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Abstract 
In this diploma work, organic electrochemical transistors based on PEDOT:PSS have been 
studied, focusing on the influence of the geometry and physical dimensions on the transistor 
characteristics. The geometrical parameters studied are the area ratio between the gate and 
channel, the channel width and the channel length. Each parameter has been varied in five 
steps with each step containing three identical transistors. Results concerning the geometrical 
influence of the linear region resistance, the saturation current (density) and the on/off ratio 
are presented and discussed. Also, empirical curve-fits of the geometrical influence on the 
linear region resistance and the saturation current have been performed. In addition, tentative 
results of the locus of the saturation current versus saturation voltage for specific transistors 
have been obtained. 
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1. Introduction 

1.1 Background 
Traditionally, synthetic polymers have been used for their excellent mechanical and electrical 
insulating properties. The view of polymers as electrical insulating was changed in 1977 when 
Heeger, MacDiarmid, Shirakawa and co-workers discovered that the conjugated polymer 
trans-polyacetylene, through doping, could be transformed into a good electrical conductor[1]. 
In 2000, Heeger, MacDiarmid and Shirakawa were awarded the Nobel Prize in Chemistry 
“for the discovery and development of electrically conductive polymers”[2]. 
 
Since the discovery of electrical conductive polymers, research in this new field has been 
driven by the dream of materials that combine the electrical and optical properties of metals or 
semiconductors and the mechanical properties of polymers[3]. Early on, most of the research 
effort focused on the conducting properties of doped conjugated polymers. Today, conducting 
polymers are used e.g. as transparent conductors[4] and in antistatic coatings[5]. Gradually, the 
research focus has expanded to also include the pristine semiconducting properties of 
conjugated polymers. Conjugated polymers in their pristine state are used in the development 
of e.g. light-emitting diodes (LED’s)[6], photovoltaic devices[7] and transistors[8, 9]. In addition, 
electrochemical devices, e.g. transistors[10], displays[11], light-emitting electrochemical cells 
(LEC’s)[12] and diodes[13], have been developed. 
 
This diploma work has been performed in the Organic Electronics group at the department of 
science and technology (ITN) at Linköping University. In the group, all-organic 
electrochemical transistors based on the doped conjugated polymer PEDOT:PSS has been 
developed[10]. These organic electrochemical transistors have been utilized in a humidity 
sensor[14], as a part of an all-organic electrochemical smart pixel[11] and presently research on 
digital logics that utilize these types of transistors has been performed. To improve the 
devices that utilize these electrochemical transistors and enabling for design of circuits, better 
control and improvements of the characteristics of the transistors is needed. 

1.2 Goal 
The goal with this diploma work is to study and determine which device dimensions and 
parameters are predicting the characteristics of the electrochemical transistors based on 
PEDOT:PSS. In addition, organic electronics will be reviewed and different clean room 
processing techniques will be described. 
 
The goal will be reached through the following steps: 
 

• Planning of construction and characterization of the devices. 
• Design of the devices and experiments. 
• Fabrication of the devices in clean room. 
• Electrical characterization. 
• Analysis of data. 

 1



2. Conjugated polymers 

2.1 Molecular structure 
Polymers are macromolecules that are built up from repeated units called monomers 
connected through covalent bonds. For conjugated polymers, and all other organic polymers, 
the repeating unit includes carbon atoms, which have the ability to bond with other carbon 
atoms to form linear chains or chains of rings. 
 
The ground state configuration of carbon is 1s22s22px

12py
1, where 2s22px

12py
1 represents the 

four valence electrons, see Figure 1a. When bonds are formed, it is more favorable for the 
carbon atom to promote one of the 2s electrons to the empty 2pz orbital, thus maximizing the 
number of bonds that can be formed, see Figure 1b. Electron promotion is a characteristic 
feature of carbon as its promotion energy is small, the investment in energy needed to 
promote one of the 2s electrons to the empty 2pz orbital is more than recovered by the 
increase in number of bonds that can be formed. The valence configuration is then changed to 
2s12px

12py
12pz

1, having four unpaired electrons that can form single, double or triple bonds to 
four, three or two neighboring atoms depending on the type(s) of bonding involved. Each of 
these three cases corresponds to a specific type of hybridization; sp3, sp2 and sp hybridization. 
 

 
a) 

 
b) 

Figure 1. Atomic ground state configuration of carbon (a) and its promoted configuration (b). 

2.1.1 sp3 hybridization 
The backbone carbon atoms in conventional polymers are sp3 hybridized, see Figure 2b. 
When bonding occurs, all four singly occupied valence orbitals of the excited carbon atom 
combine into four new symmetric and equal energy sp3 hybrid orbitals. These four hybrid 
orbitals form a tetrahedral shaped combined hybrid orbital, see Figure 2c; capable of forming 
single bonds to four neighboring atoms through σ bonding. Two of these four σ bonds are 
formed to adjacent carbon atoms while the remaining two σ bonds are formed to other 
elements, such as hydrogen in the case of polyethylene. The electrons involved in the σ bonds 
along the carbon backbone are strongly localized between the carbon atoms that they hold 
together. To contribute to the conduction process the electrons involved in the bonds must be 
free to move, the electrons involved in the σ bonds can for this reason not contribute to the 
conduction process. This leads to that the energy difference between the highest occupied 
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO), the energy 
gap Eg(σ), produced by this type of strong bonding becomes large, rendering these materials 
electrically insulating. 
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a) 

 
b) 

 
c) 

Figure 2. The promoted configuration of the carbon atom (a), sp3 hybridization (b) and the resulting 
tetrahedral shaped combined hybrid orbital (c). 

2.1.2 sp2 hybridization 
In contrast to conventional insulating polymers, each backbone carbon atom in conjugated 
polymers is sp2 hybridized, see Figure 3b. When bonding occurs, the singly occupied 2s 
orbital and two of the three singly occupied 2p orbitals (2px and 2py) of the excited carbon 
atom combine and form three new symmetric and equal energy sp2 hybrid orbitals. Together 
these three hybrid orbitals form a trigonal shaped planar combined hybrid orbital, see Figure 
3c, capable of forming σ bonds to three neighboring atoms. As in the case of conventional 
polymers, the electrons involved in these σ bonds are strongly localized between the carbon 
atoms that they hold together, leading to a large gap between the filled σ band and the empty 
σ* band. 
 

 
a) 

 
b) 

 
c) 

Figure 3. The promoted configuration of the carbon atom (a), sp2 hybridization (b) and the resulting 
trigonal shaped planar combined hybrid orbital (c). 

 
The remaining 2pz orbital, not participating in the sp2 hybridization, is located perpendicular 
to the planar combined hybrid orbital that forms the σ bonds. When the 2pz orbitals of two 
adjacent carbon atoms overlap sideways they combine into two molecular orbitals (MO’s), 
one π bonding MO and one π* anti-bonding MO. In a conjugated polymer backbone chain, 
consisting of N sp2 hybridized carbon atoms that each contain one singly occupied 2pz orbital, 
there are a total of N 2pz atomic orbitals that combine to create N MO’s. Each MO is capable 
of containing two spin-paired electrons, which leads to a total of 2N available energy states. 
In the ground state, only the N lowest energy states, i.e. the π bonding MO’s, will be occupied 
leaving the higher energy π* anti-bonding MO’s empty. For large values of N, i.e. for 
polymers, the discrete energy levels becomes so closely spaced that they can be considered as 
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a continuous energy band. If the sideways overlap, i.e. the π overlap, of all adjacent 2pz 
atomic orbitals would be equal, i.e. all bonds between every carbon atom has equal length, the 
π electrons would be completely delocalized along the entire backbone. If that would be the 
case, the resulting band would be half filled and the polymer should behave as a one-
dimensional metal. 
 
However, the energy of the system can be lowered by increasing the density of π electrons 
between every two carbon atoms to create a π bond in addition to an σ bond, i.e. a double 
bond. The π overlap is larger in magnitude for double bonds compared to single bonds, but 
the π overlap for single bonds are not zero so there is still π overlap between every adjacent 
2pz atomic orbital all along the backbone. By this introduction of alternating single and 
double bonds, i.e. alternating long and short bonds, the extent of delocalization along the 
carbon backbone is limited. The alternating single and double bonds along the polymer chain 
together with overlap of the 2pz atomic orbitals along the chain is termed conjugation and 
results in π electrons delocalized along the polymer chain as mentioned. According to Peierls 
theorem, is a one-dimensional metal always unstable with respect to a geometry modification. 
The one-dimensional metallic structure of conjugated polymers is thus not stable to such a 
distortion in bond alternation, i.e. alternating long and short bonds, and a band gap Eg(π) is 
therefore opened up between the filled π band and the empty π* band. The completely filled π 
band is referred to as the valence band while the completely empty π* band is referred to as 
the conduction band. The band gap Eg(π) of conjugated polymers tends to lie between 1.5-
3eV, corresponding to the same range as inorganic semiconductors[15]. In Figure 4, molecular 
structures of three different conjugated polymers are displayed; note the pattern of alternating 
single and double bonds. 
 

a)  
 

b)  
 

c)  
Figure 4. Molecular structures of three different conjugated polymers; a) polyacetylene (PA), b) 
polythiophene (PT) and c) polyphenylenevinylene (PPV). 

2.2 Doping 
To make a conjugated polymer electrically conductive, charge carriers that are able to 
transport through the material must be introduced. Like inorganic semiconductors, doping of 
the conjugated polymer can create these charge carriers. Conjugated polymers can be doped 
over the full range from that of an insulator or semiconductor to that of a metal, 
corresponding to the un-doped and highly doped states respectively. 
 
Chemical doping of conjugated polymers involves charge transfer reduction-oxidation (redox) 
chemistry. Chemical oxidation of the conjugated polymer corresponds to removal of electrons 
from the π system, while chemical reduction corresponds to addition of electrons to the π 
system. During the doping process, the polymer is brought into contact with doping agents, 
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i.e. chemicals that either oxidize or reduce the conjugated polymer. This form of doping is an 
efficient process that yields high quality materials for doping to the highest concentrations. 
Doping to intermediate doping levels on the other hand, often results in inhomogeneous 
doping. The reason is that it is hard to vary and control the concentration of doping agents and 
finding doping agents of proper strength. The chemical redox processes changes the number 
of electrons associated with the π system of the conjugated polymer, which results in a 
positively or negatively charged polymer backbone depending on if the process is oxidative or 
reductive. To maintain charge neutrality, counter ions have to be introduced. Sometimes the 
doping agents themselves act as the counter ions. 
 
To gain better control in tuning the doping level of conjugated polymers, electrochemical 
doping can be used. In electrochemical doping, electrons are transferred via an electrode from 
or to the π system of the conjugated polymer, depending on the doping is of oxidative or 
reductive type. At electrochemical equilibrium, the voltage applied to the electrode defines 
the doping level. By setting the applied voltage to a fixed value and waiting until the system 
comes to electrochemical equilibrium, any doping level can be achieved[3]. As with chemical 
doping, the electrochemical doping process creates a charged polymer backbone. Charge 
neutrality is maintained by counter ions that migrate into (out from) the polymer structure 
from (to) a salt storage layer, i.e. an electrolyte. Thus, when oxidizing a conjugated polymer 
P0 to its oxidized state P+, electrons are removed from the π system of the polymer and 
collected at the electrode. With charge neutrality maintained by anions supplied by the 
electrolyte, the transition can be described in electrochemical terms according to Equation 1, 
where M+A- is a salt of cation M+ and anion A-. 
 

−+−+−+ ++→+ eMAPAMP 0  
Equation 1. 

 
Both chemical and electrochemical doping are reversible processes that produces no or little 
degradation of the polymer backbone upon doping or de-doping[16]. When doping has 
occurred, the electrical conductivity is permanent until the charge carriers are purposely 
removed by de-doping. As chemical and electrochemical doping involves counter ions to 
maintain charge neutrality, conjugated polymers doped by any of these two methods can be 
considered as salts. Chemical and electrochemical doping of conjugated polymers are the 
most common types of doping. 
 
In photo-doping, the conjugated polymer is exposed to light with energy that is larger than the 
band gap. Electrons are thus excited from the filled valence band across the band gap to the 
empty conduction band. When the exposure of light is discontinued, the electrons and holes 
recombine either radiative or non-radiative. On the other hand, the electrons and holes can be 
separated resulting in photoconductivity if a voltage is applied during irradiation to light. This 
phenomenon is utilized in e.g. organic based solar cells[17]. 
 
Another type of doping is charge-injection doping, where electrons are injected into the empty 
valence band and holes are injected into the filled conduction band of the conjugated polymer 
from metallic contacts. For electron injection low work function metals are desirable while 
high work function metals are desirable for hole injection. Charge-injection is e.g. used in 
polymer light-emitting devices to create excitons that can recombine in the polymer layer[18]. 
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An important note is that photo-doping and charge-injection doping are not doping in the 
sense of chemical or electrochemical doping since there are no counter ions involved. When 
referring to doping in the upcoming sections of this thesis, doping is meant doping where 
counter ions are involved, i.e. either chemical or electrochemical doping. 
 
Since the discovery of conducting polymers 1977[1], many new conjugated polymers have 
been developed. One of the most popular and common families of conjugated polymers today 
is that of polythiophene. The polythiophenes show good environmental properties, good 
stability and excellent processing possibilities. If a ethylenedioxy-link is substituted between 
the 3- and 4-positions of the thiophene rings, poly(3, 4-ethylenedioxythiophene) (PEDOT) is 
achieved, see Figure 5, which show very good electrochemical properties. PEDOT can be 
synthesized in a number of different ways and the interested reader may consult the article by 
Groenendaal et al. [19] for further information on this subject. 
 

 
Figure 5. Molecular structure of PEDOT. 

 
The material used in this diploma work is referred to as PEDOT:PSS, see Figure 6, and is 
synthesized through oxidative chemical polymerization of the EDOT monomers in 
poly(styrene sulfonic acid) (PSS)[19]. The resulting system that consists of the p-doped 
conjugated polymer PEDOT with PSS as the counter ion that maintain charge neutrality is 
highly conducting (~10Scm-1), transparent, mechanically durable and insoluble[19]. Initially 
PEDOT:PSS was used as an antistatic coating in photographic films[19], but over the past few 
years the conducting transparent material has been utilized in several applications, e.g. in 
organic electrochemical devices[10, 11, 13, 14] and as hole injecting layer in organic light-emitting 
diodes (OLED’s)[20]. 
 

 
Figure 6. Molecular structure of PEDOT:PSS. 
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2.3 Charge carriers and charge transport 
When a conjugated polymer is oxidized, electrons are withdrawn from the π system of the 
polymer, creating a positively charged backbone of the polymer. To maintain charge 
neutrality counter ions has to be introduced. This doping process results in an ionic complex 
that contents the polymeric cation and its associated anionic counter ion. This ionic complex 
establishes the basis for p-type conduction in the conjugated polymer. If the positive charge 
on the polymer backbone would be delocalized over the entire backbone, it would be 
equivalent to the removal of an electron from the valence band. The valence band would then 
be partially filled and the resulting conductivity metallic-like. For the polymer chain to 
accommodate the positive charge better, the charge becomes localized over a small section of 
the chain instead of being delocalized over the entire backbone. This localization of the 
charge requires a local rearrangement of the bonding configuration in the vicinity of the 
charge. Besides the fact that the local lattice distortion is needed to support the localized 
charge, the generation of this distortion lowers the ionization energy and increases the 
electron affinity of the distorted chain. That results in that the distorted chain become more 
easily oxidized and better suited to accommodate the charges. 
 
For a conjugated polymer that is reduced, the addition of electrons to the π system of the 
polymer creates a negatively charged polymer backbone. As with oxidation, charge neutrality 
is maintained by counter ions. The resulting ion complex, which establishes the basis for n-
type conduction in the conjugated polymer, contents the polymeric anion and its associated 
cationic counter ion. As with the case of oxidation, the resulting charge on the polymer, i.e. a 
negative charge in the case of reduction, becomes localized over a small section of the chain 
and results in rearrangement of the bonding configuration in the vicinity of the charge. 
 
The specific types of charge carriers, or charged defects, formed during doping depend upon 
if the conjugated polymer has a degenerate or a non-degenerate ground state. A polymer that 
has a preferred order of bond configuration is said to have a non-degenerate ground state, see 
Figure 7. In such systems, the overall energy of the polymer depends on the order of bond 
configuration. The quinoid bonding configuration is a higher energy state compared to the 
aromatic bonding configuration. A polymer that has no preferred order of bond configuration 
is said to have a degenerate ground state, see Figure 8. The energy in such a system is equal 
for both configurations. 
 

a)  b)  
Figure 7. Aromatic (a) and quinoid (b) bonding configuration of a non-degenerate ground state polymer. 

 

  
Figure 8. Two phases with equal energy of a degenerate ground state polymer. 

 7



2.3.1 Non-degenerate ground state polymers 
When the conjugated polymer is oxidized, a positive charge is created on the polymer 
backbone as mentioned. The positive charge then becomes localized over a small section of 
the chain, which requires a rearrangement of the bonding configuration. The low energy 
aromatic bonding configuration in the vicinity of the charge is thus rearranged to the higher 
energy quinoid bonding configuration. The positive charge is thus localized over a small 
section in the vicinity of one of the transitions between the low energy aromatic and high 
energy quinoid bonding configurations. At the other transition, an electron is leaved unpaired, 
i.e. a free radical. A free radical can only reside between a high energy quinoid configuration 
and a low energy aromatic configuration. The positive charge and the free radical are coupled 
to each other via a sequence of quinoid rings. Although the energy of the quinoid 
configuration is higher than the aromatic configuration, the positive charge and the free 
radical stabilize the quinoid configuration locally due to the lower ionization potential and the 
higher electron affinity of the distorted configuration, i.e. the quinoid configuration. The 
number of quinoid rings linking the positive charge and the free radical together is limited by 
the amount of energy needed to separate them and to create the higher energy quinoid 
bonding configuration. The combination of a charge unit coupled to a free radical via a local 
distortion of the bonding configuration is viewed as one unit and is called a polaron. The 
resulting polaron can be positive (P+) or negative (P-), depending on if the polymer backbone 
has been oxidized or reduced. Formation of a polaron creates new localized states symmetric 
in the band gap. A polaron have single charge and half spin. 
 
Upon further oxidation, a second positive polaron can be created somewhere on the remaining 
neutral part of the polymer backbone. Alternatively, the already existing positive polaron can 
be further oxidized by removal of its free radical. This result in two positive charges, i.e. a di-
cation, coupled to each other via the local distortion of the bonding configuration, this 
combination is called a positive bipolaron (BP++). Bipolarons can be either positive or 
negative (BP--) depending on if the polymer backbone has been oxidized or reduced. The new 
localized states of the bipolaron are created symmetric in the band gap. Compared to the 
states created upon formation of polarons, those created by bipolarons are located further 
away from the band edges. Bipolarons are doubly charged and carries no spin. The formation 
of a bipolaron is more favorable than the formation of two isolated polarons as the ionization 
potential is further decreased when bipolarons are formed compared to when two isolated 
polarons are formed. For high doping levels it is possible for two polarons on the same chain 
to form a bipolaron, further doping is thus accompanied by the elimination of polarons and 
the emergence of new localized bipolaron states. At saturated doping levels, the discrete 
bipolaron states are so closely spaced that they can be considered as continuous bipolaron 
bands. The bipolaron states formed are created at the expense of the band edges, which leads 
to that the original band gap of the conjugated polymer is increased during this process. In 
Figure 9, the creation of a positive polaron and bipolaron is illustrated. 
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Oxidation of a neutral polymer 

 

 
A positive polaron 

 

 
A positive bipolaron 

Figure 9. Illustration of the creation of a positive polaron and bipolaron in PEDOT. 

2.3.2 Degenerate ground state polymers 
When a conjugated polymer with a degenerate ground state is doped, the situation is 
somewhat different. As with a polymer with non-degenerate ground state, the initial oxidation 
of a polymer with degenerate ground state results in the creation of a positive polaron. But 
when the polymer with degenerate ground state is further oxidized, i.e. when the free radical 
of the polaron is removed, two positive charges are created. These two charges are, in contrast 
with the situation in a polymer with non-degenerate ground state, not bound to each other via 
a higher energy bonding configuration. This is due to the fact that the energy is equal for both 
bonding configurations in a polymer with a degenerate ground state. For this reason, the two 
positive charges can separate freely along the chain. This results in charged defects forming 
domain walls that separate two phases of reversed bonding configuration that both have equal 
energy. The domain walls does not change the bond phase abrupt, the charge is instead 
delocalized over a couple of repeat units. Such defects that have different bonding 
configuration on each side are called solitons. Solitons that are created upon doping can be 
either positively (S+) or negatively (S-) charged, these charged solitons carries no spin. 
Neutral solitons (S0) can be created through bond alternation defects, which will cause the 
isolation of an unpaired electron. Since the polymer remains neutral in this case, neutral 
solitons has no charge but half spin. The formation of solitons results in new localized states 
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in the middle of the band gap. At high doping levels the charged solitons can interact with 
each other to form a soliton band. In Figure 10, the creation of positive solitons is illustrated. 
 

 
Oxidation of a neutral polymer 

 

 
A positive polaron 

 

 
A positive soliton pair 

Figure 10. Illustration of the creation of positive solitons in polyacetylene. 

2.3.3 Electrochromism 
The color of a conjugated polymer in its neutral state is determined by the band gap of the 
polymer. As discussed above, doping of conjugated polymers gives new localized states in the 
band gap. These states introduce optical absorptions at lower energies. As mentioned 
previously, see section Molecular structure, the band gap for most conjugated polymers tend 
to lie between 1.5-3eV. This means that these materials absorbs strongly in the ultraviolet and 
visible region. Upon doping, the conjugated polymers redshift its absorption and changes its 
color or become transparent. As with the reversible doping of conjugated polymers, the color 
changes associated with it is also a reversible process. The reversible color switching as a 
consequence of doping/de-doping; is referred to as electrochromism. Thus, doping does not 
only change the electronic properties, it also changes the optical properties of the conjugated 
polymer. PEDOT:PSS is transparent sky blue in its doped state while it is dark blue in its 
neutral state. 

2.3.4 Electronic charge transport 
Due to weak π overlap between neighboring polymer chains, the charge carriers tend to be 
delocalized on individual polymer chains. A charge carrier on a specific polymer chain is 
transported along that chain as a package that alters the positions of the single and double 
bonds as it moves along the backbone of the polymer as illustrated in Figure 11. Each 
polymer chain is however of finite length, so charge transport along a specific chain would 
not yield conduction through an entire polymer sample. 
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Figure 11. Transport of a bipolaron along a PEDOT chain. 

 
Instead, the charge carriers are transported between different chains through the sample. For 
most conjugated polymers, under conditions of intermediate conductivity and doping, the 
electronic charge transport mechanism can be described by variable range hopping, see Figure 
12. Here, the charge carriers are transported through tunneling, or hopping, between localized 
states located in the band gap of the conjugated polymer. Repeated tunneling, leads to the 
possibility of charge transport through the entire polymer sample. The energy required for 
tunneling between the localized states to occur, is coupled to the phonon energy, T>0K. The 
tunneling mechanism is thus phonon assisted, i.e. the charge carriers absorb phonon energy as 
they tunnel from a localized state to another localized state. The probability of tunneling 
between two localized states depends on the overlap of the wave functions, the physical 
distance and the energy difference between the initial and final state of the two localized 
states. If the phonon energy that the charge carriers absorb is increased, i.e. if the temperature 
is increased, the number of reachable localized states is increased. This is due to that charges 
can tunnel to localized states further away or to states of higher energy. The temperature 
dependence of the variable range hopping conductivity σ(T) is given by Equation 2[21] where 
σ0(T) is a temperature dependent pre-factor†, T0 a reference temperature‡ and d the dimension 
of hopping. 
 

( ) ( )
d

T
T

eTT
+








−

=
1

1

0

0σσ  

Equation 2. 

 
                                                 
† The temperature dependence of the pre-factor σ0(T) is often neglected compared to the stronger temperature 
dependence of the exponential term. 
‡ The reference temperature T0 is related to the density of localized states at the Fermi level and the localization 
length. 
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Figure 12. Illustration of variable range hopping. 

 
By increasing the doping level the number of available localized states is further increased, 
which will increase the conductivity. But for high doping levels, the variable range hopping 
model of the conductivity is not longer valid. For some highly doped conjugated polymers, 
temperature ranges has been found where the temperature dependence of the conductivity is 
changed to a metallic dependence, i.e. the conductivity decreases with increasing temperature. 
Highly doped polymers will however not substitute metals in conductors. It is almost never 
the case that conjugated polymers are homogenously and in fact, the most successful models 
that describe electronic charge transport in highly doped conjugated polymers are based on 
metallic grains or islands surrounded by a media with localized states in the band gap. This 
model based on heterogeneously disorder of highly doped conjugated polymers suggests that 
the charge transport mechanism within the metallic islands is band transport. The transport 
mechanism between and outside the metallic islands is suggested to be tunneling. The limiting 
factor of the charge transport mechanism through the polymer will thus be tunneling. The 
temperature dependence of the conductivity σ(T) in this model is expressed according to 
Equation 3[22] for small metallic islands (~nm), where σ0 and T0 are material constants, and 
according to Equation 4[23] for larger metallic islands (~µm), where T1 and T2 are material 
constants that depends on the width and height of the tunneling barrier. 
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2.3.5 Ion transport 
Reduction or oxidation, i.e. doping, of a conjugated polymer requires transport of ions from 
(or to) the electrolyte to maintain charge neutrality, as mentioned before. Conjugated 
polymers are mixed conductors with both electronic and ionic charge carriers. This feature is 
crucial for the operation of electrochemical devices where both electrons and ions function as 
charge carriers. The transport of ions in conjugated polymers requires free volume, i.e. space 
unoccupied by the polymer. This free volume will be found in between the polymer chains. 
For large ions, e.g. PSS-, it is difficult to find enough space to move through the free volume. 
Of this reason, the movement of ions by diffusion or field is strongly influenced by the 
geometry of the free volume. 
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3. Transistors 

3.1 Field-effect transistors 
The most common type of transistor is the field-effect transistor (FET). In a FET, the current 
through the transistor channel is controlled by an electric field applied perpendicular to the 
channel and the direction of the current. This feature allows for voltage-controlled 
amplification and switching between an on state to an off state and back. The controlled 
switching is particularly useful in digital circuits. The most common FET, particularly in 
digital integrated circuits, is the metal-oxide-semiconductor FET (MOSFET), but there also 
exists organic FET’s (OFET’s) entirely based on organic materials[9]. 
 
FET’s can be of either enhancement or depletion mode and having either an n- or p-channel. 
In contrast to an enhancement mode FET, a conducting channel exists under the oxide at zero 
gate voltage (VG) in a depletion mode FET. In Figure 13a, a schematic figure of a p-channel 
depletion mode FET is pictured. In such transistors, the conducting p-channel connects the p-
type source and p-type drain allowing a current to be generated in the channel. To turn the 
depletion mode p-channel FET off, a positive VG must be applied. The positive VG induces, 
via capacitive coupling between the gate electrode and the channel, a negative space-charge 
region under the oxide that reduces the thickness of the p-channel. That results in that the 
channel becomes depleted of charge carriers and that the channel conductance and source-to-
drain current (ISD) decreases. If instead a negative VG is applied, a hole accumulation layer is 
created via capacitive coupling between the gate electrode and the channel resulting in an 
increase of ISD. 
 

 
a) 

 
b) 

Figure 13. Schematic figure of a p-channel depletion mode FET (a) and typical IV-characteristics (b). 

 
In Figure 13b, typical source-to-drain current versus voltage characteristics (IV-
characteristics) are displayed. For small source-to-drain voltages (VSD), holes will flow from 
the source to the drain via the conducting p-channel. In this region, called the linear region, 
ISD increases linearly with increasing VSD. If VSD is increased further, VSDsat is reached where 
the thickness of the conducting channel is reduced to zero. That is called pinch-off of the 
channel. For even higher VSD, i.e. for VSD>VSDsat, ISD remains constant independent of VSD, 
this region is called the saturation region. The saturation current (ISDsat) is dependent on the 
channel width (W), the channel length (L) and the saturation voltage (VSDsat) according to 
Equation 5[24]. For further information about FET’s, the interested reader is referred to[24-26]. 
 

( ) 21,, SDsatSDsatSDsat VWLVLWI −α  

Equation 5. 
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3.2 Organic electrochemical transistors 
In this diploma work, all-organic electrochemical transistors based on PEDOT:PSS have been 
studied, focusing on the influence of the geometry on the transistor characteristics. These 
transistors have been invented in the Organic Electronics group at Linköping University 
together with Acreo AB[10]. 
 
In Figure 14, typical schematic layouts of a four-terminal transistor and a three-terminal 
transistor are displayed. Of the four terminals in a four-terminal transistor, the gate consists of 
two (G+ and G-). Perpendicular to the gate terminals, the drain (D) and source (S) terminals 
are realized§. The only difference in the transistor design between a four- and a three-terminal 
transistor is that one of the gate terminals, G-, on the four-terminal transistor is removed. The 
transistor channel is defined as the region between the drain and source terminals that has 
electrolyte on top of the PEDOT:PSS film. 
 

 
a) b) 

 
c) 

 
d) 

Figure 14. Schematic layouts of a four-terminal transistor (a) and a three-terminal transistor (b). Below, 
the cross-section between the source and drain that are covered with electrolyte, i.e. the channel, (c) and 
the cross-section between the gate electrode and the channel (d) are displayed.  

 
Important is that all terminals and the transistor channel are made of the same material in 
contrast to how inorganic transistors such as the MOSFET are made. In addition, all terminals 
and the channel are located in the same plane, i.e. lateral** design, which allows for utilizing 
standard printing techniques when fabricating the transistors. As the conductivity of the 
transistor channel is high with zero gate voltage, these transistors are “normally on” 
transistors. 

                                                 
§ Both the four- and three-terminal transistors are geometrical symmetric, meaning that the drain and source 
terminals are defined first when the transistor is biased; here are however the drain and source terminals 
displayed for transistors that are not biased. 
** Organic electrochemical transistors with vertical design have also been developed but have not been published 
yet. 
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The transistor action for the four- and three-terminal transistors, respectively, will be 
described with the help of two structures, structure 1 and structure 2. Structure 1 represents 
the region between the source and drain terminals that is covered with electrolyte, i.e. the 
transistor channel, see cross-section a in Figure 14. Structure 2 represents the gate electrode, 
the channel and the region between them; see cross-section b in Figure 14. 

3.2.1 Structure 1 
Structure 1 is composed of one piece of PEDOT:PSS with an electrolyte on top as shown in 
Figure 15. When a voltage is applied to the structure 1 device, a potential distribution along 
the electrode, i.e. the PEDOT:PSS piece, is formed. The electric field in the electrolyte is 
quickly shielded by the rearrangement of ions at the polymer-electrolyte interface resulting in 
zero electric field in the electrolyte bulk. The potential differences between the electrode and 
the electrolyte along the structure will result in electrochemistry. 
 

 
Figure 15. Schematic picture of structure 1. 

 
At the negatively biased side of the structure, reduction of the PEDOT will occur. To 
maintain charge neutrality, either cations have to migrate into the polymer film from the 
electrolyte or anions have to migrate out from the polymer film into the electrolyte. As 
discussed previously, ions must have free volume to be able to migrate into or out from the 
polymer film. The PSS- ions are too large to find enough free volume between the polymer 
chains, meaning that these ions not will be transported from the PEDOT:PSS film to the 
electrolyte. Instead, charge neutrality is maintained by migration of cations from the 
electrolyte. The electrolyte will thus be charged and to maintain charge neutrality in the 
electrolyte, further electrochemistry will occur somewhere along the structure. 
 
At the positively biased side of the structure, further oxidation of the PEDOT will occur. 
Upon oxidation, charge neutrality is maintained by either anions that migrate into the polymer 
film from the electrolyte or cations that migrate out from the polymer film into the electrolyte. 
When steady state is reached, no further electrochemistry will occur. A charge balance on the 
device as a whole shows that the oxidation and reduction of PEDOT must balance (assuming 
no other electrochemically active species are available). 
 
The structure 1 device creates a gradient in redox states along the PEDOT:PSS film, as 
illustrated by the color change in Figure 15. This means that the distribution of reduced or 
oxidized PEDOT along the transistor channel is determined by the behavior of structure 1[27]. 
In Figure 16, the electronic response for structure 1 is displayed. 
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Figure 16. Typical current versus voltage characteristics of structure 1. 

 
For small applied potentials, the relationship between the current flowing through the 
structure and the applied voltage is almost linear. When the applied voltage is increased, a 
voltage is reached where the current starts to saturate. Saturation of the current is primarily a 
result of the significant nonlinear decrease in the conductivity of the PEDOT as the 
concentration of reduced PEDOT becomes higher close to the negatively biased side of the 
electrode[27]. For higher applied voltages, the current remains constant independent of the 
applied voltage, i.e. structure 1 acts as a current generator. When the applied voltage is 
disconnected, the system goes back to its original stable state. 

3.2.2 Structure 2 
Structure 2 is composed of two separated pieces of PEDOT:PSS that are covered with an 
electrolyte that connects them, see Figure 17. This structure represents an electrochemical 
cell, in which the electrodes, i.e. the anode and cathode, are made of a polymer material that 
changes its conductivity as a consequence of reduction or oxidation. When a voltage is 
applied between the two electrodes, rearrangement of the ions in the electrolyte will occur. 
The anions (cations) will accumulate near the positively (negatively) biased electrode, i.e. the 
anode (cathode). The potential differences between the electrodes and the electrolyte result in 
electrochemistry. The electronic current will thus be converted into an ionic current that is 
transported between the electrodes via the electrolyte. 
 

 
Figure 17. Schematic representation of structure 2. 
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The cathode will become reduced and charge neutrality will be maintained by cations 
migrating from the electrolyte into the polymer film. To close the circuit, electrochemistry 
must occur at the anode too, resulting in further oxidation of the anode. Here, charge 
neutrality is maintained by either anions that migrate into the polymer film from the 
electrolyte or cations that migrate from the polymer film into the electrolyte. 
 
If the applied voltage is disconnected, the cathode and anode will remain in their redox states 
as a result of the non-closed circuitry of the electrolyte and PEDOT:PSS film[10]. That means 
that structure 2 shows bi-stability. This electrochemical cell is used for reversible switching of 
PEDOT between different redox states, i.e. between different doping levels. The electronic 
and optical properties of the PEDOT are thus controlled via electrochemical doping and de-
doping. In the electrochemical transistor, the total concentration of reduced PEDOT in the 
channel is determined by structure 2[27]. Electrochemical switching of PEDOT between a 
conducting (oxidized) and semiconducting (reduced) state is described via the half-reaction in 
Equation 6 where M+ denotes the cation of a salt M+A- and e- an electron. 
 

−+−+−+ +⇔++ PSSMPEDOTeMPSSPEDOT 0  
Equation 6. 

3.2.3 The four-terminal transistor 
In Figure 18, a schematic layout of a biased four-terminal transistor is presented. The voltage 
applied between the source and drain terminals (VSD) and the voltage applied between the 
gate terminals (VG), are applied with separate power sources. This results in that the potential 
at the positive gate, G+, always is VG V higher than the potential at the center of the channel. 
 

 
Figure 18. Schematic layout of a biased four-terminal transistor. 

 
Typical source-to-drain current (ISD) versus voltage (VSD) characteristics, IV-characteristics, 
are displayed in Figure 19. For a specific applied gate voltage VG, the transistor action is 
described by structure 1. For low applied VSD the relationship between ISD and VSD is almost 
linear, this region is referred to as the linear region. When VSD is increased, ISD starts to 
saturate and will thereafter remain constant independent of VSD. With VG, the conductivity of 
the transistor channel is modulated via electrochemical updating of the PEDOT according to 
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Equation 6, resulting in modulation of the slope of the linear region and the level of the 
saturation current. 
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Figure 19. Typical IV-characteristics of a four-terminal transistor;  denotes VG=0V,  VG=0.25V, 

 VG=0.50V,  VG=0.75V and  VG=1.0V. 

3.2.4 The three-terminal transistor 
A schematic layout of a three-terminal transistor is displayed in Figure 20. The gate voltage in 
the three-terminal transistors is biased with respect to the source terminal. That result in a 
somewhat different transistor action compared to the four-terminal transistors. 
 

 
Figure 20. Schematic layout of a biased three-terminal transistor. 

 
In Figure 21, typical IV-characteristics are displayed. In similarity to the four-terminal 
transistors, the conductivity of the transistor channel is modulated via the gate voltage 
according to Equation 6. The transistor action, when VSD is swept between different voltages 
will be described for two different cases (1-2). 
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Figure 21. Typical IV-characteristics of a three-terminal transistor;  denotes VG=0V,  VG=0.25V, 

 VG=0.50V,  VG=0.75V and  VG=1.0V. 

 
1. VG≥0V, VSD>0V (1st quadrant in Figure 21) 

The initial potential distribution, created by an applied VSD, along the transistor 
channel will result in oxidation (reduction) at the drain (source) side of the transistor 
channel. The resulting potential difference between the transistor channel and the gate 
electrode is dependent of the applied VSD. For low VSD, the potential in the gate 
electrode is higher compared to the potential in the channel. Thus, further reduction of 
the transistor channel and oxidation of the gate electrode will occur, resulting in a 
small increase of ISD. When VSD is increased, a voltage is reached where the potential 
in the gate electrode is lower compared to the potential in the transistor channel, 
resulting in oxidation of the channel and reduction of the gate. ISD will now increase 
with a higher rate when VSD is increased until over-oxidation occurs and the transistor 
becomes destroyed. 

 
2. VG≥0V, VSD<0V (3rd quadrant in Figure 21) 

The initial potential distribution created by an applied VSD along the transistor channel 
results in reduction (oxidation) at the drain (source) side. When VSD is increased, the 
transistor action will follow the behavior of structure 1. For low VSD, ISD increases 
almost linearly with VSD, this region is referred to as the linear region. When VSD is 
increased, ISD starts to saturate. For higher VSD, ISD remains constant independent of 
VSD. 
 
In addition, the potential at the gate electrode will always be higher than the potential 
in the channel, resulting in further reduction of the transistor channel and oxidation of 
the gate electrode as VSD is increased. That will result in saturation of ISD at lower VSD 
compared to the four-terminal transistor. The transistor action is thus determined by 
structure 1 and “supported” by structure 2. 
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4. Experimental 

4.1 Transistor design 
The goal of this diploma work is to study how the relative dimensions influence the 
characteristics of the all-organic electrochemical transistor. Both three- and four-terminal 
transistors are treated. The device function of both these types of transistors is described in 
subsections of the chapter Organic electrochemical transistors. The geometrical parameters 
that have been varied are the channel width (W), the channel length (L) and the ratio between 
the gate and channel area (AG/AC), see Figure 22. 
 

 
Figure 22. Definition of the channel width (W), channel length (L), gate area (AG) and channel area (AC). 

 
Each of these geometrical parameters has been varied one at a time with the remaining two 
kept constant according to Table 1. 
 

W 
(mm) 

L 
(mm) 

AG/AC 
(-) 

0.10 1.0 10 
0.25 1.0 10 
0.50 1.0 10 
0.75 1.0 10 
1.0 1.0 10 

a) 

W 
(mm) 

L 
(mm) 

AG/AC 
(-) 

1.0 0.10 10 
1.0 0.25 10 
1.0 0.50 10 
1.0 0.75 10 
1.0 1.0 10 

b) 

W 
(mm) 

L 
(mm) 

AG/AC 
(-) 

1.0 1.0 1.0 
1.0 1.0 10 
1.0 1.0 25 
1.0 1.0 36 
1.0 1.0 49 

c) 

Table 1. Variation of the geometrical parameters; a) channel width (W), b) channel length (L) and c) area 
ratio between the gate and channel (AG/AC). 

 
As variation of the channel width or channel length changes the channel area, the gate area 
has to be modified to fulfill that the ratio between the gate and channel area is kept constant. 
When the area ratio is varied, the channel width and channel length are kept constant, i.e. the 
channel area is constant. The variation in area ratio has thus been accomplished by variation 
of the gate area. The gate area is square shaped and the area was changed by equally changing 
the x- and y-dimensions. 
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4.2 Processing techniques 
The processing of the transistors has been performed in a clean room lab with a relative 
humidity of approximately 40%. As mentioned previously, the transistors that have been 
studied are based on PEDOT:PSS. In this diploma work, PEDOT:PSS coated onto a flexible 
polyester foil (OrgaconTM EL-350, AGFA) has been used. The thickness of the PEDOT:PSS 
film is 200nm and the sheet resistance is 350Ω/ [28]. 
 
To define the conducting parts of the transistor, i.e. the gate terminal(s), the source terminal, 
the drain terminal and the channel, a positive photoresist (1818, Shipley) was spincoated on 
top of the PEDOT:PSS film. Then, the photoresist was patterned by photolithography and 
developed using a developer (MF319, Shipley). Areas of the PEDOT:PSS film that, after 
development, was not covered with photoresist were etched using an O2-CF4 plasma. Then, 
the remaining photoresist was removed using a remover (1112A, Shipley). 
 
To be able to define where the electrolyte should be applied and where the electrical contacts 
to the gate terminal(s), the source terminal and the drain terminal should be connected, an 
additional insulating layer was patterned on top of the already patterned PEDOT:PSS film. 
The insulting layer was created by spincoating a negative photoresist (SU-8, Micro-Chem) on 
top of the patterned PEDOT:PSS film. The patterning of the SU-8 layer was performed 
through photolithography and developed using a SU-8 developer (XPSU-8, Micro-Chem). 
 
The masks used for the photolithographic patterning of the PEDOT:PSS film and the 
insulating SU-8 layer were designed in CorelDraw v.11. To ensure good electronic contact to 
the PEDOT:PSS film, silver was painted onto the electronic contact terminals defined by the 
openings in the SU-8 layer. 
 
Into the created opening that defines the electrolyte area in the SU-8, a polymer electrolyte 
was applied. The polymer electrolyte was in the form of a solution of 33wt.% poly(sodium 4-
styrenesulfonate) (MW 70 000, Aldrich), 8wt.% glycerol (87%, Merck), and 8wt.% D-
sorbitol (97%, Lancaster) in de-ionized water. After the electrolyte was applied, it was 
annealed at 60°C for 8min. The solidified electrolyte absorbs water from the environment. To 
secure that the humidity of the electrolyte had reached equilibrium with the environment 
before the measurements was started, each transistor, after annealing, was placed in the 
environment were they should be measured for at least 24h before the measurement was 
started. 

4.3 Measurement techniques 
As with the processing of the transistors, the electrical measurements have been performed in 
a clean room environment with a relative humidity of approximately 40%. The electrical 
measurements have been performed using two Keithley 2400 source meters together with a 
LabView-based control and measurement program. One of the source meters was used to 
apply the gate voltage (VG) while the other was used to apply the source-to-drain voltage 
(VSD) and measure the resulting source-to-drain current (ISD). 
 
For each transistor, five measurement sweeps have been performed. First, a sweep with 
VG=0V applied and then repeated sweeps for VG=0.25V, 0.50V, 0.75V and 1.0V respectively. 
Each sweep for the three-terminal transistors (four-terminal transistors) was started with a 
specific gate voltage VG applied. After 60s, VSD were swept between 0V and -1.0V (0V and 
4.0V) in steps of 10mV (20mV) between 0V and -0.25V (0V and 1.0V) and in steps of 30mV 
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(60mV) between -0.25V and -1.0V (1.0V and 4.0V). Each VSD was applied for 20s before ISD 
was measured and VSD changed. When VSD reached -1.0V (4.0V) and ISD had been measured, 
VG and VSD were set to 0V for 60s before VG was changed and the procedure was repeated. 
 
Measurement data collected during the current versus voltage measurements was saved as 
text-files (.txt) and displayed as source-to-drain current versus voltage graphs, IV-graphs, by 
the measurement program. When the electrical measurements were performed, the collected 
measurement data from each transistor were analyzed in Origin v.7. 
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5. Results and discussion 

5.1 Current versus voltage characteristics 
The steady-state source-to-drain current (ISD) at each step in source-to-drain voltage (VSD) 
were measured, recorded and coupled to the applied VSD as described previously, see section 
Measurement techniques. The voltage drop from each terminal to the transistor channel is 
dependent of the design of the transistor, as the resistance of a conductor is dependent of its 
geometry. Thus, the effective source-to-drain voltage (VSDeff) over the transistor channel is 
not equal at a specific applied VSD for transistors with different design, i.e. for transistors with 
different channel widths or channel lengths. To be able to compare transistors with different 
channel widths or channel lengths, the applied VSD was recalculated to VSDeff. In Figure 23, a 
schematic picture of the resistances between the source and drain terminal is displayed. 
 

 
Figure 23. Schematic representation of the loss resistances between the source and drain terminal. The 
effective source-to-drain voltage (VSDeff) is the voltage drop over the channel, i.e. resistance R. 

 
From Figure 23, Kirchoff’s voltage law can be applied, see Equation 7, and VSDeff can be 
calculated according to Equation 8 where Rloss is the loss resistance between the drain (source) 
terminal and the channel. 
 

0=−−− SDlossSDeffSDlossSD IRVIRV  

Equation 7. 

 
SDlossSDSDeff IRVV 2−=⇒  

Equation 8. 
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The total resistance between the source and drain terminals was measured, before electrolyte 
was applied, for each transistor. As the electrical contacts were defined by openings in the 
insulating SU-8 layer, good control of their positions relative to the channel was achieved. 
That made it possible to calculate the loss resistance from the measured total resistances. 
 
The loss resistance between the gate terminal and the gate is very small compared to the 
resistance between the gate and the channel, i.e. between the anode and cathode of structure 2. 
For this reason, the applied voltage to the gate terminal has not been recalculated. 
 
In Figure 24a, typical IV-characteristics are displayed for a three-terminal transistor†† where 
no compensation of loss resistance has been done. In Figure 24b, the applied VSD of the same 
transistor has been recalculated to VSDeff. Note that the maximum VSDeff differs between 
different applied gate voltages (VG). This is a result of the higher total voltage drop over the 
transistor channel when the gate voltage is increased, i.e. when the channel resistance is 
increased. 
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Figure 24. Typical IV-characteristics of a specific three-terminal transistor where a) no compensation of 
the loss resistance has been made and b) where compensation of the loss resistance has been made. Symbol 

 denotes VG=0V,  VG=0.25V,  VG=0.50V,  VG=0.75V and  VG=1.0V. 

The results obtained when the geometrical parameters were varied will be presented for 
specific transistor characteristics separately. In this diploma work, the linear region resistance 
and the saturation current have been focused. These specific transistor characteristics have 
been extracted from the IV-characteristics of each specific transistor. 

5.1.1 Linear region resistance 
When no electrolyte is applied to the transistors they will behave as ordinary conductors. The 
channel resistance (R) will thus be determined by Equation 9, where l denotes the channel 
length, σ the conductivity of the PEDOT in the PEDOT:PSS film, w the channel width and t 
the thickness of the PEDOT:PSS film (t=200nm). 
 
                                                 
†† The specific three-terminal transistor has the following geometrical parameters: W=0.10mm, L=1.0mm and 
AG/AC=10. 
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lR

σ
=  

Equation 9. 

 
By applying an electrolyte, the conductivity of the PEDOT in the transistor channel can be 
modulated via VG as described previously, see Equation 6. At low VSD for a specific VG the 
relationship between VSD and ISD is almost linear. In this region, called the linear region, the 
relationship between ISD and VSD for a specific VG can be described as a straight line with 
slope G, see Equation 10. 
 

SDSD GVI =  

Equation 10. 

 
From Equation 10, it is straightforward to determine the slope G by taking the derivative of 
ISD with respect to VSD. Next, if inverting G, the linear region resistance R will be obtained. 
This method has been used to determine the linear region resistance. 

5.1.2 Saturation current 
When VSD for a specific VG is increased further, a voltage is reached where ISD starts to 
saturate, as discussed previously. After saturation has occurred, ISD remains constant 
independent of VSD. This constant current is defined as the saturation current ISDsat. When 
ISDsat was extracted, the saturation current density JSDsat was calculated according to Equation 
11, where A denotes the cross-sectional area of the transistor channel; i.e. the product of the 
channel width w, see Table 1, and the thickness t of the PEDOT:PSS film (t=200nm). 
 

A
I

J SDsat
SDsat =  

Equation 11. 

5.1.3 Three-terminal transistors compared to four-terminal transistors 
As described previously in section Organic electrochemical transistors, the transistor action of 
three- and four-terminal transistors differ somewhat. For that reason, results regarding three- 
and four-terminal transistors will not be compared. However, some similarities and 
differences between their characteristics will be pointed out. In Figure 25, typical IV-
characteristics for a three- and four-terminal transistor are displayed. The layout and the 
dimensions of the two transistors are equal‡‡ except for the extra gate terminal located on the 
four-terminal transistor. 
 

                                                 
‡‡ The two transistors has the following geometrical parameters: W=0.50mm, L=1.0mm and AG/AC=10. 
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Figure 25. Typical IV-characteristics for three- ( ) and four-terminal transistors ( ) at specific gate 
voltages; VG=0V (top), VG=0.25V (middle) and VG=0.50V (bottom). 

As can be seen in Figure 25, the linear region resistance for a specific VG appears to be equal 
for both three- and four-terminal transistors with equal geometry. But, the level of the 
saturation current and the saturation voltage are however significantly lower for the three-
terminal transistors compared to the four-terminal transistors. That is a result of that VG is 
biased with respect to the source terminal in the three-terminal transistors. That means that the 
transistor action (structure 1) will be supported by the gate electrode (structure 2) causing 
saturation at lower current levels and voltages, as described for the three-terminal transistors. 
 
In recent work by Svensson et al. regarding the four-terminal transistors, it has been shown 
that the IV-characteristics are identical when no gate voltage or VG=0V is applied. The IV-
curve of the four-terminal transistor at VG=0V in Figure 25, can thus be assumed to equal the 
IV-curve when no gate voltage is applied. That assumed IV-curve, when no gate voltage is 
applied to the four-terminal transistor, should be identical to the IV-curve of the three-
terminal transistor when no gate voltage is applied. That means that the level of the saturation 
current and the saturation voltage for three-terminal transistors are strongly dependent of if 
the gate is biased or not. Again, this is a result of that VG is referred to the source terminal in 
the three-terminal transistors. 

5.2 Ratio between the gate and channel area 
In the experiments performed regarding the area ratio between the gate and channel (AG/AC); 
the channel length (L) and channel width (W) were kept constant when the area ratio was 
varied, see Table 2. The variations in area ratio were achieved by variations of the square 
formed gate area. For each variation in area ratio, five transistors with equal area ratio were 
processed§§. For both the three- and four-terminal transistors, measurements were performed 
with the goal to achieve measurement results for three functional transistors with equal area 
ratio. That goal was fulfilled for the three-terminal transistors but not for the four-terminal 
transistors, as can be seen in Table 2. 
 

                                                 
§§ Of these five transistors, only three was processed successfully in the clean room. 
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AG/AC 

(-) 
L 

(mm) 
W 

(mm) 
Number of three- 

terminal transistors
Number of four- 

terminal transistors 
1.0 1.0 1.0 3 2 
10 1.0 1.0 3 3 
25 1.0 1.0 3 1 
36 1.0 1.0 3 2 
49 1.0 1.0 3 1 

Table 2. Variation of the area ratio between the gate and channel and the number of transistors that was 
functional for different area ratios. 

In the upcoming graphs, the mean value ( , , ,  and  in the graphs) of the specific 
characteristic is displayed together with its min and max values ( , , ,  and  in the 
graphs). 

5.2.1 Three-terminal transistors 
Before the electrolyte was applied to the transistors, the channel resistance was measured. In 
Figure 26a, the measured channel resistance before the electrolyte was applied is displayed 
together with the linear region resistance versus area ratio for specific applied gate voltages. 
The linear region resistance versus applied gate voltage for different area ratios is displayed in 
Figure 26b. At VG=1.0V, few measurement points from the linear region were obtained due to 
almost immediately saturation of ISD. That resulted in that no values of the linear region 
resistance could be determined at VG=1.0V. 
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Figure 26. Semi-logarithmic plot of the linear region resistance versus a) area ratio between the gate and 
channel at specific applied gate voltages and b) applied gate voltage for different area ratios between the 
gate and channel. 

a)  VG=0V,  VG=0.25V,  VG=0.50V,  VG=0.75V and  measured channel resistance with 
no electrolyte applied. 

b)  AG/AC=1.0,  AG/AC=10,  AG/AC=25,  AG/AC=36 and  AG/AC=49. 

Since only the gate area was changed when the area ratio was varied, the measured channel 
resistance before the electrolyte was applied should be constant, see Equation 9. As can be 
seen in Figure 26, the measured constant channel resistance before the electrolyte was applied 
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appears to follow the linear region resistance when electrolyte and VG=0V are applied. That 
indicates that the electrochemistry that occurs between the gate electrode and the channel in 
the linear region not result in a significant change of the channel resistance. 
 
As can be seen in Figure 26, the linear region resistance is dependent of the area ratio for 
applied gate voltages 0V<VG≤0.75V. The level to which the transistor channel is reduced at a 
specific applied gate voltage 0V<VG≤0.75V is thus dependent on the gate area. Largest 
deviation in linear region resistance when the area ratio is changed from 1.0 to 49, a factor 80, 
is observed at VG=0.75V. If there exist enough states in the transistor channel that can be 
reduced probably an even larger deviation of the linear region resistance between those area 
ratios would be observed at VG=1.0V. 
 
At VG=0.25V, the linear region resistance increases when the area ratio is changed from 1.0 
to10. When the area ratio is further increased, the linear region resistance remains constant. 
When the gate voltage is increased to 0.50V and when the area ratio is increased from 1.0 to 
25, the linear region resistance increases along with area ratio. For higher area ratios, the 
linear region resistance remains constant. With VG=0.75V applied, the linear region resistance 
increases with increasing area ratio between 1.0≤AG/AC≤49. The most significant increase of 
the linear region resistance is observed when the area ratio is changed from 1.0 to 25. 
 
These results indicate that the linear region resistance, i.e. the doping level of the PEDOT in 
the transistor channel, is strongly influenced by the gate area. At VG=0.25V (VG=0.50V) for 
AG/AC<10 (AG/AC<25)***, the gate electrode probably becomes fully oxidized and limits the 
extent of reduction of the PEDOT in the transistor channel, resulting in different doping 
levels. This is probably a result of the highly doped (oxidized) initial state of PEDOT in 
OrgaconTM. 
 
As the dimensions of the transistor channel were kept constant when the area ratio was varied, 
see Table 2, the cross-sectional area of the transistor channel, i.e. the product of the channel 
width (w=1.0mm) and the thickness of the PEDOT:PSS film (t=200nm), remained constant 
when the area ratio was changed. The saturation current and the saturation current density will 
thus show the same dependence of the area ratio according to Equation 11. The saturation 
current density is displayed in Figure 27a for different area ratios at specific applied gate 
voltages and in b) versus applied gate voltage at specific area ratios. 
 

                                                 
*** At VG=0.75V, the gate area is limiting the extent of reduction of the PEDOT in the transistor channel at all 
area ratios between 1.0 and 49. 
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Figure 27. Semi-logarithmic plot of the saturation current density as a) a function of area ratio between 
the gate and channel at specific applied gate voltages and b) as a function of applied gate voltage for 
different area ratios between the gate and channel. 

a)  VG=0V,  VG=0.25V,  VG=0.50V,  VG=0.75V and  VG=1.0V.  

b)  AG/AC=1.0,  AG/AC=10,  AG/AC=25,  AG/AC=36 and  AG/AC=49. 

At VG=0V, the saturation current density decreases when the area ratio is increased from 1.0 
to 10. For higher area ratios, the saturation current density remains almost constant. When the 
gate voltage is increased to 0.25V (or 0.50V) and the area ratio is increased from 1.0 to 25, 
the saturation current density decreases with increasing area ratio and remains almost constant 
when the area ratio is increased further. For VG=0.75V applied, the saturation current density 
decreases with increasing area ratio, the decrease in saturation current density is however 
most sensitive for changes in the area ratio between 1.0 and 25. At VG=1.0V on the other 
hand, the saturation current density decreases and reaches a constant level already when the 
area ratio is changed from 1.0 to 10. That indicates that there are two different dependences of 
the saturation current density that are observed when the area ratio is varied. 
 
First, when increasing the gate voltage a specific area ratio might be reached where the 
saturation current density remains constant when the area ratio is increased further. For area 
ratios lower than this specific area ratio, the saturation current density appears to be limited by 
the gate area. Again, this is probably a result of that the gate becomes fully oxidized and 
limits the extent of reduction of the PEDOT in the transistor channel, resulting in a high 
saturation current density. This is probably a result of the highly doped (oxidized) initial state 
of PEDOT in OrgaconTM. Note that this limiting effect on the saturation current density is 
observed already at VG=0V. That means that the supporting reduction of the transistor 
channel, caused by structure 2, results in that the gate area limits the level of the saturation 
current density already at VG=0V for AG/AC=1.0. 
 
Secondly, when VG=1.0V is applied and AG/AC≥10, the saturation current density remains 
constant. By studying the behavior of the saturation current density at applied gate voltages 
lower than 1.0V in Figure 27, some conclusions about the saturation current density in this 
case can be drawn. If assuming that there exist enough states in the transistor channel that can 
be reduced at VG=1.0V, one should expect that the saturation current density at VG=1.0V for 
AG/AC≥10 follows the trends of the saturation current density at lower gate voltages. This is 
however not the case! The limiting effect is probably not caused by that the gate becomes 
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fully oxidized and limits the extent of reduction in the transistor channel. In such a case, the 
level of the saturation current density for AG/AC=10 and AG/AC≥25 should not be equal. 
Instead, probably a limit has been reached where the PEDOT in the transistor channel cannot 
be further reduced. 
 
Full reduction of the PEDOT is however not limiting the current (density) through the 
channel. Full reduction should imply neutral PEDOT and PEDOT in its neutral state will 
spontaneously be re-doped in an ambient atmosphere as the neutral state of PEDOT is not 
stable[29], i.e. fully reduced PEDOT can not be obtained in an ambient atmosphere. Maybe, 
the effect instead is caused by that the PEDOT in the transistor channel becomes reduced to a 
limit where continuous uncontrolled re-doping of the PEDOT holds the doping level constant. 
The environment in which the experiments have been performed could in such a case have 
caused this re-oxidation of the PEDOT. On the other hand, at low doping levels the 
conductance of the electrolyte and the conjugated polymer may be in the same range[29]. If 
that would be the case and the ionic current would be dominant, not much can be said about 
the electronic current†††. 
 
The on/off ratio has been defined as the ratio between the saturation current at VG=0V (on) 
and VG=1.0V (off) for a specific transistor. As can be seen in Equation 12, the on/off ratio 
equals the ratio between the saturation current density at VG=0V (on) and VG=1.0V (off). 
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Equation 12. 

 
In Figure 28, the on/off ratio versus area ratio is displayed together with the ratio between the 
saturation current (density) at VG=0V (on) and VG=0.75V. 
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Figure 28. Semi-logarithmic plot of the on/off ratio ( ) and the ratio between the saturation current 
(density) at VG=0V and VG=0.75V ( ) for different area ratios between the gate and channel. 

The on/off ratio increases drastically, a factor 80, when the area ratio is changed from 1.0 to 
10 and remains essentially constant when the area ratio is increased further. This behavior 

                                                 
††† The measured current consists of both an electronic and ionic part. 
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does mainly depend on the limitation observed regarding the saturation current at VG=1.0V 
for AG/AC≥10, i.e. the second effect discussed previously. The ratio between the saturation 
current (density) at VG=0V and VG=0.75V, on the other hand, increases with increasing area 
ratio. This is a result of that the gate area is limiting the saturation current (density) more 
significantly at VG=0.75V compared with VG=0V (on), i.e. the first effect discussed 
previously. 

5.2.2 Four-terminal transistors 
As can be seen in Table 2, the number of functional four-terminal transistors for some specific 
area ratios is low. That result in poor, or none, statistics for the transistors with those area 
ratios. In addition, the deviation of some specific mean values, i.e. the min-max deviation, is 
large. Despite these facts, most of the trends observed for the three-terminal transistors are 
observed for the four-terminal transistors too. Here, only some of them will be highlighted 
and discussed shortly. 
 
The saturation current density as a function of area ratios at VG=0.50V, VG=0.75V and 
VG=1.0V are displayed in Figure 29. 
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Figure 29. Semi-logarithmic plot of the saturation current density versus area ratio between the gate and 
channel at specific gate voltages;  VG=0.50V,  VG=0.75V and  VG=1.0V. 

As for the three-terminal transistors, two different types of dependence on the saturation 
current density are observed when the area ratio is varied for the four-terminal transistors. 
First, as discussed for the three-terminal transistors, the gate area probably limits the 
saturation current density for area ratios that not show a constant response to the saturation 
current density at a specific VG. Secondly, at VG=1.0V and AG/AC≥10, the saturation current 
density remains constant. This is probably, as discussed for the three-terminal transistors, 
caused by that a limit has been reached where the PEDOT in the transistor channel cannot be 
reduced further. An important and interesting note is that the constant level of the saturation 
current density observed here equals the observed constant level of the saturation current 
density for the three-terminal transistors at VG=1.0V for AG/AC≥10. 
 
In Figure 30, the on/off ratio for different area ratios is presented together with the ratio 
between the saturation current at VG=0V (on) and VG=0.75V. 
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Figure 30. Semi-logarithmic plot of the on/off ratio ( ) versus the area ratio together with the ratio 
between the saturation current (density) at VG=0V and VG=0.75V ( ). 

When the area ratio is increased from 1.0 to 10, the on/off ratio increases drastically as for the 
three-terminal transistors. When the area ratio is increased further, the on/off ratio remains 
almost “constant”. This behavior is mainly dependent on the limitation observed for the 
saturation current at VG=1.0V for AG/AC≥10. The ratio between the saturation current 
(density) at VG=0V and VG=0.75V also increases with increasing area ratio in a similar 
manner as the three-terminal transistors. As for the three-terminal transistors, this is a result of 
that the gate area is limiting the saturation current (density) more extensively at VG=0.75V 
compared with VG=0V. If comparing the on/off ratios between the three- and four-terminal 
transistors, it is observed that a factor ~3.5-4 higher maximum on/off ratio is obtained for the 
four-terminal transistors. Since the saturation current at VG=1.0V for AG/AC≥10 is constant 
independent of if the transistor is of three- or four-terminal type, the lower saturation current 
of the three-terminal transistors at VG=0V lowers their on/off ratio. 
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5.3 Channel width 
When the channel width (W) was varied; the channel length (L) and the area ratio between the 
gate and channel (AG/AC) were kept constant, see Table 3. The transistor channel has been 
changed between narrow and long (W=0.10mm, L=1.0mm) and square (W=L=1.0mm) 
geometry. For each specific channel width, see Table 3, five equal transistors were processed. 
For both the three- and four-terminal transistors, the measurements were performed with the 
goal to achieve measurement results for three functional transistors with equal channel width. 
Except for the four-terminal transistors with channel width W=0.75mm‡‡‡, that goal was 
fulfilled as can be seen in Table 3. 
 

W 
(mm) 

L 
(mm) 

AG/AC 
(-) 

Number of three- 
terminal transistors

Number of four- 
terminal transistors 

0.10 1.0 10 3 3 
0.25 1.0 10 3 3 
0.50 1.0 10 3 3 
0.75 1.0 10 3 0 
1.0 1.0 10 3 3 

Table 3. Variation of the channel width and the number of transistors that was functional for different 
channel widths. 

In the upcoming graphs, the mean value ( , , ,  and  in the graphs) of the specific 
characteristic is displayed together with its min and max values ( , , ,  and  in the 
graphs). 

5.3.1 Three-terminal transistors 
The measured channel resistance before the electrolyte was applied is presented in Figure 31 
versus channel width, together with the linear region resistance when electrolyte and VG=0V 
are applied. 
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Figure 31. Measured channel resistance with no electrolyte applied ( ) and the linear region resistance at 
VG=0V ( ) for different channel widths. Symbol  denotes a curve fit (W-1) of the measured channel 
resistance with no electrolyte applied and  a curve fit (W-1) of the linear region resistance at VG=0V. 

                                                 
‡‡‡ All five processed four-terminal transistors with channel width W=0.75mm was short-circuited, with PEDOT 
that was not etched, between the gate terminal and transistor channel. 
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With no electrolyte applied, the transistor should behave as an ordinary conductor with its 
resistance proportional to W-1 according to Equation 9. That is also confirmed by the W-1 
curve fit displayed in Figure 31. When electrolyte and VG=0V are applied, the linear region 
resistance appear to show the same dependence. There are however a small deviation between 
the measured channel resistance before the electrolyte was applied and the linear region 
resistance when electrolyte and VG=0V are applied. That deviation could be a result of the 
electrochemistry that occurs between the gate electrode and the channel when electrolyte and 
VG=0V are applied. Nevertheless, the total increase in channel resistance caused by 
electrochemistry between the gate electrode and the channel is small in the linear region at 
VG=0V. 
 
The linear region resistance is displayed in Figure 32a for different channel widths at specific 
applied gate voltages and in b) for different applied gate voltages at specific channel widths. 
Few measurement points from the linear region was obtained at VG=1.0V due to almost 
immediately saturation of ISD. That resulted in that no values of the linear region resistance 
could be determined at VG=1.0V. 
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Figure 32. Semi-logarithmic plot of the linear region resistance versus a) channel width at specific applied 
gate voltages and b) versus applied gate voltage for different channel widths. 

a)  VG=0V,  VG=0.25V,  VG=0.50V,  VG=0.75V and  curve fit of the linear region 
resistance versus channel width (W-1) at VG=0.75V. 

b)  W=0.10mm,  W=0.25mm,  W=0.50mm,  W=0.75mm and  W=1.0mm. 

When the gate voltage is increased for a transistor with specific channel width, the channel 
conductivity decreases resulting in an increase of the channel resistance. As with the linear 
region resistance at VG=0V, the linear region resistance at a specific VG≤0.75V appear to 
depend on the channel width as W-1, see curve fit for VG=0.75V in Figure 32a. The resulting 
increase in linear region resistance for a transistor with specific channel width when the 
applied gate voltage is increased is non-linear. But, at any specific VG≤0.75V, the linear 
region resistance is approximately a factor 8 higher for a transistor with narrow and long 
(W=0.10mm, L=1.0mm) channel compared to a transistor with square (W=L=1.0mm) 
channel. These results indicate that for transistors with L=1.0mm at specific applied 
VG≤0.75V, the linear region resistance changes in the same manner for all focused channel 
widths and gate voltages, i.e. conductivities. 
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In Figure 33, the saturation current is displayed for a) different channel widths at specific 
applied gate voltages and b) different applied gate voltages at specific channel widths. 
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Figure 33. Semi-logarithmic plot of the saturation current for a) different channel widths at specific 
applied gate voltages and b) for different applied gate voltages at specific channel widths. 

a)  VG=0V,  VG=0.25V,  VG=0.50V,  VG=0.75V and  VG=1.0V. 

b)  W=0.10mm,  W=0.25mm,  W=0.50mm,  W=0.75mm and  W=1.0mm. 

For VG≤0.75V the saturation current increases with increasing channel width. When the 
channel width is changed from 0.10mm to 1.0mm, i.e. when the transistor channel is changed 
from narrow and long (W=0.10mm, L=1.0mm) to square (W=L=1.0mm), the saturation 
current increases a factor of approximately 6.5 independent of applied VG≤0.75V. That 
indicates that no specific effects for any channel width or VG≤0.75V are observed regarding 
the saturation current. 
 
On the other hand, when the gate voltage is increased to 1.0V the previously channel width 
dependent level of the saturation current remains constant (ISDsat~140nA) when the channel 
width is changed, i.e. the saturation current does not depend on the channel width at 
VG=1.0V. An important note is that the constant saturation current observed here, 
approximately equals the constant saturation current (ISDsat~145nA) observed for AG/AC≥10 at 
VG=1.0V when the area ratio between the gate and channel was varied. When the channel 
width was varied, AG/AC=10 was used, see Table 3. That indicates that the limitation of the 
saturation current observed here, when the channel width was varied, most probably is a result 
of the same effect that limited the saturation current at VG=1.0V for AG/AC≥10. That effect is 
probably a result of that the PEDOT in the transistor channel reaches a limit, for AG/AC≥10 at 
VG=1.0V, where it can not be reduced further, see the discussion regarding the saturation 
current density when the area ratio between the gate and channel was varied. 
 
When the channel width is changed, the cross-sectional area of the transistor channel, i.e. the 
product of the channel width (w) and the thickness of the PEDOT:PSS film (t=200nm), is 
changed also. That result in that the saturation current and the saturation current density not 
will show the same dependence for variations in the channel width, see Equation 11. The 
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saturation current density is presented in Figure 34a versus channel width at specific applied 
gate voltages and in b) versus applied gate voltage for specific channel widths. 
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Figure 34. Semi-logarithmic plot of the saturation current density versus a) channel width at specific 
applied gate voltages and b) versus applied gate voltage for different channel widths. 

a)  VG=0V,  VG=0.25V,  VG=0.50V,  VG=0.75V and  VG=1.0V. 

b)  W=0.10mm,  W=0.25mm,  W=0.50mm,  W=0.75mm and  W=1.0mm. 

For W≥0.50mm the saturation current density at any specific gate voltage is almost constant, 
which means that the saturation current increases linearly with increasing channel width for 
W≥0.50mm. For shorter channel widths on the other hand, the saturation current density 
decreases with increasing channel width. When the channel width is changed from 
W=0.10mm to W=1.0mm, i.e. when the transistor channel is changed from narrow and long 
(W=0.10mm, L=1.0mm) to square (W=L=1.0mm), largest decrease (a factor of 10) in 
saturation current density is obtained at VG=1.0V. That results in that transistors with square 
(W=L=1.0mm) channels exhibit a stronger modulation of the saturation current density than 
transistors with narrow and long (W=0.10mm, L=1.0mm) channels. 
 
In Figure 35 the on/off ratio, defined as the ratio between the saturation current (density) at 
VG=0V (on) and VG=1.0V (off) for a specific transistor, is displayed for different channel 
widths. 
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Figure 35. Semi-logarithmic plot of the on/off ratio as a function of channel width. 

As can be seen, the on/off ratio increases with increasing channel width in a similar manner as 
the on (VG=0V) saturation current. That is a result of that the off (VG=1.0V) saturation current 
remains constant when the channel width is changed. When the channel width is changed 
from W=0.10mm to W=1.0mm, i.e. when the transistor channel is changed from narrow and 
long (W=0.10mm, L=1.0mm) to square (W=L=1.0mm), a factor 6 higher on/off ratio is 
obtained. 

5.3.2 Four-terminal transistors 
Although measurement results is lacking for the four-terminal transistors with channel width 
W=0.75mm, see Table 3, clear trends very similar to the ones for the three-terminal 
transistors are observed. 
 
In Figure 36, the saturation current as a function of applied gate voltage for different channel 
widths is displayed. 
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Figure 36. Semi-logarithmic plot of the saturation current as a function of applied gate voltage;  
W=0.10mm,  W=0.25mm,  W=0.50mm and  W=1.0mm. 

Note that the saturation current remains constant (ISDsat~150nA) independent of the channel 
width at VG=1.0V. Such a constant level of the saturation current (ISDsat~140nA) was also 
observed for the three-terminal transistors at VG=1.0V when the channel width was varied. 
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That indicates that the saturation current is limited by the same effect for both the three- and 
four-terminal transistors at VG=1.0V. 
 
The on/off ratio, defined as the ratio between the saturation current at VG=0V (on) and 
VG=1.0V (off) for a specific transistor, is displayed in Figure 37 for different channel widths. 
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Figure 37. Semi-logarithmic plot of the on/off ratio for different channel widths. 

The on/off ratio increases in a similar manner as the on/off ratio for the three-terminal 
transistors when the channel width is increased. However, the on/off ratio for a specific 
channel width is approximately a factor 4 higher for a four-terminal transistor compared with 
a three-terminal transistor. That is a result of that the on saturation current is approximately a 
factor 4 larger for the four-terminal transistors while the off saturation current is equal for 
both types of transistors. 
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5.4 Channel length 
In the experiments performed when the channel length (L) was varied; the channel width (W) 
and the area ratio between the gate and channel (AG/AC) was held constant, see Table 4. The 
transistor channel has been varied between short and wide (L=0.10mm, W=1.0mm) and 
square (L=W=1.0mm) geometry. For each variation in channel length, five equal transistors 
were processed. Measurements were performed, for both the three- and four-terminal 
transistors, with the goal to achieve measurement results for three functional transistors with 
equal channel length. As can be seen in Table 4, that goal was fulfilled for the three-terminal 
transistors but not for the four-terminal transistors. 
 

L 
(mm) 

W 
(mm) 

AG/AC 
(-) 

Number of three- 
terminal transistors

Number of four- 
terminal transistors 

0.10 1.0 10 3 0 
0.25 1.0 10 3 3 
0.50 1.0 10 3 2 
0.75 1.0 10 3 1 
1.0 1.0 10 3 3 

Table 4. Variation of the channel length and the number of transistors that was functional for different 
channel lengths. 

In the upcoming graphs, the mean value ( , , ,  and  in the graphs) of the specific 
characteristic is displayed together with its min and max values ( , , ,  and  in the 
graphs). 

5.4.1 Three-terminal transistors 
In Figure 38, the measured channel resistance before the electrolyte was applied is displayed 
versus channel length together with the linear region resistance when electrolyte and VG=0V 
are applied. 
 

0,00 0,25 0,50 0,75 1,00
0

250

500

750

R
es

is
ta

nc
e 

(Ω
)

Channel Length L (mm)

 
Figure 38. Measured channel resistance with no electrolyte applied ( ) and linear region resistance at 
VG=0V ( ) for different channel lengths. Symbol  denotes a linear curve fit of the measured channel 
resistance with no electrolyte applied and  a linear curve fit of the linear region resistance at VG=0V. 

With no electrolyte applied, the channel resistance should be proportional to the channel 
length according to Equation 9. This linear relationship is also confirmed by the linear curve 
fit in Figure 38. When electrolyte and VG=0V are applied, the liner region resistance appear to 
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follow a linear dependence of the channel length. The deviation observed between the 
measured channel resistance when no electrolyte was applied and the linear region resistance 
when electrolyte and VG=0V was applied, could be a result of the electrochemistry that occurs 
between the gate electrode and the channel when VG=0V are applied. 
 
In Figure 39, the linear region resistance is presented for a) different channel lengths at 
specific applied gate voltages and b) versus applied gate voltage for specific channel lengths. 
For transistors with L=1.0mm at VG=1.0V, few measurement points from the linear region 
was obtained due to almost immediately saturation of ISD. That resulted in that no values of 
the linear region resistance could be determined for those transistors. 
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Figure 39. Semi-logarithmic plot of the linear region resistance versus a) channel length at specific applied 
gate voltages and b) versus applied gate voltage for different channel lengths. 

a)  VG=0V,  VG=0.25V,  VG=0.50V,  VG=0.75V and  VG=1.0V. 

b)  L=0.10mm,  L=0.25mm,  L=0.50mm,  L=0.75mm and  L=1.0mm. 

As with the linear region resistance at VG=0V, linear curve fits (not shown) of the linear 
region resistance indicates that the linear region resistance is linearly dependent of the channel 
length for VG≤0.50V. For a transistor with specific channel length, the linear region resistance 
increases non-linear when the applied gate voltage is increased. When the channel length is 
changed from 0.10mm to 1.0mm, i.e. when the transistor channel is changed from short and 
wide (L=0.10mm, W=1.0mm) to square (L=W=1.0mm), a factor 8 higher linear region 
resistance is obtained at any applied VG≤0.50V. For higher applied gate voltages, the linear 
region resistance increases non-linear with increasing channel length, resulting in that the 
change in linear region resistance between L=0.10mm and L=1.0mm increases with 
increasing gate voltage for specific VG≥0.75V. That could be a result of the electrochemistry 
that occurs between the gate electrode and the channel. 
 
When the channel length was varied, the channel width was kept constant, see Table 4. That 
resulted in that the cross-sectional area of the transistor channel was constant when the 
channel length was varied. Thus, the saturation current and the saturation current density will 
show the same dependence of variations in channel length according to Equation 11. The 
saturation current density is displayed in Figure 40a versus channel length at specific applied 
gate voltages and in b) versus applied gate voltage for specific channel lengths. 
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Figure 40. Semi-logarithmic plot of the saturation current density as a) a function of channel length at 
specific applied gate voltages and b) as a function of applied gate voltage at specific channel lengths. 

a)  VG=0V,  VG=0.25V,  VG=0.50V,  VG=0.75V and  VG=1.0V. 

b)  L=0.10mm,  L=0.25mm,  L=0.50mm,  L=0.75mm and  L=1.0mm. 

When the channel length is increased, the saturation current density decreases at any focused 
gate voltage. At VG=0V, the saturation current density decreases a factor of 2.5, at VG=0.75V 
a factor of 25 and at VG=1.0V a factor of 120 when the channel length is changed from 
0.10mm to 1.0mm. That results in that stronger modulation of the saturation current density is 
obtained when the channel length is changed from 0.10mm to 1.0mm, i.e. when the transistor 
channel is changed from short and wide (L=0.10mm, W=1.0mm) to square (L=W=1.0mm). 
The impact on the saturation current density for a specific applied gate voltage when the 
transistor channel is changed from short and wide (L=0.10mm, W=1.0mm) to square 
(L=W=1.0mm) is larger compared to when the transistor channel is changed from narrow and 
long (W=0.10mm, L=1.0mm) to square (W=L=1.0mm). Note that the influence on the 
saturation current density when the channel length is changed from 0.10mm to 1.0mm for 
VG=0.75V, a decrease by a factor of 25, is larger compared to when the channel width is 
changed from 0.10mm to 1.0 at VG=1.0V, a decrease by a factor of 10. 
 
If looking more closely at VG=1.0V, it is observed that largest change in saturation current 
density is observed here. For L=1.0mm, the saturation current is approximately equal to the 
constant saturation current observed at VG=1.0V when the area ratio between the gate and 
channel and the channel width was varied respectively. Thus, it might be the case that the 
saturation current (density) is limited for L=1.0mm at VG=1.0V. In such case, this limitation 
most probably is a result of that the PEDOT in the transistor channel cannot be reduced 
further, see previously discussion regarding the saturation current density when the area ratio 
was varied. 
 
The on/off ratio, defined as the ratio between the saturation current (density) at VG=0V (on) 
and VG=1.0V (off) for a specific transistor, is presented for different channel lengths in Figure 
41 together with the ratio between the saturation current at VG=0V (on) and VG=0.75V. 
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Figure 41. Semi-logarithmic plot of the on/off ratio ( ) and the ratio between the saturation current 
(density) at VG=0V and VG=0.75V ( ) as a function of channel length. 

The increase in on/off ratio for increasing channel length is mainly dependent on the 
dominant decrease of the saturation current density when the channel length is increased at 
VG=1.0V. When the channel length is changed from 0.10mm to 1.0mm, i.e. when the 
transistor channel is changed from short and wide (L=0.10mm, W=1.0mm) to square 
(L=W=1.0mm), the on/off ratio is increased by a factor of 50. That means that higher increase 
in on/off ratio is obtained when the transistor channel is changed from short and wide 
(L=0.10mm, W=1.0mm) to square (L=W=1.0mm) than from narrow and long (W=0.10mm, 
L=1.0mm) to square (W=L=1.0mm), a factor of 6. 
 
The ratio between the saturation current (density) at VG=0V and VG=0.75V shows similar 
dependence as the on/off ratio when the channel length is changed. But, when the channel 
length is changed from 0.75mm to 1.0mm, this ratio increases while the on/off ratio does not. 
That indicates that the on/off ratio might be limited at L=1.0mm. This limitation is most 
probably caused by the saturation current (density) at VG=1.0V. 

5.4.2 Four-terminal transistors 
The number of functional four-terminal transistors with some specific channel lengths is low, 
as can be seen in Table 4, That result in poor statistics of the characteristics for those 
transistors. In addition, the deviation of some of the characteristic mean values, i.e. the min-
max deviation, is large for some of the channel lengths. Some trends similar to the trends 
observed for the three-terminal transistors are however observed. 
 
In Figure 42, the saturation current density is displayed as a function of applied gate voltage 
at specific channel lengths. 
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Figure 42. Semi-logarithmic plot of the saturation current density as a function of applied gate voltage for 
specific channel lengths;  denotes L=0.25mm,  L=0.50mm,  L=0.75mm, and  L=1.0mm. 

As can be seen, the saturation current density decreases with increasing channel length in a 
similar manner as the three-terminal transistors. In addition, it appears like that stronger 
modulation of the saturation current density is obtained when the channel length is changed 
from short and wide (L=0.25mm, W=1.0mm) to square (L=W=1.0mm) geometry. 

5.5 Conclusions 
In this diploma work, all-organic electrochemical transistors based on PEDOT:PSS have been 
studied, focusing on the influence of geometry and physical dimensions on the transistor 
characteristics. The geometrical parameters studied are the area ratio between the gate and 
channel (AG/AC), the channel width (W) and the channel length (L), see Figure 22 for 
definition. Both three- and four-terminal transistors were treated but due too poor results from 
the four-terminal transistors, conclusions could only be drawn concerning the three-terminal 
transistors. 
 
Experiments performed varying the area ratio showed that the size of the gate area limits the 
extent of reduction of the PEDOT in the transistor channel for specific gate voltages and gate 
areas, see Figure 26 and Figure 27. The gate electrode probably becomes fully oxidized and 
limits the extent of reduction in the channel. The highly doped (oxidized) initial state of 
PEDOT in OrgaconTM influences this. For AG/AC≥10 at VG=1.0V a second limiting effect was 
observed. Here, the level of the saturation current remained constant independent of the area 
ratio, see Figure 27. In all likelihood, a limit was reached where the PEDOT in the channel 
could not be further reduced. This effect could be a result of continuous uncontrolled re-
doping of the PEDOT caused by the environment in which the measurements were 
performed. This second effect resulted in an approximately constant on/off ratio for 
AG/AC≥10. The choice of area ratio when designing the transistors will be a trade-off between 
the total size of the transistors (the gate area), the on/off ratio and the extent limitations of the 
saturation current at VG<1V are acceptable. 
 

• The results obtained when the geometry of the transistor channel was varied, i.e. the 
channel width and the channel length, indicates that the linear region resistance (R, 
when VSDáVSDsat) for specific VG≤0.50V approximately follows Equation 9 (defined 
previously). 
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=  (Equation 9) 

 
• Empirical curve-fits of the saturation current (ISDsat, defined as the constant current 

obtained at VSD>VSDsat) indicate that the saturation current approximately changes 
with the channel width and channel length according to Equation 13 and Equation 
14§§§ respectively for specific VG≤0.75V, where a1,2 and b1,2 are constants dependent 
of the applied gate voltage. Note that the saturation current in field-effect transistors 
changes with the channel width and channel length as WL-1. 
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Equation 13. 
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+= LbLaLI SDsat  

Equation 14. 

 
• In Figure 43, the locus of VSD at which ISD reaches a maximum value, i.e. the point 

where VSD=VSDsat and ISD=ISDsat, is displayed. Tentative empirical curve-fits, using the 
assumed polynomial in Equation 15 where Ci are constants, of the locus of ISDsat 
versus VSDsat for specific transistors at different gate voltages indicate that it changes 
according to Equation 16, in which a3 and b3 are constants dependent of the transistor 
geometry. Note that the analogous locus for field-effect transistors is parabolic. 
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Figure 43. Typical IV-characteristics of a three-terminal transistor where the locus of ISDsat versus 
VSDsat is displayed. Symbol  denotes VSDsat at a specific VG and  displays the empirical curve 
fit described in Equation 16. 

 

                                                 
§§§ The physics behind the curve-fits presented in these two equations are not known, but both terms are 
necessary to obtain a good curve-fit. 
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In digital applications it is preferred to have a large contrast between 0 and 1, i.e. a high 
on/off ratio. Of the transistors studied, the highest on/off ratio was obtained for transistors 
with square shaped channels (W=L=1.0mm) with AG/AC≥10, making transistors with this 
geometry the most suitable for digital applications. 

5.6 Future work 
The results obtained from varying the area ratio showed that the saturation current (density) 
remained constant at VG=1.0V for AG/AC≥10. In future experiments, the gate voltage should 
preferably be increased above 1V. Then, further observations can be made concerning the 
saturation current (density). Does it remain constant at higher gate voltages or are different 
trends observed? If it remains constant at the same level observed at VG=1.0V, these results 
support the conclusion that the extent to which the transistor channel can be reduced has 
reached a limit. 
 
When the area ratio was varied, the area of the square formed gate was changed by equal 
increments in both the x- and y-dimension. When changing the area ratio in this manner, no 
observations can be obtained concerning which direction is more crucial when changing the 
gate area, if there is a difference. Thus, if further experiments will be performed, it would be 
interesting to test whether the geometry of the gate electrode is crucial. 
 
In the experiments performed regarding the geometry of the transistor channel, the geometry 
was changed from narrow and long (W=0.10mm, L=1.0mm) to square (W=L=1.0mm) and 
from short and wide (L=0.10mm, W=1.0mm) to square. In future experiments, it should be 
interesting to vary the channel geometry slightly differently. Such variation might be 
performed by first letting the channel length (width) be fixed to e.g. 1.0mm and then change 
the channel width (length) in such a way that the channel geometry is changed from narrow 
and long, e.g. W=0.10mm (L=5.0mm) to square and then to wide and short, e.g. W=5.0mm 
(L=0.10mm). Future work could also include more detailed analysis of how the saturation 
voltage depends on the channel geometry. 
 
In addition to the experiments performed, experiments concerning the geometrical influence 
of the time response of the transistors would most likely give further indications about which 
transistor geometry is most suitable for specific applications. 
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