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Abstract
There has been a remarkable progress in the development of organic electronic
materials since the discovery of conducting polymers more than three decades
ago. Many of these materials can be processed from solution, in the form as inks.
This allows for using traditional high-volume printing techniques for
manufacturing of organic electronic devices on various flexible surfaces at low
cost. Many of the envisioned applications will use printed batteries, organic solar
cells or electromagnetic coupling for powering. This requires that the included
devices are power efficient and can operate at low voltages.
This thesis is focused on organic thin-film transistors that employ electrolytes
as gate insulators. The high capacitance of the electrolyte layers allows the
transistors to operate at very low voltages, at only 1 V. Polyanion-gated pchannel transistors and polycation-gated n-channel transistors are demonstrated.
The mobile ions in the respective polyelectrolyte are attracted towards the gate
electrode during transistor operation, while the polymer ions create a stable
interface with the charged semiconductor channel. This suppresses
electrochemical doping of the semiconductor bulk, which enables the transistors
to fully operate in the field-effect mode. As a result, the transistors display
relatively fast switching (! 100 "s). Interestingly, the switching speed of the
transistors saturates as the channel length is reduced. This deviation from the
downscaling rule is explained by that the ionic relaxation in the electrolyte limits
the channel formation rather than the electronic transport in the semiconductor.
Moreover, both unipolar and complementary integrated circuits based on
polyelectrolyte-gated transistors are demonstrated. The complementary circuits
operate at supply voltages down to 0.2 V, have a static power consumption of
less than 2.5 nW per gate and display signal propagation delays down to 0.26 ms
per stage. Hence, polyelectrolyte-gated circuits hold great promise for printed
electronics applications driven by low-voltage and low-capacity power sources.

Populärvetenskaplig Sammanfattning
I slutet av 1970-talet fann man att det var möjligt att göra vissa typer av
polymerer (plaster) elektriskt ledande. Denna upptäckt lade grunden till ett helt
nytt forskningsområde, i gränslandet mellan fysik och kemi, kallat organisk
elektronik. Efter många år av forskning och utveckling är det idag möjligt att
tillverka en mängd olika elektroniska komponenter, som t.ex. transistorer,
lysdioder och solceller, av organiska material. Ett exempel på en produkt som
redan tagit sig ut på marknaden är bildskärmar baserade på organiska lysdioder
(OLED). En fördel med organiska material är att de ofta kan lösas upp i
lösningsmedel, vilket gör det möjligt att använda traditionella tryckmetoder för
masstillverkning av elektroniska komponenter och kretsar på flexibla substrat till
en mycket låg kostnad. Många av de tilltänkta produkterna kommer att använda
sig av tryckta batterier eller solceller som spänningskällor. De ingående
elektroniska komponenterna, t.ex. organiska transistorer, bör därför kunna drivas
med låga spänningar och vara strömsnåla.
Den här avhandlingen är fokuserad på organiska tunnfilmstransistorer (TFT) i
vilka det isolerande skiktet mellan gate-elektroden och halvledaren utgörs av en
jonledande elektrolyt. Elektrolytskiktet, mellan gate och halvledare, erbjuder
extremt hög kapacitans vilket gör det möjligt att använda väldigt låga spänningar
(~1 V) för att driva denna komponent. En risk med att använda elektrolyter i
organiska transistorer är att joner från elektrolyten kan tränga in i den organiska
halvledaren och göra transistorn svår att styra. Detta problem har jag lyckats
undvika genom att använda polyelektrolyter, material där en av jonerna
representeras av en polymer. Både p-kanals- och n-kanalstransistorer kan
tillverkas med polyelektrolyter som isolatormaterial. Det har gjort det möjligt att
också tillverka tryckbara, snabba och strömsnåla logiska kretsar med hjälp av
komplementär kretsdesign. Dessa transistorer är väl lämpade för att användas
inom tryckt elektronik.
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1 Introduction
1.1 From Electronics to Organic Electronics
In December 1947, John Bardeen and Walter Brattain, then scientists at Bell
Laboratories in Murray Hill, New Jersey USA, constructed the first transistor. It
was a germanium-based point-contact device; a kind of a bipolar junction
transistor.[1] With this transistor they could build the first solid-state amplifier.
Their discovery greatly intensified the research on inorganic semiconductors,
which led to more discoveries and inventions, including the integrated circuit
(Kilby and Noyce, 1958-59) and the metal-oxide-semiconductor field-effect
transistor, or MOSFET (Atalla and Kahng, 1959). Transistors soon replaced the
bulky, unreliable and power-consuming vacuum tubes, which for instance had a
dramatic impact on computer design. The transistor is now the basic building
block for all modern electronics and can be found in almost any electronic
device, for example in computers, televisions, mobile phones and cars. The
transistor has not only revolutionized the field of electronics, it has also changed
the way we live our lives, in particular with respect to how we record, store and
display information and how we communicate with each other. Therefore, the
transistor is considered to be one of the most important inventions of the 20th
century. Together with William Shockley, Bardeen and Brattain were awarded
the Nobel Prize in Physics in 1956, “for their researches on semiconductors and
their discovery of the transistor effect”.
Polymers, more commonly known as plastics, have also had a strong impact
on our everyday life. Due to their unique properties, relatively low cost and ease
of manufacture, polymer materials have replaced many of the traditional
materials, such as wood, leather, metal, glass and ceramic, in their former uses.
Moreover, since the early days of Bakelite, polymers have been used as
electrically insulating materials in electrical products. This has led to a
widespread view of polymers as exclusively insulating materials. That was
however changed in 1976, when Alan J. Heeger, Alan G. MacDiarmid and
Hideki Shirakawa discovered that it was possible to change the conductivity of
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the organic polymer polyacetylene by several orders of magnitude, approaching
that of metals, by exposing it to iodine vapour.[2] They were awarded the Nobel
Prize in Chemistry 2000 “for the discovery and development of conductive
polymers”. The conducting polymers represented a new class of materials that
have the electronic and optical properties of semiconductors and metals but also
with the processing advantages and mechanical properties of plastics. These
findings opened the way for using organic semiconducting and conducting
materials as the active material in electronic applications, and led to the creation
of a new research field residing at the boundary between chemistry and physics,
called organic electronics.
A material can be classified as being either organic or inorganic. Many
centuries ago, only substances originating from living matter were regarded as
organic materials and it was believed that they possessed an indefinable “living
force”. Today, an enormous variation of organic materials can be synthesized and
organic compounds are therefore commonly just defined as any molecular
material that contain the element carbon (C) in combination with other atoms.
There has been a remarkable progress in the development of organic
semiconductors since the discovery of the conducting polymers more than three
decades ago.[3] Many of these organic materials, especially the polymers, can be
processed from solution as inks. This allows for high-volume and low-cost
manufacturing of organic electronic devices on a wide range of flexible
substrates, e.g. paper and plastic foils, by the use of traditional printing
techniques, such as screen printing, gravure, offset, flexography and inkjet.[4,5]
This stands in stark contrast to the very expensive and complicated methods used
in traditional inorganic semiconductor device fabrication. Also, the
manufacturing technology of inorganic electronics also involves the use of many
hazardous materials and solvents. Another benefit with organic semiconductors
is that their physical and chemical functionality can be tailored by modifying
their chemical structure.[6]
A wide range of organic semiconductor devices has been developed,
exemplified by the light-emitting diodes,[7] solar cells,[8,9] sensors,[10] and thinfilm transistors.[11,12] Organic light-emitting diodes, or OLEDs, have attracted a
lot of interest, due to the possibility to make lightweight and flexible displays and
lighting products that have high brightness and that also consume low power.
OLED displays are already commercial and can right now be found in many
handheld products, such as mobile phones and cameras, and in the near future
they will be used in large screen television screens.
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1.2 The Aim and Outline of this Thesis
During the last decade, printed organic electronics has evolved to become a
platform with great promise for a vast array of novel and low-cost applications
within the areas of printed intelligence, large area electronics and internet-ofthings.[4,13] Here, material science has proven crucial in order to improve
performance of individual devices as well as of complete electronic systems, and
to make electronics possible to manufacture using high-volume, roll-to-roll
printing technologies. In many of the targeted applications for organic printed
electronics, powering will be achieved using printed batteries,[14,15] solar cells,[9]
thermoelectric generators,[16,17] or electromagnetic induction.[18] Thus, included
organic components, such as transistors, should be power efficient and operate at
low voltages, typically on the order of 1 V. Organic electrochemical transistors
are capable of operating at such low voltages, and can also be produced by rollto-roll printing techniques. Unfortunately, these transistors generally consume
too much power and also switch slowly.[19,20] In conventional organic field-effect
transistors, low-voltage operation is accomplished by using gate insulators with
high capacitance. Operating voltages of merely a few volts can only be achieved
by employing nanometer-thick gate insulator layers.[21,22] So thin layers are
impractical to use in printed electronics applications, where robustness is one key
factor. Thus, a successful development of printed electronics is today hampered
by the lack of transistors and logic circuits that operates at low driving voltages
and that runs at high enough speeds.
What about using an electrolyte as the gate insulator material? Electrolytes are
commonly used just to achieve extraordinarily high capacitance in electrolytic
capacitors. The static capacitance is virtually independent of the thickness of the
electrolyte layer, which makes these materials very attractive for use in printed
applications. In this thesis, electrolytes, and polyelectrolytes in particular, are
explored as the gate insulator medium in organic thin-film transistors.
The idea of combining an electrolytic capacitor with a semiconductor has been
exploited for instance in the so-called inorganic ion-selective field-effect
transistors (ISFETs).[23] The application of a gate potential polarizes the
electrolyte and leads to the formation of a thin electric double layer at the
electrolyte-semiconductor interface. Importantly, due to the use of very dense
inorganic materials, the ions in the electrolyte will not penetrate into the
semiconductor. Therefore, this transistor operates in the field-effect mode.
This operating mode is also desired when using an electrolyte in combination
with an organic semiconductor, since it ensures fast operation. However, organic
semiconductors are known to be electrochemically active materials. This
includes that ions penetrate the semiconductor layer and cause electrochemical
doping of the semiconductor bulk. Such behaviour would seriously reduce the
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operating speed of the transistor. This raises another, more fundamental question:
is it possible to have a confined electric double layer at the electrolyte-organic
semiconductor interface? The high capacitance of the electric double layer and
the fast charging of the interface could have deep implications for printed
electronics for which low-voltage operation and a moderate clock-frequency are
typically required for practical circuits.
The first part of the thesis is intended to provide the necessary background
information needed to understand the scientific findings in the papers, in the
second part of the thesis. In the following two chapters, the physical and
chemical properties of organic semiconductors and electrolytes are described.
Chapter 4 gives a review of organic thin-film transistors. The typical
manufacturing and characterization procedure of electrolyte-gated organic thinfilm transistors are presented in chapter 5. Conclusions and a future outlook are
presented in the final chapter.
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2 Organic Semiconductors
2.1 Atomic Orbitals
The basic unit of matter is the atom, which consists of a dense, positively
charged nucleus and a surrounding cloud of negatively charged electrons. Such
microscopic systems are described by quantum mechanics, in which each
elementary particle is associated with a wave function Ψ(r,t). The square of the
modulus of the wave function, |Ψ(r,t)|2, is a density function that represents the
probability of finding the particle at the location r at time t. The electrons of an
atom can only reside in certain quantum states. Only those wave functions that
are solutions of the Schrödinger equation are allowed. These wave functions are
called atomic orbitals and they are categorized by three quantum numbers that
determine the shape and energy of the orbital: the principal quantum number n
that describes the energy, the orbital angular momentum quantum number l that
describes the amplitude of the angular momentum, and the magnetic quantum
number ml that describes the orientation of the angular momentum. Each orbital
can contain maximum two electrons, one of each spin (up or down). For
historical reasons, the shells (determined by n) and the subshells (specified by l
and ml) are also labelled K, L, M, N, … and s, p, d, f, … , respectively. The two
most interesting kind of atomic orbitals in organic electronics are the s orbitals,
which are sphere-shaped and nonzero at the centre of the nucleus, and the p
orbitals, which resemble dumbbells with their two ellipsoid-shaped lobes that are
separated by a nodal plane at the nucleus (Fig. 2.1).

2.2 Molecular Orbitals and Bonds
The electrons in the outermost shell, the so-called valence electrons, determine
the chemical, electrical and optical properties of materials. They also participate
in the formation of chemical bonds with other atoms. When two atoms are
brought close to one another, their atomic orbitals will start to overlap by valence
electron interaction. These combined atomic orbitals form molecular orbitals,
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Figure 2.1 Illustrations of an s orbital (left) and a p orbital (right).

which can be represented by linear combinations of the atomic orbitals. The
interactions between the atomic orbitals are either constructive (Ψ+) or
destructive (Ψ–), leading to an increase or a decrease of the electronic density
between the nuclei, respectively (Fig. 2.2). The former is a bonding molecular
orbital and the latter an antibonding molecular orbital. The bonding orbital
stabilizes the molecule and has lower energy than the original atomic orbitals,
while the antibonding orbital destabilizes the molecule and consequently has a
higher energy. Thus, there is a splitting of the original energy levels, where the
separation of the energy levels indicates the strength of the atomic interactions.
The electrons will fill the lower energy orbitals first, and if the total energy of the
system is lower than that of the two isolated atoms, the atoms will form a stable
bond. The orbital with highest energy and that is occupied with electrons is
called the Highest Occupied Molecular Orbital (HOMO), and the orbital with the
ψ–

node

energy

σ*
1s

1s

σ

ψ+

increased electron density

Figure 2.2 The formation of bonding and antibonding molecular orbitals and the
splitting of energy levels for a dihydrogen molecule.
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lowest energy that is unoccupied is called the Lowest Occupied Molecular
Orbital (LUMO).
The bond is called a σ bond if it is symmetrical with respect to rotation about
the bond axis, and a π bond if it is not. The orbitals in a π bond have a nodal
plane passing through the nuclei. The corresponding bonds for the antibonding
orbitals are called σ* and π*. The σ bonds are generally stronger than the π
bonds due to the larger overlap of the atomic orbitals. Consequently, π orbitals
have higher energy than σ orbitals.
The intramolecular bonds, in which the atoms share electrons, are called
covalent bonds. The electrons in a bond may be shared unequally between the
atoms, due to a difference in their electronegativity, which leads to the formation
of an electric dipole moment along the bond axis. Such bonds are called polar
bonds. A very large difference in electronegativity between the atoms involved in
the bond, can lead to that the electron pair gets located almost exclusively at the
more electronegative atom. Such a bond is called an ionic bond.
There are two types of intermolecular bonds, which both are much weaker
than the intramolecular bonds. One type is the van der Waals bond that originates
from interactions between permanent and/or induced dipoles. The second type is
the hydrogen bond, which is an attractive interaction between hydrogen atoms
and electronegative atoms carrying an electron lone pair, such as oxygen,
nitrogen etc. The hydrogen bonds are stronger than the van der Waals bonds.

2.3 Hybridization
All organic materials are based on molecules that include the element carbon in
combination with other atoms. The carbon atom is very versatile since it is able
to form single, double and triple bonds. A carbon atom in its ground state (1s2 2s2
2px1 2py1) only has two unpaired valence shell electrons and should thus only be
able to form two covalent bonds with other atoms. In order to explain the
presence of methane, the virtual notion of “promotion” can be used. A carbon
atom can form an excited state (1s2 2s1 2px1 2py1 2pz1) by promoting one of its 2s
electrons to the empty 2p orbital so that there are four unpaired valence electrons
available for bonding. The 2s and one, two or three of the 2p orbitals can be
combined to form two sp, three sp2 or four sp3 hybridized orbitals, respectively.
The respective hybrid orbitals have identical energies and shapes that resemble
distorted p orbitals with unequal lobes, giving the orbitals a more directed
orientation (see Fig. 2.3). The carbon atoms in alkanes, e.g. methane (CH4), form
bonds to four other atoms exclusively via single bonds. These carbons are sp3
hybridized and their orbitals have a tetrahedral arrangement with an angle of
109.5°	
  between	
  them. Carbon atoms that are involved in forming a double bond,
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which consists of one σ bond and one π bond, are sp2 hybridized. These hybrid
orbitals lie in one plane and are separated by an angle of 120°. The remaining
unchanged 2pz orbital, which is oriented perpendicular to the plane of sp2
orbitals, participates in the double bond together with one of the sp2 orbitals.
Carbons that are sp hybridized form triple bonds. These hybrid orbitals point in
opposite directions (180° angle) and are perpendicular to the two unchanged 2py
and 2pz orbitals.

Figure 2.3 Illustrations of sp (left), sp2 (centre) and sp3 (right) hybridized orbitals.

2.4 Electronic Structure of Conjugated Materials
A conjugated molecule or polymer has a molecular framework that consists of
alternating single and double carbon-carbon bonds. From a chemical structure
point of view, the simplest example of a conjugated polymer is transpolyacetylene, which is just composed of carbon and hydrogen atoms. All the
carbon atoms are sp2 hybridized. The sp2 orbitals form strongly localized σ
bonds, which determine the geometrical structure of the molecule. The 2pz
orbitals, which are oriented perpendicular to the plane of the chain, overlap and
form π orbitals that extend along the conjugated chain. The electrons in these π
orbitals are not associated with any specific atom or bond and are therefore
delocalized. The number of π and π* orbitals is proportional to the number of
carbon atoms in the conjugated system. Hence, there is a splitting of the energy
levels as the number of carbons is doubled. This is illustrated for a series of
alkenes in Figure 2.4. For an infinitely long conjugated chain, e.g. transpolyacetylene, the energy difference between the energy levels becomes
vanishingly small, and the energies can then be described as continuous bands
rather than discrete levels. The width of the band, W, depends on the coupling
between the atomic orbitals. Strong coupling gives wide bands. Interestingly, the
HOMO and the LUMO are degenerate if the bonds in the conjugated chain are
8	
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equally long. The filled π band and the empty π* band will then coincide,
resulting in a half-filled band. The polymer could thus be described as a quasione-dimensional metal. However, according to Peierls’ theorem, such a
configuration is not energetically stable. Instead, the polymer will dimerize and
form alternating long single bonds (1.47 Å) and short double bonds (1.34 Å).
This structural distortion, also known as the Peierls distortion, will stabilize the π
band and destabilize the π* band, which produces a band gap, Eg, typically in the
range of 1 eV to 4 eV.[24] The polymer is thus a semiconductor. The filled π band
is commonly referred to as the valence band and the empty π* band as the
conduction band.
CH3

C 2H 4

C 4H 6

C8H10

C2nH2n+2
n

Energy

π*

π* band

2pz

W*
Eg

π

1

π band

2

4
number of carbon atoms

8

W

∞

Figure 2.4 Energy level splitting and band formation in conjugated molecules.

2.5 Charge Carriers
2.5.1 Solitons
Conjugated polymers in which the two different bond length alternations give
rise to equivalent structures have a degenerate ground state. One such material is
trans-polyacetylene, which is described in Figure 2.5. The two bond length
alternations, or phases, are equally likely and they can therefore be found on the
same polymer chain. The boundary between the two phases is called a soliton.
The transition between the phases is distributed over several carbon atoms, as
illustrated in Figure 2.6. The bond lengths are thus equal at the centre of the
soliton. The presence of a soliton will lead to the formation of a localized
electronic level in the middle of the band gap. Interestingly, neutral solitons,
which consist of unpaired electrons, have spin while charged solitons are
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spinless. These quasiparticles are responsible for the charge transport in
degenerate conjugated polymers.
2.5.2 Polarons and Bipolarons
However, most organic semiconductors have a non-degenerate ground state. For
example, in polythiophenes, the aromatic form is more stable than the quinoid
form (see Fig. 2.7). Solitons are therefore not encountered in these materials. The
introduction of a charge into the polymer chain will be companioned by a local
deformation of the surrounding bonds (see Fig. 2.8). These charge carriers, called
E
A phase
∆r
B phase
A phase

B phase

Figure 2.5 Left: The two structures of trans-polyacetylene with different bond
length alternation, or phase. Right: Energy diagram illustrating the stabilization
occurring due to Peierls distortion and the degenerate ground states of transpolyacetylene.

neutral soliton

positive soliton

positive
soliton

neutral
soliton

negative
soliton

Figure 2.6 Top: Schematic illustrations of the geometrical structure of neutral and
positively charged solitons in trans-polyacetylene. Bottom: Band diagrams for
positively charged, neutral and negatively charged solitons.
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polarons, are thus also delocalized over a few repeating units in the polymer
chain. If two polarons get close to each other they can combine and form a
bipolaron, which for some systems is more energetically stable. The band
diagrams for polarons and bipolarons are shown in Figure 2.8.
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∆E

S
aromatic
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Figure 2.7 Left: The aromatic and quinoid forms of polythiophene. Right: The
aromatic structure is more stable than the quinoid structure, which gives rise to a
nondegenerate ground state (right).

S

S

S

S

S

S

positive polaron

S

S

S

S

S

S

positive bipolaron

neutral

postive
polaron

negative
polaron

postive
bipolaron

negative
bipolaron

Figure 2.8 Top: Schematic illustrations of the geometrical structures of positively
charged polarons and bipolarons in polythiophene. Bottom: Band diagrams for
polarons and bipolarons.
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2.6 Charge Transport
The charge carriers that have been described above can be efficiently transported
within conjugated molecules. However, in an organic semiconductor film, the
carriers need to travel over a distance that by far exceeds the size of individual
conjugated molecules. The charge transport in organic materials is for that reason
essentially determined by how the carriers move between neighbouring
molecules.
In a perfectly ordered crystalline material, with high intermolecular π-orbital
overlap, one could expect band-like transport in extended states, and
consequently very high charge carrier mobility. However, due to disorder and
weak van der Waals intermolecular interactions, the charge carriers in conjugated
materials are typically localized to a finite number of adjacent molecules, or even
to individual molecules. Thus, the charge transport in organic semiconductors is
limited by trapping in localized states, which implies a thermally activated
mobility.
The mobility of an organic semiconductor depends strongly on its chemical
structure, purity and microstructure. Hence, conjugated materials display a wide
range of charge carrier mobilities; from 10–6–10–3 cm2 V–1 s–1 in amorphous
polymers, to 10–102 cm2 V–1 s–1 in highly ordered organic single crystals.[25,26]
Several different charge transport models have been developed that apply for
different degrees of disorder.
Charge transport in disordered organic materials, e.g. amorphous and
semicrystalline polymers, is generally described as thermally activated hopping
in a distribution of localized states. Bässler suggested a Gaussian density of
localized states to account for the spatial and energetic disorder.[27] Vissenberg
and Matters used a variable-range hopping (VRH) model, where the charges can
hop short distances with high activation energies or long distances with low
activation energies.[28] They assumed an exponential distribution of localized
states to represent the tail states of a Gaussian distribution. The VRH model
predicts an increase in mobility with increasing charge carrier density. Note that
in those models, the electron-phonon coupling, that is the polaron binding
energy, is assumed to be negligible.
The multiple trapping and release model (MTR) has been developed to
describe charge transport in well-ordered organic semiconductors, such as
polycrystalline films of small molecules.[29] The MTR model assumes that
transport occurs in extended states (in bands), but that most of the charge carriers
are trapped in localized states, originating from impurities or defects. The trapped
charges are released by thermal activation.
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2.7 Doping
Pure conjugated materials are intrinsic semiconductors or insulators and usually
have a rather large bandgap, typically 2–3 eV. For that reason, the number of
thermally excited charge carriers is low, which make them poor conductors,
typically with a charge conductivity in the range from 10–10 to 10–5 S cm–1.
However, the conductivity can be increased by several orders of magnitude
simply by introducing more charges in the material via a doping process. Two
commonly used methods are chemical doping and electrochemical doping. In
both cases, the addition of electrons (n-doping) and the removal of electrons (pdoping) can chemically be seen as a reduction and an oxidation of the conjugated
material, respectively.
In chemical doping, which is a redox reaction, electrons are transferred
between the conjugated material (host) and the added dopants (donor or
acceptor). In the case of n-doping, an electron is transferred from the donor
dopant to the LUMO of the host. In the case of p-doping, an electron is
transferred from the HOMO of the host to the acceptor. Polyacetylene doped
with a halogen, e.g. chlorine, bromine, iodine etc., is a well-known example of
such a material.
Electrochemical doping requires the conjugated material to be in contact with
an electronically conducting working electrode and an ionically conducting
electrolyte that is in contact with a counter electrode. Applying a potential
difference between the two electrodes will cause an injection charges from the
working electrode that are balanced by ions brought in from the electrolyte.
Both doping methods result in neutral materials where the introduced charge
carriers are stabilized by the counterions from the dopant. Highly doped
materials can reach metallic conductivities (1–104 S cm–1), and are therefore
often called synthetic metals or, in the case of polymers, (intrinsically)
conducting polymers.
Charge carriers can also be introduced in an organic semiconductor by
photoexcitation, as in photovoltaic devices, or by charge injection, as in diodes
and field-effect transistors.

2.8 Organic Semiconductor Materials
There are two kinds of organic semiconductors, conjugated polymers and
conjugated small molecules.
Conjugated polymers functionalized with flexible side chains are soluble and
thin films can be prepared by solution-based techniques, including spin-coating,
flexography, gravure and inkjet printing.[30] An example of such a material is the
alkyl-substituted polythiophene poly(3-hexylthiophene) (P3HT; Fig. 2.9a).
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Regioregular head-to-tail P3HT self-organize into an ordered lamellar structure
with a significant overlap between the frontier π-orbitals of adjacent molecules
(π-π stacking).[31] This leads to a relatively high mobility (~0.1 cm2 V–1 s–1) in the
direction perpendicular to the lamellar plane.[32] Thus, the charge transport in
ordered P3HT films is highly anisotropic and dependent on how the lamellae are
oriented on the surface.[31] A drawback with P3HT is that it is susceptible to
oxidation.[33] In response to that, thienothiophene copolymers, such as poly(2,5bis(2-thienyl)-3,6-dihexadecylthieno[3,2-b]thiophene), (P(T0T0TT16); Fig. 2.9b),
have been developed that show better stability as compared to P3HT and carrier
mobilities up to 1.1 cm2 V–1 s–1.[34-36]
In contrast to conjugated polymers, conjugated small-molecule materials
typically have poor solubility. Hence, these materials are usually deposited by
thermal sublimation in vacuum or by organic vapour phase deposition. With a
control of the substrate temperature, well-organized polycrystalline films can be
obtained.[29] Thus, the carrier mobility in these materials is often high. Pentacene
(Fig. 2.9c), which is one of the most studied small-molecule materials, has shown
mobilities as large as 6 cm2 V–1 s–1.[37]
All the materials described above are mainly hole transporting
semiconductors. The observed electron mobility organic semiconductors is
generally very low due to various reasons, including inefficient charge injection
and more efficient trapping, e.g. in the presence of oxygen and water. However,
several air-stable electron transporting organic semiconductors with high electron
affinity (>4 eV) have been developed, and one of those is hexadecafluorocopperphthalocyanine (F16CuPc; Fig. 2.9d), which has shown an electron mobility of
0.03 cm2 V–1 s–1.[38] Recently, also conjugated polymers with high electron
mobility have been synthesized, and the most promising of those is the printable
material
poly{[N,N’-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5’-(2,2’-bithiophene)} (P(NDI2OD-T2); Fig. 2.9e) with
mobilities as large as 0.85 cm2 V–1 s–1.[30]
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Figure 2.9 Chemical structures of some common organic semiconductors. (a)
Regioregular poly(3-hexylthiophene), P3HT. (b) Poly(2,5-bis(2-thienyl)-3,6dihexadecylthieno[3,2-b]thiophene), P(T0T0TT16). (c) Pentacene. (d) Hexadecafluorocopperphthalocyanine,
F16CuPc.
(e)
Poly{[N,Nʼ-bis(2-octyldodecyl)naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5ʼ-(2,2ʼ-bithiophene)},
P(NDI2OD-T2).
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3 Electrolytes
Electrolytes are substances that contain free ions, which thus make them
electrically conductive. Electrolytes are generally liquids, but solid and gelled
forms are also common. An electrolyte consists of a salt (solute) and a solvent in
which the salt dissociates to form positive ions (cations) and negative ions
(anions). Moreover, electrolytes are classified as either strong or weak,
depending on their degree of dissociation. Strong electrolytes are completely, or
to the most part, ionized (dissociated) while weak electrolytes only are partially
ionized.
liquid

electrolyte
solution

solid

ionic liquid

ion gel

polyelectrolyte

polymer
electrolyte

Figure 3.1 Schematic illustrations of different types of electrolytes, ordered from
left to right by their physical appearance.

3.1 Types of Electrolyte Used in Organic Electronics
Different kinds of electrolytes that are of relevance for organic electronics are
described below and are also schematically illustrated in Figure 3.1.
3.1.1 Electrolyte Solutions
Electrolyte solutions are the most common type of electrolytes, and they simply
consist of a salt that is dissolved in a liquid medium. While dissolved, the ions
will be surrounded by solvent molecules, which form a solvation shell around
each ion. Water is commonly used as the dissolving medium, but other polar
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non-aqueous solvents, e.g. alcohols, ammonia etc., can also be used. Electrolyte
solutions are commonly utilized in various electrochemical applications. In such
experiments, the choice of solvent may become important, since every solvent is
associated with a certain safe potential window, in which it is stable. Outside this
safe window, the solvent may undergo different electrochemical reactions. It is
then typically better to use a non-aqueous solvent like acetonitrile, which has a
relatively large safe potential window.
Pure water is actually itself an electrolyte, though a very weak one. A fraction
of the water molecules will spontaneously dissociate into hydroxide ions (OH–)
and hydrogen ions (H+). In aqueous solutions, the protons are immediately
hydrated to instead form hydronium ions (H3O+). The concentration of ions in
pure pH-neutral water is about 0.1 µM at room temperature, which gives a
conductivity of 5.5×10–8 S cm–1.
3.1.2 Ionic Liquids
An ionic liquid (IL) is simply a salt that is in the liquid state. By definition, such
electrolyte systems have a melting temperature of less than 100 °C. The anions
and cations are relatively large, and at least one of them usually has a delocalized
charge and is organic. The physical and chemical properties of ionic liquids can
be varied over a large range due to the vast selection of anions and cations. Due
to its inherent liquid state, ionic liquids can exhibit high ionic conductivities,
often up to 0.1 S cm–1.[39] The high ionic conductivity and a wide potential
window make ionic liquids attractive electrolytes for electrochemical devices.
The molecular structure of an ionic liquid is given in Figure 3.2b.
3.1.3 Ion Gels
Ionic liquid are rather impractical to use in a solid-state device. However, an
ionic liquid can be macroscopically immobilized by blending it with a suitable
polymer, e.g. a block copolymer[40] or a polyelectrolyte[41] including repeat units
that match the molecular structure of the ionic liquid. The resulting structure is
an ion gel, which can be described as a polymer network swollen by an ionic
liquid. Due to a small amount of the polymer (as little as 4 wt%), the ionic
conductivity of ion gels is comparable to that of pure ionic liquids, i.e. in the
range of 10–4 to 10–2 S cm–1.[41,42]
3.1.4 Polyelectrolytes
Polyelectrolytes are polymers that have an electrolyte group in the repeat unit
along the molecular backbone. These groups can dissociate when the polymer is
in contact with a polar solvent, such as water, which results in a charged polymer
chain and oppositely charged counterions. Polyelectrolytes that are positively
charged are called polycations, while negatively charged polyelectrolytes are
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Figure 3.2 Chemical structures of various electrolytes. (a) poly(ethylene oxide),
PEO. (b) 1-butyl-3-methylimidazolium bis(trifluoromethanesulfonimide), [BMIM]
[Tf2N]. (c) poly(styrene sulphonic acid), PSSH. (d) poly(vinyl phosphonic acid),
PVPA. (e) poly(acrylic acid), PAA. (f) poly (2- ethyldimethylammonioethyl
methacrylate ethyl sulfate), P(EDMAEMAES).

called polyanions. A dissociated polyelectrolyte in the solid state, e.g. as a thin
film, will consist of mobile counterions and charged polymer chains that are
effectively immobile due to their large size. Hence, solid polyelectrolytes
dominantly transport ions of only one polarity, and can therefore be referred to as
n- or p-type, analogous to n- and p-doped semiconductors. Actually, it is possible
to build ionic transistor devices, e.g. bipolar junction transistors, which are
analogous to conventional electronic devices.[43] The chemical structure of some
polyanions and polycations are given in Figure 3.2c-f. These polyelectrolytes are
hygroscopic and typically exhibit an ionic conductivity in the range from 10–6 to
10–3 S cm–1.[44,45]
3.1.5 Polymer Electrolytes
A polymer electrolyte is an example of a solvent-free solid electrolyte. Polymer
electrolytes are composed of a salt that is dissolved in a solvating polymer
matrix. One of the most common polymer electrolytes is poly(ethylene oxide)
(PEO) blended with a sodium or lithium salt. The molecular structure of PEO is
shown in Figure 3.2a. Polymer electrolytes typically have an ionic conductivity
in the range from 10–8 to 10–4 S cm–1.[46] Polymer electrolytes have a wide range
of applications and are found in various thin-film batteries, electrochromic
displays, fuel cells and supercapacitors.
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3.2 Ionic Charge Transport
Ions are generally transported in electrolytes by two different processes: diffusion
and (electro)migration. In diffusion, transport of charges occurs due to a
concentration gradient, while migration is the transport of charges caused by the
presence of an electric field. The exact charge transport mechanisms strongly
depend on the nature of the electrolyte.
Ions that move in a solvent experience a frictional force that is proportional to
the viscosity of the solvent and the size of the solvated ion. The friction will limit
the ionic mobility at low concentrations.
Protons are transported in a rather different manner in aqueous solutions. As
described above, protons are hydrated and form hydronium ions. The hydronium
ion can transfer one of its protons to a nearby water molecule, which in turn can
transfer a proton to a third molecule, and so on. In other words, the protons are
transported in water by a rearrangement of hydrogen bonds, a process that is
known as the Grotthuss mechanism. This mechanism explains the high ionic
conductivity of protons in aqueous systems. Interestingly, it has been suggested
that also the protons within polyanionic systems, such as poly(vinyl phosphonic
acid), are transported in a hydrogen-bonded network via a Grotthuss type
mechanism.[47]
In polymer electrolytes, the ion motion is coupled to the segmental mobility of
the polymer chain. The ionic conductivity will thus be low if the polymer has
crystalline regions, which is problem in PEO-based electrolytes.

3.3 Electric Double Layers
The interface between a metal and an electrolyte is of interest in most electrolyte
applications. A difference in electric potential between the metal electrode and
the electrolyte will result in the formation of a charged interface. The electronic
charge in the metal electrode will reside on the outermost surface of the
electrode, while an excess of compensating and oppositely charged ions will be
located in electrolyte, close to the interface. The structure of two parallel layers
of positive and negative charges is called an electric double layer (EDL). The
charge distribution in an EDL is usually described by the Goüy-Chapman-Stern
(CGS) model, in which the electrolyte is divided into two different layers (see
Fig. 3.3). The layer closest to the electrode, the Helmholtz layer, consists of
adsorbed dipole-oriented solvent molecules and solvated ions. The Helmholtz
layer and the electrode, together, can be seen as a parallel plate capacitor with a
very small distance, in the order of angstroms,[48] between the two plates. The
potential drop across this layer is thus linear and very steep. The next layer is
called the diffuse layer and it extends relatively far into the electrolyte. It consists
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of both positive and negative charges. However, compared to the bulk of the
electrolyte, there is an excess of ions of opposite charge to that on the electrode
and a lower concentration of ions of opposite polarity. The potential drops
exponentially in this layer. The capacitance of the entire double layer is typically
in the order of tens of µF cm–2.[49]
Helmholtz layer
charged electrode

diffuse layer

electrolyte

potential

Helmholtz surface

0

distance from electrode

Figure 3.3 Schematic illustration of the ionic distribution in an electric double
layer according to the Gouy-Chapman-Stern model. Empty circles represent
solvent molecules.

3.4 Electrolytic Capacitors
Due to their ability to form electric double layers along conducting interfaces,
electrolytes are attractive to use as the insulating medium in capacitors. Figure
3.4 illustrates the charging mechanism in a parallel-plate capacitor where a thin
layer of electrolyte is sandwiched between two identical ion-blocking metal
electrodes. The figure also illustrates the voltage profile and the electric field
distribution inside the electrolyte layer. Figure 3.4b describes the situation
immediately after that a voltage is applied to the capacitor. Typically, the
potential drops linearly throughout the electrolyte and the induced electric field is
therefore uniform within the electrolyte. The applied electric field assists
alignment of the permanent and induced dipoles in the electrolyte layer (dipolar
relaxation). Before any ionic relaxation takes place, the electrolyte behaves just
like a dielectric medium and the induced charge density on the electrodes is
proportional to the permittivity of the material. The electric field will redistribute
the ions in the electrolyte layer; the anions will migrate towards the positively
charged electrode while the cations will migrate towards the negatively charged
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Figure 3.4 Schematic illustrations of the charge distribution, electric potential (V)
and electric field (E) in the electrolyte layer of an electrolytic capacitor during
charging. (a) The ions are evenly distributed when no voltage is applied. An
applied voltage will induce a redistribution of the charges in the electrolyte. The
situation in the electrolyte (b) before, (c) during and (d) after ionic relaxation is
shown.

electrode. The electrodes get more charged as the electric double layer start to
build up at the electrolyte-electrode interfaces, which leads to an increase in the
potential drops right at the interfaces and the electric field within the electrolyte
bulk is reduced (Fig. 3.4c). At the steady state, the electric double layers are
established. Effectively, the entire applied voltage drops across the two double
layers (Fig. 3.4d). Thus, the electric field becomes very high at the interfaces, but
is vanishingly small in the charge-neutral electrolyte bulk.
The electrical characteristics of an electrolytic capacitor can be examined by
impedance spectroscopy. The total capacitor impedance (Z) can be measured as a
function of the frequency ( f ) of an applied alternating voltage signal. Figure 3.5
shows the measured serial capacitance and the phase angle (θ = arg Z) as a
function of the frequency for an electrolytic capacitor based on a thin layer of the
polycation P(VP-EDMAEMAES) (Fig. 3.2f). Based on the phase angle, the
component can be classified as being either capacitive (θ < –45°) or resistive
(θ > –45°) at a certain frequency. Three regions can be identified: a capacitive
behaviour characterized by a low capacitance at high frequencies ( f > 2 kHz), a
resistive behaviour at intermediate frequencies (25 Hz < f < 2 kHz), and a
capacitive behaviour characterized by a high capacitance at low frequencies
( f < 25 Hz).[45] These three regions can be associated with dipolar relaxation,
ionic relaxation and the electric double layer formation, respectively, as
described above.
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Figure 3.5 Serial capacitance (solid line) and phase angle (dashed line) versus
the frequency of the applied voltage for a capacitor based on the polycationic
electrolyte P(VP-EDMAEMAES).

An electronic device can often be represented by an equivalent electronic
circuit consisting of ideal capacitors and resistors (inductors are rarely included).
A simple equivalent circuit for an electrolytic capacitor is displayed in Figure
3.6.[50] In this circuit, CE and RE represent the dielectric capacitance and the
resistance of the electrolyte, respectively. Both double layers are represented by a
single capacitance CDL. The impedance ZCT represents a process involving any
possible transfer of charges across the electrode-electrolyte interfaces. For
example, this process can be an electronic leakage between the electrodes due to
defects in the device or that an electrochemical reaction takes place at any of the
electrode surfaces. This impedance generally only contributes to the total
impedance at low frequencies (< 1 Hz) and can therefore often be ignored when
the behaviour at higher frequencies are of interest.

CE

RE

CDL

ZCT

electrolyte bulk

double layer

Figure 3.6 An equivalent circuit of an electrolytic capacitor.
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4 Organic Thin-Film Transistors
The field-effect transistor (FET) was predicted by Julius Edgar Lilienfeld already
in 1925.[51] He filed several patents describing the structure and operation of a
transistor, but never succeeded in manufacturing a real functioning device. The
team behind the first transistor, that is Shockley, Bardeen and Brattain, all at Bell
Labs, also tried to build an FET, but they ended up in constructing a pointcontact transistor instead. It would not be until 1959 that the first FET actually
was demonstrated, when Dawon Kahng and Martin Atalla, scientists also from
Bell Labs, manufactured a metal-oxide-semiconductor field-effect transistor
(MOSFET).[52] The first MOSFETs were commercialized in 1963, and today, it
is the most utilised type of transistor and it is included in nearly every electronic
product. The semiconductor in these transistors is usually highly doped
crystalline silicon. Besides being the active material in the transistors, it also
serves as the planar substrate. Thanks to a remarkable development in
miniaturization of integrated circuits, it is today possible to include billions of
transistors on the same piece of substrate, or chip.
The thin-film transistor (TFT) is a special kind of field-effect transistor where
the semiconductor is deposited as a thin film on an insulating substrate, such as
glass or plastic foil. The semiconductors that are used in TFTs are usually
intrinsic (undoped). Inorganic TFTs are commonly based on either hydrogenated
amorphous silicon (a-Si:H) or polysilicon, and are extensively used in the
addressing backplane for active-matrix liquid crystal displays (AMLCDs).
Practically every organic transistor that has been manufactured takes use of
the thin-film transistor configuration. The first organic transistor was
demonstrated in 1984 and it included an electrolyte as the gating medium.[53] It
was not a field-effect effect transistor but instead an electrochemical transistor
(ECT). That type of transistor has many similarities with an FET and will be
further discussed in section 4.7.3. However, the first organic field-effect
transistor that demonstrated clear transistor behaviour was reported by Tsumura
et al. in 1986.[54]
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Figure 4.1 Schematic structure of a thin-film transistor with channel width W,
channel length L and parasitic gate overlap ∆L. The dashed line indicates the
charge flow in the channel.

4.1 Basic Operation
The thin-film transistor is a three-terminal device that consists of a thin
semiconductor layer that is separated from a gate electrode by a layer of an
electronically insulating material, which commonly is referred to as the gate
insulator, or the gate dielectric if it is an electrically insulating material. This
stack of materials constitutes a capacitor, which is crucial for the function of the
transistor. Moreover, a source and a drain electrode are in direct contact with the
semiconductor. The region between these two separated electrodes represents the
channel, which has a width W and a length L given by the extensions and
separation of the electrodes, respectively. A thin-film transistor is illustrated in
Figure 4.1.
The source electrode is normally grounded, and it can therefore be used as the
reference for the voltages applied to the gate and drain electrodes. The potential
difference between the gate and the source is referred to as the gate-source
voltage (VGS) or just the gate voltage. Similarly, the potential difference between
the drain and the source is called the drain-source voltage (VDS) or simply the
drain voltage. Further, the three electrode currents (ID, IS, IG) are defined as
positive if they flow into the device. Thus, according to Kirchhoff’s current law,
the sum of all three currents is zero.
As previously mentioned, the gate-insulator-semiconductor stack can be seen
as a capacitor. The capacitance per unit area, Ci, of a dielectric gate insulator is
given by
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Ci =

ε 0κ
d

(4.1)

where ε0 the is the vacuum permittivity, and κ and d is the relative permittivity
and the thickness of the gate insulator layer, respectively. Hence, charges can be
induced at the insulator-semiconductor interface by applying a potential to the
gate electrode. A positive gate voltage induces negative charges (electrons) in the
semiconductor, while a negative voltage induces positive charges (holes). These
charges, which are mainly confined to the first monolayer next to the insulatorsemiconductor interface,[55] will dramatically increase the conductivity of the
semiconductor surface so that a conducting path, a channel, is formed between
the source and drain electrodes. A positively charged channel is called p-channel,
and a negatively charged channel is consequently called n-channel. The
conductance of this channel can be modulated by varying the gate voltage.
Materials that can form both p- and n-channels, depending on the applied
voltage, are said to be ambipolar.[56]
However, the applied gate voltage has to exceed a certain voltage before the
channel becomes conducting. This voltage is called the threshold voltage VT. In
inorganic field-effect transistors that are based on doped semiconductors, e.g.
MOSFETs, the threshold voltage corresponds to the onset of strong inversion.
Organic TFTs, on the other hand, are based on intrinsic semiconductors and thus
operate in the accumulation regime. The threshold voltage should therefore
practically be zero. But, due to differences in the work functions of the gate
material and the semiconductor, the presence of localized states (traps) at the
insulator-semiconductor interface and residual charges in the bulk of the
semiconductor film, the threshold voltage is generally nonzero.[57] The mobile
charge Q per unit area that is induced by an applied gate voltage can therefore be
written

(

Q = Ci VGS − VT

)

(4.2)

This equation gives the charge density in the channel when the semiconductor is
grounded, that is VDS = 0. But if a voltage is applied to the drain electrode, the
potential V in the semiconductor will be a function of the position x in the
channel. It will be a gradually increasing function, having the value 0 at the
source (x = 0) and VDS at the drain (x = L). Thus, the charge density is a function
of the position in the channel, and is given by

(

Q(x) = Ci VGS − VT − V (x)

	
  

)

(4.3)
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Consider that a voltage larger than the threshold voltage is applied to the gate
electrode. This will induce a uniform layer of charge carriers in the transistor
channel (Fig. 4.2a). Applying a drain voltage will, according to Eq. (4.3), lead to
a gradually decreasing charge density towards the drain electrode. It will also
produce a flow of charge carriers through the channel, from the source to the
drain. The resistance of the channel will effectively remain unchanged if the
applied drain voltage is small (VDS ≪ VGS – VT). The drain current ID will then be
proportional to the drain voltage (Fig. 4.2a), which defines the linear regime of
the transistor.
Increasing the drain voltage will lead to fewer induced charge carriers in the
channel and consequently a higher channel resistance. This will appear as a
reduced curve slope in the ID-VDS characteristics. Eventually, when VDS = VGS –
VT, the charge concentration at the drain electrode will be zero; the channel is
said to “pinch off” (Fig. 4.2b). The position in the channel where the charge
carrier concentration is zero is accordingly called the pinch-off point (P).
Increasing the drain voltage even further (VDS > VGS – VT) will move P, which by
definition has the potential VGS – VT, closer to the source electrode and lead to the
formation of a thin depletion region between P and the drain electrode. A spacecharge limited current will flow in this depletion region. The effective channel
length of the transistor, given by the distance between the source and P, will
consequently be reduced to L’ (Fig. 4.2c). Normally, for long-channel transistors,
the reduction in channel length is negligible. That means that the number of
charge carriers arriving at P will be constant when the drain voltage is increased,
since both the channel length L’ and the potential at P will remain unchanged.
Thus, the drain current will essentially remain constant, and saturate at IDsat,
when the drain voltage is higher than VDSsat = VGS – VT. This operating region is
called the saturation regime.
Note that positive gate and drain voltages are applied when negative charges
are transported in an n-channel transistor, and negative voltages are applied when
positive charges are transported in a p-channel transistor.

4.2 Transistor Equations
The current-voltage characteristics can be analytically calculated for an ideal
transistor. It is assumed that the transverse electric field at the insulatorsemiconductor interface that is induced by the applied gate voltage is much
larger than the longitudinal electric field induced by the applied drain voltage.
This is the so-called gradual channel approximation. It usually holds as long as
the thickness of the gate insulator layer is much smaller than the channel length
(see short-channel effects, section 4.6). It is also assumed that the mobility is
constant over the entire range of different charge concentrations and electric
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Figure 4.2 Illustrations of the charge distribution in the channel and currentvoltage characteristics in the different operating regimes of field-effect transistors:
(a) the linear regime; (b) the start of saturation at pinch-off; (c) the saturation
regime.

fields, which is not generally true. In addition, only the drift of charges is
considered. Also, the bulk of the semiconductor is assumed to have a high
enough resistivity that does not contribute to the net drain current.
Since the diffusion of charge carriers is neglected, the drain current ID at
position x is given by
I D (x) = WµQ(x)Ex (x)

(4.4)

where µ is the charge carrier mobility of the semiconductor and Ex(x) is the
electric field in the direction of the channel at position x. Substituting Eq. (4.3)
and Ex(x) = dV(x)/dx into Eq. (4.4) yields

(

)

I D (x)dx = WµCi VGS − VT − V (x) dV (x)

(4.5)

The drain current is constant along the channel. Integrating Eq. (4.5) from source
to drain then gives

ID =

2
⎤
VDS
WµCi ⎡
⎢ VGS − VT VDS −
⎥
2 ⎦
L ⎣

(

)

	
  

(4.6)
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In the linear regime, where VDS ≪ VGS – VT, Eq. (4.6) can be simplified to

I Dlin =

WµCi
VGS − VT VDS
L

(

)

(4.7)

The field-effect mobility in this regime can be obtained by the derivative of Eq.
(4.7)

µlin =

∂I D
L
WCiVDS ∂VGS

(4.9)

The drain current at saturation is simply obtained by setting VDS = VGS – VT in
Eq. (4.6), which yields

I Dsat =

WµCi
VGS − VT
2L

(

)

2

(4.10)

The field-effect mobility in the saturation regime can be derived from Eq. (4.10)

2L
µsat =
WCi

⎛ ∂ I Dsat ⎞
⎜
⎟
⎝ ∂VGS ⎠

2

(4.11)

The transconductance gm is one of the most fundamental and representative
transistor parameters. It describes how the drain current is modulated by the gatesource voltage, and it is defined as gm = ∂ID/∂VGS (VDS = constant). The
transconductance in the linear and saturation regimes are given by

gmlin =
gmsat =

WµCi
VDS
L

WµCi
VGS − VT
L

(

(4.12)

)

(4.13)

The equations above describe the behaviour of the transistor when the gate
voltage is larger than the threshold voltage. Below the threshold voltage, there is
a region where the drain current depends exponentially on the gate voltage. This
is the subthreshold region. Here, the drain current originates from diffusion,
rather than drift, of charges from source to drain.[12] The slope of the drain
current curve depends on the capacitance of the gate insulator and the density of
interfacial traps states. The inverse slope of the logarithm of the drain current
versus gate voltage is called the subthreshold swing S and is given by
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S=

(

∂VGS

∂ log10 I D

(4.14)

)

4.3 Current-Voltage Characteristics
Figure 4.3 shows typical current-voltage characteristics for an organic thin-film
transistor. In the output characteristics (ID versus VDS for different constant VGS;
Fig. 4.3a), the linear regime (at low VDS) and the saturation regime (at high VDS)
are clearly visible. The dashed curved line indicates the onset of saturation.
The transfer characteristics (ID versus VGS for constant VDS) of the transistor
are shown in Figure 4.3b. The drain current is usually plotted against the gate
voltage in a semi-log scale since the current generally varies over several orders
of magnitude. However, at low gate voltages, the drain current is very small and
shows no current modulation. In this region, the drain current is limited by
leakage and charging currents. This is the off-state of the transistor.
The gate voltage at which the drain current starts to increase is called the
switch-on voltage (VSO), or the onset voltage.[58] This is also where the
subthreshold region begins. Thus, the drain current will increase exponentially
with the slope 1/S between VSO and VT. As illustrated in the figure, the threshold
voltage VT can be estimated by taking the intersection between the gate voltage
axis and the extrapolated linear fit to the square root of the drain current at
saturation. However, the threshold voltage can be extracted more accurately with
other techniques.[59]
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log (drain current)
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Figure 4.3 Typical current-voltage characteristics of an organic thin-film
transistor. (a) Output characteristics with indications of the linear and the
saturation regimes. (b) Transfer characteristics with indications of the different
regimes, the on/off drain current ratio, the subthreshold swing (S), the switch-on
voltage VSO and the threshold voltage VT.
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Above the threshold voltage, in the on-state of the transistor, the drain current
will depend on the gate and drain voltages as given by Eq. (4.6) and (4.10). The
field-effect mobility in the linear and the saturation regimes can be extracted
from the transfer characteristics by using Eq. (4.9) and (4.11). The ratio between
the highest drain current and lowest drain current for a given drain voltage, called
the on/off current ratio (Ion/Ioff), can easily be determined from the transfer
characteristics.
A transistor that is in the on-state at zero applied gate-source voltage is called
a normally-on, or depletion mode, transistor. A transistor that is in the off-state at
zero gate-source voltage is thus called a normally-off, or enhancement mode,
transistor. The last kind of transistor is usually preferred in circuits for real
applications.

4.4 Dynamic Performance and Cutoff Frequency
Under static conditions, when the gate and drain voltages are constant, the gate
current is typically very small, and negligible compared to the drain current.
However, a change in the gate-source voltage will induce a change in the charge
concentration QG on the gate electrode. This charging will produce a gate current
given by

IG =

∂VGS
∂QG
= CG
∂t
∂t

(4.15)

where CG is the total gate capacitance. Applying an oscillating (sinusoidal) gate
voltage will give rise to a gate current according to
I G = 2π fCG VGS

(4.16)

Thus, the gate current increases linearly with the frequency f of the applied gate
voltage. Contrariwise, the drain current is frequency independent. This means
that the current gain, given by Eq. (4.17), will reduce as the frequency is
increased.
ID
IG

=

g m VGS
2π fCG VGS

=

gm
2π fCG

(4.17)

The transistor is not useful when the current gain is smaller than unity. So, the
frequency at which the current gain equals unity is the maximum operating
frequency of a field-effect transistor. This frequency is called the cutoff
frequency, or the transition frequency, fT, and it is given by[12,60]
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fT =

gm
2π CG

(4.18)

The gate capacitance CG is approximately given by the sum of the channel
capacitance and the parasitic gate-source and gate-drain capacitances, and can
thus be written as

(

CG ≈ CiW L + 2 ∆ L

)

(4.19)

where 2∆L is the parasitic electrode overlap (see Fig. 4.1). Substituting Eq.
(4.19) and the expressions for the transconductance in the linear and the
saturation regimes, given by Eq. (4.12) and (4.13), into Eq. (4.18) gives

fT ≈

(

µV

2π L L + 2 ∆ L

)

≤

µV
2π L2

(4.20)

where the voltage V is equal to VDS in the linear regime and VDSsat in the
saturation regime. The two most important device parameters for the dynamic
performance of transistors are thus the charge carrier mobility and the channel
length. The parasitic electrode overlap ∆L can definitely have a significant
impact on fT as well, and should therefore be minimized.[60,61] Interestingly, the
capacitance per unit area of the gate insulator has no influence on the cutoff
frequency.
The cutoff frequency can be experimentally investigated using a ring
oscillator; a circuit that is composed of an odd number of inverters connected in
series in a loop (see section 4.8.4). The period of its oscillating output equals the
signal delay per stage (τ) multiplied by twice the number of inverter stages. The
delay time per stage is related to the cutoff frequency approximately according to
fT ≈ 1/2τ. Figure 4.4 present a summary of reported signal delay times as a
function of supply voltages for p-channel,[62-68] n-channel,[69,70] and
complementary[22,61,71-80] organic transistor circuits. The results show that there is
a clear correlation between speed and supply voltage, as expected from the linear
voltage dependence of fT in Eq. (4.20). The lowest reported delay times have
therefore been obtained at high supply voltages, typically at tens of volts. Most
of these fast circuits are based on molecular semiconductors, which generally
display relatively higher charge carrier mobility than polymeric counterparts. The
graph also illustrates that rather few low-voltage circuits have been reported.
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Figure 4.4 Signal delay per stage versus supply voltage for various reported
organic thin-film transistor circuits that are based on p-channel, n-channel and
complementary circuit designs. The leaning solid lines are proportional to V–1 and
are given as help to exclude the voltage dependence of the signal delay time.

4.5 Transistor Architecture
There are basically only four different possible TFT architectures (Fig. 4.5). The
stack of layers is either ordered with gate electrode positioned at the bottom
(bottom-gate), or at the top (top-gate). Moreover, the source and drain electrodes
are either placed underneath the semiconductor (bottom-contact), or on top it
(top-contact). Each of these structures has some benefits and drawbacks.
Interestingly, different TFT structures using the exact same materials can display
quite dissimilar device characteristics. For example, it is of special importance
how the injecting (source) contact is arranged in relation to the semiconductor
and the gate electrode. In a coplanar configuration (Fig. 4.5b,d), the source and
drain electrodes are situated between the insulator and the semiconductor, and as
a result the charge carriers are injected directly into the channel from the edge of
the electrode. In a TFT with a staggered structure (Fig. 4.5a,c), the injected
charges must travel through the undoped semiconductor in order to reach the
channel, but since the source and gate electrodes overlap, charges can be injected
from a large area, which reduces the contact resistance.[81,82] This phenomenon is
called current crowding.[83] Moreover, the work function of the source and drain
electrodes should match the HOMO level in a p-channel transistor, and the
LUMO level in an n-channel transistor, in order to facilitate efficient charge
injection into the transistor channel. An energy barrier between the contacts and
the semiconductor will give rise to a contact resistance that can affect the currentvoltage characteristics of the transistor.[84] A high non-ohmic contact resistance
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can often be observed in the output characteristics as superlinear current increase
in the linear region.[82] The contact resistance can for instance be reduced by
depositing a self-assembled monolayer on the electrode surface, which
introduces a counterbalancing dipole.[59]
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Figure 4.5 Different thin-film transistor configurations: staggered (a) topgate/bottom-contact and (c) bottom-gate/top-contact; coplanar (b) top-gate/topcontact and (d) bottom-gate/bottom-contact. The charge flow in the channel is
indicated with a dashed line.

4.6 Downscaling and Short-Channel Effects
It is generally desirable to reduce the channel length in transistors. A smaller
channel length (L) will improve the performance of the transistor by increasing
the transconductance (∝ L–1) and the cutoff frequency (∝ L–2). It will also make
it possible to integrate more transistors per unit area, as the packing density is
proportional to L–2.
Downscaling has been the main driving force behind the tremendous progress
in the performance of inorganic integrated circuits. Just as in the silicon
semiconductor industry, there is a demand for fast and small integrated transistor
circuits in organic electronics applications. Downscaling of organic transistors
has therefore attracted great interest. Numerous techniques for accomplishing
short channel lengths have been explored. Some examples on this theme are
traditional photolithography,[85] electron-beam lithography,[86-88] nanoimprint
lithography,[89] mask-free photolithography,[90] underetching,[91] embossing,[92]
microcontact printing,[93] and self-aligned inkjet printing.[60,94-96] However, many
of the reported transistors with small channel lengths have displayed deteriorated
current-voltage characteristics that deviate from the ideal, long-channel
behaviour, in particular with respect to drain ID saturation.
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The equations derived in section 4.2 are only valid under the constraints of the
gradual channel approximation, which tells that the transversal electric field,
induced by the applied gate voltage, must be much larger than the longitudinal
electric field, induced by the applied drain-source voltage. That may not be
fulfilled if the vertical and lateral dimensions are not equally reduced in the
downscaling of the transistor. Deviations from the ideal long-channel behaviour
can therefore be observed. These deviations are referred to as short-channel
effects.[97]
The first short-channel effect that is typically observed when the channel
length is reduced consists in the absence of saturation in the drain current above
pinch-off. This behaviour can be explained by that the depletion region formed at
the drain contact grows and eventually becomes comparable to the channel
length as the drain voltage is increased. This leads to a reduction and drain
voltage dependence of the effective channel length (L’). Thus, since the drain
current is inversely proportional to the channel length, the drain current will
increase with the drain voltage when the transistor is operated beyond pinch-off.
This short-channel effect is called channel-length modulation (CLM). This effect
can be accounted for, to a first approximation, by adding the term (1 + λVDS) to
the equation for the drain current in the saturation regime. The constant λ is
called the channel-length modulation parameter.
Some other short-channel effects can be observed in the transfer
characteristics. A reduction in the channel length can lead to an increased and
drain voltage dependent subthreshold current, which reduces the on/off current
ratio. A drain voltage dependent shift in the threshold voltage can also be
observed. This short-channel effect is called threshold voltage roll-off and is
common in inorganic field-effect transistors.
If the longitudinal electric field becomes very high, the drain current may
become dominated by a space-charge limited current (SCLC) flowing through
the bulk of the semiconductor.[89,97] This will give the transistor diode-like output
n
characteristics that can be described by I D ∝VDS , where n ≥ 2.
Short-channel effects can be avoided by keeping the transverse electric field
much larger than the longitudinal electric field. That is normally accomplished
by reducing the thickness of the gate insulator with a least the same factor as the
channel length is reduced.

4.7 Gate Insulator Materials
Charge transport in the transistor channel takes place at, or very close to, the gate
insulator-semiconductor interface. Thus, the properties of the interface and the
gate insulator can have a huge influence on the transistor characteristics.[98] It has
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been reported that high-permittivity gate insulators can induce additional
energetic disorder in the channel that enhances carrier localization and leads to a
reduction of the charge carrier mobility.[99] Thus, using a low-permittivity gate
insulator material can improve the performance of a transistor. It has also been
shown that hydroxyl groups at the insulator interface, e.g. in SiO2, create electron
traps that inhibit n-channel conduction.[100] However, with hydroxyl-free gate
insulators, such as polyethylene (PE) or benzocyclobutene derivatives (BCB), nchannel behaviour can in fact be observed in most organic semiconductors.
4.7.1 Low-Voltage Operation
Many of the envisioned applications for organic electronics will require
transistors that are capable of operating at a low supply voltage. Low-voltage
operation is accomplished by employing a gate insulator layer that has a high
capacitance. Traditionally, this is done by reducing the thickness (d) of the gate
insulator,[101], by employing a gate insulator material with high permittivity
(κ),[102,103] or by a combination of the two approaches (see Eq. 4.1). Organic
materials typically have low permittivity,[98] so it has also been common to use
inorganic high-κ materials, e.g. oxides, as the gate insulator.[104] One of the most
studied high-capacitance systems, used for TFTs with bottom-gate architecture,
is the combination of a thin oxide (e.g. SiO2 or AlOx) and a self-assembled
monolayer (SAM), which can provide a capacitance up to 1 µF cm–2.
[21,22,61,86,105,106]
Such transistors can be operated with voltages of just a few volts.
Alternatively, instead of an electrically insulating dielectric material, an
ionically conducting electrolyte can be used as the gate insulator material. This
concept is far from new. The first organic transistor, demonstrated already in
1984, used a liquid electrolyte.[53] A few years later, in 1987, the same research
group also made the first organic thin-film transistors including a solid-state
electrolyte gate insulator.[107,108] Since then, n- and p-channel electrolyte-gated
organic transistors based on a large variation of electrolyte systems, including
polymer electrolytes,[109-118] polyelectrolytes,[49,119] ionic liquids,[120-124] ion
gels,[42,125-132] and solutions,[133-135] have been reported. These transistors can be
classified as being either field-effect transistors or electrochemical transistors,
which will be further discussed in section 4.7.3.
4.7.2 Electrolytic Gate Insulators
A dielectric and an electrolytic gate insulator are compared in Figure 4.6. The
figure schematically illustrates the voltage profile and the electric field
distribution inside the two gate insulator materials when a negative voltage (V) is
applied to the gate electrode.
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Figure 4.6 Schematic cross section of an organic thin-film transistor and
illustrations of the voltage (V) and electric field (E) distributions in a dielectric and
an electrolytic gate insulator when a negative gate voltage is applied.

In the case of a dielectric gate insulator, the electrostatic potential will drop
linearly across the insulator layer and, consequently, it produces a constant,
uniform electric field (E = –V/d) throughout the layer.
The static charge polarization mechanism in the electrolytic gate capacitor is
essentially identical to that described for the electrolytic capacitors including two
metal electrodes (see chapter 3). The only difference now is that a semiconductor
represents one of the electrodes. Thus, the ions will redistribute to form EDLs at
the gate-electrolyte and at the electrolyte-semiconductor interfaces, with a
charge-neutral electrolyte in between them. Practically all the applied voltage
will be dropped across the EDLs. The electric field will therefore be very high at
the interfaces, on the order of 109 V m–1, and negligible inside the electrolyte
bulk. A high transversal electric field has been shown to suppress short-channel
effects in polyelectrolyte-gated transistors with submicrometer channel
lengths.[96]
The total capacitance of the electrolyte layer is determined by the capacitance
of the two EDLs connected in series. Thus, the total capacitance will never be
larger than the smaller of the two EDL capacitors, which usually is the EDL at
the electrolyte-semiconductor interface. The capacitance is typically on the order
of 10 µF cm–2, which thus makes it possible to induce a very large charge carrier
concentration (~1015 cm–2) in the transistor channel at a relatively low applied
gate voltages (< 3 V).[114,117] Moreover, the static capacitance of the electrolyte is
virtually independent on the thickness of the layer,[136] which means that
relatively thick electrolyte layers can be used to attain low-voltage operation.
This is a huge advantage when it comes to manufacturing, e.g. using roll-to-roll
production. In particular, this makes this class of transistors attractive for printed
electronics applications. However, the transistor will become slower as the
thickness is increased.[136]
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4.7.3 Operating Modes in Electrolyte-Gated Transistors
It has been debated whether operating mechanism in electrolyte-gated transistors
is electrostatic charging (field-effect) or electrochemical doping. In these
transistors, the induced charges in the channel are balanced by ions in the
electrolyte layer. In this sense, the organic semiconductor can be considered to be
electrochemically doped. On the other hand, in an ideal EDL, the ionic and
electronic charges are separated at the interface and compose oppositely charged
sheets, in between which a uniform electric field is formed. So in this sense, the
semiconductor can be considered being electrostatically charged. Thus, an
electrolyte-gated transistor that forms ideal EDLs (Fig. 4.7a) can be viewed as
both an electrochemical and a field-effect transistor, since it resides at the border
between the two kinds. However, electrolyte-gated transistors, in which the ions
are transferred across the EDL and cause electrochemical doping of the
semiconductor bulk (Fig. 4.7b), are evidently not field-effect transistors. Hence,
in order to distinguish between these to types of electrolyte-gated transistors, the
first is referred to as an organic field-effect transistor (OFET) and the second as
an organic electrochemical transistor (OECT). This notation is kept throughout
the papers that are included in this thesis.
In the OECT, doping of the semiconductor produces a significant increase of
the drain current since the channel becomes three-dimensional, which can be
advantageous in some applications.[137,138] However, turning an OECT on and off
will involve transport of ions in and out of the semiconductor bulk, which
typically gives the OECT a more sluggish switching behaviour as compared to an
OFET.[49] Some electrolyte-gated transistors are designed to work in the
electrochemical mode,[19] while other transistors become unintentionally doped
under certain circumstances. For example, a gradual transition from a field-effect
mode to an electrochemical mode, as the gate voltage is increased, has been
observed in transistors gated with polymer electrolytes[118,139,140] and also in
transistors gated via ion gels.[127] However, employing a polyelectrolyte gate
insulator can suppress parasitic bulk doping of the organic semiconductor and
ensure field-effect operation.[49]
(a)

(b)
gate electrode
electrolyte

semiconductor

Figure 4.7 Schematic illustration of an electrolyte-gated organic thin-film
transistor operating in (a) the field-effect and (b) in the electrochemical mode.
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4.8 Integrated Circuits
One of the main application areas for transistors is as the signal-processing
element in electronic circuits. In many senses, the most basic integrated circuit is
the voltage inverter, which inverts an incoming signal VIN into an outgoing signal
VOUT. The inverter is also a basic building block in digital electronics, where it is
commonly referred to as a NOT gate. The analysis of an inverter can be used for
predicting the behaviour of more complex gates such as NAND and NOR gates,
which in turn are basic building blocks for more advanced circuits, such as
processors.
4.8.1 Inverter Parameters
The transfer characteristics (VOUT versus VIN) for an inverter are displayed in
Figure 4.8. From this graph, it is possible to extract the device parameters such as
voltage amplification, or gain, noise margins and operating logic levels. The gain
is defined as

g=

∂VOUT
∂VIN

(4.21)

The inverter needs to have a voltage gain larger than unity in order to drive other
subsequent gates. The switching threshold voltage VM is the point in the transfer
curve where the output and input voltages are equal. Ideally, this value is equal to
half the applied supply voltage (VDD). The parameters VOH and VOL are the high
and low values of the output voltage, respectively. The voltage swing (VOH –
VOL) of the gate should be as large as possible, ideally VDD. The parameters VIL
and VIH are defined as the operating point were g = –1. The noise margins for low
and high inputs are given by NML = VIL – VOL and NMH = VOH – VIH,
respectively. The noise margins are measures of the robustness of the inverter
and should consequently be as large as possible. A high gain will normally
generate large noise margins.
An inverter can be constructed with only transistors using either a unipolar or a
complementary circuit design.
4.8.2 Unipolar Circuits
Unipolar circuits are composed of transistors of one and the same type, that is,
the circuit only includes either p-channel or n-channel transistors. The circuit
diagram for the two most common unipolar inverter designs are shown in Figure
4.9a and b. Both inverters include two enhancement-mode transistors that are
connected in series. One of them represents the driver transistor and the other is
the load transistor. In both designs, the input and output nodes are connected to
the gate and drain contacts of the driver transistor, respectively. The gate
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Figure 4.8 Transfer characteristics for an inverter with annotations of the most
common inverter parameters.
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Figure 4.9 Circuit schematics of inverters with unipolar (p-channel) and
complementary designs: (a) unipolar inverter with saturated load; (b) unipolar
inverter with depleted load; (c) complementary inverter based one p-channel (top)
and one n-channel (bottom) transistor.

electrode of the load transistor is either connected to its drain or to its source
electrode. In the former case, the load transistor is operated in the saturation
regime and the device is therefore called a saturated load inverter (Fig. 4.9a). In
the latter case, the load transistor is always switched off. Thus, the device can be
denoted to as a depleted load inverter (Fig. 4.9b). The load transistor in this
design should preferably be a depletion-mode transistor.
Due to a more constant resistance of the load transistor, the depleted load
inverter typically gives better static characteristics as compared to the saturated
load inverter.[68] However, one downside with both these inverters is the high
power dissipation due to the low resistance of the circuit at high input voltage.
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4.8.3 Complementary Circuits
Complementary circuits includes both n- and p-channel transistors (n- and pTFTs), both of enhancement-mode type. That means that the threshold voltages
of the n-TFTs and the p-TFTs are positive and negative, respectively. That is,
and VTp < 0 and VTn > 0. Complementary circuits are usually designed so that
only positive voltages are used.
The circuit diagram of a complementary inverter is given in Figure 4.9c. The
gate electrodes of the two TFTs are connected and serve as the input node to the
inverter. The drain electrodes of the two transistors are also connected and serve
as the output node. The source electrode of the n-TFT is connected to ground and
the source electrode of the p-TFT is connected to the power supply (VDD). The
effective gate-source and drain-source voltages for the p-TFT are thus VIN – VDD
and VOUT – VDD, respectively.
For a low input (e.g. VIN = 0), the n-TFT will be OFF (VGSn = 0 < VTn) and the
p-TFT will be ON (|VGSp| = VDD > |VTp|). The output node will then be charged to
VDD through the p-TFT.
For a high input (e.g. VIN = VDD), the n-TFT will be ON (VGSn = VDD > VTn)
and the p-TFT will be OFF (|VGSp| = 0 < |VTp|). The output node will then be
discharged to ground through the n-TFT.
Note that only one of the TFTs is on in each of these two logic states. The
current flow from the power supply to ground, through the transistors, will
therefore be low, and limited by the off-current of the transistor that is in the offstate. A considerable current will only be conducted during the short transition
period between the two logic states, when both transistors are slightly on. Thus,
the static power dissipation is very low.[22] Other benefits are full rail-to-rail
voltage swing, low output impedance, high gain and high noise margins. Hence,
complementary circuits are essentially better than unipolar circuits in every
aspect, and that is simply why this technology is so dominating today.
4.8.4 Ring Oscillators
A practical method for evaluating the dynamic performance of an integrated
circuit technology, and also the included transistors, is to fabricate so-called ring
oscillator circuits. A ring oscillator consists of an odd number of inverters that
are connected in series, in a loop (Fig. 4.10). Due to the odd number of gates, the
circuit will begin to oscillate between two voltage levels when a supply voltage
is applied. In the loop, at least one of the inverters is switching its logic output
state at a given time. Then, the subsequent gate will switch, and so on. The
oscillation can be monitored by measuring the voltage at an output node of one
of the inverters. An extra inverter can also be connected to this output node in
order to prevent that the actual measurement influences the oscillation. The
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period of the oscillation corresponds to the time it takes for a logic state to be
changed twice of each inverter. Thus, the signal propagation delay per stage is
given by

τ=

1
2nf

(4.22)

where n is the number inverters and f the frequency of the oscillation. As was
pointed out in section 4.4, the signal delay is normally inversely proportional to
the cutoff frequency.

VOUT

Figure 4.10 Schematic illustration of a five-stage ring oscillator with output buffer.
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5 Manufacturing and Characterization of
Electrolyte-Gated Transistors
The electrolyte-gated transistors that are reported in the papers included in this
thesis are manufactured using different materials and methods. The ambition of
this chapter is not to describe all of them, but to give a general description of
how an electrolyte-gated transistor is manufactured, and also how it can be
electrically characterized.

5.1 Device Fabrication
The transistor devices were fabricated in a cleanroom (class 1000-10000). All
process steps were carried out in ambient atmosphere and at room temperature
unless otherwise noted. All the transistors reported in the included papers have a
top-gate bottom-contact configuration, but only the transistors in Paper I–IV are
true thin-film transistors, since they include semiconductors, gate insulators and
electrodes as thin layers on planar substrates. The general manufacturing route of
such polyelectrolyte-gated organic thin-film transistors is presented below.
5.1.1 Substrate
For simplicity, the thin-film transistors are fabricated on rigid and planar
surfaces. Borosilicate glass (Corning 7059 or DESAG D263) and silicon wafers
with a thermally grown silicon dioxide (SiO2) layer are therefore used as the
substrates. However, it should be possible to use a flexible substrate, such as a
plastic foil, as well. The substrates are carefully cleaned with solvents and then
dried before further processing is performed.
5.1.2 Source and Drain Electrodes
The source and drain electrodes are patterned by traditional photolithography and
wet chemical etching processing, as illustrated in Figure 5.1. First, global layers
of ~5 nm chromium (as adhesion layer) and 30–60 nm gold are vacuum
deposited (thermal evaporation). A uniform positive photoresist layer (0.5 µm)
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metal layer
substrate

metalization

positive photoresist

photoresist deposition
UV

photomask

exposure
development
metal etch
photoresist removal

Figure 5.1 Schematic illustration of photolithographic patterning of a metal layer.

is then spin-coated on top of the metal layer and is thereafter soft-baked on a hot
plate, under vacuum, in order to remove residual solvent. The photoresist layer is
then exposed with UV-light through a photomask, which has the desired
electrode pattern. The exposed areas of the photoresist are dissolved in a
developer. The remaining photoresist will thus have the same pattern as the
mask. The uncovered gold is removed by wet etching in an aqueous solution
based on potassium iodide and iodine. The remaining photoresist is then
removed. As a last step, the exposed parts of the thin chromium layer are
removed by wet etching in a solution containing ceric ammonium nitrate, using
the patterned gold electrodes as a mask.
The source and drain electrodes of the transistors in Paper I and II are
relatively large (~500 µm wide) and have simple rectangular geometries that
together form a single rectangular channel. The source and drain electrodes in the
transistors in Paper III and IV, on the other hand, are very narrow (~3.5 µm
wide) and form multiple parallel channels.
5.1.3 Organic Semiconductor Layer
The organic semiconductors (soluble conjugated polymer are here used) are
dissolved in chlorinated solvents, such as chloroform or ortho-dichlorobenzene,
at a concentration of 3–10 mg ml–1. The solution is heated and then filtered with
a hydrophobic polytetrafluoroethylene (PTFE) syringe filter with a pore size of
0.1–0.2 µm. The organic semiconductor layer is formed by spin-coating, which
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typically gives a film thickness ranging from 10 to 40 nm. The film is then dried
at 60 to 80 °C under dry nitrogen atmosphere, resulting in a semicrystalline film.
5.1.4 Electrolytic Gate Insulator Layer
The polyelectroytes are typically received as highly concentrated (≥ 30 wt%)
water solutions. The solutions are first diluted with n-propanol and deionized
water to give a concentration of ~10–40 mg ml–1. Thus, the solvent is then a
mixture of n-propanol and water, containing mostly n-propanol (75–80 %). The
high concentration of the alcohol part is needed in order to make the solution wet
the strongly hydrophobic semiconductor surface. Finally, the solution is filtered
before it is processed using a syringe filter having a pore size of 0.1 µm. The
polyelectrolyte solution is then spin-coated in nitrogen, giving a film thickness of
50–100 nm. The polyelectrolyte layers are then annealed on a hot plate under
vacuum at 110 °C for 90 s.
5.1.5 Gate Electrode
Titanium gate electrodes (80–100 nm thick) are formed by thermal evaporation
through a shadow mask. A simple polyimide (Kapton®) mask is used for the
transistors that have simple rectangular source-drain electrodes (Paper I and II).
The mask is aligned and attached to the sample manually. An electroplated nickel
mask is used for the transistors that have interdigitated source-drain electrodes
(Paper III and IV). The alignment of this opaque mask requires a transparent
substrate, e.g. glass, because the sample is positioned upside-down, on top of the
mask and is simply aligned by manoeuvring the sample in to place, by hand. The
alignment is done with the help of a microscope, which allows for alignment
accuracy better than 20 µm. Microscopy images of the two different kinds of
transistors are shown in Figure 5.2.
5.1.6 Integrated Circuits
In unipolar circuits, p- or n-channel transistors are manufactured side by side. In
order to make integrated circuits, all uncovered organic material around the
transistors is removed by reactive-ion etching (O2, CF4, Ar), using the titanium
gate electrodes as hard masks. Interconnects between the source, drain and gate
electrodes are then formed by thermal evaporation through another shadow mask,
which complete the circuits. A microscopy image of a unipolar integrated circuit
is shown in Figure 5.3a.
Complementary circuits are made using the same manufacturing procedure as
described above. The p-channel transistors are manufactured first and then dry
etched to remove the exposed organic materials. Further, a fluorinated polymer is
patterned on top of this first set of transistors in order to protect them from the
solvents used in the subsequent process steps. The n-channel transistors are then
	
  

47	
  

59

	
  

manufactured next to the first set of transistors. All exposed organic materials,
including the fluorinated protective layer, are then removed using reactive-ion
etching. Thereafter, interconnects are formed by vacuum deposition through a
shadow mask. A microscopy image of a complementary integrated circuit is
shown in Figure 5.3b.

Figure 5.2 Microscope images of polyelectrolyte-gated thin-film transistors. (a)
Single-channel transistor having a large parasitic electrode overlap. (b) Dualchannel transistor with interdigitated source and drain electrodes having a small
parasitic electrode overlap.

Figure 5.3 Microscope images of two integrated circuits based on
polyelectrolyte-gated thin-film transistors. Seven-stage ring oscillator with output
buffer with (a) unipolar design and (b) complementary design.
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5.2 Electrical Characterization
In all the electrical measurements, the sample to be tested is placed on a
grounded plate. Micromanipulators are used for contacting the metal electrodes
on the sample, and coaxial or triaxial cables are used between the electrical
characterization equipment and the micromanipulators. All measurements are
carried out in air at room temperature.
5.2.1 Current-Voltage Measurement
The current-voltage characteristics of the devices, such as the output and transfer
characteristics of the transistors, is measured by using a semiconductor parameter
analyzer that is equipped with several source-measurement units (SMUs). Each
SMU can supply a constant current or a constant voltage and, at the same time,
measure the current and the voltage. For standard electrical characterisation, each
terminal of the device is connected to an SMU.
The output characteristics (see Fig. 4.3a) are measured as follows: The drain
current is measured as the drain voltage is swept, or actually changed in small
steps, from a starting value (0 V) to an end value, while the gate voltage is kept
constant. This is repeated for a number of, normally equally spaced, gate
voltages.
The transfer characteristics (see Fig. 4.3b.) are measured in similar manner.
The drain current is measured while the gate voltage is swept and the drain
voltage is held constant. The gate voltage is swept over a range that extends from
the off-state to the on-state. This measurement is normally performed for a small
and a large drain voltage in order to record the drain current in the linear regime
and the saturation regime.
In both measurements, the sweeping parameter is often swept from the starting
value, to the end value, and then back again to the starting value (a dual sweep).
This is done in order to investigate if any hysteresis can be found in the I-V
characteristics.
5.2.2 Transient Measurements
The switching characteristics of the transistors were measured by using the setup
displayed in Figure 5.4a. In this measurement, the voltage drop VS over a resistor
inserted between the source contact and ground is recorded with an oscilloscope,
while the potential at the drain contact is held at a constant potential VD with a
DC power supply and a square voltage pulse VG is applied to the gate electrode
with an arbitrary waveform generator. The source current IS then equals

IS =

VS
R

	
  

(5.1)
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The value of the resistance R is selected so that only a fraction of the applied
drain voltage is dropped over the resistor, i.e. |VS| ≪ |VD|.
The recorded source current is the sum of two contributions: an exponentially
decaying current originating from the charging of the gate capacitor, i.e. the
charging current, and the current that flows between the source and the drain
contact, i.e. the transistor channel current. The charging current dominates the
recorded current immediately after that the gate voltage has been changed or
applied. Thus, the initial build-up (or disruption) of the transistor channel is not
measureable. However, if the drain contact is grounded, the recorded source
current will only consist of the charging current component, since the channel
current evidently is zero. Thus, the channel current can be extracted by taking the
difference between the source currents recorded for VD ≠ 0 and VD = 0, as
illustrated in Figure 5.4b.
(a)

(b)

VD

VG
IS(VD ≠ 0)

VG

VS

IS

IS(VD = 0)

R

IS(VD ≠ 0) – IS(VD = 0)
t

Figure 5.4 (a) Circuit schematic of the measurement setup used in the transient
measurements. (b) Illustration of how the channel current can be extracted from
the transient curves.

5.2.3 Impedance Spectroscopy
Impedance spectroscopy is a powerful technique to characterize the electrical
properties of various materials including those of electrolytes. The material to be
tested is sandwiched between two electrodes, thus forming a capacitor. The
impedance of the sample is measured by applying an alternating voltage with a
fixed frequency f to the capacitor. This will generate an alternating current of the
same frequency. There will generally be a phase shift between the current and
voltage signals, which can be described by the phase angle θ. The amplitude and
the phase shift of the current signal are measured for a number of frequencies in a
given range, usually going from high to low frequencies. This allows for
expressing the impedance as function of frequency. The frequency-dependent
complex impedance of the sample is given by
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Z* =

U*

(5.2)

I*

where U* is the complex applied voltage and I* is the complex measured current.
The complex impedance can be expressed as a sum of a real and an imaginary
impedance as
Z * = Z Re + iZ Im

(5.3)

The phase angle can then be written as
⎛ Z Im ⎞
θ = tan −1 ⎜
⎝ Z Re ⎟⎠

(5.4)

In order to calculate the effective capacitance of the sample, an equivalent circuit
has to be chosen that reflects the behaviour of the sample. The equivalent circuit
either consists of a capacitor in series or in parallel with a resistor. The
capacitance for the first alternative is called the serial capacitance Cs while the
other is called the parallel capacitance Cp, and they can be calculated according
to
Cs = −

Cp = −

1
2π fZ Im

(5.5)

1

(

)

2
2π fZ Im ⎡1+ Z Re / Z Im ⎤
⎢⎣
⎥⎦

	
  

(5.6)
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6 Conclusions and Future Outlook
This thesis is entirely focused on organic thin-film transistors that employ
electrolytes as the gate insulator. The application of a gate bias will polarize the
electrolyte. Ions in the electrolyte will accumulate at the semiconductor interface
and form a so-called electric double layer (EDL) together with oppositely
charged electronic charge carriers in the organic semiconductor layer, which
have been injected from the source contact. The very small distance (in the order
of angstroms) between the two charged layers results in a very high capacitance,
typically in the order of tens of µF cm–2, which allows the transistors to operate
at low voltage, around 1 V. Interestingly, the capacitance is virtually independent
on the thickness of the electrolyte layer. This is advantageous when it comes to
manufacturing of the transistors. It also means that the position of the gate
electrode becomes less critical, which opens up for alternative transistor designs.
For example, an electrolyte-gated transistor could be formed at the junction
between two microfibers (Paper V), or the transistor could be gated via a droplet
of pure water (Paper VI).
A question was raised in the introduction, whether it is possible to have a
confined EDL at the electrolyte-semiconductor interface or not. To address this
issue, we have used polyelectrolytes as the gate insulator material (Paper I–IV).
Polyelectrolytes are polymers that consist of charged polymer chains and mobile
counterions. Thus, polyelectrolytes dominantly transport ions of only one
polarity, and can therefore be referred to as either n- or p-type, analogous to nand p-doped semiconductors. In the reported transistors, the polyelectrolyte is
matched with the organic semiconductor such that the mobile ions are depleted
from the electrolyte-semiconductor interface when the transistor is operated in
the accumulation mode. In other words, p-type polyanions are used in p-channel
transistors and n-type polycations are used in n-channel transistors.
Consequently, during transistor operation, the EDL at this interface will be
composed of polyions in the gate insulator and electronic charges in the
semiconductor. The polyions are, due to their size, virtually immobile and cannot
penetrate into the semiconductor. Hence, these material combinations suppress
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electrochemical doping of the semiconductor bulk, which implies that just
interfacial charging takes place. This statement is supported by that the observed
current levels are moderate, that very little hysteresis are observed in the currentvoltage characteristics and that the transistors display relatively fast switching
(≤ 100 µs).
A special feature of these transistors is that the switching speed saturates as
the channel length is reduced. This deviation from the downscaling rule is
explained by that the ionic relaxation in the electrolyte will limit the channel
formation rather than the electronic transport in the semiconductor. However, a
benefit with using an electrolyte as the gate insulator in transistors with small
channel lengths is that the high electric field in the EDL suppresses short-channel
effects (Paper II).
The use of solid electrolytes makes it possible to manufacture integrated
circuits. Unipolar circuits based on polyanion-gated p-channel transistors that
operated at voltages down to 0.9 V and display signal propagation delays down
0.3 ms per stage have been made (Paper III). The successful demonstration of
both p- and n-channel polyelectrolyte-gated transistors also allows for making
low-voltage complementary integrated circuits. Such demonstrated circuits
operate at supply voltages down to 0.2 V, have a static power consumption of
less than 2.5 nW per logic gate and display signal propagation delays down to
0.26 ms per stage (Paper IV).
The low operating voltage, relatively fast operating speed and low power
consumption make these polyelectrolyte-gated organic thin-film transistors a
promising candidate for use in printed electronics applications. However, there
are still a few hurdles to overcome before that can become reality. For example,
there are challenges with printing hydrophilic polyelectrolytes on strongly
hydrophobic semiconductor surfaces, or vice versa. This may require the use of
adhesion promoting layers or the use of specially synthesized polyelectrolyte and
organic semiconductor materials. Another challenge is to accomplish short
channel lengths with printed source and drain electrodes. Hence, in order to
obtain acceptable circuit speeds, high-mobility semiconductors have to be
employed. Moreover, the operating speed of the demonstrated transistors is
limited by the polarization of the polyelectrolytes. Increasing the ionic
conductivity of these layers should make these transistor circuits even faster.
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Paper Overview
Paper I

Low operating voltages for p-channel organic
field-effect transistors (OFETs) can be achieved
by using an electrolyte as the gate insulator.
However, mobile anions in the electrolyte can lead
to undesired electrochemistry in the channel. In
order to avoid this, a polyanionic electrolyte is
used as the gate insulator. The resulting OFET
has operating voltages of less than 1 V (see
figure) and shows fast switching (less than 0.3 ms)
in ambient atmosphere.

Paper II

A polyelectrolyte is used as gate insulator
material in organic field-effect transistors with
self-aligned
inkjet
printed
sub–micrometer
channels. The small separation of the charges in
the electric double layer at the electrolytesemiconductor interface, which builds up in tens of
microseconds, provides a very high transverse
electric field in the channel that effectively
suppresses short-channel effects at low applied
gate voltages.

Paper III

A polyanionic electrolyte is used as gate
insulator in top-gate p-channel polymer thin-film
transistors. The high capacitance of the
polyelectrolyte film allows the transistors and
integrated circuits to operate below 1.5 V. Sevenstage ring oscillators that operate at supply
voltages down to 0.9 V and exhibit signal
propagation delays as low as 300 µs per stage are
reported.
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Paper IV

Organic complementary inverters and ring
oscillators based on polyelectrolyte-gated thinfilm transistors are demonstrated. Detrimental
electrochemical doping is suppressed by using
polyanionic and polycationic gate insulators in the
p- and n-channel transistors, respectively. The
circuits operate at supply voltages between 0.2 V
and 1.5 V, have a static power consumption of
less than 2.5 nW per logic gate and show
propagation delays down to 0.26 ms per stage.

Paper V

Electrolyte-gate organic field-effect transistors
embedded at the junction of textile microfibers are
demonstrated. The fiber transistor operates below
1 V, and delivers large current densities. The
transience of the organic thin-film transistor's
current and the impedance spectroscopy
measurements reveal that the channel is formed
in two steps.

Paper VI

High-dielectric-constant insulators, organic
monolayers, and electrolytes have been
successfully used to generate organic field-effect
transistors operating at low voltages. Here, we
report on a device gated with pure water. By
replacing the gate dielectric by a simple water
droplet, we produce a transistor that entirely
operates in the field-effect mode of operation at
voltages lower than 1 V. This result creates
opportunities for sensor applications using watergated devices as transducing medium.
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