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Abstract 
 

Electrically conducting polymers are nowadays routinely applied in a variety of 
electronic applications. The polymer blend of poly(3,4-ethylenedioxythiophene) and 
polystyrene sulfonate (PEDOT:PSS) is widely used. This material is also being investigated 
for new applications in biosensors and neuromorphic computing. These new applications rely 
on the manipulability of the electrical conductivity of PEDOT:PSS. Recently, an interest has 
arisen in lowering the conductivity of PEDOT:PSS as much as possible via dedoping of this 
polymer mixture by chemical dedoping agents. 

In this thesis, we describe new dedopants for PEDOT:PSS. By relating the dedoping 
capability of amine compounds to their chemical structure and comparing structurally related 
amines, evidence on the dedoping mechanism is obtained. A new method for the fabrication 
of dedoped PEDOT:PSS layers was discovered. The dedoped PEDOT:PSS layers are tested 
as active layers in an organic electrochemical transistor. 

 First, a general introduction to conducting polymers is provided and the properties of 
PEDOT:PSS are presented. This is followed by a description of organic electrochemical 
transistors and their relation with bio-sensors/bio-electronics and memristive devise.  

 In the second chapter, the dedoping of PEDOT:PSS by various amines is presented. It 
is shown that diamines with two non-tertiary amine groups and sufficient conformational 
freedom are capable of strongly dedoping PEDOT:PSS. Using these dedopants, the 
conductivity could be suppressed by six orders of magnitude. Two possible mechanisms for 
dedoping are discussed: amidogen radical formation and two single electron transfers from an 
aziridine moiety. 

 Chapter 3 describes the development of an alternative fabrication procedure for 
dedoped PEDOT:PSS layers. A stable solution of PEDOT:PSS with dedopant is formulated 
that can be spin-coated and subsequently heated to produce a layer of dedoped PEDOT:PSS 
in a two-step fabrication process. Additionally, in the as-cast films low-conductive regions 
can be photo-patterned by locally heating the substrate with infrared (laser) light.  

 In Chapter 4, the implementation of the dedoped layers, produced by the procedures 
of Chapter 2 or Chapter 3, in organic electrochemical transistors is presented. We show that a 
transistor with an active layer of strongly dedoped PEDOT:PSS can be operated in 
enhancement mode when switching from floating gate to a large negative gate bias. Critical 
issues that may impact employability in practical application such as high gate currents and 
variations in the channel conductance at zero gate bias are investigated in further detail. It 
was hypothesized that diffusion of positively charged amine species, under applied bias, and 
the subsequent re-doping by oxygen may lead to an increased conductivity in the OFF state 
and at 0 V gate bias. 
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Chapter 1 
Introduction 

 
Abstract 
 In this introduction, the general topics related to this work are exhibited. This 
introduction will first discuss π-conjugated and conducting polymers, followed by a more in 
depth discussion on the conducting polymer PEDOT:PSS. Next, a brief explanation about 
field effect transistors is presented. This is followed by an introduction into electrochemical 
transistors, putting emphasis on organic electrochemical transistors and their application in 
memristive devices. Finally, the aim and scope of this thesis are portrayed. 
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1.1 – π-Conjugated polymers 

A carbon-carbon double bond consists of a localized σ-bond, formed by two 
overlapping sp2 orbitals, and a more delocalized π-bond, formed by two neighbouring pz 
orbitals (Fig. 1.1a). In an organic molecule with π-conjugation, the overlapping pz orbitals 
form extended π-orbital in which electrons are delocalized over the π-conjugated system (Fig. 
1.1b). These molecular π-orbitals are constructed as a linear combination of atomic orbitals 
(LCAO) involving primarily the atomic pz orbitals. For understanding optical excitations of 
the π-conjugated molecule at the lowest photon energies and its electrical behavior at small 
apllied potential differences, the so called ‘frontier’ orbitals, comprising the highest occupied 
molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) level of a π-
conjugated organic molecule are usually most relevant. 

 

When extending the π-conjugated system by for instance making a π-conjugated 
polymer like poly(ethyne), the energy difference between the HOMO and LUMO level 
decreases. If the energy level offset between the HOMO and LUMO approaches zero, the 
material is a conductor. However, when conductivity experiments were conducted on 
poly(ethyne), it became apparent that the polymer was in fact a semiconductor [1], [2]. 

The semiconducting properties of conjugated polymers, like poly(ethyne) are due to 
Peierls distortion and electron-electron interactions (Mott, metal-insulator transition) [3], [4]. 
The Peierls distortion, which is the primary reason for the lack of metallic conductivity in 
pristine poly(ethyne), arises from bond-length alternation in a conjugated polymer [5]–[7]. 
Due to this bond-length alternation, the energy of the HOMO level decreases while the 
energy of the LUMO level increases (Fig. 1.2). This decreases the energy of the electrons and 
also gives rise to a bandgap.  

Figure 1.1: a) A carbon-carbon double bond illustrated by the example of ethene. The sp2 orbitals are shown 
in red and the pz orbitals are depicted in blue. b) A conjugated system illustrated by the example of benzene. 
The pz orbitals are showed in blue and the delocalization is represented by a dashed line. 
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Due to this bandgap some conjugated molecules absorb distinct wavelengths in the 
visible light region. This makes several conjugated molecules, such as porphyrin derivatives, 
suitable for use as a dye [8]. Furthermore, as a result of the bandgap, π-conjugated 
semiconducting molecules can also be used as the photoactive layer in organic solar cells 
(OSCs) or as a channel material in organic field effect transistors or enhancement mode 
organic transistors [9]–[13]. 

1.2 – Conducting polymers 

Although pristine poly(ethyne) is semiconducting, H. Shirakawa et al. discovered that 
poly(ethyne) can become conducting by doping with halogens [6]. The doping of conjugated 
polymers proved to be crucial in the formation of conducting polymers. For his discovery of 
the first conducting polymer, which led to the breakthrough of conductive polymers as a 
research area, Hideki Shirakawa was awarded a Nobel Prize in 2000 together with Alan J. 
Heeger and Alan G. MacDiarmid [2], [14]. 

The mechanism of doping turned out to be the subtraction of electrons from the 
poly(ethyne) by the halogens, thereby creating a partially filled valance band (Fig. 1.3). The 
p-type doping induces electron vacancies or holes which have a high mobility over the 
polymer chain due to their delocalization. 

 

Figure 1.2: The formation of a bandgap due to bond length alternation (Peierls distortion), illustrated by 
taking poly(ethyne) as an example. The pz orbitals of the HOMO and LUMO, before and after bond length 
alternation, are depicted.  Empty electron states (conduction band) are shown in blue and filled electron 
states (valence band) are shown in red. 

Figure 1.3: The mechanism of p-type doping of conjugated polymers with halogens. Filled states are 
represented in red and unfilled states are depicted in white (valence band) or blue (conduction band). 
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Not all conducting polymers have such high charge carrier mobilities, which is mainly 
due to self-trapping of these charges. Many conductive polymers alter their geometry to 
accommodate for the electrical charge and thus, if the charge moves, the molecule has to 
adjust. This charge-phonon coupling has a negative effect on the mobility and thus 
conductivity of doped conjugated polymers. Furthermore, a charge coupled with a phonon 
can be described as a quasiparticle, called a polaron. If two charges and one phonon are 
coupled, the quasiparticle is called a bipolaron [15]. 

Today, various π-conjugated conductive polymers have been synthesized and are used 
in a variety of applications [16]. Conducting polymers are applied as anti-static coatings, 
(super-)capacitors, batteries, electrochromic displays and organic electrochemical transistors 
and, furthermore, semiconducting polymers are used as active layers in, organic solar cells, 
organic field effect transistors, organic light emitting diodes and bio-sensors [17]–[20]. 

1.3 – The conducting polymer PEDOT (:PSS) 

One of the most widely used conductive polymers is Poly(3,4-
ethylenedioxythiophene) (PEDOT), which is typically used as a blend with poly(styrene 
sulfonate) (PSS) (Fig 1.4a and 1.4b.). This PEDOT:PSS blend is directly formed during the 
polymerization of 3,4-ethylenedioxythiophene (EDOT) in the presence of the poly-anion PSS 
[21]. During this synthesis, positives charges remain on the PEDOT (doping) which are 
stabilized by negative charges of deprotonated PSS. Due to the presence of excess PSS and 
some stabilizing additives, PEDOT:PSS is a stable dispersion in water which can be spin-
coated onto a substrate. Furthermore, PEDOT:PSS is commercially available in several 
formulations differing in supplementary additives. 

The morphology of a PEDOT:PSS film remains a subject of research. The most 
employed model is based on a drop-matrix like representation, in which a region of PEDOT 
rich material is surrounded by a PSS matrix (Fig. 1.4c). Furthermore, T. Takano et al. proved 
the presence of regions with high degree of crystallinity inside these PEDOT rich droplets, as 
depicted in Figure 1.4d [22]. 

 

Figure 1.4: Taken from J. Rivnay et al. [26]. a) PSS template based polymerization of PEDOT. b) 
Formation of PEDOT:PSS micelles. c) A spin-cast film with PEDOT rich (dark blue) and PSS rich (light 
blue) domains. d) Crystallites present in the PEDOT rich domains. 
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1.3.1 – Electrical properties of PEDOT:PSS films 

The high conductivity of PEDOT:PSS is ascribed to bipolaron charge carriers, 
depicted in Figure 1.5 [23]. The contribution of polaron species to the conductivity is found 
to be relatively low [24]. Furthermore, the conductivity of a layer of PEDOT:PSS is strongly 
dependent on the morphology. In order to reach high conductivity, charges must be able to 
quickly travel through individual PEDOT rich domains but also be able to reach the 
subsequent domains. 

 

In general, the morphology of a polymer layer can be influenced by the introduction 
of a co-solvent (occasionally termed secondary doping in conductive polymer related 
literature) [25]. Using certain high boiling co-solvents, the lateral conductivity of 
PEDOT:PSS can be increased. It has been demonstrated by J. Rivnay et al. that, by using 
ethylene glycol as a co-solvent, the domain size of the PEDOT rich domains increases (Fig. 
1.6) [26]. Due to this increase in domain size, the horizontal hopping rate between PEDOT 
rich domains is significantly increased as the lateral interaction between domains is 
increased. Additionally, the amount of PEDOT in the PSS rich domains decreases and the 
weight fraction of PEDOT crystallites in the film increases. Thus, by addition of ethylene 
glycol as a co-solvent, both the conductivity inside a PEDOT rich domain and the charge 
transfer rate between horizontal PEDOT rich domains increase.  

Since the morphology of PEDOT rich domains after spin-coating is “pancake-like”, 
the vertical interactions between domains were already strong for PEDOT:PSS without co-
solvent [27]. Therefore, because domain-domain hopping is already facile in the out-of-plane 
direction, the conductivity in that direction does not increase significantly by adding a co-
solvent. 

Figure 1.5: A depiction of the bipolaron charge carriers present in PEDOT. The bipolaron constitutes the 
two charges and the molecular deformation between them. 
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It has been reported that charge transport occurs via 3D variable range hopping for 
pristine PEDOT:PSS and via 1D variable range hopping for PEDOT:PSS treated with a co-
solvent [28]–[31]. 

1.3.2 – Optical properties of PEDOT:PSS films 

PEDOT is a conjugated molecule subject to Peierls distortion and thus has a bandgap 
and a distinct absorption spectrum in its pristine state. Additional to the absorption of charge 
neutral PEDOT, the polaron and bipolaron state of PEDOT are also capable of absorbing 
light, albeit at lower wavelengths. The absorption spectra of PEDOT:PSS as function of the 
applied electrochemical potential, as depicted by Reynolds and coworkers is shown in Figure 
1.7 [20], [32]. In this graph, two distinct absorption peaks and a broad absorption band can be 
seen. The first absorption peak, at wavelengths between 400 nm and 725 nm is attributed to 
the neutral state of PEDOT. Due to this absorption, the observed color for charge neutral 
PEDOT is dark blue. Furthermore, a peak ascribed to the polaron can be seen at wavelengths 
of approximately 725 nm to 1100 nm. The very broad absorption band, mainly absorbing in 
the NIR region but with a tail reaching out to the visible spectrum, is due to the bipolaron 
state of PEDOT. 

Figure 1.6: Taken from J. Rivnay et al. [26]. a) Morphology of PEDOT:PSS with no co-solvent. b) 
Morphology of PEDOT:PSS with ethylene glycol as a co-solvent. The PEDOT rich domains have increased 
in size and the amount of PEDOT crystallites has increased. 
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1.3.3 – Mechanical properties of PEDOT:PSS films subjected to water 

 Commercial PEDOT:PSS is a dispersion in water. When films cast from this solution 
are baked, the mechanical properties of the film do not deteriorate when briefly subjected to 
small quantities of water. However, when submerging these films in water for extended 
periods of time (hours), the PEDOT:PSS will delaminate and redisperse. This can be a 
problem for water-based applications or applications in which there is a risk of exposure to 
water. 

 To maintain a mechanically stable film when subjected to water, cross-linkers can be 
added to the PEDOT:PSS solution. These cross-linkers ensure redispersion cannot take place 
when subjected to water by forming a cross-linked network. Typical employed cross-linkers 
are trimethoxy-[3-(oxiran-2-ylmethoxy)propyl]silane (GOPTS or GOPS) and 1-
ethenylsulfonylethene (DVS) (Fig. 1.8) [33]–[35]. 

 

Figure 1.7: The absorption spectra of PEDOT as function of electrochemical potential according to 
Reynolds and coworkers [20], [32]. The used reference electrode was a 0.01M Ag/AgNO3electrode. The 
inset is a graphical representation of the color change over this voltage range. 

Figure 1.8: Structural formula of two cross-linkers. a) trimethoxy-[3-(oxiran-2-ylmethoxy)propyl]silane 
(GOPTS or GOPS). b) 1-ethenylsulfonylethene (DVS). 
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 Furthermore, the more frequently used GOPTS is also capable of binding to glass, 
thereby preventing delamination of the PEDOT:PSS layer from the glass substrate.  However, 
the introduction of GOPTS decreases the conductivity of the PEDOT:PSS, while the 
incorporation of DVS does not. Recently, D. Mantione et al. showed that both merits can be 
combined by crosslinking with DVS and adding a small percentage of GOPTS to attach the 
film to the glass substrate [33].  

This completes the treatment of the materials and material properties. In the 
following chapters, the device applications will be discussed. 

1.4 – Field effect transistors 

Field effect transistors (FETs) are heavily used in all sorts of devices. The basic 
layout of a FET is illustrated in Figure 1.9; a number of variations in device geometries are 
possible. A FET incorporates a minimum of three terminals which are labelled the source, 
drain and gate electrodes. The material between the source- and drain-electrodes is termed the 
channel and is semiconducting. Additionally, the gate electrode and the channel material 
should be separated by a dielectric and the substrate should be insulating. 

 

The working principle of a FET is based on the dependency of the conductivity of the 
channel material on the charge carrier density. During operation, a source-drain voltage is 
applied that generates a current through the channel.  The magnitude of this current is a 
function of the charge carrier density in the channel. The charge carrier density in the channel 
can be controlled by applying a gate voltage. By this gate voltage (or lack thereof), the 
source-drain current can be set to high (“ON”) or low (“OFF”). The ratio between these 
currents is called the ON/OFF ratio. Conduction levels between the “ON” and “OFF” states 
are often not employed. Typically a transistor is used as an electrical switch between a high 
conduction “ON” state and an OFF state with negligible transport of electrical charge. 

Transistors may be classified as either enhancement- or depletion-mode transistor. A 
transistor operates in enhancement mode if it resides in the low conductive “OFF” when no 
gate bias is applied.  The enhancement mode transistor can be turned “ON” by application of 
a gate voltage. A depletion mode transistor works in an inverse manner being “ON” when 

Figure 1.9: The basic layout of a field effect transistor (FET). 
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zero gate bias is applied and switches “OFF” upon application of bias voltage.  Additionally, 
a depletion mode transistor can be operated under such a high bias that charge carriers of 
opposite charge to those present under zero bias are generated in the channel near the gate 
surface. This phenomenon is called inversion and renders the transistor “ON” again at very 
high bias. 

FETs can be fabricated from a variety of active materials, including organic molecular 
layers. The added advantages of using an organic (semi-)conductor as active material in FETs 
(OFET) instead of more conventional inorganic compounds are mechanical flexibility, 
potential biocompatibility, easy large area manufacturing, low temperature processing and an 
estimated low-cost of production [36]. 

1.5 – Electrochemical transistors 

One of the many different kinds of FETs is the electrochemical transistor (Fig. 1.10).  
The electrochemical transistor (ECT) differs from a standard FET by the fact that the gate 
dielectric is replaced by an electrolyte [37]. When a gate voltage is applied, charged species 
will move through the electrolyte towards the channel material and induce the formation of 
counter-charges in the channel (Fig. 1.11a and 1.11b) [18]. The (poly-)electrolyte employed 
can be either a liquid, an ionic liquid an ionic gel or a solid polymer [38]–[41]. ECTs can be 
considered as FET devices with a dielectric barrier thickness close to the ionic radius, 
providing very high capacitances [42]. 

An additional design parameter of the ECT is the gate electrode. The gate of an ECT 
can consist of either a polarizable material (e.g. Au or Pt electrode) or a non-polarizable 
material (e.g. Ag/AgCl). When a polarizable material is used, it should be noted that the area 
of the gate electrode should be large so as to possess a large capacitance, as the voltage drop 
over two parallel capacitors is mainly over the smaller capacitor [42]. 

 
Figure 1.10: The basic layout of an electrochemical transistor (ECT). 
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1.5.1– Organic electrochemical transistors 

The channel material of an ECT can be either inorganic or organic. A distinct 
advantage of a channel made of organic molecules, held together by weak Van-der-Waals 
forces, is that the active layer is permeable to small ions from the electrolyte. Due to this 
permeability, the entire channel material between source and drain can be influenced by the 
applied gate (Fig. 1.11b) [43]. Therefore, organic electrochemical transistors (OECTs) often 
show a very high transconductance [44]. The transconductance is defined as the derivative of 
the source-drain current with respect to gate voltage. Unfortunately, the relatively large 
movement of ions into the bulk, which induces the high transconductance of OECTs, also 
limits the switching speed of an OECT [45].  

 

Additionally, OECTs are commonly researched for application in bio-sensors and 
bioelectronics because of their sensitivity towards (specific) ions, low applied voltages during 
operation and compatibility with water and biological tissue [12], [18], [46], [47]. The most 
frequently used channel material for bio-compatible OECTs is PEDOT:PSS [12], [35], [48].  

Furthermore, OECTs can operate in either enhancement mode or depletion mode. 
Enhancement mode transistors are preferred for sensor applications as they have a low 
source-drain current and thus low power usage, when no bias or analyte is applied [49].  

Figure 1.11: The working principle of an enhancement mode electrochemical transistor (ECT) for a) an 
impermeable channel material or b) a permeable channel material, taken from S. Kim et al. [18]. The 
induced holes can be found in the whole volume of the material for a permeable channel. 
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1.5.2 – Memristive devices for neuromorphic computing 

An interesting application of OECTs can be found in the field of neuromorphic 
computing. Neuromorphic computing can be paraphrased as: “to compute in a way that 
mimics the brain”. This field has recently become especially appealing due to the widespread 
application of artificial intelligence (AI) such as IBM’s Watson and Google’s AlphaGo [50], 
[51].  AlphaGo was able to claim victory over a professional Go-player, Lee Sedol, in the 
board-game “Go” [52]. While a victory of an AI over a human opponent in such a 
complicated board game is a considerable achievement, there is still a tremendous difference 
in energy-consumption between AlphaGo and the brain of Lee Seedol [53], [54]. This 
demonstrated the current need for AIs with lower power consumption.  

In order to decrease the operating energy costs of an AI and achieve low energy 
neuromorphic computing, a memristive device should be developed [55], [56]. Recently, Y. 
van de Burgt et al. succeeded in producing such a memristive device based on an OECT [57]. 
This device was called an electrochemical neuromorphic organic device (ENODe) and the 
device geometry can be seen in Figure 1.12. 

 

This ENODe, similar to an OECT, is comprised of a gate electrode, an electrolyte and 
a source and drain electrode, connected by a channel. The employed gate electrode was 
unconventional as it consisted of a large area of PEDOT:PSS, which renders the 
configuration similar to an organic battery. At the same time a redox reaction in both 
electrodes ensures electrical neutrality in all films during doping and dedoping. Due to this 
large surface area of the gate electrode, it can easily take up or expel ions. Furthermore, the 
channel was first dedoped in an attempt to increase the stability of the neutral, reduced, state 
of the PEDOT:PSS. 

Figure 1.12. Device structure of the ENODe as depicted by Y. van de Burgt et al. [55]. 
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The fabricated ENODe was neuromorphic because the attainable conduction levels 
are non-volatile and because multiple conduction levels can be programmed. Furthermore, 
the working principle involving the excretion of ions/protons is similar to the communication 
between neurons. Typical synaptic processes, like paired pulse facilitation, are also present in 
this type of ENODe.  

1.6 – Aim, Outline and Scope of this thesis 

The PEDOT:PSS that is widely used in bio-sensors and bio-electronics is conductive 
PEDOT:PSS [58], [59]. Therefore, these transistors and sensors are depletion mode 
transistors as their conductivity without gate bias is high. However, enhancement mode 
transistors are preferred, especially for bio-electronics and bio-sensors, due to the low idle 
power usage. In order to fabricate enhancement mode transistors from PEDOT:PSS for the 
application in OECT, biosensors or memristive devices, the highly conductive PEDOT:PSS 
layer must become non-conductive. This can be done by dedoping the PEDOT:PSS layer 
electrochemically or chemically.  

In this work, we investigate new dedopants for chemically dedoped PEDOT:PSS. 
Furthermore, we aim to develop improved fabrication methods for dedoped PEDOT:PSS and 
to identify the obstacles for the incorporation of dedoped PEDOT:PSS in an OECT.  

We investigate new dedopants by examining the dedoping strength of various amines 
that are structurally related to poly(ethylene imine) (PEI), which is a strong dedopant for 
PEDOT:PSS [60]. Additionally, by studying the trends found in dedoping strength for these 
different amines, we suggest several mechanisms behind the dedoping of PEDOT:PSS by 
PEI. 

Using the newly found dedopants for PEDOT:PSS, we will explore possible 
alternative device fabrication procedures. Ideally, the deposition of the active layer should be 
as simple as possible to ensure good reproducibility. To this end we will try to formulate a 
stable solution of PEDOT:PSS premixed with dedopant that can be used in a simple two-step 
fabrication process for PEDOT layers with very low conductivity. We will show that the 
layers produced with this method have as an additional advantage that they can be photo-
patterned by locally heating the substrate with infrared light. 

The newly discovered dedopants will be used for the fabrication of OECTs with 
highly dedoped PEDOT:PSS working in enhancement mode. The performance of OECTs 
prepared via various preparation methods will be analyzed using different OECT 
configurations and measurement protocols. This is done in order to elucidate the mechanisms 
behind device degradation. 

In summary, the aim of the work described in this thesis is to further advance the 
dedoping of PEDOT:PSS and to thereby enable further research and development towards 
enhancement mode bio-sensors/bio-electronics and low-power computing involving 
memristive devices, based on PEDOT:PSS. 
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Chapter 2 
Finding alternatives to, and elucidating the 
mechanism on, PEDOT:PSS dedoping with PEI 
 

Abstract 

  PEDOT:PSS can be strongly dedoped by Poly(ethyleneimine) (PEI) and this 
characteristic is exploited in the production of  low conductivity PEDOT:PSS useful in a 
variety of applications and devices. However, working with PEI is often impractical in device 
fabrication and the mechanism of dedoping remains elusive. In this chapter, we examine 
various amines to find an alternative dedopant to PEI and to elucidate the underlying 
mechanism. The analyses are performed by comparing two-point probe conductivity 
measurements and UV-VIS-NIR absorption spectra before and after application of the amine. 
Furthermore, by analyzing the common features of the amines that are capable of strongly 
dedoping PEDOT:PSS, we present two hypothetical reaction mechanisms. As a result of this 
work, it would be possible to predict the dedoping capacity of related amines to some extent. 
On top of that, transistors can be made comprising PEDOT:PSS dedoped by the newly 
discovered strongly dedoping amines. 
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2.1 - Introduction 

Low conductivity PEDOT:PSS is a promising material for uses in polymer based 
battery’s [1], [2], organic solar cells [3], polymer based thermoelectric devices [4]–[6], 
electrochromic devices [7] and neuromorphic devices [8] because of its oxidation level offset 
with high conductive PEDOT:PSS, low work function, high Seebeck coefficient and strong 
light absorption in the visible spectrum. In order to obtain low conductivity PEDOT:PSS, the 
commercially available high conductivity PEDOT:PSS must be dedoped and the neutral 
PEDOT:PSS must be protected from re-doping by oxygen [1], [2]. Generally, this is done 
either electrochemically [7] or chemically using, among others, Poly(ethyleneimine) (PEI) 
[1]–[3],  hydrazine [9], tetrakis-(dimethylamino)ethylene [10] and 1,8-
diazabicyclo(5.4.0)undec-7-ene (DBU) [11], [12]. The dedoping mechanism for these 
different dopants is currently not understood in full detail. 

The most commonly used dedopant, PEI, is reported to be able to lower the 
conductivity of PEDOT:PSS from 3 S/cm to 5*10-4 S/cm [13]. This dedoping capability was 
ascribed, by Fabiano et al., to smaller impurities, which were found to be present in the vapor 
of PEI [13]. Furthermore, Fabiano et al. also found N-(2-Aminoethyl)-1,2-ethanediamine, a 
possible constituent of PEI vapor, to be capable of strongly dedoping PEDOT:PSS. 
Nevertheless, a hypothetical mechanism was not discussed. If the mechanism of dedoping 
with PEI would be discovered, other dedopants with similar performance could be 
distinguished. These dedopants might have more favorable properties than PEI for device 
fabrication of various applications. 

In this work, we investigate the dedoping properties of structurally related amines in 
order to elucidate the mechanism of dedoping by PEI and find different dedopants with equal 
dedoping performance to PEI. The dedoping capacity has been examined by comparing the 
conductivity and absorption of a PEDOT:PSS substrate before and after dedopant application. 

2.2 - Methods 

2.2.1 – Materials 

The PEDOT:PSS used in this work was obtained from Heraeus (Clevios PH 1000) 
and ethane-1,2-diol (ethylene glycol) was obtained from Sigma Aldrich (99.8% pure). A list 
of suppliers and purity of the examined amines can be found in Appendix 2.1. 

2.2.2 – Procedure 

Glass substrates (30x30 mm) were cleaned, by rinsing with aceton, scrubbing with an 
isopropanol drenched cloth and subsequent rinsing with isopropanol. Afterwards an electrode 
layout was defined by metal evaporation (Fig. 2.1). The electrodes consisted of 50 nm Au on 
5 nm Cr. Prior to PEDOT:PSS deposition, the substrate was similarly rinsed and 
subsequently treated by UV/Ozon exposure for 30 minutes (PR-100, UVP). Next, the 
PEDOT:PSS solution, which contained 3wt%-5wt% ethylene glycol for conductivity 
enhancement, was filtered through a 0.45µm filter (Pall life sciences, Acrodisc, PVDF 
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membrane) and then spin-coated on the glass substrate at 1000 or 2400 rpm. The formed 
PEDOT:PSS films were baked at 120 ̊C. 

 

The PEDOT:PSS coated substrates were exposed to various dedopants by drop-
casting until full coverage was attained. The substrates covered in dedopant were 
subsequently heated in a stepwise manner from room temperature to 50 ̊C to 90 ̊C to 120 C̊. 
This was done to initiate dedoping, evaporate the excess dedopant and to suppress the 
hygroscopic properties of the amines. If substrates were dry and fully dedoped before 
reaching 120 ̊C, assessed by discoloration, they would not be subjected to subsequent 
temperature stages. 

2.2.3 – Measurements  

After the various heating steps and before drop-casting of the dedopant, the substrates 
were subjected to a two-point probe I/V measurement by using an Agilent 4155C 
semiconductor analyzer. The measurements were performed as a double sweep measurement 
over a voltage range of -1 V to +1 V and a step-size of 10 mV.  

The absorption spectra were determined using a PerkinElmer Lambda 900 
spectrometer. This was done before drop-casting of the dedopant and after the substrate was 
deemed dry. This spectrometer changes detector around 850 nm and therefore a bump 
appears in the measured UV-VIS-NIR spectra. The used slit width was 3 nm for UV/VIS and 
1 nm for NIR. 

1H-NMR spectra were recorded using a Bruker Avance III HD (Ultrashield 400 
Magnet) (400 MHz) with tetramethylsilane (TMS) as an internal standard and CDCl3 as a 
solvent. 

The used MALDI-TOF was a Brüker Autoflex in reflector mode with positive 
polarity. 

The mass spectra were recorded by a Thermo Scientific LCQ Fleet using electron 
spray ionization (ESI). 

Figure 2.1: Electrode layout used during this work. The black stars indicate the two probes for the two-
point probe measurement. 
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2.3 – Results and Discussion 

2.3.1 – Conductivity measurements and UV-VIS-NIR spectroscopy 

In order to determine to what degree the PEDOT:PSS has been dedoped, we 
performed both electrical and optical measurements. The electrical measurements 
encompassed a two-point probe measurement in which the current is measured under varying 
applied voltage and the optical measurements consisted of measuring a UV-VIS-NIR 
absorption spectrum. These measurements were performed before and after application of the 
dedoping agent by drop-casting. The obtained results were compared. An example of the 
results obtained for 4-(1,3-Dimethyl-2,3-dihydro-1H-benzoimidazol-2-
yl)phenyl)dimethylamine (DBU) can be found in Figure 2.2. 
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Figure 2.2a shows the current measured while varying the voltage from -1 V to 1 V 
before applying the dedopant and after the dedopant was applied and subsequently heated to 
100 ̊C and 120 ̊C. It can be seen that the conductivity drops from approximately 2*10-2 S to 
2*10-8 S after application of DBU and heating to 100 ̊C. The conductivity is lowered further 
to 4*10-10 S after the substrate is heated to 120 ̊C, indicating that this particular dedopant 
performs better if temperatures are increased during dedoping. From these measurements, a 
doping efficiency (RE), expressed in the ratio of the conductivities (σ) before and after doping 
as probed at a bias of 1V, could be calculated (Equation 2.1). When the channel area (A), 
channel length (L) and applied voltage (V) are assumed constant, the ratio in conductivities 
can be described as a ratio in currents (I). The minimal current during heating was used for I2. 

𝑅𝐸 =
𝜎1

𝜎2
=

𝜌2

𝜌1
=

𝑉2𝐴2
𝐼2𝐿2
𝑉1𝐴1
𝐼1𝐿1

=
𝐼1

𝐼2
|𝑉=1     (Equation 2.1) 

In the right graph (Fig. 2.2b) the UV-VIS-NIR absorption spectrum is visualized 
before and after application and subsequent heating of the dedopant. Here it can be seen that 

Figure 2.2: a) I/V characteristics and b) UV-VIS-NIR absorption spectra of a PEDOT:PSS layer before and 
after dedoping with 4-(1,3-Dimethyl-2,3-dihydro-1H-benzoimidazol-2-yl)phenyl)dimethylamine (DBU). 
The arrows depict the rise in the absorbance associated with neutral PEDOT:PSS and the decline in 
absorbance for the bipolaron state of PEDOT:PSS. 
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before application of the dedopant, a broad absorption peak was present in the NIR region. 
This peak is commonly ascribed to the bipolaron absorption band of PEDOT:PSS and is no 
longer visible after application of the dedopant [14]. Furthermore, after exposure to the 
dedopant a strong absorption peak with vibrational fine structure has appeared around 665 
nm attributed to neutral PEDOT [14]. The peak at approximately 900 nm, recognized as 
belonging to the polaron, is present in the spectrum after treatment, but the peak is not 
distinct [14]. As the spectrum obtained after dedoping is primarily comprised of the 
absorption peaks of the neutral state, it can be concluded that the PEDOT:PSS has been 
strongly dedoped. This was already evidenced by the measured low conductivity but 
nevertheless the absorption spectrum serves as confirmation.  

In order to quantize the dedoping measured by UV-VIS-NIR absorption experiments, 
the optical ratio can be extracted from the obtained spectra before and after doping. This ratio 
is expressed by Equation 2.2. Here the ratio between the absorption at 2500 nm and at 665 
nm for doped PEDOT:PSS (Abs2500 & Abs665) is divided by the identical ratio after dedoping.  

𝑅𝑂 =

𝐴𝑏𝑠2500
𝐴𝑏𝑠665

|𝑑𝑜𝑝𝑒𝑑

𝐴𝑏𝑠2500
𝐴𝑏𝑠665

|𝑑𝑒𝑑𝑜𝑝𝑒𝑑
       (Equation 2.1) 

2.3.2 – Various dedopants 

Measurements such as those illustrated in Figure 2.2 have been performed for a range 
of structurally related amines. The employed amines and the resulting calculated dedoping 
efficiencies and optical ratios are summarized in Table 2.1. 

 

Compound Structural formula RE 
a  RO 

b 

Triethylamine 

 

4.5 1.80 

N-butylamine 
 

1.6×101 1.98 

N,N,N’,N’-tetramethyl-1,2-
ethanediamine 

 

5.5×102 2.27 

Table 2.1: List of used dedoping agents and their (a) dedoping efficiency and optical ratio (b). (c) Full 
coverage was not attained; therefore it is plausible that the current flowed around the heavily dedoped areas. 
The existence of these heavily dedoped areas has been demonstrated by UV-VIS-NIR absorption 
measurements. (d) Dedopant was spin-coated instead of drop-cast. Furthermore, the current measured before 
the experiment was very low due to bad film morphology of the PEDOT:PSS. This has influenced the E-
value. Additionally, the absorption spectra before dedoping was not recorded. Therefore the average 
absorption ratio 2500nm/675nm before dedoping has been used in the calculation of the RO. (e) The optical 
ratio has been influenced by absorption of the dedopant.  
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N,N,N’-trimethyl-1,2-
ethanediamine 

 

4.7×102 3.00 

N,N-dimethyl-1,2-
ethanediamine 

 

3.7×102 4.06 

N,N’-dimethyl-1,2-
ethanediamine 

 

1.4×104 6.38 

N-methyl-1,2-ethanediamine 

 

3.2×106 7.49 

1,2-ethanediamine 

 

1.1×106 6.52 

1,5-pentanediamine 

 

3.1×106 9.77 

1,2-diaminopropane 

 
1.1×106 9.33 

N-(2-Aminoethyl)-1,2-
ethanediamine 

 

7.7×102  c 2.29 e 

N,N-bis(2-aminoethyl)-1,2-
ethanediamine 

 

2.9×104   c 3.95 e 

N-(2-aminoethyl)-N-methyl-
1,2-ethanediamine 

 

1.8×105 9.64 

Cis-1,4-cyclohexanediamine 

 

8.1×102 3.65 e 

Trans-1,2-
cyclohexanediamine 

 

1.4×102 3.75 e 

1,4-diaminobenzene 
 

3.6 5.46 e 

4-(1,3-Dimethyl-2,3-dihydro-
1H-benzoimidazol-2-
yl)phenyl)dimethylamine 
“N-DMBI” 

 

3.9 3.00 e 
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Branched 
Poly(ethyleneimine) d 

“PEI” 
 

4.4×104 d 6.70 d 

1,8-diazabicyclo(5.4.0)undec-
7-ene 
“DBU”  

7.5×107 17.04 

 

The role of ambient air in the dedoping reaction has been excluded by also performing 
the dedoping experiment with 1,2-ethanediamine in a glovebox. The obtained results were 
similar to those in ambient air since the conductivity decreased from approximately 10-2 S to 
10-9 S and the UV-VIS-NIR spectra showed only the presence of neutral PEDOT (Appendix 
2.2). Furthermore, the role of moisture during the experiments was found to be two-sided. On 
the one hand, moisture would reduce the conductivity of doped PEDOT:PSS. On the other 
hand, large quantities of water were capable of re-doping, to some extent, the strongly 
dedoped PEDOT:PSS. Therefore, it was found that, for amines that are strongly hygroscopic, 
performing the dedoping step in N2 atmosphere can be beneficial. 

As can be seen from the table, some of the examined amines are capable of strongly 
dedoping PEDOT:PSS, similar to PEI, while others are not. This in itself is remarkable as 
mono-amines are known to have a relatively high oxidation potential and as such are not 
expected to dedope PEDOT:PSS [15]. Furthermore, a clear trend is discernable in the 
dedoping efficiencies of the different amines. This trend indicates a necessity for two amine-
groups with sufficient conformational freedom as is made apparent by the low dedoping 
efficiencies of n-butylamine, cis/trans-cyclohexanediamine and 1,4-diaminobenzene and the 
high dedoping efficiency of 1,5-pentanediamine. Additionally, by studying the series N,N,N’-
trimethyl-1,2-ethanediamine  to 1,2-ethanediamine we can conclude that both amine-groups 
have to be non-tertiary to reach high RE-values. On top of that, if one of the two diamines is a 
primary amine, the dedoping strength is enhanced further as can be seen in the difference 
between the RE-value of N,N’-dimethyl-1,2-ethanediamine and N-methyl-1,2-ethanediamine. 
Although the trend is well-defined as to which amines do strongly dedope PEDOT:PSS and 
which do not, the mechanism of dedoping remains elusive. Regarding dedoping we have 
hypothesized two possible mechanisms. 

2.3.3 – First proposed mechanism 

The first mechanism is based on the work of B. Lakard et al. and G. Herlem et al. 
which describes the electropolymerization of ω-diamines [16]–[20]. The underlying 
mechanism of this electropolymerization is proven to be amidogen (NH2 radical) formation 
due to C-N bond cleavage. The carbocation that is formed after this dissociation is able to 
react with a second ω-diamine and thus furthers the polymerization. The mechanism we 
propose in Figure 2.3, illustrated by using 1,2-ethandediamine as an example, is very much 
alike. However, it differs in the fact that, during the second reaction, the binding by the 
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second amine to the alpha carbon, alpha to the radical amine, is hypothesized to be crucial in 
the rate of amidogen formation due the stabilizing effect on the formed carbocation. 

 

 

 If the stabilization of the cation, formed during reaction step 2, is regarded crucial in 
the mechanism, then this can be used to explain the selectivity of the dedoping reaction 
towards a certain set of diamines. The displayed selectivity towards diamines that have 
adequate conformational freedom could arise from the fact that only those diamines are 
capable of stabilizing the formed carbocation by binding with the second amine. The 
necessity for carbocation stabilization we imagine to arise from the mild condition. To 
illustrate this point, we reached a low doping efficiency for 1,4-diaminobenzene in our 
experiments while B. Lakard et al. successfully electropolymerized the same compound using 
an applied voltage [17].  

Furthermore, we hypothesize that the incapability of diamines containing a tertiary 
amine to dedope  PEDOT:PSS stems from the relatively low oxidation potential of the 
tertiary amine moiety [15]. Due to this relatively low oxidation potential, the tertiary amine 
group will be primarily oxidized if present in the molecule. Additionally, derived from the 
low oxidation potential and the electron donating properties of methyl substituents, we 
imagine the relative stability of a tertiary amine radical to the nitrogen-carbon bond breaking 
reaction to be high compared to the secondary and primary amine radical. A more stable 
radical is more likely to have a life-time high enough to undergo further reactions other than 
carbon-nitrogen bond breakage and thus is less probable to form an uncharged nitrogen 
radical suitable for the formation of hydrazine like species. 

On top of these selectivity issues, the prerequisite of the formation of a strongly 
reducing species is also achieved.  The strong reducing agent in this mechanism is hydrazine, 
which is formed in reaction 3 and is known to be able to fully dedope PEDOT:PSS [9]. 
Methylated hydrazine derivatives such as unsymmetrical dimethylhydrazine and 
methylhydrazine are known to be more stable than hydrazine and therefore might be able to 
dedope PEDOT:PSS to a lesser extent [21], [22]. If methylhydrazine is formed during 
dedoping with N,N’-dimethyl-1,2-ethanediamine, then the difference in dedoping strength 

Figure 2.3: Proposed reaction mechanism based on amidogen formation illustrated by the example of 1,2-
ethanediamine. 
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with hydrazine might be the reason why this compound does dedope PEDOT:PSS but to a 
smaller degree than N-methyl-1,2-ethanediamine. 

2.3.4 – Second proposed mechanism 

The second mechanism, which is illustrated in Figure 2.4 by the example of 1,2-
ethanediamine, was inspired by the work of C. Mann et al. and P. Smith et al. on the 
oxidation of aliphatic amines [23], [24]. In their work, they describe the generation of 
gaseous nitrogen at low voltage, as the result of a single electron transfer (Fig. 2.3/2.4 
reaction step 1), and the formation of an imine at higher voltages, after a second single 
electron transfer has occurred (Fig. 2.4 reaction step 4). The carbon of the imine moiety 
formed during this reaction we hypothesized to be capable of binding to the second amine-
group, thereby forming an N-C-N group. This N-C-N group is imagined to be a strongly 
reducing species in this second mechanism, stemming from the key-role of the N-C-N group 
in the electron donating mechanism in electron donors like 4-(1,3-Dimethyl-2,3-dihydro-1H-
benzoimidazol-2-yl)phenyl)dimethylamine (N-DMBI) [25]. However, N-DMBI was not 
capable of fully dedoping PEDOT:PSS in our experiments. 

Alternatively, the compound formed in reaction 7 could possibly be a strong electron 
donor as well. This theory is based on the structural similarity of the N-C=N group with that 
of 1,8-diazabicyclo(5.4.0)undec-7-ene (DBU), which was capable of fully dedoping 
PEDOT:PSS following reaction step 8 both in our experiments and in literature [11], [12]. 

 

Regardless which compound is the strong reductant, this second mechanism, similarly 
to the first mechanism, can be used to clarify the selectivity discovered in the dedoping 
efficiencies of different amines. The selectivity on conformational freedom is assumed to 
derive from the fact that the ω-amine must be able to reach the α-carbon in order to form an 
N-C-N moiety and the selectivity on primary, secondary and tertiary amines is theorized to 
originate from differences in stability of the product after oxidation.  

Figure 2.4: Proposed reaction mechanism consisting of 8 reaction steps based on the oxidation reactions of 
aliphatic amines, illustrated by the example of 1,2-ethanediamine. 
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In order to investigate this in more detail, the stabilization of remnant positive charge 
after reaction 6 has been examined and the results are illustrated in Figure 2.5. It can be seen 
that diamine 1, 2, 3 and 4 are capable of stabilizing the positive charge by forming a carbon-
nitrogen double bond while amine 5 and 6 are not. Furthermore, diamine 3 and 4 are only 
capable of forming a carbon-nitrogen double bond with one amine group and diamine 4 does 
so by forming a 2H-azirine moiety, which is hypothesized to be unstable due to ring-strain. 
Additionally, diamine 6 is unlikely to undergo reaction 6 because the molecule is already 
positively charged after reaction 5.  

The same reasoning employed on the reaction products of reaction 6 can be employed 
on those of reaction 8. After reaction step 8, diamine 1 and 2 are able to stabilize the formed 
product by H+ dissociation but diamine 3 is not. Furthermore, reaction step 8 is unlikely to 
occur for diamine 4, 5 and 6. 

 Regarding the above, the hypothesized trend in reductant strength for these diamines 
would be 1+ 2 > 3 > 4 > 5 > 6 or 1+2 > 3 > 4+5+6 taking into account reaction 6 or 8 
respectively. These hypothetical trends match the trend in dedoping efficiency, in which 
diamine 1 and 2 strongly dedope PEDOT:PSS, diamine 3 dedopes PEDOT:PSS to some 
extent and diamine 4,5 and 6 dedope PEDOT:PSS slightly.  

 

2.3.5 – General experimental remarks 

It was noticed during experimentation that the dedoping would often be thermally 
activated. This was especially the case for N-(2-aminoethyl)-N-methyl-1,2-ethanediamine. 
With both mechanisms being a sequence of steps, it is not unthinkable that a crucial reaction 
step has a distinct activation temperature. 

Figure 2.5: Positive charge stabilization of different diamines after reaction step 6 (Fig. 2.4). 1) 1,2-
ethanediamine, 2) N-methyl-1,2-ethanediamine, 3) N,N’-dimethyl-1,2-ethanediamine, 4) N,N-dimethyl-1,2-
ethanediamine, 5) N,N,N’-trimethyl-1,2-ethanediamine, 6) N,N,N’,N’-tetramethyl-1,2-ethanediamine. 
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Additional to the observed trends in dedoping efficiency, it was also noticed during 
experiments that a sticky and often brown layer would form on the substrate upon heating, 
after application of the diamine dedopant. This observation was made for dedopant coated on 
PEDOT:PSS/bare glass in both ambient and N2 atmosphere. Based on the stickiness and the 
fact that this compound would not evaporate upon heating, it was theorized that the 
compound was likely to have a higher molar weight than the original drop-casted diamine. 
However, this hypothesis could not be validated unambiguously using either MALDI-TOF or 
Mass Spectroscopy. Furthermore, in the 1H-NMR (400MHz, CDCl3) spectra of 1,2-
ethanediamine that turned brown, we noticed upcoming peaks at δ 8.2 and δ 5.1. These 
signals are an indication of the presence of conjugated carbon and nitrogen atoms, which 
might indicate the formation of a conjugated system. The formation of this conjugated system 
could be the reason for the discoloration of, normally transparent, 1,2-ethanediamine. 

In conclusion, on the basis of the experimental observations we could not 
unambiguously differentiate between the two mechanisms. Theoretically, it is also possible 
that both reaction mechanisms occur simultaneously. Furthermore, the verification of either 
mechanism is particularly hard due to the minor quantity of reaction product formed during 
the reaction and the many additives that are included in commercial PEDOT:PSS dispersions. 
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2.4 – Conclusion 

Using two-point probe I/V measurements and UV-VIS-NIR spectroscopy, a range of 
amines have been tested for their ability to dedope PEDOT:PSS. A significant portion of the 
tested amines showed dedoping capabilities similar to PEI.  Regarding which amines are 
capable of strongly dedoping PEDOT:PSS, a distinct trend is observable. This trend dictates 
the need for a diamine, of which both amines are non-tertiary, with sufficient conformational 
freedom. Additionally, the dedoping capability increases even more if one of the two amine-
groups is primary.  

While the exact mechanism of dedoping remains elusive, two hypothetical 
mechanisms have been formulated. The first mechanism was based on amidogen formation 
supported by cation stabilization induced by the second amine group. This mechanism would 
likely yield amine oligomers of higher molecular weight, which could not be unambiguously 
verified using MALDI-TOF and Mass Spectroscopy. The second mechanism constituted the 
creation of an imine-moiety after a second single electron transfer. This imine would undergo 
a ring-closing reaction with the second amine group of the diamine and form an aziridine, 
which is capable of undergoing two consecutive single electron transfers. Either of those two 
reactions could be of sufficient potential to generate neutral PEDOT. Additionally, 1H-NMR 
indicated that low concentrations of conjugated carbon and nitrogen are present after heating, 
which would support the second reaction mechanism. Unfortunately, neither mechanism 
could be verified because of the small amount of reaction product formed during the reaction 
and the fact that commercial PEDOT:PSS contains many additives. 

It is now possible to fabricate and characterize transistors based on PEDOT:PSS 
dedoped by dedopants found in this study. Furthermore, by assessing the discovered trend, it 
is predictable, to some extent, whether a particular amine will dedope PEDOT:PSS.  

2.4.1 - Outlook 

In the future, ways should be devised to pinpoint the exact mechanism of dedoping. If 
the mechanism were to be specified, a pathway would open up towards specifically designed 
dedopants with favorable characteristics for the different applications. 

Furthermore, research should be done into the strong dedoping of PEDOT:PSS using 
amine vapor. It is likely that the PEDOT:PSS should be heated while subjected to the 
dedopant vapor. Unfortunately, this could not be accomplished utilizing our experimental 
setup. If substrates of PEDOT:PSS can be dedoped by amine vapor, it will no longer be 
needed to use excess amine which also partially remains in or on the substrate. 
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Chapter 3  
Preparation of a stable solution of PEDOT:PSS and 
dedopant for two-step layer fabrication and laser 
patterning 
 

Abstract 

 In this chapter, a new method is described to prepare, low conductivity, strongly 
dedoped PEDOT:PSS films. This method involves the production of a stable PEDOT:PSS 
dispersion containing unreacted N-(2-aminoethyl)-N-methyl-1,2-ethanediamine (DEMTA). 
The DEMTA does not react with PEDOT:PSS due to a distinct activation temperature of 
dedoping. The solution can be used to spin-coat PEDOT:PSS films that are converted to 
strongly dedoped PEDOT:PSS upon heating to 90 ̊C.  This method provides a two-step 
fabrication process of dedoped PEDOT:PSS layers. Alternatively, when subjecting the still 
wet layer to a laser beam, dedoping can be induced locally due to localized heating. In this 
manner a pattern of dedoped PEDOT:PSS has been inscribed in a substrate using a high 
intensity infrared laser. 
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3.1 – Introduction 

 The fabrication of strongly dedoped PEDOT:PSS layers for electrochemical switching 
devices is commonly performed by exposing a PEDOT:PSS layer to vapors of heated 
(branched) poly(ethylene imine) (PEI) [1], [2]. However, this technique suffers from poor 
reproducibility and must be performed under inert atmosphere. Ideally, the fabrication 
process should be reduced to a two-step spin-coating in ambient air. Unfortunately, 
PEDOT:PSS is no longer a stable suspension when dedoped because neutral PEDOT is 
insoluble [3]. Therefore, in order to achieve two-step fabrication, a stable PEDOT:PSS + 
dedopant solution must be produced, which can be activated to dedope PEDOT:PSS.  

 An additional benefit of such a stable PEDOT:PSS + dedopant dispersion would be 
the possibility of dedoping on demand. Furthermore, if the stimuli to initiate dedoping can be 
localized, then it is possible to fabricate microstructures of dedoped PEDOT:PSS. This would 
make it theoretically achievable to define PEDOT:PSS circuitry on a substrate, which could 
potentially eliminate the need for circuitry defined by additional materials. 

 In this work, we used some of the dedopants, found in Chapter 2 to strongly dedope 
PEDOT:PSS,  with the aim of producing a stable PEDOT:PSS + dedopant solution. This goal 
was accomplished by using N-(2-aminoethyl)-N-methyl-1,2-ethanediamine (DEMTA) and 
the dispersion was used to two-step spin-coat dedoped PEDOT:PSS. Furthermore, as a proof 
of concept, substrates of PEDOT:PSS have been laser patterned. 

3.2 – Methods 

3.2.1 – Materials 

The PEDOT:PSS used in this work was obtained from Heraeus (Clevios PH 1000), N-
(2-aminoethyl)-N-methyl-1,2-ethanediamine (DEMTA) was obtained from TCI-EP and 
branched poly(ethylene imine) (PEI) from Aldrich (Mw = 700).   

Ethane-1,2-diol (ethylene glycol) (99.8% pure), trimethoxy-[3-(oxiran-2-
ylmethoxy)propyl]silane (GOPTS) (≥ 98% pure) and  1,5-pentanediamine (Cadaverine)  
(95% pure) were obtained from Sigma Aldrich. 

3.2.2 – Procedure 

 First, a PEDOT:PSS dispersion was made by adding PEDOT:PSS and 3wt%-5wt% 
ethylene glycol, to increase the conductivity, in a glass vial. Next, the selected dedopant was 
added to the solution drop-wise, while keeping the solution either at room temperature or at 
0 ̊C. The amount of added dedopant was approximately half the volume of the initial 
PEDOT:PSS solution. If the dispersion were to be kept at 0 ̊C, this would be done by 
continuously stirring the glass vial through an ice bath. Afterwards, 1wt% GOPTS 
(percentage with respect to the original PEDOT:PSS + ethylene glycol solution) could be 
added as a cross-linking agent to make the PEDOT:PSS film more robust to water. 
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 This dispersion had to be filtered through a 0.45µm filter (Pall life sciences, Acrodisc, 
PVDF membrane) or centrifuged first (2000 rpm, 30 min) (Heraeus Megafuge 1.0, Thermo 
electron corporation) and filtered subsequently. These steps were necessary to remove the 
aggregates that have formed. 

 Following, the solution was spin-coated (1000 or 2400 rpm) on a glass substrate 
(30x30 mm), which was cleaned by rinsing with aceton, scrubbing with an isopropanol 
drenched cloth, rinsing with isopropanol and finally treated with UV/Ozon for 30 min (PR-
100, UVP). The formed film could either be baked at 120 ̊C (two-step fabrication of dedoped 
PEDOT:PSS) or used for laser patterning experiments. 

 During these laser patterning experiments, the substrate would be held perpendicular 
to the laser beam in order to locally heat the substrate. When using a 200 mW Nd:YAG laser 
(1319-1550 nm, laser; MLL III 1319, CNIlaser controller; LD-WL206, CNIlaser) the 
substrate would be kept in the same position. However, while using the 10 W CO2 laser (5%-
10% of its power, 10510-10650 nm, laser;  J48-1S-10834, Synrad  controller; UC-
2000, Synrad) the substrate, fastened onto a manual linear x/y/z stage, would be moved over 
the x and z axis so as to create a pattern. 

 The procedure for the initial experiments involving the dedoping capacity of DEMTA 
can be found in Chapter 2.2.2. 

3.2.3 – Measurements 

After the various heating steps and before drop-casting of DEMTA, the PEDOT:PSS 
substrate was subjected to a two-point probe I/V measurement by using an Agilent 4155C 
semiconductor analyzer. The measurement was performed as a double sweep measurement 
over a voltage range of -1 V to +1 V and a step-size of 10 mV.  

Absorption spectra were recorded using a PerkinElmer Lambda 900 spectrometer. 
This spectrometer changes detector around 850 nm and therefore a bump appears in the 
measured UV-VIS-NIR spectra. The used slit width was 3 nm for UV/VIS and 1 nm for NIR. 

The used pH meter was a C6010 multi-parameter analyzer from Consort. The used 
buffers were 4.00, 7.00, 10.01 pH and obtained from Consort. The pH sensor/electrode that 
was used was the Minitrode obtained from Hamilton. 
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3.3 – Results and Discussion 

3.3.1 – Stable solution of PEDOT:PSS and dedopant 

 In order to create a stable PEDOT:PSS + dedopant solution, it is crucial that the 
dedopant does not immediately fully dedope PEDOT:PSS on contact but is capable of doing 
so after an external stimulus. As can be seen in Figure 3.1, N-(2-aminoethyl)-N-methyl-1,2-
ethanediamine (DEMTA) fulfills this criterion. When drop-casted, DEMTA initially dedopes 
PEDOT:PSS only slightly, lowering the conductivity to 10-4 S. However, at elevated 
temperatures the PEDOT:PSS becomes fully dedoped illustrated by a subsequent measured 
conductivity of 4*10-8 S (see also Chapter 2 for more information). 
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Nevertheless, the first attempt, at room temperature, at making a stable PEDOT:PSS +  
DEMTA solution by dropwise addition of DEMTA did not succeed. We hypothesized that 
the acid-base reaction of DEMTA with PSS and water had generated enough heat to initiate 
the reaction towards fully dedopes PEDOT. Following this theory, the same experiment was 
performed while keeping the dispersion at 0 ̊C. This time, although some aggregates did 
form, the dispersion was relatively stable and, after filtration, suitable for spin-coating. The 
pH of the solution prepared in this manner was 11.9 to 12, as opposed to a pH of ~2 for 
pristine PEDOT:PSS [4], [5]. 

To make sure that the fact that DEMTA only reacts at higher temperatures is the 
reason why PEDOT:PSS +  DEMTA dispersion are relatively stable, we also attempted to 
make a 1,5-pentanediamine + PEDOT:PSS and PEI + PEDOT:PSS mixtures while keeping 
the solution at 0 ̊C. In both cases the PEDOT:PSS precipitated while the dedopant was added 
and therefore films could not be fabricated. This strengthens the hypothesis that the apparent 
activation temperature for the dedoping reaction of DEMTA is the reason why a stable 
PEDOT:PSS + DEMTA dispersion can be made. 

Figure 3.1: I/V characteristics of a PEDOT:PSS layer before and after treatment with N-(2-aminoethyl)-N-
methyl-1,2-ethanediamine (DEMTA) and after subsequent heating to 95 ̊C.  



 
 

 
35 

In order to increase the mechanical stability of a PEDOT:PSS layer upon contact with 
water, 1wt% trimethoxy-[3-(oxiran-2-ylmethoxy)propyl]silane (GOPTS) can be added to the 
PEDOT:PSS + ethylene glycol dispersion as a cross-linker [1], [6]–[8]. The GOPTS normally 
starts crosslinking while baking, however, when DEMTA is added the crosslinking is 
initiated without heating. Furthermore, this crosslinking still occurs when the temperature is 
decreased to 4 ̊C. Because of this, the shelf-time of the PEDOT:PSS (+ ethylene glycol) + 
GOPTS + DEMTA  dispersion is decreased drastically. 

3.3.2 – Two-step layer fabrication 

 The prepared PEDOT:PSS + DEMTA solution has been used for spin-coating on 
three substrates at different rotation speeds (2400 rpm substrate 1, 1000 rpm substrate 2 and 
3). Following, these substrates were baked at 120 ̊C to form a dedoped PEDOT:PSS layer in a 
two-step procedure. An optical image of the resulting layers can be viewed in Figure 3.2. 

 

 

 Next, the layers were subjected to UV-VIS-NIR absorption spectroscopy, the results 
of which are illustrated in Figure 3.3. In this graph it can be seen that all three layers 
predominantly show absorption of neutral PEDOT (665 nm) [9]. Furthermore, the absorption 
peaks for both the bipolaron and the polaron of PEDOT:PSS are hardly distinguishable (very 
broad NIR & 900 nm) [9]. On the basis of these absorption spectra, it can be concluded that 
the PEDOT:PSS has been strongly dedoped and thus two-step dedoped PEDOT:PSS layer 
fabrication has been achieved. Additionally, the relatively low overall absorbance can be 
explained by the fact that the weight percentage of PEDOT:PSS, in the PEDOT:PSS + 
DEMTA solution, has been lowered due to dilution by the dedopant. As a result of this, the 
layer thickness after spin-coating will have been relatively thin. 

Figure 3.2: Optical image of three substrates covered in two-step fabricated PEDOT:PSS dedoped by 
DEMTA. (Substrate 1; 2400 rpm, Substrate 2 and 3; 1000 rpm) 
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3.3.3 – Laser patterning 

 Apart from two-step layer fabrication, the created PEDOT:PSS + DEMTA dispersion 
could also be used in laser patterning experiments. For these experiments, the film formed by 
spin-coating was not baked, but instead placed in a laser beam while wet. The laser locally 
heats the substrate and therefore locally initiates the dedoping reaction of DEMTA. 

 

 In order to inscribe complex structures on a film in a reasonable timeframe, we 
employed a 10 W (10510-10650 nm) CO2 laser at 5 to 10 per cent of its power and we 
fastened the substrate onto a manual linear x/y/z stage.  The resulting inscribed structures can 
be found in Figure 3.4. Here it can be seen that we achieved the patterning of more complex 
structures, such as an area of doped PEDOT:PSS surrounded by dedoped PEDOT:PSS (Fig. 
3.5a) and the letter “T” (Fig. 3.5c). Furthermore, these patterns could be inscribed in mere 
seconds using the CO2 laser.  

Figure 3.3: UV-VIS-NIR absorption spectra of three substrates covered in two-step fabricated PEDOT:PSS 
dedoped by DEMTA. (Substrate 1; 2400 rpm, Substrate 2 and 3; 1000 rpm) Arrow depicts the absorption of 
the neutral and bipolaron state of PEDOT:PSS. 

Figure 3.4: Optical image of a substrate covered in a wet film cast from PEDOT:PSS + DEMTA dispersion 
and locally heated by a 10 W (5%-10% of its power used, 10510-10650 nm) CO2 laser. a) Enclosure of a 
line of doped PEDOT:PSS by patterned dedoped PEDOT:PSS b) Additional three dots consisting of 
dedoped PEDOT:PSS. c) The letter “T”, consisting of dedoped PEDOT:PSS, inscribed in the film. 



 
 

 
37 

An indication of the large rapidity of heating by the CO2 laser is given by the yellow 
streaks in the center of the dedoped PEDOT:PSS lines. These yellow streaks are attributed to 
decomposed PEDOT:PSS, of which the decomposition temperature is approximately 200 ̊C 
[10]. It can be concluded that, even when using 5%-10% of the power, we could not translate 
the substrate quickly enough to prevent temperatures exceeding 200 ̊C. This signifies the 
need for optimization of the translational speed in combination with the power of the applied 
laser. 

 

 Additional to the initial proof of concept using a 10 W (5%-10% of its power used, 
10510-10650 nm) CO2 laser, we investigated if we could induce dedoping using a laser with 
lower intensity. To this end, we subjected a wet film to a 200 mW (1319-1550 nm) Nd:YAG 
laser. After this laser was directed at a substrate for a couple of hours, a dot could be 
distinguished (Fig. 3.5). This spot consisted of locally dried film with a distinct dark blue 
color, indicating that the PEDOT:PSS has been strongly dedoped.  

Figure 3.5: Optical image of a substrate covered in a wet film cast from PEDOT:PSS + DEMTA dispersion 
and locally heated by a 200 mW (1319-1550 nm) laser. a) Localized dry spot visualized by reflection. b) 
Close-up of the spot showing a distinct dark blue color, indicating that locally PEDOT:PSS has been 
strongly dedoped. 
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3.4 – Conclusion 

By dropwise administering of N-(2-aminoethyl)-N-methyl-1,2-ethanediamine 
(DEMTA) to the PEDOT:PSS dispersion while controlling the temperature, a stable 
PEDOT:PSS + dedopant solution has been obtained. This solution is hypothesized to be 
stable because the activation temperature of PEDOT:PSS dedoping with DEMTA lies above 
room temperature. When trimethoxy-[3-(oxiran-2-ylmethoxy)propyl]silane (GOPTS) is 
added to the PEDOT:PSS + dedopant dispersion, the shelf-life is drastically decreased 
because crosslinking is initiated immediately, resulting in the formation of a gel. 

The PEDOT:PSS + DEMTA solution could be used to fabricate a strongly dedoped 
PEDOT:PSS layer in a two-step process. Alternatively, the still wet spin-coated film could be 
locally dedoped by heating using lasers, allowing for laser patterning of dedoped 
PEDOT:PSS. 

3.4.1 - Outlook 

In the future, the concentrations of the different components of the PEDOT:PSS + 
DEMTA dispersion should be optimized. The utilized solution contains water, PEDOT:PSS, 
ethylene glycol, DEMTA, GOPTS and various additives that are present in commercial 
PEDOT:PSS . Due to the complexity of the solution, the arbitrarily chosen volume ratio of 
2:1 (PEDOT:PSS : DEMTA) and the fact that weight percentages of GOPTS and ethylene 
glycol were taken without regarding the added volume of DEMTA, the ratios of GOPTS, 
ethylene glycol and DEMTA used in this project are likely to be suboptimal. 

With regards to the laser patterning of dedoped PEDOT:PSS, the translation speeds 
should be optimized in combination with the applied power. Furthermore, many 
specifications of the used laser can be tailored such as the wavelength, beam diameter and 
pulse frequency/energy if a pulsed laser is employed.  

An additional approach in patterning dedoped PEDOT:PSS could be ink-jet printing, 
in which a layer of PEDOT:PSS (the paper) is covered by an array of dedopant droplets (the 
ink). After printing a given shape, the substrate should be heated to initiate dedoping and 
form a pattern of dedoped PEDOT:PSS. 
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Chapter 4  
Towards enhancement mode organic 
electrochemical transistors based on chemically 
dedoped PEDOT:PSS 
 

Abstract 

 In this chapter, organic electrochemical transistors have been fabricated using 
dedoped PEDOT:PSS as the channel material. Dedoping of PEDOT:PSS is achieved using 
amines as described in Chapters 2-3. The initial ON/OFF ratio of a substrate was found to be 
the maximum ON/OFF ratio, reaching values up to 2.7∙103 times. The ON/OFF ratio 
decreases upon repeated operation, which is tentatively ascribed to a re-doping process 
involving diffusion of molecular oxygen into and outward diffusion of amines out of the 
active layer. The existence of meta-stable conduction states is demonstrated. Alteration of the 
conductivity at 0 V gate bias was found during experimentation. Finally, we present an 
outlook into possible future experiments. 
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4.1 – Introduction 

Organic electrochemical transistors (OECTs) are widely researched, particularly in 
sensor applications, due to their very high transconductance [1]–[5]. PEDOT:PSS is a 
commonly used channel material in OECTs for bio-sensing and bio-electronics owing to its 
biocompatibility and stability over a wide pH range [6]–[11].  

However, PEDOT:PSS itself is an electrically conductive polymer blend and 
therefore the transistors comprised of this pristine material are operated in depletion mode. 
Depletion mode transistors are disadvantageous in (bio-)sensor application due to the 
relatively high source-drain current while idle [12].  However, extensive dedoping of 
conductive PEDOT:PSS may reduce the conductivity and allow operation of the transistor in 
enhancement mode, alleviating the disadvantages associated with operation in depletion 
mode [13]. 

In Chapter 2 we have described strong dedoping of PEDOT:PSS using various 
amines. In this chapter we examine layers of PEDOT:PSS dedoped with some of these 
amines for their behavior in an OECTs. It will be investigated whether the dedoped 
PEDOT:PSS layers allow for operation of the OECT in enhancement mode. Factors limiting 
the performance will be identified. Additionally, layers fabricated using the two-step method 
described in Chapter 3 will be tested. 

On top of this, the memristive devices, described in Chapter 1.5.1, would also greatly 
benefit from strongly dedoped PEDOT:PSS [14]. Since the memristive devices are similar to 
OECTs, we occasionally mentioned them in our research. 

The investigations focus on the ON/OFF current ratio of the transistor and the 
influence of continued operation and the type of gate electrode on the transistor will be 
addressed. Furthermore, we will investigate the stability of various conduction states 
programmed by application of gate bias voltage during a limited amount of time to gauge the 
potential for possible application in bioinspired computing. 

4.2 – Methods 

4.2.1 – Materials 

Substrates coated with dedoped PEDOT:PSS were obtained by following the method 
described in Chapter 2. One of the substrates was produced using the two-step method 
explained in Chapter 3. 

Additionally, substrates coated with dedoped PEDOT:PSS were obtained from the 
group of Alberto Salleo in Stanford. These substrates were fabricated using the method 
described by Y. van de Burgt et al. [14]. 

The PEDOT:PSS used in this work was obtained from Heraeus (Clevios PH 1000) 
and N-(2-aminoethyl)-N-methyl-1,2-ethanediamine (DEMTA) was obtained from TCI-EP. 
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Ethane-1,2-diol (ethylene glycol) (99.8% pure), trimethoxy-[3-(oxiran-2-
ylmethoxy)propyl]silane (GOPTS) (≥ 98% pure) and  1,5-pentanediamine (Cadaverine)  
(95% pure) were obtained from Sigma Aldrich. Sodium chloride and tertbutylammonium 
hexafluorophospate (≥99%) were obtained from Merck and Sigma-Aldrich respectively.  

4.2.2 – Procedure 

 The substrates, prepared using the method from Chapter 2, were scratched in order to 
remove the excess PEDOT:PSS. This resulted in four smaller channels or one larger channel 
in the case of layout a and layout b respectively (Fig. 4.1). 

 

 Next, an electrolyte was made by dissolving NaCl in demineralized water (100 mM). 
Additionally, degassed demineralized or ultrapure type 1 (ISO 3696) water have been used. 
Alternatively, in one experiment the electrolyte consisted of a saturated solution of 
tertbutylammonium hexafluorophospate in ultrapure type 1 (ISO3696) water. 

 Following, the electrolyte was deposited on the channel material of the substrate. In 
order to contain the electrolyte and ensure the probes to the source/drain electrode weren’t 
reached, a well could be used, structured from polydimethylsiloxane (PDMS). 

 Finally, a gate electrode was submerged in the electrolyte. This gate electrode was 
either an Ag/AgCl disc (Warner instruments, 4 mm diameter, 1 mm height) or a platinum (Pt) 
electrode (Metrohm, 2 mm electrode disc, order number: 6.1204.610).  

4.2.3 – Measurements 

 The measurements were performed using an Agilent 4155C semiconductor analyzer. 
The maximum amount of probes this device could control were: four source measure units 
(SMU) and two volt source units (VSU). Thus, using the full capacity of this device, the 
source and drain current could be determined separately by two SMUs while four other 
connections could be subjected to a voltage. 

 When measuring the gate current under applied voltage, we connected two SMUs to 
the source and drain respectively while a third SMU was connected to the gate. During the 

Figure 4.1: Electrode layout used during this work. The blue area’s indicate the dedoped PEDOT:PSS after 
etching. a) Four smaller channels between the electrodes. b) One larger channel. 
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measurement, the applied voltage of the third SMU would be swept from −1 V to +1 V to −1 
V using various step-sizes and integration times. The source and drain electrode would be 
kept at 0 V or, alternatively, a voltage of −0.1 V could be applied to the source. 

 For the other measurements, the source (and often also drain) current was followed by 
an SMU for a time between 300 and 600 seconds (1 second step-size). The source-drain 
voltage would be kept at −0.1 V. During this time, various gate voltages could be applied by 
manually connecting and disconnecting the two remaining SMUs or two VSUs to the gate.   
Additionally, the gate could be connected to the ground or the gate could be kept floating.  

Additionally, the terms I1, I2, I3 and I4 can be utilized to indicate the source, drain, 
gate1 and gate2 currents respectively. A schematic illustration of the device setup, also 
indicating I1-I4, can be found in Figure 4.2. 

 

Furthermore, if a gate voltage is applied by a VSU, the gate current cannot be 
measured. This problem has been circumvented by calculating the difference between the 
source and drain current. The difference in source and drain current must arise from the gate 
current because charge neutrality must be preserved (see also Equation 4.1 and 4.2). This 
difference in source and drain current is often displayed in the various graphs (named I1+I2) 
and must be interpreted as the reverse of the current through the gate. When the gate current 
is displayed, the current should be the mirror-image of the current I1+I2. 

𝐼𝑆𝑜𝑢𝑟𝑐𝑒 + 𝐼𝐷𝑟𝑎𝑖𝑛 + 𝐼𝐺𝑎𝑡𝑒 = 0      (Equation 4.1) 

−𝐼𝐺𝑎𝑡𝑒 = 𝐼𝑆𝑜𝑢𝑟𝑐𝑒 + 𝐼𝐷𝑟𝑎𝑖𝑛      (Equation 4.2) 

 

Figure 4.2: Device setup during measuring. Indicated are I1-I4, VSU1 and VSU2. Additionally, the gate 
could be set to ground or floating as depicted. 
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4.3 – Results and Discussion 
 
 To investigate if we succeeded in fabricating an organic electrochemical transistor 
(OECT) based on dedoped PEDOT:PSS, we monitored the source and drain current of a 
channel dedoped with DEMTA while applying several gate biases. The source and drain 
electrode would be kept at a potential of −0.10 V and 0 V respectively. We employed an 
Ag/AgCl electrode and started the measurement by connecting the gate to the ground. 
Subsequently, the gate voltage was increased step-wise (−50 mV step-size) and after every 
step the gate was reconnected to the ground. This provided a voltage input as shown in the 
bottom part of Figure 4.3. From this measurement, we extracted the drain current and the 
reverse gate current (I1+I2) and depicted this in Figure 4.3 (top part). The spikes in reverse 
gate and drain current are attributed to movement of the ions in the electrolyte. 
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 In Figure 4.3, it can be seen that the drain current can be increased by applying a gate 
voltage. Furthermore, the amplification of the drain current increases as the applied gate bias 
is raised. It can be concluded that the device functions as a transistor and is therefore an 
OECT. However, the design of the device (such as the choice of gate electrode) can still be 
optimized and some critical issues still exist. These points of attention will be considered in 
the following sub-chapters. 
 
 It should be noted that it is problematic to compare the results described in the 
following chapters between themselves as the channel dimensions are not uniform and some 
measurements are performed on previously testes substrates. However, generally we did find 
that the substrates provided by the group of Alberto Salleo from Stanford had a higher 
conductivity and thus were not as strongly dedoped as the substrates we prepared. 
 

Figure 4.3: OECT measurement on a substrate, fabricated using the method described in Chapter 3, gated 
by an Ag/AgCl gate. The potential of the source and drain were kept at −0.10 V and 0 V respectively. Top: 
Drain current response to the voltage input and the subsequent gate current over time. Bottom: The voltage 
input as a function of time. 
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4.3.1 – Gate electrode 

The Ag/AgCl electrode is frequently used in OECT because of the non-polarizable 
nature of the electrode [2], [15], [16]. Because the electrode is non-polarizable, the gating is 
very efficient as the voltage drops entirely across the channel material. However, during 
measurements we often noticed that the gate current was relatively high. To investigate this 
further, we have measured the gate current through the Ag/AgCl gate electrode, while 
sweeping the gate bias using 100 mM NaCl as an electrolyte and dedoped PEDOT:PSS as the 
counter-electrode. The source and drain were kept at 0 V. The resulting current-voltage trace, 
which resembles a cyclic voltammogram, is shown in Figure 4.4a.  
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 In Figure 4.4a, it can be seen that, within a voltage window of −0.50 V and +0.25 V, 
gate currents are relatively small. The absolute value of the gate current rises sharply for 
voltages above +0.25 V and below −0.60 V. However, when a Pt electrode is employed, the 
current increase at +0.25 V is not present (Fig 4.4b). Therefore, we conclude that the extra 
current at +0.25 V must be due to the Ag/AgCl electrode. Furthermore, we hypothesize that 
this current arises from the formation of Ag+ at the gate electrode which increases the Ag+ 
concentration in the electrolyte (mechanism depicted in Figure 4.5). The electrochemical 
circuit is closed by the formation of Ag on the PEDOT:PSS counter-electrode. The 
hypothesis on Ag+ formation is strengthened by the experimental observation that a 
shiny/grey layer could form on top of the PEDOT:PSS counter-electrode during the 
experiment. Additionally, when a very low scan rate (8.2∙10−5 V/s) was used, a peak at −0.25 
V is also observed in the backwards sweep (Appendix 4.1). We attribute this additional peak 
to the same process involving Ag+ ions, but now originating from the PEDOT:PSS electrode.  

Figure 4.4: Current-voltage trace of a) an Ag/AgCl electrode with a dedoped PEDOT:PSS channel as the 
counter-electrode and 100 mM NaCl as the electrolyte (1∙10-2 V/s scan-rate) and b) a Pt electrode with bare 
gold as the counter-electrode and 100 mM NaCl as the electrolyte (1∙10-2 V/s scan-rate). 
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The sharp rise in current near +0.25 V in the cyclic voltammetry like scan of the 
transistor with Ag/AgCl gate electrode could also be observed in an experiment using as 
electrolyte a saturated solution of tertbutylammonium hexafluorophospate in water 
(Appendix XY). This observation indicates that the excess gate current observed at +0.25 V 
does not arise primarily from electrochemical reactions involving the chloride ions of NaCl 
electrolyte solution used in the experiments described earlier.  

To explain the increase in current at −0.60 V, we hypothesize that this current may 
arise from destructive over-oxidation of the PEDOT:PSS. From literature, this over-oxidation 
is known to occur at voltages of 1.5 V. Recently, it has been reported that the potential of 
over-oxidation can be lowered by an increase in pH [17], [18]. Because we use diamines for 
the dedoping of PEDOT:PSS, it seems likely that the pH of the PEDOT:PSS layer after 
dedoping is significantly lowered. Over-oxidation at −0.75 V and associated damage to 

Figure 4.5: Reaction mechanism of Ag+ formation at the Ag/AgCl electrode and subsequent Ag formation 
at the PEDOT:PSS electrode. The Ag/AgCl electrode (top) and the PEDOT:PSS electrode (bottom) are 
separated by an electrolyte containing 100 mM NaCl and small amounts of dissolved AgCl. 
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PEDOT:PSS is further supported by the observation that applying −0.75 V bias to the 
transistor for some time, often results in a reduction of conductivity at 0 V gate bias (Fig. 
4.6a) However, this reduction in conductivity was not observed for all substrates and can 
therefore not be taken as definitive evidence for destruction of the conductive properties of 
the PEDOT:PSS by over-oxidation at highly negative gate bias. 

-20

-10

0

10

20

30
a)

C
ur

re
nt

 (
A
)

 Source Current
 Drain Current
 -0.75 Gate Current
 I1+I2

0 25 50 75 100

-0.75
0.00
0.75

G
at

e 
bi

as
 (V

)

Time (s)

Float

-50

-25

0

25

50

75

100
b)

C
ur

re
nt

 (
A
)

 Source Current
 Drain Current
 -0.75 Gate Current
 +0.75 Gate Current
 I1+I2

0 50 100 150 200 250 300

-0.75
0.00
0.75

Float
G

at
e 

bi
as

 (V
)

Time (s)

Float Float Float

-4

-2

0

2

4

6

8
c)

C
ur

re
nt

 (
A
)

 Source Current
 Drain Current
 +0.75 Gate Current
 I1+I2

0 50 100 150 200 250 300

-0.75
0.00
0.75

G
at

e 
bi

as
 (V

)

Time (s)

-10

-5

0

5

10

15
d)

C
ur

re
nt

 (
A
)

 Source Current
 Drain Current
 -0.75 Gate Current
 I1+I2

0 50 100 150 200 250 300

-0.75
0.00
0.75

G
at

e 
bi

as
 (V

)

Time (s)

 

 To investigate the impact of the gate electrode on our measurements, samples were 
measured at a gate voltage of −/+ 0.75 V using either an Ag/AgCl or a Pt gate electrode. The 
results are illustrated in Figure 4.6b, 4.6c and 4.6d. The sharp spikes are again associated with 
ion movement in the electrolyte and indicate an alteration in gate configuration. It can be seen 
in Figure 4.6b that the source- and drain-current are affected by the gate current at −0.75 V 
gate bias (I3, blue line) and a large effect on the source- and drain-current is present at +0.75 
V gate bias (I4, pink line). At +0.75 V gate bias the direction of the drain current is reversed, 

Figure 4.6: a and b: Source and drain current, of a substrate (dedoped with DEMTA (a) or Cadaverine (b)) 
gated with an Ag/AgCl electrode, monitored during a given time. The source and drain were kept at a 
potential of −0.10 V and 0 V respectively. A floating gate is illustrated by the dashed lines. a) The 
reduction in 0 V conductivity after application of −0.75 V gate voltage (dash-dot line). The source-drain 
current is reduced from 5 µA to 2.5 µA b) The contribution of the gate current to the source-drain current. 
Under +0.75 V gate bias, it can be seen that the drain current is reversed. c and d: Effect of applied gate bias 
using a Pt gate electrode on the source and drain current. The PEDOT:PSS was dedoped with DEMTA. The 
source and drain were kept at a potential of −0.10 V and 0 V respectively. c) It can be seen that the large 
gate current at +0.75 V, present for Ag/AgCl electrodes, is suppressed. d) When applying −0.75 V gate bias, 
the gate current is still present. 
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indicating the presence of a high drain-gate current. When using a Pt electrode, we found that 
this drain-gate current can be suppressed (Fig. 4.6c). This enables a better measurement of 
the source- and drain-current during high positive gate bias. Unfortunately, the gate current at 
–0.75 could not be inhibited by the Pt electrode, as can be seen in Figure 4.6d. It is unclear if 
the gate current at –0.75 V does decline when using a Pt electrode opposed to an Ag/AgCl 
electrode. 

4.3.2 – ON/OFF current ratio 

 One figure of merit of an OECT is the ON/OFF current ratio. In order to measure this 
ratio, we subjected pristine substrates to −0.75 V and subsequently +0.75 V gate bias. The 
results of a transistor with an active layer of PEDOT:PSS dedoped with DEMTA are shown 
in Figure 4.7a. In this particular measurement, the ON/OFF ratio as determined from the 
initial OFF level (58 nA at Vs = −0.10 V) and the ON current recorded for the first time 
negative gate bias is applied (158 µA at Vs = −0.10 V) amounts to 2.7∙103. Incidentally, this is 
the highest ON/OFF current ratio that we have recorded during our experiments. 

The low OFF current in the pristine dedoped substrate could not be fully restored by 
applying +0.75 V gate bias. As a consequence, the ON/OFF current ratio obtained for the ON 
and second OFF is reduced to 1∙102. We note that the conductivity in the ON state is still two 
order of magnitude lower than the conductivity for the fully doped PEDOT:PSS. 
Additionally, it should be noted that the high current during gating with +0.75 V is due to the 
reactions described in Figure 4.5. On top of the relatively high OFF current (870 nA) attained 
by gating with +0.75 V, the OFF current increases further after a floating gate is applied on 
1100 seconds. 
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 Regarding the ON/OFF measurements, it is non-trivial to asses whether or not the 
transistors we developed are enhancement mode transistors. We found that the source-drain 
current is very low when applying no bias and can be increased strongly upon applying a 
negative gate voltage, e.g. the results depicted in Figure 4.7. However, when a 0 V gate bias 
is applied to a pristine layer of dedoped PEDOT:PSS, we found that currents will flow 
through the gate due to a electrochemical potential difference between the Ag/AgCl gate and 
the active layer (Appendix 4.3). Therefore, the conductivity of the channel upon applying a 0 
V gate bias will become higher than that of pristinely dedoped PEDOT:PSS and thus the OFF 
current increases. This causes large ON/OFF ratio’s, such as those illustrated in Figure 4.7, to 
be unattainable. However, even with this high OFF current, it is still possible to operate the 
transistor in enhancement mode, e.g. the measurement of Figure 4.3.  

In conclusion, we have fabricated OECTs that operate in enhancement mode and 
possess a high ON/OFF current ratio when switching from a floating gate to a large negative 
gate bias. Furthermore, the devices can also be operated as an enhancement mode transistor 
in the narrowest of terms, i.e. switching from a 0 V gate bias to a large negative gate bias, but 
this decreases the ON/OFF ratio drastically. 

Figure 4.7: The source current of a substrate dedoped with DEMTA measured during 1200 seconds (source-
drain voltage was −0.1 V) with an Ag/AgCl gate electrode. A floating gate is illustrated by the dashed lines. 
The ON/OFF current ratios, 2.7∙103 for OFF to ON and 1∙102 for ON to OFF, are displayed by the red lines. 
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4.3.3 – Minimal OFF current 

 From the results discussed earlier, it can be concluded that, after switching to the ON 
state, the very low conductive OFF state could not be addressed again. Furthermore, the OFF 
state that could be programmed increased in conductivity under floating gate. To explain 
these phenomena, we developed a mechanism based on oxidation of PEDOT:PSS by ambient 
oxygen and diffusion of plus-charged nitrogen containing species. We were alerted on the 
possible role of diffusion by Scott Keene from Stanford.  

 The reaction scheme of the developed mechanism is illustrated in Figure 4.8. Here we 
propose that nitrogen-based positively-charged species diffuse out of the film under high 
negative bias, employed when switching to the ON state. Afterwards, while the channel is 
turned OFF, these positively-charged species do not completely diffuse back into the layer 
and the PSS− is protonated by the water. The protonated PSSH and the neutral PEDOT are 
not stable to air and will be re-doped by oxygen [21], [22]. It was theorized that the nitrogen-
containing positively-charged molecules in the film were previously capable of inhibiting the 
doping of PEDOT by oxygen by keeping PSS deprotonated. Alternatively, the re-doping of 
dedoped PEDOT:PSS could have been counteracted by the dedoping of excess amines in the 
film  [23], [24]. If, under large negative bias, these (protonated) amines diffuse out of the film 
or are fully converted, then the re-doping of oxygen would no longer be counteracted. 

 

Figure 4.8: The proposed mechanism upon combination of the hypothesis on the oxidation by ambient 
oxygen and the outward diffusion of nitrogen-based positively-charged species. The positively charged 
nitrogen containing species diffuse outwards upon switching to the ON-STATE. After switching to the OFF-
state, the PSSH and PEDOT0 are unstable to the ambient oxygen. 
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4.3.4 – Maximum ON current 
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Apart from the high OFF current after switching, the fabricated devices also possess a 
relatively low ON current as described before. A possible explanation for this could be a sub-
optimal morphology as a consequence of the exposure to aqueous electrolyte. To test this 
hypothesis, we applied ethylene glycol, a known secondary dedopant for PEDOT:PSS, to the 
substrate used for the previous measurement displayed in Figure 4.7 [19], [20]. By drop-
casting ethylene glycol on the substrate and subsequent heating, we expected to see a 
significant increase in conductivity as the morphology is enhanced. From the gathered results 
(Fig. 4.9), it can be seen that the current increases 3.4 times after application of ethylene 
glycol and subsequent heating. Although this current increase is substantial, the difference 
between the ON current and the pristine doped PEDOT:PSS was 100-fold.  

4.3.5 – Alterations at zero gate bias 

 In order to study the processes occurring in the device in more detail, additional 
conduction states have been probed by employing gate voltages between −0.75 V and +0.75 
V, i.e. the maximum voltages utilized for determining the ON/OFF ratio. These 
measurements are interesting for application of the layers in memristive devices based on 
dedoped PEDOT:PSS, as they rely on the analog tuning of the conductivity of the channel 
material [14]. During the measurement, the potential of the source was kept at −0.1 V and the 
source-current (I1) and drain-current (I2) are monitored continuously. The measurements 
commenced by equilibrating the device through connecting the Ag/AgCl gate to the ground. 
Then, the gate voltage was varied stepwise from −0.05 V to −0.60 V to +0.40 V utilizing 
steps of 50 mV. Between every step, the gate was connected to the ground. For gate voltages 

Figure 4.9: The current-voltage trace for a double voltage sweep measurement (10 mV step-size and 640 µs 
integration time) before (black line) and after exposure to ethylene glycol and subsequent heating (green 
line). The ON/OFF ratio of the substrate was measured before investigating the current-voltage trace (the 
results of the ON/OFF ratio measurement are depicted in Figure 4.7). The increase in current, as a result of 
exposure to ethylene glycol and subsequent heating, is illustrated by the arrow. 
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ranging from −0.45 V to −0.60 V, the results from such a measurement are displayed in 
Figure 4.10a. Here the drain current (I2, red line) and the reverse current through the gate 
(I1+I2, green line) are displayed. The spikes in gate and drain current are attributed to ionic 
movement in the electrolyte. The drain current stabilizes when the gate current has decreased. 
Additionally, the stabilized drain current can be displayed as a function of gate voltage and 
this is shown in Figure 4.10b for the entire examined gate bias range. 
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 In Figure 4.10b, it can be seen that the current increases stepwise with increasingly 
negative gate voltages and decreases stepwise with increasingly positive voltages. 
Furthermore, it can be seen that the dependence of the drain current on the gate voltage is 

Figure 4.10: a and b: a) Zoom-in (−0.45 V to −0.60 V) on the results of a measurement on the various 
conduction states of a substrate dedoped with DEMTA gated by an Ag/AgCl gate. The measurement was 
done with a gate bias ranging from −0.05 V to −0.60 V to +0.40 V (steps of 50 mV), a drain bias of 0 V and 
a source bias of −0.10 V. The decrease in conductivity at 0 V gate bias and increase in remnant gate current 
are indicated by a straight arrow and dashed arrow respectively. b) The stabilized drain current (at a 
potential difference of −0.10 V  with the source) displayed as a function of gate voltage. In the greyed-out 
area, the contribution of the drain-gate current towards the drain current is causing the sign of the drain 
current to change. The green rectangle corresponds to the results displayed in Figure 4.10a. c: Zoom-in on 
the results of a measurement on the conduction states of a sample obtained from Stanford gated by an 
Ag/AgCl gate. The potential of the source and drain were kept at −0.10 V and 0 V respectively. In this 
zoom-in, the gate voltage is varied from −0.25 to −0.70 with steps of 50 mV. The increase and decrease in 0 
V conductivity are indicated by a straight arrow and a dashed arrow respectively. 
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sigmoidal, which has been predicted by L. Groenendaal et al. [25]. The greyed-out area 
indicates the gate voltage range in which the drain-gate current is substantially influencing 
the drain current, causing the drain current to change sign. 

 Additionally, we find that the 0 V conduction state decreases when −0.45 V ≥ Vgate 
(Fig. 4.10a). We hypothesize that this decrease in 0 V conductivity is due to the destructive 
oxidation of PEDOT:PSS at sufficiently high negative voltages. This is also supported by the 
increasing magnitude of the remnant gate current. An alternative theory could be that a build-
up of immobile charge carriers induces a net charge, which screens the gate voltage. This 
screening of the gate voltage would cause a shift in the threshold voltage, rather similar to a 
floating gate transistor. The hypothetical build-up of charge carriers could be in the 
PEDOT:PSS layer or instead near the Ag/AgCl electrode. 

 From further experiments, we found that the 0 V conduction state could also increase 
upon applying negative gate voltages. An example is depicted in Figure 4.10c in which both 
an increase and a decrease in 0 V conductivity can be seen at small and large negative 
voltages respectively. This measurement was performed in the same way as the measurement 
displayed in Figure 4.10a, but a substrate obtained from Stanford was used. In Figure 4.10c, it 
can be seen that the 0 V conductivity increases for gate voltages ranging from −0.25 V to 
−0.50 V. We hypothesize that this phenomenon could either be due to the mechanism 
described in Chapter 4.3.3 and Figure 4.8 or due to morphological changes. These 
morphological changes could arise from accommodation of the morphology to the induced 
charge carriers under applied voltage.  

Furthermore, in Figure 4.10c, it can be seen that the 0 V conductivity decreases when 
−0.60 V ≥ Vgate. Interestingly, this decrease is initiated at a gate bias lower than the −0.45 V 
gate bias found in the experiment illustrated in Figure 4.10a. This lower voltage could be due 
to a difference in the pH, as P. Tehrani et al. showed a dependence of the potential of over-
oxidation on the pH [18]. The substrates from Stanford are likely to have a lower pH due to 
their fabrication process. The fact that all of  the substrates obtained from Stanford show an 
improved stability towards 0 V conductivity decrease under low voltages, supports the theory 
of destructive oxidation taking place at these low voltages.  
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4.3.6 – Gating with Pt electrode 
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Contrary to the measurements described before, a substrate was also subjected to the 
same step-wise gate voltage using a Pt gate electrode (Fig. 4.11b and 4.11c). This 
measurement displays the main problem with using a Pt electrode as the gate, which is 
ineffective gating. The gating is ineffective because of the polarizable nature of the electrode 
and the resulting voltage-drop at the electrode/electrolyte interface [15]. In order to achieve 
effective gating, the capacitance of the gating electrode must be larger than ten times the 
capacitance of the channel, as a rule of thumb [2]. If this is not the case, the voltage will 
predominantly drop over the Pt electrode/electrolyte interface. The Pt electrode employed in 
this research does not possess such a high capacitance. Therefore, it can be seen in Figure 
4.11a and Figure 4.11b that the response of the drain current on the gate voltage is very slow. 
This is especially the case when the gate is connected to the ground.  

Additionally, the advantage of using a Pt electrode is also displayed in this same 
measurement, which is the absence of gate current at potentials above +0.25 V. As can be 
seen in Figure 4.11b, the gate current for this experiment remains low at voltages up to +0.60 
V. 

  

Figure 4.11: Zoom-in of the measurement on the conductive states of a substrate, fabricated using the 
method described in chapter 3, gated by a Pt electrode. The potential of the source and drain were kept at 
−0.10 V and 0 V respectively. For gate voltages ranging from a) −0.45 V to −0.60 V and b) +0.45 V to 
+0.60 V (50 mV step-size) the results are displayed. It can be seen that the reaction on the applied gate 
current is slow. Furthermore, in Figure 4.11b it can be seen that the gate current at high positive voltages 
remains low. 
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4.4 – Conclusion 

 Organic electrochemical transistors have been fabricated using dedoped PEDOT:PSS. 
This dedoped PEDOT:PSS could either be dedoped using amines found in Chapter 2 or be 
fabricated using the method described in Chapter 3. Furthermore, these devices employed 
either an Ag/AgCl gate electrode or a Pt electrode and used a 100 mM NaCl water solution as 
an electrolyte. The devices fabricated in this manner can be classified as enhancement mode 
OECTs. 

 Utilizing these devices, the effect of the different gate electrodes has been 
investigated. It was found that the non-polarizable Ag/AgCl electrode ensured fast gating but 
also experienced high gate currents at potentials above +0.25 V. On the contrary, the Pt 
electrode produced very low gate currents at this potential. Additionally, it was found during 
these measurements that a reaction occurred at negative voltages regardless of employed 
electrode. It was hypothesized that this reaction was the over-oxidation of PEDOT:PSS. This 
hypothesis was later strengthened by the decline in 0 V conductivity at lower negative 
voltages, during the measurements of the distinct conduction states. Moreover, the used 
electrolyte did not influence the reactions at negative or positive potentials. 

 Furthermore, experiments have been conducted to investigate the ON/OFF current 
ratio of the devices. The highest attained ON/OFF current ratio was 2.7∙103 times and was 
achieved switching from the OFF state, of a pristinely dedoped layer, to the ON state. 
However, it was also found that, after being switched ON, reaching a low conductivity close 
to the pristine OFF state was not possible. A possible mechanism behind this is the outward 
diffusion of amines trapped in the PEDOT:PSS film and the subsequent oxidation by ambient 
oxygen. Additionally, we did find that the morphology, and thus conductivity in the ON state, 
of the layer subjected to an ON/OFF measurement could be improved by heating the layer 
while coated with ethylene glycol. However, this increase in conductivity was 3.4 times, 
whereas the difference in conductivity between pristine doped PEDOT:PSS and the ON state 
device was in the order of 100 times. 

 The results obtained from the experiments on the conduction levels between −0.75 V 
and +0.75 V indicated that the conductivity at 0 V gate bias could both increase and decrease 
under smaller or larger negative voltages respectively. The increase in 0 V conductivity could 
be ascribed either to the accommodation of the morphology of the layer to the charge carriers 
or to the diffusion of amines and the subsequent re-doping by ambient oxygen. The decrease 
was attributed to the over-oxidation of PEDOT:PSS. Furthermore, it was found that 
employed the Pt electrode as a gate caused very slow gating. This was likely due to the 
inefficiency of gating because of the small capacitance of the Pt electrode. 

 In conclusion, a device parameter subject to optimization (the gate electrode) was 
investigated and some obstacles towards device implementation were found. We expect the 
main complication to be the instability of the current at both the OFF state and the 0 V state. 
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4.4.1 – Outlook 

 In the future, additional experiments should clarify the mechanisms behind the 
detrimental phenomena discovered in this work. For instance, both Raman spectroscopy and 
X-ray photoelectron spectroscopy can be employed to analyze layers that underwent a 
decrease in 0 V conductivity at negative voltages [21]. Perhaps, these analysis techniques 
could evidence the existence of oxidized compounds. 

 Furthermore, the open circuit voltage of a pristine dedoped layer in contact with the 
Ag/AgCl gate electrode should be determined. If this is known, it might be possible to design 
new experiments on the longevity of the non-conductive PEDOT:PSS. Additionally, other 
non-polarizable/polarizable gate electrodes with a more beneficial work function could be 
investigated. 

 A particularly interesting range of experiments are those focused on the mechanism 
behind the increase in OFF current and the increase in 0 V conduction. Towards the 
understanding of this mechanism, experiments should be conducted in oxygen free 
atmosphere. Additionally, ways of trapping the nitrogen containing species could be 
explored. For instance, if the nitrogen containing species can be deprotonated, by a strong 
base present in the electrolyte, it will likely remain in the PEDOT:PSS layer even under 
applied bias. On top of that, a possible way to ensure the immobilization of the dedopant and 
reaction products could be crosslinking of the dedopant. This immobilization would be 
improved further by the pre-mixing described in Chapter 3. Therefore, crosslinking of 
DEMTA-like molecules appears most promising. In Figure 4.12b, the general structural 
formula of a crosslinking and dedoping agent, which might be capable of pre-mixing with 
PEDOT:PSS, is depicted. Probably, it is necessary to choose a crosslinking group that only 
starts crosslinking upon an external stimulus.  

To conclude this chapter, quite a lot of thought-provoking experiments are still to be 
performed. 

 

Figure 4.12: Structural formula of a) DEMTA and b) a hypothetical crosslinking and dedoping agent that 
might be pre-mixable with PEDOT:PSS.  
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Chapter 5  
Conclusion 
 
 In this work, we have identified novel dedopants, structurally related to the 
PEDOT:PSS dedopant poly(ethylene imine) (PEI), which can strongly dedope the conductive 
polymer blend PEDOT:PSS. It is found that diamines can induce strong dedoping provided 
that their structure meets the following prerequisites: both amine groups must be non-tertiary 
and the linking unit between the two amines must have sufficient conformational freedom. 
Although structural requirements could be identified, the specific chemical mechanism by 
which strong dedoping is possible could not yet be fully elucidated. The dedoping of 
PEDOT:PSS with N-(2-Aminoethyl)-1,2-ethanediamine has been described before [1], but to 
our knowledge no systematic study involving a library of amines has previously been 
undertaken. Such a study provides important clues on the complex dedoping process that is 
difficult to study with traditional analytic methods due to the large number of components 
involved. 

 A stable solution of dedopant, N-(2-aminoethyl)-N-methyl-1,2-ethanediamine 
(DEMTA), with PEDOT:PSS can be prepared and a film can be spin-coated.  This layer can 
be dedoped entirely by heating or locally by illuminating with an infrared laser. Previous 
photo-patterning methods of doped PEDOT:PSS have mainly relied on the action of UV light 
[2]. Furthermore, patterning of non-conductive PEDOT:PSS relied on irreversible bond-
breaking in the PEDOT backbone by UV light [3]. The novelty behind our methods lies in 
non-destructive nature of resistivity increase by chemical dedoping and the unnecessity for a 
template material. 

 Layers of PEDOT:PSS which have been strongly dedoped using the diamines 
described in Chapter 2 can be used to make OECTs that operate in enhancement mode with a 
high ON/OFF current ratio when switching from the pristine substrate under floating gate to 
the ON state. The main obstacle for practical application is found to be the instability of the 
OFF current. This problem may be alleviated by preventing the diffusion of positively-
charged amine-based molecules out of the active layer under negative gate bias and thereby 
preventing the subsequent re-doping by ambient oxygen. Although enhancement mode 
operation of encapsulated PEDOT:PSS OECTs has been described before [4], air stable 
enhancement mode operation of OECTs has not yet been accomplished to the best of our 
knowledge. 

 In conclusion, with the work described in this thesis, dedoping PEDOT:PSS has been 
advanced. The results obtained can be employed in further development of bio-sensors/bio-
electronics and memristive devices based on PEDOT:PSS. 
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Appendix:  
 

Compound Supplier Purity Compound Supplier Purity 

Triethylamine Sigma Aldrich >99.5% N-(2-Aminoethyl)-1,2-
ethanediamine 

Sigma Aldrich 99% 

N-butylamine Acros Organics 99+% N,N-bis(2-aminoethyl)
-1,2-ethanediamine 

Fluka 98% 

N,N,N’,N’-
tetramethyl-1,2-
ethanediamine 

Sigma Aldrich ~99% N-(2-aminoethyl)-N-
methyl-1,2-
ethanediamine 

TCI-EP  

N,N,N’-trimethyl-1,2-
ethanediamine 

Acros organics 97% Cis-1,4-
cyclohexanediamine 

TCI  

N,N-dimethyl-1,2-
ethanediamine 

Aldrich ≥98% Trans-1,2-
cyclohexanediamine 

Combi Blocks 98% 

N,N’-dimethyl-1,2-
ethanediamine 

Aldrich 99% 1,4-diaminobenzene Sigma  

N-methyl-1,2-
ethanediamine 

TCI Chem.  4-(1,3-Dimethyl-2,3-
dihydro-1H-
benzoimidazol-2-
yl)phenyl)dimethylami
ne 
“N-DMBI” 

Aldrich 98% 

1,2-ethanediamine Acros Organics 99+% Branched 
Poly(ethyleneimine)  

“PEI” 

Aldrich Mw 700 
(GPC) 

1,5-penthaandiamine Sigma Aldrich 95% 

1,2-diaminopropane Sigma Aldrich 99% 1,8-
diazabicyclo(5.4.0)und
ec-7-ene 
“DBU” 

Acros Organics 98% 

 

Appendix 2.1: Table of the employed suppliers and purity of the employed amines. The purity is left blank 
if not specified by the supplier. 
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Appendix 2.2: I/V characterisctics (a) and absorption spectra (b) for a sample dedoped with ethanediamine 
under N2 atmosphere. As can be seen, strong dedoping has been achieved. 

Appendix 4.1: Cyclic voltammogram of Ag/AgCl employing a very low scan rate (8.2∙10-5 V/s) with 
dedoped PEDOT:PSS as a counter-electrode and 100 mM NaCl as the electrolyte. The current drops after 
−0.25 V and eventually stops altogether due to the drying of the electrolyte and subsequent loss of contact of 
the electrolyte with the gate electrode. The voltage sweep was started at +1 V and swept from +1 V to -1 V 
to +1 V. After the measurement, the PEDOT:PSS was fully covered in a shiny/grey material. 
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Appendix 4.2: Cyclic voltammogram of an Ag/AgCl electrode with a dedoped PEDOT:PSS counter-
electrode and a) a 100 mM NaCl solution in water or b) a saturated tertbutylammonium hexafluorophospate 
solution in water. The scan-rate was (1∙10-2 V/s) 

Appendix 4.3: a) The currents that flow when the potential for gate, source and drain is kept at 0 V, for a 
substrate coated with dedoped PEDOT:PSS (obtained from Stanford) and gated by an Ag/AgCl electrode. 
The gate was switched from floating to 0 V at 90 s. b) Magnification of Appendix 4.3a. Here, it can be seen 
that the addition of electrolyte (40s) causes some minor equilibrations.  

 


