability of Roy (~ 5% variation) is illustrated by the
box-plot shown as an inset of Fig. 9.1(b). To determine the distribution of the resistor values

R1, Ry and R;, 30 resistor chains are measured [Fig. 9.2(e)]. Similar to Rgy the values of R; show
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a very small variation with 1% quartile and 3™ quartile values of 24.3 kQ and 26.6 kQ and a
median of 25.8 kQ. Comparing R; and Roy, the ratio of the 1% quartile values and the 3
quartile values is 6.3 and 6.1, depicting that Ry is significantly larger than Roy and that the value
of the ratio stays approximately the same across the distribution. Also very promising is the
narrow distribution of the resistor ratio (R;+R,):R; with 1° quartile and 3" quartile values of
0.99 and 1.03 and a median of 1.01 (< 2% variation), implying consistent R, and R values. In
summary, all key resistor parameters are in the desired range and show very narrow

distributions for a sample size of 30.

Fig. 9.2(f) shows the dynamic response (voltage V over time t) of 18 inverters to a square wave

input voltage signal. The almost identical output signals depict the high uniformity of the
different samples. The arithmetic mean value of the high level (V,y = logic 0) is Xyeu=1.21V
with a standard deviation of ¢ 4 =0.055 V. For the low level (V,y =logic 1) the results are
Xiow=0.002 V and o ow =0.038 V. These values are in good agreement with the calculated

values of Vournigh,carc= 1.28 V and Vour,ow,caic = 0.016 V. The dynamic characterizations reveal
a switching speed of 1.12 s for switching the inverter on and of 0.26 s for switching it off,
resulting in a total switching time of 1.38 s or 0.72 Hz. These values are in the range of
electrochemical inverters published earlier [7]. Note that the inverter noise margin distribution
can also be used to predict the yield of more complex circuits than presented in this work [18,

24].

The next step was the realization of a fully printed NAND gate. The equivalent circuit of a
NAND gate using electrochemical inverters is found in the appendix [Fig. 9.5(a)]. Compared to
the inverter circuit a second OECT, also connected to the voltage divider, is required,
expanding the covered area to 4.2 cm’. Dynamic measurements of 16 NAND gates are shown
in Fig. 9.2(g). Despite the increased complexity of the circuit compared to the inverters, the

obtained NAND gates show very high uniformity. The high levels (Vin1 # Vina, Vint = Vinz = logic

0) and low levels (V\y1 = Vinz = logic 1) are comparable to the inverter levels (Xy gy = 1.21 V with

O nigh = 0.033 V, X,ow=0.005 V with o ,ow=0.042 V). The high levels of the NAND gates show

instability. An additional rise of Vqyr is visible [marked “A” in Fig. 9.2(g)] when both transistors
are switched on (Viy: = Vix2 = logic 0) and can be explained by basic resistor theory using Ohms
law. When two resistors are connected in parallel, the resulting resistance is lower than the

value of the smaller resistance. In this way the resistance R; of the voltage divider is bridged
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more efficiently when both OECTs are on, resulting in a shift of the high level towards an
increased voltage. Including this lowered on-resistance in the output level calculations, we

obtain a value of Vouyrmehcaic=1.38V which is in good agreement with the observed

arithmetic mean value for the elevated high level of X6y = 1.33 V for the 16 NAND gates. This

high level shift is visible for all the integrated logic circuits presented in this work and can be

attributed to the same effect.
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Figure 9.2. (a) Circuit design of an organic electrochemical inverter (b)(c) equivalent circuit of an ideal inverter with
the OECT switched (b) on and (c) off (d) inverter transfer characteristics and gain (e) Box-Plot summarizing
measurements of 30 resistor chains depicting the distribution of resistor 1 (R;) and the resistor ratio ((R;+R,):Rs3) (f)
Dynamic response (voltage V over time t) of 18 inverters to square-wave input signals (g) Dynamic response of 16

NAND gates to square-wave input signals; mark “A” highlighting the high level shift (compare text).

The successful fabrication as well as the high reproducibility of the NAND gates and inverters
opens up the possibility to fabricate a large variety of complex integrated logic circuits. This
capability is demonstrated by fabricating positive-edge triggered master-slave D flipflops and a
2-bit shift register. A flipflop based on OECTs consists of two inverters and eight NAND gates,
covering an area of approximately 12.6 cm?, including all the wiring. A photograph of a typical

printed electrochemical flipflop on PET substrate is shown in Fig. 9.3(a) (for a circuit diagram
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compare appendix Fig. 9.5(b) or [25]). The basic function of this flipflop is to sample the data
input voltage state at the rising edge of the clock signal. This state is stored until the next rising
edge of the clock signal when again the data input signal is sampled. In Fig. 9.3(b) the response
of eight such flipflops to a square wave data and clock input signal is plotted. The logic 1 state
is sampled at the first rising edge of the clock. This state is stored until the logic O state of the
data input is sampled with the third rising edge of the clock signal and the output is changed to
the low level. In addition to the functionality, the output signals also evince the uniformity of

the printed devices with high levels comparable to the levels of the basic components and only
slightly increased low levels (Xygu=1.23V with 0 4gy=0.018V, X, ow=0.068V with

oow = 0.052 V). Taking into account that 144 transistors and 240 resistors are necessary for
realizing eight flipflops, this remarkable uniformity clearly indicates the high applicability of

screen printed OECTs and PEDOT:PSS resistors for complex circuitry.
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Figure 9.3. (a) Scanned screen printed electrochemical flipflop depicting the needed two inverters and eight NAND-

gates (b) Dynamic response of eight flipflops to square-wave data and clock input signals.

By combining two master-slave flipflops, it is possible to fabricate a 2-bit shift register. Fig. 9.4
shows the response of such a device (fabricated on a single PET substrate) to a square wave
data and clock input signal. In this shift register the data signal should be stored in the first bit
(first flipflop) at the rising edge of the clock signal, while the previous stored state is pushed to
the second bit. The full functionality of the printed 2-bit shift register is visible when the logic 1
stored in the first bit at the second rising clock edge [marked 1 in Fig. 9.4] is shifted into the

second bit at the third rising clock edge [marked 2 in Fig. 9.4].
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Comparing the voltage levels of the two connected bits a slight increase of the lower voltage
level Vour 0w is visible, resulting in a smaller difference between the high and the low voltage
level from AV=1,02 V at the output of the first bit (after 4 NAND-gates in series) to AV=0,96V at
the output of the second bit (after 8 NAND-gates in series). This decrease, representing a
decrease in signal quality, indicates that there is an upper limiting number of consecutive
stages that can operate without using an external input signal. Considering that the decrease
in AV is about 20% of the inverter noise margin of 0.31 V this limit will most likely be reached

when building a 6 bit shift register.
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Figure 9.4. Dynamic response of a 2-bit shift register to square-wave data and clock input signals, with parts of the

switching process highlighted (marks 1 and 2, compare text).

9.5 Conclusion

In conclusion, we have demonstrated the functionality of integrated logic circuits based on
electrochemical transistors and resistors that can operate at very low voltage levels. The
devices are fabricated entirely by screen printing on a flexible PET substrate and consist of only
five different materials. Inverters, NAND-gates, flipflops and 2-bit shift registers show nearly
identical output signals, which is traced back to the high uniformity and stability of the basic
building blocks for these circuits, namely more than 380 OECTs and PEDOT:PSS resistors. In this
way the suitability of PEDOT:PSS based devices for integrated logic circuitry on flexible

substrates by means of a low-cost printing technique is clearly shown.
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9.6 Appendix
In the appendix the circuit diagrams for a NAND-gate [Fig. 9.5(a)] and a flipflop [Fig. 9.5(b)]

based on organic electrochemical transistors and PEDOT:PSS resistors are presented.
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Fig. 9.5. (a) circuit diagram of a NAND-gate consisting of two transistors (ECT) and a voltage divider (R1, R2, R3,
+VDD, -VDD) (b) circuit diagram of a flipflop consisting of two inverters and eight NAND-gates
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10. Efficiency of the Switching Process in Organic Electrochemical

Transistors

10.1 Abstract

Entirely screen printed organic electrochemical transistors (OECTs) based on poly(3,4-
ethylenedioxithiophene) poly(styrenesulfonate) (PEDOT:PSS) and a polymer electrolyte are
investigated in view of a correlation between the electrical charge consumed during switching
and the volume of PEDOT:PSS in the transistor channel. An understanding of the relation
between charge consumption and the amount of electrochemically active PEDOT is essential
for the design of high performance transistors and for providing a deeper insight into the
fundamentals of the electrochemical switching process in OECTs. It turned out that a precise
control of the width of the PEDOT:PSS source-drain line is imperative for maximizing both the

on-current and the on/off current ratio of lateral OECTs.

10.2 Introduction

Organic electrochemical transistors (OECTs) are implemented in a broad variety of
applications, such as basic logic circuits [1, 2], smart textiles [3], electrochromic display
backplanes [4], and in active-matrix physical sensor circuits [5]. In these applications their
intrinsic advantages, like simple design allowing for a fabrication by additive manufacturing
techniques, low operating voltage, the compatibility with large and flexible substrates, and the
ability to conduct both ionic and electronic charge carriers are exploited. Especially the latter
led to recent investigations of OECTs in a different context: the field of organic bioelectronics,
which combines the realms of biology and electronics and is therefore highly promising for
OECTs [6-12]. Despite the specific demands for the different applications, the fundamental
requirement of estimating the characteristics of an OECT prior to fabrication is almost always
present. In circuit design, for example, the power consumption of an integrated circuit
depends on the characteristics of each individual device, which determines a great number of
critical design considerations [13]. Another example is the application of OECTs in sensing,
where a reproducible influence on the transistor characteristics is needed to qualify or/and
quantify a given analyte (an example of measuring the concentration of different cations is
provided by literature [14]). Accordingly, in order to predict the transistor’s characteristics, a
variety of theoretical investigations of the basic functionalities of OECTs were performed [15-
17]. Moreover, the relationship between geometry and performance on OECTs has been

investigated experimentally [18]. Recent reports show that the uptake of ions from an
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electrolyte into a film of poly(3,4-ethylenedioxythiophene) doped with polystyrene sulfonate
(PEDOT:PSS) ,when arranged in a capacitor configuration, takes place in the entire volume of
the PEDOT:PSS, indicating a direct relation between the volume of the film and the measured
capacitance (denoted as purely volumetric capacitance) [27]. In line with this approach we are
investigating the dependence of the current (and charge), needed to switch the transistor off,
on the volume of PEDOT:PSS in the transistor channel. We show that the turn-off charge Q
correlates with the amount of PEDOT:PSS that participates in the electrochemical switching
process at the interface of electrolyte and PEDOT:PSS. In addition, we demonstrate that the
PEDOT:PSS volume is an important design parameter for optimizing the performance of

organic electrochemical transistors.

10.3 Results and Discussion

In Figure 10.1a the top-view of a screen printed OECT in a lateral configuration is shown. The
lateral design, with the source-drain and gate electrode in the same plane, is perfectly suited
for fabrication through additive manufacturing techniques like screen printing. This is a great
benefit as it is possible to fabricate highly reproducible OECTs using screen printing, even
uniformly enough to serve as building blocks in screen printed logic circuits as we
demonstrated in another publication of our research group [39]. A scheme of the three-step
printing process used for fabricating the transistors included in this work is depicted in figure
10.1b whereas details on the fabrication process can be found in the experimental section. In
these lateral designed transistors PEDOT:PSS forms the active channel, the source-drain
electrodes and the gate electrodes. The carbon layer is used to prevent the PEDOT:PSS
electrodes from damage during the electrical characterization and ensuring minimally resistive
interconnections. Water based, CaCl, containing gel serves as the polymer electrolyte. Figure
10.1c displays the design of such a lateral OECT, indicating the applied potentials and currents
during transistor operation. In Figure 10.1d, the output characteristics I5(Vp) (drain current vs.
drain voltage) of a typical entirely screen printed transistor is shown. The on-current amounts
to about lgy =-0.32 mA at a gate voltage Vo=0V and the off-current to los;r =-39 nA at

Vs = 1.5V, which corresponds to an on/off current ratio Ion/lore Of over 8000.
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Figure 10.1: a) photograph of an entirely screen-printed OECT. b) scheme depicting the three-step fabrication
process by screen printing. c) design of a lateral OECT with the applied voltages and currents indicated. Vg and Ig are
the gate voltage and gate current, V;, and I are the source-drain voltage and source-drain current, and M" denotes
the mobile cations. Additionally the width of the source-drain line W and the width of the electrolyte line L are
denoted. d) output characteristics of a transistor with a thickness T and a width of the source-drain line W of

T=0.7um and W = 530um, respectively, and an electrolyte line width L of L = 1200um.

PEDOT can be reduced (undoped) and oxidized (doped) in a reversible manner by switching
between a non-conducting and a conducting state induced by an external electric field. These
states determine the off- and on-states of the organic electrochemical transistor. The

reversible redox reaction of PEDOT is as follows [28]:
PEDOT*:PSS™+ Mt + e~ & PEDOT® + M*:PSS~ (Eq 10.1)

The reaction is driven by the voltages V, and Vi (compare Figure 10.1c). According to the
applied electric fields between the gate and the channel an electron current (Ig) is induced via
the external interconnects that is balanced by a flow of positively charged ions (M*) via the
electrolyte. As PEDOT:PSS is the redox active species it is obvious that the total current

depends on the amount of PEDOT:PSS. In the lateral transistor design shown in Figure 10.1c
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the electrochemically active amount of PEDOT:PSS is formed by the width of the source-drain
line W, its thickness T and the width of the electrolyte covering the source-drain line L. This
active volume, hereinafter also referred to as the channel volume V,, is highlighted in Figure

10.2a.

For an examination of the relation between the PEDOT:PSS channel volume V,, and the current
consumed during OECT switch-off, first a voltage of V, = -1.5V is applied to the drain electrode
and the source electrode is connected to ground. Subsequently, a square-wave transitional
voltage Vs changing from 0 to +1.5V is applied to the gate electrode, inducing a non-stationary
flow of charge carriers between gate and channel denoted as the switch-off gate current Ig.
Figure 10.2b depicts a typical time profile of I showing a sharp peak when V; switches to 1.5V,
followed by a flattening out for three samples with different channel volumes. Vs was kept

high for 70s, giving the transistor sufficient time to completely switch off.

Time-integration of the measured I yields the charge Q that is consumed in the course of this
switching process. In order to underpin the assumption of a direct correlation between the
‘switching charge’ Q (the amount of gate charge needed to suppress the current flow between
source and drain), and V, (the PEDOT:PSS channel volume), we prepared 38 samples with V,,
varying between 5x10™°m? and 5x10™m?® and determined Q for all of these. The result is
shown in Figure 10.2c. It indeed reveals an almost perfect linear increase of Q with increasing
V... The strong correlation between Q and V,, allows for a quantitative prediction of the charge
consumed during transistor switching by using linear interpolation of the fitted curve. For
example, when V,, is increased by 100 pm’, the charge Q needed to switch off the OECT

increases by 1 pC.
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Figure 10.2: a) detailed view of the transistor channel with the electrochemically-active volume of PEDOT:PSS
highlighted; b) evolution of the gate current I over a measurement period of 70 s at V = -1.5V and Vg = +1.5V for
transistors with volumes of Vg = 4 x 10%m?, Vo =9 x 10"m? and Vg = 8 x 10"°m? ¢) relationship between the

electric charge Q consumed during off-switching and V,, ,the volume of PEDOT:PSS in the channel. The red line is a
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linear fit to the data with Q = 3.66 x 107-VO| with a correlation coefficient of R = 0.98, carried out with a fixed
intercept at 0/0 to meet the requirement of zero consumed charge when there is zero organic semiconductor

present.

The gate current Ig is predominantly a result of the cation transport from the electrolyte into
the PEDOT:PSS volume [29]. Recent reports on the purely volumetric capacitance of
PEDOT:PSS structures covered with electrolyte state that the cations face only a negligible
injection barrier and penetrate the channel without any ion accumulation at the PEDOT:PSS
surface [27]. Consequently, the majority of transported cations (denoted as M*) are available
for the redox reaction described in equation 10.1. As each injected cation compensates one
acceptor in the PEDOT:PSS film [17], the charge Q required to switch the transistor off can be
used to determine the amount of PEDOT participating in the electrochemical doping/de-

doping process by using a modification of Faradays law:

M x
mA = 9

(Eq. 10.2)

zxF

In Equation 10.2 Q denotes the charge, F the Faraday constant, M the molecular weight and z
the charge number. The Faraday constant F is defined as 96485 A*s/mol. The molecular weight
M is not exactly determined for PEDOT; values range from 1000 to 2500 g/mol in literature
[30, 31]. We therefore chose three values for M in the following calculations: 1000g/mol,
1750g/mol and 2500g/mol. The co-factor z is the product of two variables, the charge per

charge carrier X, and the number of charge carriers per polymer chain Y, so that z = X*Y.

For the determination of X, the relation between the two types of charge carriers in
PEDOT:PSS, polarons and bipolarons [32] has to be clarified. It is important to distinguish
between those two contributions to the charge transport as polarons carry one positive charge
and bipolarons carry two positive charges. For highly doped PEDOT:PSS, the literature provides
values as high as 97% for the relative amount of bipolarons [33], so it can be justified to
assume a predominantly bipolaron-based charge transport. As polarons and bipolarons differ
in their optical absorption behavior we performed UV-Vis-NIR spectroscopy to corroborate this
assumption. Polarons show a distinct absorption band between 600nm and 1200nm, peaking
around 900nm, whereas bipolarons display a very broad band in the NIR region above 1500nm
[34, 35]. Figure 10.3a shows the recorded absorption spectrum of PEDOT:PSS, revealing the
broad absorption band of bipolarons above 1500nm and a peak around 800nm, indicating the

presence of polarons as well. Comparing the areas under the fitted polaron peaks (Fit Peak
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Polaron 1 and 2 in figure 10.3a) and the bipolaron peak (Fit Peak Bipolaron), we determined a
ratio of 97% bipolarons and 3% polarons. With our measurements being consistent with the

values provided in literature X is approximated to be 1.97.

As a next step, Y, the number of charge carriers per polymer chain, has to be determined. This
variable is based on the conjugation length of a bipolaron and the length of the polymer
chains. Six monomeric units are involved in carrying the two positive charges on the polymer
chain [36]. As mentioned before, the molecular weight in literature ranges from 1000g/mol to
2500g/mol, yielding a chain length between 7 and 17 monomeric units. Taking the chain length
and the conjugation length into account we evaluated the factor Y, the probable number of
charge carrying structures per polymer chain. Accordingly, Y is approximated to be 1, 1.5 and 2
for chain lengths of 7, 12 and 17 monomeric units, respectively. With these values for X and Y
the co-factor z is obtained: z = 1.97 for M 1000g/mol, 2,955 for M 1750g/mol and 3,94 for M
2500g/mol.

On the basis of equation 10.2 we are now able to calculate the active mass m, of PEDOT in the
transistor as a function of the volume V,, for the different molecular weights M. The result is
displayed in Figure 10.4a, again supporting the assumption of a linear relationship between

electrochemically active mass and channel volume.

For a deeper and more quantitative understanding of the active mass values it is beneficial to
calculate the upper limit total mass m, of PEDOT in the channel to participate in the
electrochemical process during the transistor switching process. We therefore need the
density p of PEDOT:PSS and the ratio r between PEDOT and PSS in the thin film. A hydrostatic
balance (see Experimental section) delivered a density of p = 1240 kg/m? for PEDOT:PSS. The
ratio of PEDOT to PSS is quantified by XPS measurements. In the S(2p) spectra shown in Figure
10.3b three peaks are visible in the cumulative curve at binding energies of 168 eV, 164.6 eV
and 163.5 eV. The peak at 168 eV corresponds to the sulfur signal of PSS while the peaks at
164.6 eV and 163.1 eV correspond to the sulfur signal of PEDOT [37, 38]. Based on the ratio of
the peak intensities the ratio between PEDOT and PSS was determined to be r = 1:3
(PEDOT:PSS). To rule out any potential effects of PSS cumulating on the film surface [38] we
performed measurements at different angles. Since no significant angular dependence of the
relative peak intensities and positions was observed we may assume a homogeneous

distribution of PEDOT and PSS with r = 1:3 throughout the entire film.
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Figure 10.3: a) UV-Vis-NIR spectra of PEDOT:PSS film, showing the measured spectra and fitting of the peaks. b)

S(2p) XPS spectra of a 500 nm thin PEDOT:PSS films, showing the peaks for sulfur in PEDOT (PEDOT 1 and PEDOT 2)
and in PSS (PSS).

Based on the measured parameters V,, p and r we calculated the total mass m¢ of PEDOT
present in the transistor channel and compared it to m, - the mass of electrochemically active
PEDOT. From a plot of m. and m, as a function of V, over 15 samples (Figure 10.4a) we can
estimate which portion of the theoretical upper limit mass m¢ is electrochemically active

during switching. Several conclusions can be drawn from Figure 10.4a:
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First, there is only little variation among the masses m, determined for the three different
molecular weights M. The variation lies within £ 10% of the mean value of m, revealing the
modest influence of M, a parameter that is not determined precisely. Second, it is evident that
m¢ exceeds m, in the whole range of examined PEDOT:PSS volumes. This was anticipated as
there is a non-vanishing current in the off-state of the OECT (log=-3.89 x 108 A according to
the output characteristics shown in Figure 10.1d), indicating some amount of PEDOT still
present in its oxidized state. This can be traced back to the tertiary structure of PEDOT:PSS [30,
31] and steric hindrance. Due to the partly coiled conformation of the polymer chains it is
unlikely that all the conducting sites are reduced [29], resulting in a residual conductivity of
PEDOT:PSS. Figure 10.4b shows to what extend m¢ and m, (M = 1750g/mol) are differing,
revealing that 21% of the PEDOT at a volume of 5 x 10™°m?® and 48% of the PEDOT at a volume
of 5 x 10*m? are not electrochemically active. Overall, a linear trend is visible, indicated by the
fitted line in Figure 10.4b. The higher the volume of PEDOT:PSS in the transistor channel, the
higher the amount of PEDOT that does participate in the switching process. In other words:
The higher the volume, the less efficient the PEDOT:PSS is used. This observation is supported
by comparing the performance of transistors with different channel volumes in terms of their
on/off current ratio. As seen in Figure 10.4c, the on/off current ratio decreases from 5 x 10 to
5 x 10° with the volume of PEDOT:PSS increasing from 5 x 10™ m?® to 5 x 10> m>. To increase
the volume of PEDOT:PSS the widths of the source-drain line W and of the electrolyte L are
increased. Unintentionally, in the fabrication process, the thickness of the source-drain line T
increases with its width W. These changes in the source-drain line geometry might explain the
observed decreasing on/off current ratio when the PEDOT:PSS volume is increased: (i) with
increasing thickness T of the source-drain line, the (vertical) distance between the interface
PEDOT:PSS — electrolyte and the bottom face of the PEDOT:PSS source-drain line increases,
resulting in a larger distance for the positive charged ions to travel [26]. (ii) with increasing
width of the source-drain line W, the lateral distance of the PEDOT surface facing away from
the gate electrode increases, resulting in a smaller electric field and therefore a weaker driving
force for positive charged ions [26]. Both geometric effects result in a less effective off-
switching of the transistor. These findings allow for the presumption that a larger PEDOT:PSS
volume not only leads to a higher charge consumption for switching the transistor off (due to
the increase of m¢) but also to a less efficient use of the present PEDOT:PSS in terms of on/off
current ratio, at least for the lateral organic electrochemical transistors used in this work. As
shown in Figure 10.4c, the on-current |, increases with increasing PEDOT:PSS volume, because

a larger total number of charge carriers in a larger PEDOT:PSS volume results in a lower
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resistance of the source-drain line. Thus the two transistor parameters on/off current ratio
lon/lotr and on-current |,, are affected in an opposite manner by an increasing PEDOT:PSS
volume, which manifests a trade-off in the optimization of the transistor design. In our case a
PEDOT:PSS volume of V, = 4.5 x 10™ m3, realized by a transistor with a source-drain line width
of W =320 um and a thickness T =0.53 um, shows a high on/off current ratio of I,,/lo¢ =3 x
10* and also a high on current of l,,=3 x 10™ A. Both values are larger than 65% of the

maximally achieved values.
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Figure 10.4: a) Mass of PEDOT vs. V, with m¢ being the total mass of PEDOT present in the channel and m, the
calculated electrochemically active mass (for molecular weights M of 1000, 1750 and 2500 g/mol). b) Difference
between m¢ and m, (for M = 1750g/mol). The linear fit highlights the trend of increasing difference with increasing

volume. c) on/off current ratio lgn/logr as well as on-current lgy vs. V,, plotted in dashes as guidelines for the eyes.

10.4 Conclusion

In conclusion, we were able to quantitatively explain the volume dependence of the charge
necessary to switch an OECT off by identifying a positive linear correlation between the
required charge and the volume of PEDOT:PSS in the transistor channel. Moreover, above a
specific volume threshold, the amount of PEDOT actually participating in the electrochemical
switching process decreases relative to the total PEDOT volume when the PEDOT design line
width increases, leading to a decrease of the on/off current ratio as well. Accordingly, we could
demonstrate that the PEDOT:PSS volume and especially the source-drain line width W is an
important design parameter for optimizing the performance of organic electrochemical

transistors in terms of maximizing both the on-current and the on/off current ratio.

10.5 Experimental

All OECTs used in this work were fabricated from PEDOT:PSS (Clevios S V3), a screen-printable
electrolyte and carbon paste (DuPont 7102). The electrolyte consists of 22.8 wt.% calcium
chloride, 45.6 wt.% deionized water, 7.6wt.% Mowiol 56-98, 22.8 wt.% UCECOAT 6558 and
1.1wt.% Additol BCPK. A Technical Industrial Co., Ltd. SFM 550 semi-automatic screen printer
was used for the fabrication of the devices. The parameters of the used screens are 100-40
mesh for the PEDOT:PSS layer, 120-34 mesh for the carbon paste layer and 30-120 mesh for
the electrolyte layer. As a first step the PEDOT:PSS electrodes are printed followed by an
annealing step in an oven at 100°C for 10 minutes. Next the carbon pads are printed, again
followed by an annealing step in an oven at 100°C for 10 minutes. Finally two layers of
electrolyte are printed wet on wet and cured under UV-light (354 nm) for 8 minutes. To obtain
different volumes of PEDOT:PSS the widths of the source-drain line W and the covering
electrolyte L were varied. Line widths between W =120um and W =1050um for the
PEDOT:PSS and between L=180um and L=1300um for the electrolyte were used. In the
fabrication process, the thicknesses T of the PEDOT:PSS lines unintentionally changed with
their widths. Accordingly, thicknesses between T =300nm and T = 750 nm were obtained, also
contributing to a variation of the PEDOT:PSS volume in the transistor channel. The linewidths
were measured using an Olympus BX51 microscope with a Colorview 1 digital imaging system.

Thicknesses were measured with a Dektak 150 Profilometer by Bruker. For the density
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measurements according to the Archimedes’ principle a self-constructed hydrostatic balance
using a Sartorius MC1 RC 210 P balance and 100 mg PEDOT:PSS samples were used. The UV-
Vis-NIR measurements were conducted using a PerkinElmer Lambda 950 spectrometer. XPS
was performed in an Omicron Nanotechnology “Multiprobe” UHV-surface-analysis system
using monochromatic Al Kal-line X-Rays at 1486eV with a line width (FWHM) of 0.2 eV. The
signals, emitted from the analyzed area of 1mm? were detected using a pulse-counting

channeltron (5 channels for count-rate enhancement).
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[V Summary and Outlook

In this chapter the targets defined in the introduction of this thesis are recapitulated. Results
of the presented research and how they contribute to achievement of the aims are

summarized. Finally an outlook on valuable research goals building on these results is

presented.
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A goal of this work was to use simple techniques to fabricate the presented organic electronic
transistors and logic circuits, preferably processes focusing on printing techniques. Any
complicated fabrication routes including vacuum and etching processes, demanding
sophisticated and expensive equipment and potentially dangerous and health hazard
chemicals, should have been avoided. With the presented entirely inkjet-printed and entirely
screen-printed OECTs and also logic circuits we were successful in demonstrating fabrication
routes involving only printing steps. The number of steps necessary to prepare a transistor is
only three for both the inkjet-printing and screen printing fabrication routine, with only three
different materials involved. The three step screen-printing process is displayed in Figure A.1.
Three different materials and three process steps are also enough to prepare the entirely
inkjet-printed inverters. Inverters, NAND gates, flipflops and the 2-bit shift register fabricated
by screen-printing demanded a process containing six printing steps and five different
materials, which is still very simple considering the complexity of the demonstrated logic
circuits. The presented results clearly show the suitability of printing processes for the entire

fabrication of OECTs and OECT-based circuits.

1 Printing: Annealing:
PEDOT:PSS pmmmmes 100°C/10min

2 Printing: Annealing:
Carbon 100°C/10min

Curing:

3 Printing:
UV-Light/8min

Electrolyte

Figure A.1: Screen-printing fabrication process

The hybrid inkjet-printing/Nanoimprint-lithography process is against the intent of keeping the
fabrication routing as simple as possible. In this process a dry etching step and the wet
chemically removing of an imprint resist is needed. This compared to printing complex
fabrication pathway was necessary to fabricate transistors with dimension being way beyond

the resolution limit of printing. These miniaturized transistors were used to validate the results
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on the geometry/performance relationship obtained for entirely inkjet-printed OECTs. Printing
transistors and varying the thickness of the electrodes, the width of the source-drain line and
the gap between the source-drain line and the gate electrode the influence of the transistor
geometry on the on-current and the on/off-current ratio was examined. The varied geometry
parameters are displayed in Figure A.2a Thicker electrodes lead to an enhanced on-current
due to a reduced resistance of the source-drain line but also to a higher off current, so no
benefit concerning the on/off current ratio is derived from the enhanced on-current. A
possible explanation for this effect might be the Ilarger distance between the
electrolyte/electrode interface and the bottom of the electrode, making a complete reduction
of the PEDOT:PSS in the entire electrode less likely. The same holds true for a variation of the
width of the source-drain line, but much less pronounced. Broader lines lead to slightly higher
on currents due to a reduced resistance, but no significant enhancement of the on/off current
is visible. Here a lack of reduction in the area facing away from the gate electrode might be the
reason for the insufficient switching-off of the transistor, leading to a higher off-current that is
compensating the positive effect of a higher on-current on the on/off-current ratio. But, as
stated before, this effect is much less pronounced then the effect of the higher electrode
thickness. Reducing the gap between the source-drain line and the gate electrode is leading to
a higher on/off-current ratio. The on-current remains unchanged, so the enhancement must
be a result of a better switching-off of the transistor, most likely based on a bigger driving
force for the reduction when the gate electrode is in close proximity to the source-drain
electrode. These investigations resulted in a comprehensive overview on the
geometry/performance relationship of OECTs. The majority of the results are validated by
measurements conducted with transistors fabricated either by the hybrid inkjet-
printing/Nanoimprint-Lithography process or by screen printing. The miniaturized transistors
showed an on/off-current ratio enhancement of one order of magnitude compared to inkjet-
printed transistors, exhibiting a drastically reduced gap between the transistors electrodes and
also narrower source-drain electrodes. But the effect of miniaturization was smaller than
expected, indicating that the performance might not be enhanced by further size reduction.
Using screen-printed transistors not only the results concerning the geometry/performance
relationship obtained for the inkjet-printed ones were validated, also a new design parameter
was examined: the volume of PEDOT:PSS in the transistor channel, displayed in Figure A.2b. By
changing this volume and monitoring the gate current during the switching process of the
transistor, a linear relationship between the amount of PEDOT:PSS and the charge necessary

to switch-off the OECT was found. Higher volumes lead to a larger amount of PEDOT:PSS
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needing to be reduced during switching, resulting in an increased charge consumption. This
data was also used to examine the electrochemical switching process on a microscopic level.
By determination of the potentially redox active share of bulk material in the channel and
examination of the charge carrying species the amount of PEDOT actively participating in the
electrochemical switching process was identified. The results indicate that a smaller volume of
PEDOT:PSS in the channel is favorable as the amount of inactive PEDOT, not participating in
the switching process, is increasing disproportionately with increasing channel volume. All of
those results concerning the relationship between the geometry and the performance of
organic electrochemical transistors tremendously enhance the understanding of their working

principle and their predictability.

a)

channel volume

Figure A.2: Geometry parameters that are modified to examine the influence on the transistor performance at a)

entirely inkjet-printed and b) entirely screen-printed devices.
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Screen-printed transistors were not only used for performance examinations, they were also
used to reveal the degree of reproducibility and uniformity achievable by screen-printing
fabrication processes. For that reason logic circuits were fabricated based on a large number of
single devices. The basic building blocks were OECTs and resistors, also made from PEDOT:PSS.
Their resistance was controlled by the length of the resistive line and had to be adapted to fit
the transistor characteristics. A precise fabrication was thereby inevitable. Three resistors with
a certain ratio are necessary for an inverter. Measuring 90 resistors a deviation fewer than 5%
was obtained for this resistor ratio, demonstrating the high uniformity obtainable by the
printing process. Printed devices were used to fabricate inverters, NAND gates, flipflops and
also a 2-bit shift register. For one flipflop 18 transistors and 30 resistors are needed, giving a
total number of more than 380 basic building blocks for the eight flipflops whose output
signals are depicted in figure A.3a, showing only a small deviation. A photograph depicting a
segment of the printed circuits on PET-foil is displayed in Figure A.3b. The first time
demonstration of such complex circuits based on OECTs that are entirely screen-printed marks

a big leap forward in for the field of large area printed organic electronics.

But logic circuits were not only demonstrated using screen-printed transistors and resistors.
Also every other fabrication technique resulted in working logic gates. Using inkjet-printing
entirely printed inverters were demonstrated, the hybrid inkjet-printing/Nanoimprint-
Lithography process brought out inverters and also NAND gates. Successful fabrication of the
latter marks a leap forward as any Boolean function can be implemented by using a
combination of NAND gates. Obtaining this significant building block opened the opportunity

for the fabrication of the complex logic circuits by screen-printing.
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Figure. A.3: a) Output signals of 8 flipflops, containing more than 380 screen printed transistors and resistors in

total. b) Segment of the A3 size PET-foil containing four entirely screen-printed flipflops

With the capabilities of printing processes demonstrated, the next goal could be to transfer
the fabrication of OECTs and circuits to high throughput fabrication methods, like roll-to-roll
processing. Materials processible out of solution are a basic requirement for this processing, a
requirement met by a majority of the materials used in this work. Further research will be
necessary to adapt those materials to the specific processing needs concerning the viscosity,
the polarity or wetting/de-wetting behavior, to name only a few. Once this transfer was
successful, a production by roll-to-roll Nanoimprint-Lithography would be a goal worth
pursuing. This method is combining both high throughput and high lateral resolution, widening

the field of possible applications.

Using the logic circuits based on OECTs demonstrated in this work in the field of sensing might

be beneficial as well. OECTs are commonly used as sensors and the demonstrated logic circuits
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could provide supportive electronics. Using the principle of electrochemical doping/de-doping
also electrochromic displays can be obtained. Sensors, read-out logic and a simple
electrochromic display combined, all using the same set of materials and entirely printed,
might be of great use as a sensing unit. So is the implication of the OECTs on simple disposable

“Lab on a Chip”-type devices, a very interesting and “hot” topic of research.

In my opinion the organic electrochemical transistors is contributing massively to the bright

future of organic electronics.
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