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Abstract 
 
 Electrically conducting polymers were discovered in the late 1970s. This 
finding generated a whole new research area named organic electronics, an area which 
has attracted great interest and tremendous achievements, in terms of devices and 
applications, have been reached by different research groups all over the world. 
Replacing inorganic materials by their organic counterparts in various kinds of 
electronic devices provides novel device functionalities as well as new opportunities in 
device manufacturing. One of the major advantages of utilizing organic materials in 
electronic devices is the high degree of freedom regarding fabrication methods. Since 
organic materials can be processed from solution various printing, coating and 
lamination techniques can be used to manufacture entire electronic systems on flexible 
carriers and substrates in a truly reel-to-reel fashion.  
 The main theme of this thesis relates to exploring novel device architectures 
to enable easy manufacturing of flexible electrochromic displays based on organic 
materials. After the introduction, the second part of the thesis treats some of the 
fundamentals of conducting polymers, and the third part explains the building blocks of 
matrix-addressed electrochromic displays: those systems combine electrochemical 
transistors and electrochromic display pixels. A brief introduction to printed electronics 
is also given in the fourth section. Then, active matrix-addressed displays utilizing 
electronic via, manufactured through the substrate enables to use the substrate more 
efficiently in a resulting three-dimensional architecture are presented in the fifth 
section. This novel system arrangement results in a matrix-addressed display with a 
relatively high fill-factor since its subcomponents are located on opposite sides of the 
substrate. The sixth section of the thesis is related to achieve passive-matrix addressed 
displays. The architecture and the manufacturing process of those electrochromic 
displays are both very simple: an electrolyte is sandwiched in between the counter 
electrode layer and the pixel electrode layer. The electrode materials chosen results in a 
non-linear current versus voltage characteristics, which makes transistors not necessary 
to achieve matrix addressability. At last, in the seventh section, nanofibrillated cellulose 
(NFC) is used as the scaffold for either an electroactive polymer or the electrolyte. 
Various components, such as electrochromic pixels and electrochemical transistors, can 
be built from the resulting solid films thanks to the stable, soft and tacky properties of 
the hybridized NFC layer. Hence, a new concept for integration and reconfiguration of 
electronic systems consisting of electrochemical devices is achieved. 



Populärvetenskaplig sammanfattning 
 
 Elektriskt ledande polymerer upptäcktes i slutet av 1970-talet. Denna 
upptäckt resulterade i det helt nya forskningsområdet organisk elektronik, som under 
åren har väckt ett enormt intresse tack vare de många prestationer som gjorts av olika 
forskargrupper över hela världen, både vad gäller komponenter och olika 
tillämpningsområden. Genom att ersätta oorganiska material med organiska molekyler 
och polymerer i olika typer av elektroniska komponenter ger inte bara nya 
komponentfunktioner, utan även nya möjligheter när det gäller tillverkningen av 
komponenterna. En av de stora fördelarna med att använda organiska material i 
elektroniska komponenter är det stora urvalet av tillgängliga tillverkningsmetoder; 
eftersom organiska material kan bearbetas från lösning kan många olika typer av 
trycknings-, beläggnings- och laminerings-tekniker användas för att tillverka 
elektroniska system på flexibla substrat i rulle-till-rulle-processer. 
 Huvudtemat i denna avhandling handlar om att undersöka olika 
komponentarkitekturer i syfte att förenkla tillverkningen av flexibla elektrokroma 
displayer baserade på organiska material. Efter en kort introduktion behandlas 
grunderna inom ämnet elektriskt ledande polymerer i det andra kapitlet, medan det 
tredje kapitlet förklarar byggstenarna för matrisadresserade elektrokroma displayer; 
kombinationen av elektrokemiska transistorer och elektrokroma pixlar. En kort 
introduktion till ämnet tryckt elektronik ges i det fjärde kapitlet. Aktivt 
matrisadresserade displayer beskrivs i det femte kapitlet, där elektroniska vior genom 
substratet resulterar i att den tillgängliga displayarean utnyttjas mer effektivt. Det sjätte 
kapitlet handlar om passivt matrisadresserade displayer. Arkitekturen och 
tillverkningsprocessen av den här typen av elektrokroma displayer har visat sig vara 
väldigt enkel; ett elektrolytlager som separerar de två elektrodskikten. Kombinationen 
av de valda materialen resulterar i att infärgningen av en pixel som funktion av pålagd 
spänning får ett icke-linjärt beteende, vilket gör transistorerna överflödiga i 
displaymatrisen. Det sjunde kapitlet handlar om hur nanofibrillerad cellulosa (NFC) 
kan användas som byggnadsställning för antingen en elektroaktiv polymer eller en 
elektrolyt. Olika komponenter, såsom elektrokroma pixlar och elektrokemiska 
transistorer, kan byggas av de fristående filmerna, och tack vare de mjuka och klibbiga 
egenskaperna hos de hybridiserade NFC-skikten kan ett helt nytt koncept för 
integration och omkonfigurering av elektroniska system uppnås.
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1.  Introduction 
1.1. The history of polymers and plastics 
 Today, plastic materials obviously exist as the main building block in many 
everyday objects and it is more or less impossible to spend a single day of our lives 
without utilizing plastic products. Polymers are, in most cases, organic 
macromolecules consisting of thousands or more of carbon-based repeating units that 
are chemically bonded to each other. The degrees of freedom in the synthesis of 
polymers enable us the possibility to widely tailor-make the physical, chemical and 
optical properties of the plastics, such as hardness, elasticity, solubility and color. This 
is achieved simply by varying the chemical structure and composition of the repeating 
monomer units[1]. Hence, the versatility of polymer materials has made them become a 
major structural component in various applications serving different needs in our 
society. 
 
 
1.2. Semiconducting polymers 
 Since the area of polymer chemistry was started as a research field in the 
1920s, classically most polymer materials have been considered as electrical insulators. 
In the late 1970s, iodine doped trans-polyacetylene was found to exhibit close to 
metallic electrical conductivity. This discovery was reported by Heeger, MacDiarmid 
and Shirakawa[2], and this finding initiated a novel research field denoted conducting 
polymers and later this field expanded into the field of organic electronics. These three 
researchers were awarded the Nobel Prize in chemistry in year 2000. The materials that 
were initially demonstrated to exhibit electrical conductivity suffered from poor 
stability in air (oxygen and moisture) and also from poor processability. The stability 
and processability has greatly improved over the years. Further development of new 
chemical structures of the repeating unit and also development of better polymerizing 
techniques[3] has resulted in air-stable and easily processable electronic plastics. 
 One of the most important advantages of conducting polymers is the ability 
to process them from the solution phase and hence enable deposition of the electronic 
materials onto solid or flexible substrates using coating or printing techniques. This 
implies a tremendous possibility to manufacture electronic components and systems by 
using roll-to-roll processing techniques, which is superior in terms of cost and 
throughput volume as compared to manufacturing of electronic components using 
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ordinary batch-based processes, e.g. photolithography, vacuum deposition, etching and 
soldering. Some companies have already launched products in which printed or coated 
conductive polymers are included as the key-component[4], e.g. antistatic treatments for 
plastic films, as the electrodes in polymer light emitting diodes (PLED) or touch panel 
displays. In the latter case the conducting polymers are used as an alternative to 
transparent conducting metal oxide (TCO). In addition, other applications take use of 
the electrochemical properties of conducting polymers. Together, electronic and 
electrochemical devices based on conducting polymers have recently been widely 
investigated by the international research community and this activity paves the way 
for the industrialization of novel printed electronic components and systems. This 
originates from the fact that most conducting polymers also are electrochemically 
active, which means that two polymer electrodes bridged by an electrolyte respond to 
electrical stimuli by a change in electronic conductivity and also color. Electrochemical 
switching can be used to create e.g. electrochemical transistors[5], where the channel 
and the source, drain and gate electrodes are based on the very same conducting 
polymer material. PEDOT:PSS, which will be described in detail below, is one of the 
most versatile conducting polymers that is commercially available today, and this 
material is also stable in ambient atmosphere. PEDOT:PSS is therefore suitable to use 
in such applications since both color and electrical conductivity can be altered upon 
electrochemical switching. 
 
 
1.3. Electrochromic materials 
 “Chromogenic materials” are materials that can change their color reversibly 
when stimulated by e.g. heat (thermochromism[6-8]), pH (halochromism[9]), light 
(photochromism[10, 11]), solvent (solvatochromism[6]) or electricity 
(electrochromism[12]). The color switching behavior is sometimes observed as a 
transition between a colorless state and a colored state, and sometimes the material is 
switched in between two different colors. Among these materials, thermo- and 
photochromic materials have in particular been commercialized for smart window 
films[13-15], which automatically can adjust the sun light transmission into buildings and 
is commonly used to lower the energy consumption for air conditioning in hot climate 
regions. 
 Materials are called electrochromic when they reversibly can change their 
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optical property (transmittance, color in the visible range of the light wavelength, etc.) 
as a response to electric stimulus. Examples of organic molecules and polymers that 
typically are used are viologen, polyaniline and polythiophene, while tungsten oxide, 
vanadium oxide are examples of inorganic electrochromic materials. These materials 
share one common property; they can be colored and decolored through 
electrochemical redox reactions. Devices that take use of electrochromism typically 
combines electrode materials, electrolyte and the electrochromic material and such 
devices have been successfully explored in display application[16-19]  
 PEDOT:PSS (Figure 1) is one of the most commonly explored solution- 
processable and electrically conducting polymer, and thin films of this polymer coated 
onto flexible PET substrates have already been commercialized for use as transparent 
conducting films or electrodes[4, 20, 21]. The PEDOT polymer, poly(3,4- 
ethylenedioxythiophene) is commonly charge-stabilized by poly(styrene sulfonic acid) 
(PSS). The resulting material system, PEDOT:PSS, appears as faint blue and shows 
high electrical conductivity and good stability in air[22, 23]. PEDOT:PSS is also 
electrochemically active, hence, the polymer film can be switched according to the 
following redox reaction upon applying a voltage across the electrodes in a sandwich 
structure:  

PEDOT+:PSS- + M+ + e- ↔ PEDOT0 + PSS-M+  ...(Eq.1) 
Interestingly, this redox reaction is accompanied by a change of two important features 
of the polymer layer; the electrical conductivity and the light absorption in the visible 
wavelength region. The oxidized state of PEDOT (left half of Eq. 1) shows relatively 
higher conductivity and light absorption in the NIR range, i.e. transparent in the visible 
range, while the reduced state of PEDOT (right half of Eq. 1) exhibits lower 
conductivity and a dark blue color. 
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Figure 1, Chemical structures of PEDOT and PSS. 

 
 Therefore, when it comes to developing simple, thin, light-weight and 
low-cost electrochromic display devices, PEDOT:PSS is a strong candidate as the 
active material because the polymer can be deposited along large areas at high 
production throughput by various coating and printing techniques, and the material can 
solely serve as the conductors, transistor channels, gate electrodes in transistors, 
counter electrodes and as top electrodes in electrochromic pixels. Hence, the 
manufacturing of the entire display is tremendously simplified since the number of 
materials and deposited layers are kept at a minimum. 
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1.4. Printed electronics 
 The technology field of printed electronics targets to manufacture, not only 
electronic subcomponents (e.g. conductors, capacitors, transistors, logic circuits, 
resistors, batteries, displays, sensors, etc.), but also complete electronic systems by 
utilizing printing methods[24-27]. Printing techniques is often developed into roll-to-roll 
processing systems. This also accounts for coating and lamination processing. 
Roll-to-roll processing is well-proven and established in printing industry and is 
commonly used to manufacture newspapers, books and magazines and advertisement 
posters. Other major advantages of printed electronic devices are for example: 

- On-demand printing and high-mix low-volume production (no shadow masks are 
needed) 

- Easy three-dimensional wiring 
- High degree of freedom when it comes to material selection thanks to for example 

a wide variety of printing methods 
- Geometric scalability, from desktop printers to several tens of (square) meters in 

size, for most of the existing printing techniques 
- High throughput, the fastest printers exceeds 600 m/min 
- Existing standard printing machineries, without modification, can often be used, 

which lowers the initial investment 
- Environmentally friendly manufacturing processes, mainly due to efficient use of 

materials and that no wet-chemical rinsing steps are required 
- Novel form factor of electronic devices by that they are highly flexible, bendable 

or foldable, light-weight, and that they contain no, or small amounts, of heavy or 
toxic metals  

 
 Obviously there are many parameters and characteristics of printed 
electronic devices that cannot compete with devices processed in vacuum and using 
batch-based processing (e.g. photolithography), hence, the ways to obtain better 
performance in printed electronics as compared to components manufactured from 
“dry processes” are very limited. However, form factor and low-cost manufacturing at 
high throughput are advantages motivating us to use printed electronics as a 
complement to conventional (inorganic) electronics in novel applications for new 
markets, despite their lower performance. 
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1.5. Goal of the thesis and the project 
 The goal of this thesis, as well as the target of the joint collaboration between 
Acreo Swedish ICT, Lintec Corporation and Linköping University, is to further 
develop and explore roll-to-roll printable, low-cost, matrix-addressed electrochromic 
displays. Despite the fact that the electrochromic property of PEDOT:PSS has been 
reported extensively before, the number of successful cases to establish enterprises and 
markets with this display technique is very low. One of the prime reasons for this is 
that the possible colors to obtain with this material system, i.e. dark blue and almost 
colorless, is limited. No other colors can be obtained without synthetic modifications 
of the molecular design. Many groups have been, and are, performing research on the 
topic[28-40] to synthesize various PEDOT-variations. A large variety of colors are now 
available with different polymers, but in most cases the polymers can not maintain a 
high electrical conductivity, proper stability in air, good processability, and a low cost 
because of poor scalability. Therefore, the thesis can be considered as a contribution 
regarding system design and manufacturability on the way towards future multi-color 
electrochromic displays manufactured at high resolution.  
 The results of this thesis reveals: improved color contrast in 
PEDOT:PSS-based displays (Paper 1), demonstration of a novel 3D-design concept 
for an active matrix addressed display (Paper 2), proving the functionality of 
electrochemical transistors utilizing both sides of the substrate (Paper 3), simplifying 
the structure of the electrochromic display by using passive matrix addressing 
technique (Paper 4), and introducing cellulose-based materials in order to minimize 
the number of plastic substrates and to define a new concept for system integration 
(Paper 5). 
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2.  Electrical conductivity in polymer materials 
2.1. Conjugated structure 
 The carbon atom has the atomic number 6, which means that includes six 
protons, six neutrons (in case of 12C) and six electrons, and the carbon atom has an 
electronic configuration according to [He](2s)2(2px)1(2py)1. When one of the 2s 
electrons is promoted to 2pz, such that the outermost configuration becomes 
(2s)1(2px)1(2py)1(2pz)1, carbon has the capability to generate four equivalent σ-bonds; 
the so-called sp3 hybrid orbitals. Polymers which consist of only sp3 hybrid orbitals 
such as polyethylene (Figure 2 (a)) does not show any conductivity because all 
electrons are strongly confined in each σ-bond region. On the other hand, when only 
three of four valence electrons after promotion involve hybridization, that is, when 
three equivalent σ-bonds are formed, the remaining electron will occupy the 2pz orbital. 
This results in sp2 hybrid orbitals, while the remaining electron instead forms another 
type of chemical bond; the so-called π-bond. The simplest molecule with this π-bond 
and sp2 hybrid orbital is ethylene (Figure 2 (b)) where two carbon atoms are connected 
by one σ-bond and one π-bond and finally form a “double” bond. In case a polymer 
backbone is made by sp2 hybrid orbitals, e.g. trans-polyacetylene, each carbon atom 
will be bound to the two neighboring carbon atoms by alternating single and double 
bonds, see Figure 2 (c), and a polymer that has this structure of alternating single and 
double bonds is denoted to as a conjugated polymer. Examples of common conjugated 
polymers are shown in Figure 3. 
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Figure 2, Chemical structures of (a) polyethylene, (b) ethylene and (c) trans-polyacetylene. 
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Figure 3, Examples of conjugated polymers: (a) poly (p-phenylene vinylene), (b) polypyrrole 

and (c) polythiophene. 
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 In a single ethylene molecule, two carbon atoms are bonded by one σ-bond 
and one π-bond. The π-bond possesses a pair of molecular orbitals, the bonding π 
orbital at a lower energy level and the anti-bonding π* orbital at a higher energy level, 
see Figure 4 (a). In the ground state, the π orbital is filled with a pair of electrons and 
the π* orbital is vacant, thus they are termed HOMO (highest occupied molecular 
orbital) and LUMO (lowest unoccupied molecular orbital), respectively. When two 
ethylene molecules are coupled by a single bond, each π and π* orbitals on the two 
connected carbon atoms generate two pairs of bonding orbitals and anti-bonding 
orbitals (Figure 4 (b)). By the same token, the variation of the energy levels of bonding 
orbitals and anti-bonding orbitals spread wider and wider as the number of ethylene 
units increases, hence the energy gap between HOMO and LUMO decreases (Figure 4 
(c)). When this molecule is exposed to light having the energy corresponding to this 
energy gap, the molecule absorbs light and an electron will be excited from the HOMO 
band to the LUMO band. A single ethylene molecule has a large energy gap (6.7 eV), 
which corresponds to the wavelength of 185 nm, hence, ethylene molecules are 
invisible to the human eye by that they do not exhibit any absorption within the visible 
wavelength region. The HOMO-LUMO band gap will decrease to 5.4 eV upon 
dimerization of two ethylene molecules into butadiene. By further extending the 
molecular structure into a polymer chain lowers the energy gap, and if it reaches the 
range of approximately 1.6-3.3 eV (corresponding to λ=380-780 nm), the molecule 
exhibits a certain visible color. An example of a π-conjugated colored material is the 
chromophore shown in Figure 5. 
 

 (a) (b) (c)

pz pz

π

π∗

π

π∗

π

π∗

Bonding orbitals

Bandgap

Anti-bonding orbitals

LUMO
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E
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Figure 4, Simplified energy diagrams of the electronic states (a) π-bond of an ethylene 

molecule, (b) π-bonds of an ethylene dimer and (c) polyethylene. The scale of bandgap (Eg) 

generally classifies the material as either metallic (conducting, Eg~0 eV), semi-conducting 

(Eg~1-5 eV) or insulating (Eg>5 eV). 
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Figure 5, Chemical structure of β-carotene, one of the most common coloring matters in 

vegetables, which exhibits red-orange color by the eleven conjugated π-bonds. 

 
 
2.2. Charge transport  
 Trans-polyacetylene with an odd number of carbon atoms can show 
equivalent energy levels even if the arrangement of single and double bonds are 
exchanged (degenerate ground state). Hence, there is an intermediate state where the 
two phases can co-exist within a polymer chain, and this stable state is denoted to as a 
soliton, see Figure 6 (a). Here the soliton has neither excess nor defect of the electron 
from the initial state; hence the entire polymer is electrically neutral (neutral soliton). 
When an electron acceptor or donor is located near the polymer, a positive or a 
negative soliton will be formed, respectively, see Figure 6 (b). The solitons form their 
own energy levels within the band gap (Figure 6 (c)). Finally, the resulting positive 
holes or negative electrons will function as the actual charge carriers. 
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Figure 6, (a) Energy levels of the trans-polyacetylene phase transition, (b) schematics of 

neutral or charged solitons, (c) electronic states of neutral or charged solitons. 
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 In contrast to trans-polyacetylene, other conjugated polymers do not have 
this degenerate ground state. The benzoid phase is instead more stable than the quinoid 
phase, and injecting or withdrawing an electron can generate negative or positive 
polarons, which accompanies to a quinoid phase spreading over only several 
neighboring monomer units. When another electron is withdrawn from a positive 
polaron by an electron acceptor, a positive bipolaron is formed. The chemical 
structures of one example of a conjugated polymer that does not have a degenerate 
ground state, poly(p-phenylene), schematics of polaron and bipolaron, and their 
electronic structures are drawn in Figure 7. 
 
(a) (b) (c)

n

n

Benzoid phase (Positive) Polaron

(Positive) BipolaronQuinoid phase

E

Positive
polaron

Negative
polaron

Positive
bipolaron

Negative
bipolaron

+

++

 
Figure 7, (a) Benzoid and quinoid phase of poly(p-phenylene), (b) positive polaron and 

bipolaron formed by poly(p-phenylene) and (c) electronic states of positive and negative 

polarons and bipolarons. 
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2.3. Doped conducting polymers 
 Because of too small charge carrier concentration, conjugated polymers 
typically show low conductivity (10-5 – 10-13 S/cm in neutral polyacetylene), which 
corresponds to an insulating or semiconducting region, and it is therefore desirable to 
increase the charge carrier concentration in order to obtain an electronic conductivity 
within or at least close to the metallic region. As already mentioned, this can be 
obtained by adding electron donors or acceptors into the polymer matrix, and such 
method to introduce charge carriers is generally called doping, and this can be 
achieved primarily via two different methods; chemical and electrochemical doping. 
Chemical doping was, for example, demonstrated in the first discovery of electrically 
conducting polymers, that is, to use electron acceptors such as halogens (Br2, I2 etc.) to 
obtain a conductivity of 105 S/cm in iodine doped polyacetylene[41], Lewis acids (PF5 
etc.), halogenated transition metal compounds (FeCl3 etc.), or electron donors such as 
alkali metals (Li, Na etc.) and alkaline earth metals (Be, Mg etc.). Conjugated 
polymers can also be transferred into a highly conductive state by using 
electrochemical doping. In this method the conjugated polymer electrode and a counter 
electrode are bridged by an ionically conducting electrolyte and the electronic potential 
that is applied across the two electrodes. Each half-cell reaction at the polymer 
electrode will result in loss or acceptance of electrons and ion species through the 
reduction-oxidation (“redox”) reaction, and finally positive or negative (bi-)polarons 
are generated, respectively. After doping of the conjugated polymer, the charge carriers 
will occupy the energy states between the HOMO and the LUMO, hence the electronic 
band gap of the material will be reduced, as drawn in Figure 7 (c). 
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3.  Electrochemical devices 
3.1. Electrochromism and electrochromic display cells 
 As mentioned in the previous section, the doping/dedoping process in 
conjugated polymers is accompanied by a certain variation of the energy bands of the 
polymers. The band gap before doping is typically larger than the band gap after 
doping. When at least one of the band gaps of the respective doping state correspond to 
the visible light region (λ=380-780 nm), the polymer can be reversibly switched 
between non-colored and colored states and can therefore be used as the dynamic 
colorant in electrochromic display applications. Examples of conjugated and 
electrochromic polymers are polypyrrole (see Figure 3 (b)), polyaniline, poly(3-alkyl- 
thiophene) (P3AT) and poly(3,4-ethylenedioxythiophene) (PEDOT), see Figure 8. 
PEDOT:PSS shows an absorption peak at approximately λ=640 nm when dedoped 
state to its reduced state, while the absorption peak of the oxidized state is shifted to 
the NIR range[42]. 
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Figure 8, Examples of electrochromic polymer (a) polyaniline (PANI), (b) 

poly(3-alkylthiophene) and (c) poly(3,4-ethylenedioxythiophene) (PEDOT). PEDOT is often 

stabilized by a polyanionic counter ion, e.g. poly(styrene sulfonic acid) (PSS), which forms 

the conducting polymer complex abbreviated PEDOT:PSS. 

 
 An electrochromic display (ECD) is in general composed of two electrodes 
including electrochromic material(s) and one electrolyte layer, where the two 
electrodes are not in direct contact with each other but ionically connected by the 
electrolyte layer. There are two kinds of ECD architectures; typically they are denoted 
vertical or lateral since the former has two EC material layers that are vertically 
stacked while the latter has both electrodes located adjacent to each other in the same 
plane, see Figure 9 (a) and (b). Depending on the operational mode, the vertical ECD 
structure can be further divided into either reflective or transmissive display mode of 
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operation, see Figure 9 (c) and (d). In a reflective display, the device must include an 
opaque electrolyte layer, such that the counter electrode, as well as any other layers, is 
hidden behind, or under, the EC material and the electrolyte layer. The incoming light 
will be either reflected directly by the EC material or by the underlying layers after 
being transmitted through the EC material, hence, the observed color is controlled by 
the absorption characteristics of the EC layer. In a transmissive display, on the contrary, 
the electrolyte layer needs to be transparent. In addition to this, transparent conductors, 
possibly including a complementary electrochromic material, must then be used as the 
counter electrode. Here, the complementary EC material should be an EC material that 
switches color “oppositely” as compared to the other EC material. In terms of 
PEDOT:PSS, polyaniline is one such candidate that can serve as the complementary 
EC material. Polyaniline turns deep blue upon oxidation and is almost transparent in its 
reduced state, while the PEDOT:PSS switches in between a colored and transparent 
state in the opposite manner. 
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Figure 9, Typical sandwich structures of the ECD pixel cell with (a) vertical and (b) lateral 

architectures. Two different display modes for the vertical ECD are shown in (c) and (d); 

reflective and transmissive. (t) denotes transparent, (t or o) corresponds to opaque or 

transparent and (sw) indicates color switchable layers. In (c) at least one of the layers below 

the EC material layer must be opaque, while the (d) device requires that all layers instead are 

transparent. In both cases, the EC material is switched between two different color states, or 

between one colored state and colorless state. 
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 In principle, the ECD further needs a transparent conducting layer such as 
ITO between the EC layer and the substrate in order to minimize the resistive loss upon 
applying the voltage bias, this is due to that most of the electrochromic materials are 
not sufficiently conductive[43-46]. However, PEDOT:PSS does not need such additional 
conducting “electrode” materials because the pristine oxidized state of PEDOT:PSS is 
considered to have sufficient electrical conductivity, hence the material can serve also 
as the conductor in many ECD applications[47]. This fact can reduce the total number of 
materials and therefore it is rather advantageous in order to obtain low-cost, large-area 
and high-speed manufacturing of ECD devices by using roll-to-roll processing. One 
example of a PEDOT:PSS-based ECD in a vertical structure is illustrated in Figure 10. 
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Figure 10, Schematic of a vertical EC pixel cell where both top and counter electrodes are 

based on the PEDOT:PSS polymer. The top electrode is negatively biased with a DC voltage 

of about 1.5-2.0V and is thereby electrochemically reduced into its deep blue colored state, 

while the positively biased counter electrode is oxidized to its colorless almost transparent 

state. 
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3.2. Color theory and model 
 There is a large variety of alternatives available on how to numerically 
convert the color characteristics of printed matters produced for instance in the 
graphical industry as well as within the field of electronic displays, and the CIE 1976 
(L*, a*, b*) color space (shortened “CIE-Lab” hereinafter) has been chosen as the 
model in this thesis[48-50]. Compared to other methods, such as coloration efficiency[47, 

50], transmittance characterization[51] or the RGB or CMYK color spaces, the CIE-Lab 
was developed to adapt to the perceptual uniformity of the human vision, and therefore 
this method is often used as the color standard in many industrial applications. The 
CIE-Lab method contains three parameters defining color, L*, a* and b*, which 
represent brightness (L*: 0–100), red-green (a*: positive–negative) and yellow-blue 
(b*: positive–negative), respectively, see Figure 11. Here, the color contrast of the 
ECD, ΔE, is given by the relative perceptual difference between two colors described 
with the L*, a* and b* color coordinates. ΔE is therefore obtained by calculating the 
Euclidean distance of the color coordinates confined in a three dimensional space: 
ΔE=√(|ΔL*|2+|Δa*|2+|Δb*|2), where ΔL*, Δa* and Δb* correspond to the displacement 
of the respective parameter when comparing the on-state and off-state of the display. 
 

 

Figure 11, The CIE-Lab color space is defined by the three color coordinates L*, a* and b*.  
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 The absolute value of different color states can be evaluated by using the 
CIE-Lab system. This measurement is in principle static, that is, it is not a feasible 
method to use for dynamic characterizations of the color contrast in display 
applications. Hence, a new experimental setup has been used for real time and transient 
coloration of the pixel, see Figure 12. A laser diode was used that irradiates red light 
(λ=650 nm) onto the ECD surface, and a fraction of the diffusively reflected light is 
then detected by a photodiode located above the ECD. The wavelength of the laser 
diode was chosen such that is approximately coincides with the optical absorption 
maximum of the reduced state of PEDOT:PSS. The reflected light will generate a 
photocurrent within the photodiode. Hence, when the ECD is switched to its 
transparent state and when the surface becomes more whitish, due to the scattering 
from the underlying white and opaque electrolyte, more photons are reflected towards 
the photodiode. This, in turn, generates a relatively higher photocurrent signal. The 
opposite will occur upon reducing the EC pixel, that is, the deep blue color state will 
absorb most of the irradiated photons, which instead results in a relatively low 
photocurrent generation. By recording the photocurrent as a function of time, the 
dynamic color shift characteristics of various ECD architectures can be evaluated as 
well. 
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Figure 12, Experimental setup to measure the ECD switching time. 
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3.3. Electrochemical transistors (ECT) 
 The electrochemical redox reaction of PEDOT:PSS also results in a 
conductivity transition between a highly conducting state and a semiconducting state 
according to the previously described reaction scheme. These characteristics can be 
utilized for modulation of the electrical current through relatively simple transistor 
device structures based on PEDOT:PSS and other conducting polymers[5, 52, 53]. The 
fundamental construction of this electrochemical transistor (ECT) is similar to the 
ECD architecture shown in Figure 9 (a), where two PEDOT:PSS polymer electrodes 
are sandwiching an electrolyte. In the ECT configuration one of the polymer layers 
serves as the transistor channel as well as the drain and source electrodes (cf. pixel 
electrode layer in ECDs), while the other PEDOT:PSS polymer electrode is used as the 
gate electrode (cf. counter electrode layer in ECDs). The transistor channel and the 
drain and source electrodes are all composed by the same conducting polymer, e.g. 
PEDOT:PSS, and the switchable transistor channel moiety and the gate electrode are 
ionically bridged by the electrolyte layer. Since PEDOT:PSS is electrically conducting 
in its pristine oxidized state, i.e. when no gate voltage is applied, and switched to its 
semiconducting reduced state when biased by a positive gate voltage, this type of 
electrochemical transistors are said to operate in depletion mode. This is opposite to 
the more commonly used organic field effect transistor (OFET) structure, in which the 
channel that includes the semiconducting polymer is switched to its on-state by 
applying the gate voltage, i.e. an enhancement mode of operation. It should also be 
mentioned that the ECT can be constructed in a lateral architecture, in which the 
channel, the source and drain electrodes and the gate electrode all are located in the 
same plane, cf. Figure 9 (b)[52], with the electrolyte positioned on top. Ease of 
manufacturing is thereby ensured in the lateral ECT by that only two printed layers are 
required; one PEDOT:PSS pattern and one electrolyte pattern. However, despite the 
simplicity, the lateral ECT has been omitted in this thesis, mainly due to that this 
configuration consumes more area along the substrate and that the switching time is 
relatively longer as compared to the vertical ECT. 
 Recent work have resulted in that dramatic improvements of the I-V 
characteristics of the vertical ECT could be obtained by making minor modifications to 
the drain and source electrodes[54], see also Figure 13. In this figure, (a) shows the 
simplest and the most straightforward ECT composition where the drain and source 
electrodes and the channel all are made by PEDOT:PSS. The area that contacts the 
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electrolyte layer then defines the transistor channel in this kind of device. In contrast, 
for the architecture shown in (b) the drain and the source electrodes consist of a 
carbon-based conducting material that is relatively electrochemically more inert. The 
transistor channel is here defined as the gap between the two carbon regions, and the 
electrolyte is deposited by covering the transistor channel as well as parts of the 
carbon-based electrodes. At last, Figure 13 (c) indicates an intermediate structure of (a) 
and (b), where only on the drain electrode is covered with carbon material, hence, only 
the channel and the drain electrode are covered by electrolyte, not the source electrode. 
 In the structure (a) a so-called reduction front[55] is generated along the 
source electrode. This results in a detrimental effect in the transistor I-V characteristics. 
Structure (b) and (c) were then suggested as a way to circumvent this reduction front 
issue. When the PEDOT:PSS channel is reduced, caused by applying a positive gate 
voltage (VG) vs. the source electrode potential, the drain-source current (IDS) generated 
by the constantly applied drain-source voltage (VDS) will be modulated to a lower 
current level. The area of the reduced PEDOT:PSS (denoted PEDOT0 in the equation), 
which initially is located strictly underneath the electrolyte, will start to migrate 
laterally within the PEDOT:PSS material outside the defined channel area towards 
negatively biased drain electrode, such that the migrated PEDOT:PSS is not in direct 
contact with the electrolyte anymore. This immediately disables, or at least prolongs, 
the oxidation reaction of the semiconducting PEDOT0 back to the conducting phase 
upon switching VG from high (~1 V) to low (0 V) because of the relatively lower ionic 
conductivity in PEDOT:PSS as compared to the electrolyte. This phenomenon, 
however, will not affect the reduction process of the ECT channel, which therefore 
results in that the switching behavior of the ECT becomes non-symmetric when 
comparing the on-to-off and the off-to-on switching times. By the introduction of the 
structures drawn in (b) and (c) has proven to improve the ECT I-V characteristics by 
that the reduction front is prevented thanks to the “inert” carbon-based electrodes. On 
the other hand, by utilizing at least one carbon conductor in direct contact with the 
electrolyte layer unfortunately causes an increase of the off-current levels due to 
parasitic reactions at elevated voltages. The problem with the increased off-current 
levels is more obvious in the (b) structure, hence, the (c) structure serves as a good 
trade-off in terms of switching time and on/off-ratio[54]. 
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Figure 13, Cross sectional illustrations of the three different ECT structures, in which (a) has 

a uniform PEDOT:PSS layer serving as the source and drain electrodes and the transistor 

channel, (b) has a conducting carbon layer serving as the drain and source electrodes and 

(c) has a conducting carbon layer only as the drain electrode. The gray-colored areas 

represent the transistor channel moiety in each structure. 

 
 The evaluation of the ECT is here carried out by the following experimental 
setup: VDS is kept at -1 V with the source electrode connected to ground, while VG is 
varied between e.g. 0 V and 1.5 V. The resulting IDS vs. time data can then be detected, 
recorded and plotted. Such measurement is schematically drawn in Figure 14, where 
both VG and IDS are plotted as a function of time. The ECT is in its on-state when VG 
equals 0 V i.e. IDS shows a high on-current level, while applying a positive VG reduces 
the transistor channel such that IDS is switched to its low off-current level. 
Subsequently, the off-to-on and the on-to-off switching times can be determined from 
the recorded data.  
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Figure 14, Schematic illustrations of (a) the experimental set-up for the ECT characterization 

and (b) the dynamic ECT performance in which the current modulation is determined as a 

function of time. The “Red” and “Ox” notations inside the channel in (a) denotes the reduced 

and the oxidized state of PEDOT:PSS, respectively. 
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3.4. Electrochromic smart pixels and matrix-addressed displays 
 The main role of the ECT is to modulate and control the current flow 
between the source and drain electrodes. This enables the possibility to add a device in 
series with the ECT, for example an ECD, such that the applied VG controls the color 
state of the ECD. The corresponding device structure is shown in Figure 15 (a) and 
such circuit is typically denoted to as an EC smart pixel; a smart pixel circuit is the key 
element in active matrix addressed displays[56]. When the VDS, which instead is denoted 
as the pixel voltage (VP), is applied while the ECT channel is conducting (on-state), the 
major potential drop will occur across the ECD and thus this biasing will result in pixel 
coloration. Conversely, upon switching the ECT channel to its off-state, achieved by 
applying a certain VG larger than 0V, the major potential drop of the applied VP will 
instead occur across the ECT channel such that the color state of the pixel is 
maintained. The function of the ECT device within the EC smart pixel circuit is 
two-folded, and it is therefore important to characterize both functionalities in the 
experimental setup, see also Figure 15 (b)): 
 
(1) Initially, the pixel is switched off, and it must be proven that the off-state of the 

ECT can maintain the pixel in its off-state when VP > 0 V since this prevents 
cross-talk along the column lines of an active matrix addressed display. 

 
(2) Initially, the pixel is switched on, and it must be proven that the off-state of the 

ECT has the ability to keep the pixel colored when VP = 0 V since this will improve 
the retention time of an active matrix addressed display. 
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Figure 15, (a) Schematic model of an electrochromic smart pixel composed by a set of one 

ECD and one ECT. (b) The experimental setup describing how the two-folded functionality of 

the ECT in the electrochromic smart pixel is characterized. A successful result in the step 

labeled 1 indicates that cross-talk can be prevented in an active matrix addressed display, 

while the test in the step labeled 2 indicates the capability of color retention. 

 
 Hence, in case of a malfunctioning ECT, (1) cross-talk effects along the 
conducting lines of an active matrix addressed display is introduced and (2) this 
shortens the retention time of the ECD. The former effect results in coloration of 
neighboring pixels along the particular addressing column line, while the latter causes 
loss of pixel coloration along a certain row of the active matrix addressed display. 
 Electrochromic smart pixels are characterized by measuring the current 
through the pixel, IP, i.e. the pixel coloration behavior is determined. A set of ideal 
measurement graphs is shown in Figure 16. 
 Figure 16 (a) shows the capability on how cross-talk can be prevented. VG is 
applied in order to reduce the ECT channel during the time period denoted as t1. This 
results in a sharp current peak corresponding to the charging of the channel. At t2, VP is 



 22 

applied but no IP peak is supposed to appear since the major potential drop occurs 
across the semiconducting ECT channel (off-state), and then VG is switched off at t3, 
which gives rise to the immediate switching of the pixel as observed by the broad IP 
peak. Here, the two peaks obtained from the charging events of the ECT or the ECD 
exhibit sharp charging characteristics. These transient peaks typically last for less than 
one second and are governed by the overall impedance properties and the area of the 
PEDOT:PSS-based electrochemical cells. If a large current peak is observed at t2, the 
ECT is not reaching a sufficiently high impedance state, which in turn would result in 
cross-talk effects in the actual active matrix addressed display. 
 The graph shown in Figure 16 (b) explains how the bi-stability of the ECD 
can be characterized. At first the pixel is charged by applying VP at t1, as seen by the 
large IP peak. VG is applied at t2 in order to reduce the channel, where the purpose is to 
hold the colored state of the pixel even after VP is turned off (t3). A successful 
measurement would result in the ECD discharge peak at t4 when VG is switched to 0 V. 
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Figure 16, Illustration of the measurements on an electrochromic smart pixel where (a) 

shows the cross-talk prevention and (b) shows the characterization of the ECD color 

retention time. IP, VP and VG represent the current through the pixel, the pixel voltage and the 

gate voltage, respectively. H and L denote the high and low levels of each voltage. A large 

positive peak in the IP curve indicates pixel coloration, while a large negative current peak 

indicates pixel decoloration. 
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4.  Printed electronics (PE) 
4.1. Features and benefits to electronics manufactured by roll-to-roll processing 
 Ever since the first roll-to-roll printing machine was invented in the 19th 
century, the printing speed has continuously increased thanks to further development 
and various inventions. The printing speed of the first rotary press typically reached 
20,000 copies of newspapers per hour, and nowadays 5-10 times faster production is 
common. The major benefits of using roll-to-roll printing processing is the possibility 
of continuously pattern the ink at very high production volumes, at high speed and at 
very low production cost. 
 There are several other advantages that are implied by utilizing roll-to-roll 
printing manufacturing in the flexible electronics industry. For example, the following 
promotes development of printing techniques for electronics: manufacturing of a wide 
variety of products in small quantities (generally called “high-mix low-volume 
production”) by using on-demand printing, a wide materials selection window, a 
flexible and simplified manufacturing facility, and a method being more 
environmentally friendly as compared to the traditional electronics industry. 
 In conventional vacuum processing, performed in clean rooms, all designs 
for materials deposition require unique shadow masks, which make modifications of 
the design typically very inefficient in terms of cost and time. The flexibility of using 
on-demand “additive” printing methods therefore offers more efficient prototyping and 
production in the sense that only minor efforts are required upon changes in the device 
design, cf. all inkjet printers that are connected to computers and is used in our daily 
life for rapid production of few copies. 
 The wide window in terms of the choice of materials in printing industry can 
be explained by the large variety of available printing and coating methods developed. 
Thanks to this, an enormous amount of materials have been developed for the flexible 
and printed electronic devices during the last decades; materials that are exhibiting 
vastly different physical (rheology, fluidity, viscosity etc.) and chemical (solubility, 
vaporizability etc.) properties. Examples of available printing or coating processes are: 
inkjet printing, offset printing, flexography, screen printing, micro/nano contact 
printing, bar coating, slot-die coating, gravure coating and knife coating. Each printing 
method has its own features, e.g. typical print thickness, resolution or feature size, 
preferred ink viscosity, registration requirement or throughput[57]. Hence, the wide 
range of available materials ensures the compatibility upon choosing the most 
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appropriate printing or coating method for the targeted product and printed electronic 
system. The printing or coating techniques utilized in this thesis will be explained in 
detail in the following sections. 
 The ease of scaling up, and also down for that matter, is also one of the 
attractive features of PE. Within the field of traditional electronics manufacturing, 
scaling up the infrastructure of vacuum processing equipment is accompanied with 
skyrocketing machinery costs. Within PE, on the contrary, the required printing 
machine can be updated relatively easy and fast in order to adapt to an upscaled 
desired production volume of a specific product, e.g. the production width can be 
varied in the range from desktop-size substrates to several meters. Adjustability also 
has an impact on the development of devices and processes by that prototyping can be 
accelerated. 
 In addition, today all industries are required to take serious care about 
eco-friendliness in their respective business. Here, PE can contribute by savings on the 
materials waste, as compared to manufacturing carried out using photolithography, 
since e.g. wet etching can be omitted. 
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4.2. Screen printing 
 The screen-printing technique is similar to stencil printing and is one of the 
most commonly used printing methods within the field printed electronics[58, 59]. A 
woven mesh, which is entirely composed of cavities, is patterned by covering the mesh 
with a curable resin. This will generate a pattern that contains both cavities and masked 
areas. This finally determines how the ink will be printed onto the underlying substrate. 
There are a variety of printable subcomponents for electronic devices that can be 
manufactured by screen printing, such as conducting lines, uniform layers, 
through-holes and via-fillings. The general appearance of the screen mesh and some of 
the parameters that determine the quality of the printed layer are shown in Figure 17. 
The benefits that are obtained by using screen printing are for instance: 
- Low cost of machineries and patterning layers 
- Wide window for the printed matter 
- Ease to print thick uniform layers and rectangular patterns 
- Easy to over print for multilayer structure or simply to thicken a single ink 
- Non-flat substrate is permitted 
- High printing resolution down to 10 μm line width in state-of-the-art machines 
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Figure 17, (a) Top view and (b) cross-section schematics of a screen-mesh, and (c) 

examples of several parameters (underlined) affecting to the printing quality. 
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 Despite the advantages described above, screen-printing also presents several 
technical challenges. Examples of such disadvantages are 1) the deformation of the 
mesh, which results in strain effects in the printed patterns, 2) the relatively short 
lifetime of the screen mesh, which is due to the short lifetime of the cured masking 
resist material, 3) the low upper limit of the squeegee speed, 4) the difficulty to print 
thin layers (typically below 1 μm) because of the relatively high viscosity of the inks, 
and 6) high surface roughness of the resulting printed layer due to the mesh geometry. 
Figure 17 (c) shows sheet-to-sheet processing, which in most cases is inefficient for 
large area and high speed manufacturing due to the low production throughput. 
However, as shown in Figure 18, rotary screen-printing can solve this problem. 
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Figure 18, Schematic illustration of rotary screen printing. 
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4.3. Inkjet printing 
 Recently inkjet printing has become one of the most powerful tools to obtain 
high-resolution patterns of materials for printed electronics. The masking tools, 
corresponding to e.g. the mesh when using the screen printing technique, are not 
anymore necessary since different designs and trials only require a modification of the 
digital design file, hence, this enables prototyping and frequent testing of different 
device designs, neither by adding further complexity of the manufacturing steps, nor 
by drastically increasing the manufacturing cost (Figure 19). 
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Figure 19, Inkjet printing (right) is advantageous for high-mix low-volume production thanks 

to the direct printing not requiring any mask preparation as compared to other printing 

methods (left). 

 
 Inkjet printing is classified into two different operational modes; continuous 
and drop-on-demand (DOD). In continuous printing, the ink droplets are generated by 
ultrasonic vibration from a piezoelectric crystal and on the order of 104-105 droplets 
per nozzle per second can be achieved in the most recently developed inkjet printers[60, 

61]. As the name indicates, the ink droplets are continuously discharged from the 
nozzles and only the desired droplets are delivered to the substrate, while the rest of the 
droplets are recycled. DOD printing, on the other hand, is more common in the printed 
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electronics area, for example when it comes to the manufacturing of polymer light 
emitting diode displays[62]. The DOD method can be further differentiated into thermal 
and piezoelectric printing, where they share the common feature of having a pressure 
added to the ink inside the cartridge such that a specific amount of droplets are 
generated at a desired timing. The pressure is applied originating from either a 
thermally vaporized ink solution (thermal printing) or by vibrations from a 
piezoelectric crystal (piezoelectric printing), see also Figure 20. Typical inkjet printers 
can generate droplets of a volume ranging from 1 to 30 pL and line widths on the order 
of 20-100 μm can typically be achieved. More advanced systems can generate sub-pL 
volumes of the droplets, which in turn results line widths smaller than 10 μm[63, 64]. 
 
(a)

(c)

(b)

To be recycled

Electrodes

Print head

Ink droplets

Polarized droplets
to be printed

Non-polarized
droplets

Substrate  
Figure 20, Schematic models of the presented inkjet printing techniques with (a) continuous, 

(b) piezoelectric DOD and (c) thermal DOD droplet generation systems. 
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 The quality and resolution of the inkjet-printed patterns strongly rely on the 
properties and behavior of the ink solution used. Figure 21 shows a simplified 
step-by-step process to jet one droplet of the ink onto a substrate. In step (a), pressure 
is applied (thermally or piezoelectrically) to the ink solution in the vicinity of the 
nozzle. In step (b) the ink droplet is practically formed by the pressure, and by using a 
proper voltage waveform the droplet can be kept circular without a long “tail”. Such 
tails are detrimental to the resolution of the resulting printed layer. During step (c) the 
droplet simply falls down to the substrate simultaneously with an accompanied solvent 
vaporization. Thus the rheology as well as the viscosity of the droplet is changed by 
that the composition of the ink solution varies. Finally at (d) a dot is printed by that the 
droplet lands on the substrate. The behavior of the liquid phase droplet on the substrate, 
i.e. wetting or dewetting, is yet another important factor for the resulting pattern 
resolution, and this is determined by the rheology of the ink and the surface energy 
interaction between the ink solution and the solid substrate surface. The seeping effect 
of the droplet into the substrate is also an important factor in case a porous or a 
fibrillate substrate such as paper is being used. 
 

(a) (c) (d)(b)

 
Figure 21, Illustration of the inkjet printing process starting by (a) pressurizing the inner 

cartridge, (b) droplet formation, (c) droplet ejection, and finally (d) droplet landing and the 

corresponding wetting or dewetting behavior on the substrate. 
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 When a droplet lands on the substrate it displays a certain contact angle θC vs. 
the substrate after reaching its equilibrium condition. This relies on the interfacial 
energy between solid-liquid (γSL), solid-gas (γSG) and liquid-gas (γLG) phases according 
to Young’s equation: 

CLGSLSG θγγγ cos+=  or CLSLS θγγγ cos+=  

Here γS and γL correspond to the surface energy, or surface tension, of the solid and the 
liquid phase, respectively. In a previous publication, the line width (ω) of the printed 
matter, achieved by inkjet printing, was turned out to be predictable using the 
following formula involving the contact angle θC, the diameter of the droplet d and the 
drop spacing p (the distance between two droplets), see also Figure 22[65]: 

⎟
⎠
⎞⎜

⎝
⎛−⎟

⎠
⎞

⎜
⎝
⎛

⎟
⎠
⎞⎜

⎝
⎛

=

C

C

C

C

p
d

θ
θ

θ
θ

π
ω

sin4
cos

sin4

6

2

3

2  

 
(a) (b)

θC
SL
γ

SG
γ

LG
γ

Ink (L)

Substrate (S)

Air (G)

ddiameter:

drop spacing:

linewidth:

p

ω

contact angle:θ

 
Figure 22, (a) The contact angle formed by a droplet onto a solid substrate, (b) the line width 

obtained by inkjet printing and the dependence of drop space, droplet diameter and contact 

angle parameters. 

 
 At first, inkjet printing was not considered as a suitable option for 
high-volume and high-speed manufacturing. However, roll-to-roll inkjet printing 
systems equipped with more than 1.5 million nozzles, a resolution of 1200×600 dpi 
and a print speed exceeding 100 m/min is nowadays available in the common book 
printing industry[66]. 
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4.4. Lamination 
 Lamination, especially in a roll-to-roll process, is an operation in which 
several flexible substrate layers are continuously stacked in order to form a multi-layer 
structure. This technique is often used to finalize and complete printed multi-layered 
flexible devices by encapsulating with another substrate in a roll-to-roll process step[67, 

68]. The laminated structure is normally fixed by some kind of glue material, which is 
either coated uniformly on the entire layer or partially deposited on one or both sides 
of the substrates. The simplest case of the lamination process is shown in Figure 23. 
Here, cylindrical rolls, typically made by a smooth metal, which supply the 
unprocessed flexible layers to the system is called the “unwind roll”, while the roll 
responsible for rolling up the processed layers is named the “wind roll”. 
 

 
Figure 23, The most simple lamination process. 

 
 When a lamination-processing step is introduced in the manufacturing 
procedure, it automatically requires at least two unwind rolls and one wind roll. 
Depending on the necessity, such as in the case of a more complicated structure or the 
removal of a part of the laminated layer in the end of the process, the lamination 
equipment might require more than two unwind/wind rolls[69] , see Figure 24. This kind 
of combination of lamination and delamination can provide the same multi-layered 
structures as would have been obtained by a plurality of additive printing steps. 
 

 
Figure 24, Lamination processes when multiple wind and unwind rolls are involved, where 

the laminated layer partially remains and the rest is unwinded by the second unwind roll. 
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 The role of the lamination process can be separated into different purposes. 
When all printed/coated layers are located on only one flexible layer and the other side 
of the substrate has no active layers contributing to the function of the electrical 
devices, laminated layers serves mainly as encapsulation, see Figure 25 (a). Many 
electronic devices must be protected from mechanical scratches, pressure, oxygen, 
moisture, or light in order to function properly. In particular, printed organic solar cells 
and organic light emitting diode displays are very sensitive to oxygen and moisture, 
and gas-barrier films are therefore being developed and used as a laminated layer in 
such devices[70, 71]. 
 On the other hand, in the case when the laminated substrate has printed or 
coated features that are involved as an active component in the device architecture, the 
lamination process is rather a step in the device construction process. This kind of 
lamination processing is commonly employed when two patterned electrode layers of 
an electrochemical device are glued together. This lamination process then ensures an 
ionic contact between the two electrodes, located on the different substrates see Figure 
25 (b). 
 Another option regarding how to utilize the lamination process is to insert an 
insulator layer in between two patterned substrates including electrode patterns, Figure 
25 (c). Such processing scheme was utilized in the work reported in Paper 2 and 3. 
Normally insulating inks or pastes are printed or coated onto a pre-processed substrate, 
and then followed by the deposition of another material. Such process is considered to 
be more cost-effective and suitable for large area manufacturing. However, this 
particular lamination technique that maintains the high process throughput in similarity 
to (b) can still be a feasible option in the case the underneath layer, which has to be 
covered by an insulator, is incompatible with e.g. the solvent or drying temperature 
used for the subsequent insulator material inks. 
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Figure 25, Different roles of the lamination process in device manufacturing: (a) 

encapsulation (b) constructing a multi-layered device structure and (c) inserting an insulating 

layer in the middle of a device structure. 

 
 An example of an interesting application that utilizes the lamination 
technique can be seen in Figure 26, which shows the manufacturing of an optical data 
storage device constructed by a continuous lamination process[10, 72]. Here a transparent 
bilayer made from one photosensitive polymer layer and one inert layer, is stacked 20 
times so that the device in fact has 20 independent layers for recording of optical 
information. By irradiating with a femtosecond pulsed laser, at a certain wavelength, 
will change the optical properties of the 3-dimensional photosensitive polymer system. 
This photoreaction is used to write data. 
 

 

Figure 26, Illustration of an optical data storage structured by continuous lamination 

manufacturing. 
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4.5. Coating 
 Uniform deposition of a material from solution is commonly used in order to 
obtain a thin layer on top of a substrate. This process is commonly referred to as a 
coating process. There are many different types of coating techniques available, such 
as knife coating, slot-die coating, roll coating etc., and some of them are illustrated in 
Figure 27. Generally, these different techniques are distinguished by the thickness 
obtained, the material solubility, ink rheology and physical properties of the substrate. 
In terms of the materials presented in this thesis, aqueous solutions of polyelectrolyte 
have relatively high viscosity (1,000-10,000 mPa∙s) and need to be coated into a 
relatively thick layer (> 100 μm) by e.g. using knife coating, while an aqueous 
dispersion of PEDOT:PSS has extremely low viscosity (< 100 mPa∙s) and will thus be 
coated into a much thinner layer (< 1 μm) by using e.g. wire-bar coating or spin 
coating as the most convenient methods. As compared to printing, coating generally 
implies faster throughput. However, in principle, no patterning except for simple stripe 
patterning along the machine direction of the deposited layers are achievable[73]. 
 

 
Figure 27, Examples of coating methods: (a) wire bar coating, (b) knife coating (c) slot-die 

coating and (d) spin coating. (a) and (d) are suitable for solutions with lower viscosity, and 

therefore results in thin coatings, while (b) and (c) are used to obtain thick coatings for 

solutions with higher viscosity . 
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4.6. Surface energy patterning 
 In all kinds of sheet-to-sheet and roll-to-roll production, as far as the targeted 
device has a multi-layer of printed structures, registration between subsequently 
printed layers is utterly important. Registration defines a huge technical challenge with 
respect to maintaining a high production stability and yield. For instance, the ECT 
device explained previously requires, even in its simplest structure, multi-layer 
stacking of an electrochemically active polymer as the channel, a conductor as the 
drain and source electrodes, an insulator that defines the contact area between the 
channel and the electrolyte, an electrolyte layer and finally a gate electrode. If we 
assume a printing step of an ECT channel, typically with the dimension of 103-105 μm2, 
all of the subsequently deposited layers must be aligned at a minimum deviation of e.g. 
less than 10 μm per layer. This permitted tolerance of fluctuation becomes even 
narrower in the case of large area and high-speed production since the precision 
typically drops as the production speed increases. 
 One genius solution to overcome the obstacle of the need for high 
registration was presented in a previous work[74]. Here, the surface energy properties of 
the interfaces between solid substrates and liquid inks are utilized in an innovative 
fashion. By treating a substrate with a first material having a low surface energy will 
result in that the subsequently deposited second material automatically repels away 
from the areas containing the first material. This occurs as long as the surface energy 
of the second material is sufficiently high, see Figure 28 (a). Hence, proper wetting of 
the second material will only occur at those areas that are free from the first printed 
material, i.e. the bare substrate. The printing resolution of the low surface energy areas 
is limited by the specific patterning process chosen, but the resulting gaps between 
those areas are not restricted, hence the resolution of the self-aligned material 
deposition is able to be much narrower than the resolution limit of the machine, despite 
the fact that the material that should be patterned typically is uniformly deposited by 
e.g. wire-bar coating. Figure 28 (b) and (c) show photographs of this method based on 
self-alignment of materials. In (b) poly(tetrafluoroethylene) solution was printed using 
an aerosol jet printer[75-77] at a line width of 70-90 μm, then an aqueous dispersion of 
PEDOT:PSS was uniformly wire-bar coated on top of the pattern. (c) shows an inkjet 
printed grid of polystyrene and a subsequently wire-bar coated aqueous solution of a 
polyelectrolyte on top. In both cases, the wire-bar coated layers were successfully 
repelled from, and self-aligned to the negative image of, the firstly deposited low 
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surface energy material, i.e. polystyrene. 
 Surface energy patterning is not only advantageous from the point of view of 
a good resolution, it is also advantageous in terms of production throughput. This is 
explained by that the material to be patterned by the difference in surface energy in 
most cases can be deposited as a uniform coating. Hence, the patterning speed of the 
low surface energy material is then the deposition step that determines the overall 
production speed. The production steps of coating and self-alignment is typically 
carried out at a much faster speeds. 
 

 
Figure 28, (a) Schematics of the deposition of a material by using surface energy patterning, 

(b) the microscope image of self-aligned PEDOT:PSS (aqueous dispersion), and (c) 

self-aligned polyelectrolyte (aqueous solution). In (a), the light gray squares represent the 

firstly printed pattern having a relatively low surface energy and the dark gray area indicates 

the secondly printed/coated material having a relatively high surface energy. 

(b) (c) 
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5.  Electrochromic displays updated by active matrix 
addressing 

5.1. Basic structure and addressing technique 
 Liquid crystal displays (LCD) and electroluminescent displays updated by 
the active matrix addressing method was originally developed in the early 1970s[78], 
and this type of updating technique has nowadays become one of the most commonly 
used global standards for many display applications. Besides LCDs, organic light 
emitting diode (OLED) displays are now under rapid development and active-matrix 
OLED displays are now entering and sharing the market space with LCDs, both in 
terms of small displays for e.g. mobile phone applications as well as for large displays 
and screens targeting for instance TV applications. 
 The name of “active matrix addressing”, commonly termed “active-matrix”, 
originates from the fact that each pixel along the matrix display includes at least one 
respective “active element” that is capable of controlling the on- and off-states, and 
possibly also the gray-scale level of the corresponding pixel. In standard flat panel 
displays, the active pixel elements are typically consisting of one or several thin film 
transistors (TFT), to provide for addressing, and the actual display element. The 
fundamental circuit of an active matrix addressed display (AMAD) is drawn in Figure 
29. Rows and columns are crossing each other orthogonally and form a grid. This 
defines the actual display device and each crossing point consists of one active 
transistor element and one display pixel. The transistor controls the switching behavior 
of the display pixel. In comparison to passive matrix addressed displays, which will be 
described in the next chapter, the concept of active matrix-addressing generally 
possesses several advantages; high resolution, large number of pixels possible, fast 
switching, compatible with large-area displays and brighter emission. On the contrary, 
AMADs are more difficult to manufacture due to their relatively more complicated 
architecture. 
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Figure 29, Circuit schematic of an active matrix addressed display with 3×3 pixels. 

 
 In order to apply this active matrix addressing approach to an electrochromic 
display, a single EC pixel and a single transistor must be connected in series in order to 
form one electrochromic “smart pixel” in which the transistor device controls the 
current through the EC pixel, and thereby also the color state of the pixel. In our 
approach an ECT represents the addressing and updating transistor. As Figure 29 
shows, all vertical lines (pixel column) are connected to the source electrodes of each 
ECT, while all transversal lines (gate row) are wired to the ECT gate electrodes. All the 
top electrodes of each pixel are connected globally. The patterning of the electrolyte 
layer is of crucial importance in order to prevent short-circuits and cross-talk effects. 
The electrolyte layer on top of each ECT and EC pixel, respectively, must be 
physically isolated from each other, as well as that the electrolyte layers between 
neighboring electrochromic smart pixels must also be separated from each other. 
 The updating sequence of an active-matrix display is typically performed by 
using row-by-row scanning. However, one major difference regarding how to apply the 
pixel voltages (VP) and the gate voltages (VG), to the columns and rows, can be 
observed when using ECTs as the addressing transistors, as compared to the case when 
OFETs or other more conventional TFTs are being used as the addressing transistors. 
This relates to the fact that ECTs are operating in depletion mode. This is due to that 
conventional transistors are based on active materials that are semiconducting in the 
pristine state, while the ECT is based on PEDOT:PSS, hence, the ECT is in its 
conducting on-state for VG = 0 V and switched into its non-conducting off-state upon 
applying a positive bias (~1 V) on the gate electrode. Typical VP and VG addressing 
waveforms as a function of time are illustrated in Figure 30. In case of driving an 
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AMAD having m × n pixels, the updating sequence may be represented by the 
following scheme: 

(a) VG > 0 for all rows and VP = 0 for all columns 
(b) VG, 1 = 0 (VG, X represents the applied gate voltage to the Xth gate row) 
(c) VP > 0 (updating of desired set of pixels in the particular row) 
(d) VG, 1 > 0 
(e) VP = 0 
(f) VG, 2 = 0 (repeat the sequence until the complete AMAD has been updated) 

 
To carry out the addressing of VG and VP shown above, a home-made external circuit is 
utilized in Paper 2. This circuit can output 16 signals in total, 8 for VP columns and 8 
for VG rows, with adjustable settings: time periods (t1 and t2), amplitudes of VP and VG 
(L and H) and arbitrary ramping gradients of the VP and VG transitions, see Figure 30 
(a). 
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Figure 30, (a) The voltages applied on the gate electrodes and across the pixel devices 

control the AMAD updating sequence and the resulting image appearing in the AMAD is 

shown in (b). The columns labeled (P, x) and (P, y) denote two arbitrary sets of pixel columns 

corresponding to when the first and second rows are switched on, respectively. t1 and t2 

along the time axis denote the duration each row is active. The behavior of the voltage 

switching between L and H values is drawn as vertical lines in (a), which indicates that they 

are changed rapidly. It should though be noted that a certain ramping gradient has proven to 

be useful in order to prevent device degradation.  
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 If the duration of each row updating, i.e. the time between the t1 and t2 
marked in Figure 30 (a), is assumed to be 100 ms and if the AMAD is consisting of 10 
rows, the total time required to fully update the AMAD will then be estimated to 10 × 
100 ms = 1 second. The combination of the reduction front and the depletion mode 
operation of ECTs becomes a crucial issue with the respect to proper operation of an 
AMAD. This is explained by that e.g. as the last row (row #10) is addressed, the ECTs 
of this particular row have been exposed to a continuously applied VG and a randomly 
applied VP signal. The latter depends on the targeted image to be displayed which is 
applied during the first 900 ms of the updating sequence. During this time, no pixels 
along row #10 are allowed to be affected. However, by continuously applying the 
voltages in this manner typically causes reduction front effects that are detrimental to 
the updating sequence, i.e. the off-to-on switching time might be dramatically 
prolonged in each ECT. Additionally, the continuously applied voltages put a certain 
requirement on the ECTs, namely that the off-current levels must be sufficiently low in 
order to prevent cross-talk effects in between neighboring pixels. 
 Meanwhile, the bi-stability, or color retention time, of the EC pixels is of 
crucial importance after the completion of a pixel update along one particular row. 
After one or several pixels, in the first row, have been switched on and after that the 
ECT channels have been switched off by applying VG, 1 again, the pixel coloration state 
must be maintained for at least a time period that equals the time it takes for updating 
the complete AMAD. Preferably, the color retention time should be even much longer 
in order to lower the power consumption as well as to enhance the device lifetime, 
since a low number switch cycles during operation increases the lifetime of the display. 
Upon minimizing the reduction fronts in the ECTs and the cross-talk effects, while 
enhancing the bi-stability of the ECTs, the active-matrix updating method is a very 
powerful technique to present arbitrary images on the display. 
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5.2. Improving device and system design by laser drilling of plastic substrates 
 Easily printed EC-AMADs based on electrochemical redox reactions of 
PEDOT:PSS were realized on paper and plastic substrates and have been reported 
previously[42, 56]. Although these displays showed excellent addressability and 
promising performance, they included a large “dead space” between pixels, i.e. a large 
area that does not change color at all during operation. One of the major reasons why 
the ratio between the switchable pixel area and the total display area (hereinafter 
defined as “fill factor” and expressed in %) was small originates from the particular 
architecture of the AMAD used, especially the arrangement of conductors, EC pixels 
and ECTs. As drawn in Figure 31, the AMAD reported in Ref. [56] was finalized by 
laminating two plastic substrates, where the surfaces of the two substrates carried 
different printed PEDOT:PSS and electrolyte layers. One substrate consisted of the 
pixel and gate electrodes, and their corresponding electrolyte layers and conductors, 
while the other substrate included the counter electrodes of the EC pixels and the ECT 
channels, and their corresponding electrolyte layer and conductors. Except for the 
electrolyte layer areas, the substrates were entirely covered with an insulating resin to 
prevent electronic short-circuits in between the layers. It is therefore easy to 
understand that this architecture limits the achievable fill factor by that the pixel 
electrodes share the available area with the other subcomponents of the AMAD circuit 
layout. In other words, the top substrate is separated by the pixel electrodes, the gate 
electrodes, the conductors and also sufficiently wide gaps to ensure proper electrical 
isolation. Since only the pixel electrodes can be switched between different color states 
the remaining areas are considered as “dead space” in terms of the fill factor of the 
resulting display system. 
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Figure 31, Previously reported AMAD finalized by lamination of two plastic substrates, which 

typically causes a relatively low fill factor originating from the dead space. 

 
 Two options have been identified regarding how to improve the fill factor. 
Both of them share the common concept that only the pixel electrodes should appear 
along the top of the AMAD device, while all other subcomponents are located 
underneath. Such architecture will enable an increased fill factor by that ECTs and 
conductors no longer require space along the visible top layer of the AMAD, see 
Figure 32. The two concepts are: 
 
(a) Fully additive printing of source and drain electrodes, transistor channels, gate 

electrodes, conductors, counter electrodes, pixel electrodes and necessary 
insulators on top of the bottom plastic substrate. 

(b) A plastic substrate is located in the middle of the device cross-section, onto which 
the electrodes of the EC pixel are printed on one side, and conductors and ECTs 
are printed on the other side of the substrate. The counter electrode of each of the 
EC pixels is connected with an associated transistor channel by an electrically 
conducting via hole through the middle layer. The pixel electrodes and the gate 
electrodes are pre-manufactured on different substrates and are then finally 
laminated on each respective side of the middle layer substrate. 
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 The idea proposed in (a) requires a large number of printed layers, which 
therefore implies a tremendous risk of miss-alignment or lowered production yield 
originating from the increased complexity of the manufacturing process. On the other 
hand, the issue with an increased number of printing steps can be prevented by the idea 
proposed in (b), although this architecture instead requests yet a new technical 
challenge with respect to electrically connect both sides of the plastic substrate. The 
idea in (b) is also not considered to be cost efficient since two additional plastic 
substrates must be utilized. However, this approach (b) is still considered much more 
practical from a manufacturing perspective due to the fact that the requirement on 
registration becomes more relaxed. 
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Figure 32, Cross-sectional illustrations of EC pixels fabricated by (a) fully additive printing 

and (b) lamination of three plastic substrates by utilization of electrically conducting via holes. 

P.E., C.E. and G.E. are abbreviations for the pixel electrode, the counter electrode of the EC 

pixel and the ECT gate electrode, respectively. Both architectures have the possibility to 

improve the AMAD fill factor as compared to previously reported EC smart pixels. 
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 Within the adhesive label industry, small “vias” are being made through 
plastic films to serve as “air ducts”[79]. This idea was originally suggested by end users 
in order to remove air bubbles that typically appear along the interface of adhesive 
labels, e.g. in labels adhered onto walls, pillars, window glasses or other kinds of 
building materials. The air duct vias are sufficiently small (< ϕ 100 μm) in order to 
appear as invisible to the human eye, but still large enough in order for air to easily be 
evacuated from inside of the label-surface interface. The process of creating vias 
through solid plastic films is commonly realized by using a laser drilling technique. 
 The CO2 gas laser, which was succeeded in 1964[80], is often used in the 
industry for several applications such as welding, cutting or fenestration of metals. In 
addition, because the wavelength of the laser light is suitable to be absorbed by water 
molecules and various plastic resins (e.g. PMMA), applications within the biomedical 
area[81] as well as for rapid microfluidic systems[82] are currently growing. Here, in 
Papers 2 and 3, the CO2 gas laser technology was utilized to create penetrating via 
holes having diameters ranging from 30 to 70 μm through PET films. 
 The actual process flow to create one EC smart pixel, including one ECT, 
one EC pixel and the necessary electrically conducting via hole (denoted “electronic 
via” herein) by using the CO2 gas laser is given in Figure 33 and a more detailed 
explanation is also further described in Paper 2. Self-alignment of deposited layers by 
using a surface energy patterning technique, which has been mentioned in chapter 4, 
was used in steps 7, 11 and 13, see Figure 33. One advantage of using surface energy 
patterning combined with using a wire-bar is that the polyelectrolyte solution is 
uniformly coated on the substrate. Hence, there is no necessity to use patterning tools 
or proper registration between the deposited layers. The method of using 
self-alignment is also suitable for thick layer deposition of an electrolyte, which then 
also is serving as the “glue” in the following lamination process. Such thick layers can 
hardly be obtained by printing techniques e.g. inkjet printing. 
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Figure 33, Utilization of the laser drilling technique to fabricate the EC smart pixel used to 

form the AMAD: make a via hole by laser (1), fill the via with a conducting material (2), inkjet 

print the PEDOT:PSS transistor channel (3), inkjet print the conductor and the insulator (4), 

stencil print the polyelectrolyte (5), inkjet print the low surface energy polymer grid (6), 

coating and self-alignment of the PEDOT:PSS counter electrode and the polyelectrolyte (7), 

knife patterning of the PEDOT:PSS layer along the column axis (8), inkjet print the conductor 

(9), inkjet print the low surface energy polymer grid such that it also covers the conductor 

(10), coating and self-alignment of the polyelectrolyte (11), inkjet print the low surface energy 

polymer grid (12), and coating and self-alignment of the polyelectrolyte (13). Lamination of all 

three substrates can complete the multi-layered EC smart pixel. 
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 In parallel to the development of the EC smart pixel architecture for the use 
in AMADs relying on electronic vias, the performance of single ECT containing 
electronic vias was further investigated in Paper 3. As shown in Figure 32 (b) and 
Figure 33, the electrolyte that is connecting the gate electrode with the transistor 
channel in the ECT moiety is located laterally aside from the vertical axis of the 
electronic via. Thus, the redox reaction of the PEDOT:PSS, serving as the ECT 
channel, will take place besides the actual electronic via. Therefore, the basic structure 
of the ECT is similar to the structure presented in chapter 3, i.e. mainly because the 
source and drain electrodes together with the transistor channel are all deposited in the 
same plane. 
 The new ECT architecture is drawn in Figure 34 (a) and is compared to the 
previous ECT design shown in (b). The ECT shown in (a), which is further discussed 
in Paper 3, has a transistor channel that is located in direct physical contact with the 
electronic via, while the ECT (b) structure has a channel that is located besides the 
electronic via. Thanks to that the new ECT design potentially is using a smaller 
effective volume of PEDOT:PSS in the transistor channel, as compared to the previous 
designs, the switching time of the ECT is improved by a factor of 10-20 times. 
Additionally, the new ECT design has proven to be robust, proven by that functional 
displays have been achieved including electronic vias that have been established 
through both plastic and paper substrates. 
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Figure 34, (a) The new ECT design and (b) the previous ECT design, where both structures 

are utilizing electronic vias, even though a much more compact design can be obtained in (a). 

G.E., S and D represent the gate electrode, the source electrode and the drain electrode, 

respectively. 
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5.3. Demonstration of active matrix addressed displays 
 The demonstrator device of the EC-AMAD concept consists of 8×8 EC 
smart pixels and was reported in Paper 2. The AMAD device included 64 electronic 
vias; each and one transferring the electronic signal from the ECT, located on one side 
of the substrate, to the corresponding EC pixel, manufactured on the other side of the 
substrate. By hiding ECTs and conductors on opposite sides of the substrate, it was 
demonstrated that the fill factor could be increased up to almost 90% for an EC pixel 
area as small as 1 × 1 mm2, see Figure 28 (c) and Figure 35 for the schematic of the 
prepared AMAD device. The number of different materials required to manufacture the 
complete systems was kept at a minimum; PEDOT:PSS, conducting carbon paste, 
aqueous solution of polyelectrolyte, silver ink to provide high conductivity along the 
addressing lines, and off course the polystyrene were all materials required to complete 
the AMAD by printing and coating techniques on the three PET substrates. Thanks to 
the concept of self-alignment by using surface energy patterning, the number of 
manufacturing steps that are required to achieve proper registration is also been kept at 
a minimum. 
 

(Middle substrate layer)

PET film PEDOT:PSS Conductor Polyelectrolyte Low surface energy
polymer or insulator

(Top substrate layer)

(Bottom substrate layer)

 
Figure 35, Top and cross-section views of the three PET substrates including the printed and 

coated layers required to complete the AMAD. 
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6.  Electrochromic passive matrix addressed displays  
6.1. Basic structure and general description 
 The passive matrix addressed display (PMAD) is a kind of display that does 
not require any “active element” to achieve addressing of individual pixels. This is in 
contrast to the previously described AMADs in which addressing transistors, in order 
to show an arbitrary image free from cross-talk, is required. The concept of passive 
matrix addressing, for screens, was developed in the early phase of the LCD era 
several decades ago, for example by incorporating a diode in each junction of the 
cross-point matrix in order to obtain a non-linear switching behavior that can prevent 
any cross-talk effects. But thanks to the development of inorganic thin film transistors 
the major part of all manufactured displays available on the consumer market is 
combined with a transistor backplane responsible for the pixel operation, since this 
results in crisp images without cross-talk effects as well as that highly dynamic 
gray-scale levels are enabled. Therefore, the AMAD technology has been developed 
very rapidly into a high-definition technology as compared to the PMAD technology. 
However, within the field of low-cost displays manufactured on flexible foils by using 
printing tools, it would of course be advantageous to omit the transistor backplane 
since this would considerably simplify the display from the complex AMAD structure 
to more basic and simple PMAD architecture, see Figure 36[83, 84]. In the PMAD 
technology developed by us, a number of electrically conducting rows (m) and 
columns (n) are formed, either through subtractive or additive patterning, along one 
side of each substrate and m × n number of crossing points is then formed upon 
lamination of the substrates perpendicular to each other. In case of using the EC 
display technology, the pixels are formed by incorporating isolated electrolyte layers in 
between each crossing point of conductors. 
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Figure 36, Schematic of the PMAD structure. 

 
 The updating sequence of the PMAD is in most cases performed row-by-row, 
where all n pixels in one row are controlled simultaneously by applying a desired set of 
voltages to the n column lines, and this process is repeated m times until all rows of the 
PMAD have been updated as expected. The sequence therefore resembles the AMAD 
technique, except for the fact that the addressing transistors are omitted in the PMAD 
technology. However, the PMAD technique adds certain fundamental requirements to 
the EC pixel in order to prevent for cross-talk effects, and this will be discussed below. 
 
(1) In a PMAD the (EC) pixel must show non-linear I-V characteristics, and hence also 
non-linear coloration behavior, for example by the incorporation of a threshold voltage 
VTH. 
 There is a plurality of addressing protocols available that successfully can be 
used to operate PMAD devices, two of them are shown in Figure 37, and they all share 
the common feature of minimizing the voltage distribution of non-addressed EC pixels. 
This phenomenon is otherwise observed when addressing one unique EC pixel, while 
the neighboring EC pixels are supposed to be kept in their off-state. This occurs as a 
voltage VP is applied to the desired pixel, which then gives rise to an unexpected 
biasing of neighboring pixels, which in turn results in cross-talk effects by that 
non-addressed pixels are at least partially switched to their on-state. The voltage 
distribution exposed to the neighboring pixels is always lower than the actual VP that is 
applied to the addressed pixel. This implies that cross-talk possibly can be prevented 
by the creation of a threshold voltage VTH within each EC pixel such that no coloration, 
or sufficiently small coloration, occurs at VP < VTH, while the coloration speed 
immediately increases at VP > VTH. The VTH of the EC pixel clearly must be larger than 
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VP/2 and VP/3 for the V/2 and V/3 addressing protocols shown in Figure 37, 
respectively[85]. In Paper 4, both the V/2 and V/3 protocols are verified to be applicable 
for PMAD operation. Here both rows and columns are individually addressed by a data 
acquisition card (DAQ), PCI-6723 from National Instruments, which is connected to a 
computer having a graphical user interface written in LabView®. Curve (a) of Figure 
38 schematically illustrates the typical coloration behavior for an EC pixel with a 
certain VTH, which results in the low leakage current level at 0 < VP < VTH capable of 
keeping the pixel in its off-state within this voltage range. 
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Figure 37, Examples of two addressing protocols for the update of a 3×3 PMAD: (a) the V/2 

and (b) the V/3 methods. The two black pixels in the second row are currently being 

addressed. The voltages written in the periphery of the display indicate the actual voltage 

levels applied by the external electronic circuit, while the voltage written inside each pixel is 

the approximate value of the resulting voltage drop across that particular pixel. 
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Figure 38, The typical coloration behavior of the EC pixel to be utilized in the PMAD, (a) a 

curve when the pixel switches from non-colored to colored and (b) a curve when the pixel 

switches from colored to non-colored. 
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(2) The EC pixel should maintain its color state upon applying VP = 0 V in order to 
enhance the EC pixel retention time and to minimize the power consumption.   
 For example, after completing the update of the first row and upon starting 
the addressing process of the second row, the voltage that was activating the first row 
will now be turned off in order to prevent for erroneous updating of this particular row 
during the subsequent addressing of the remaining rows of the PMAD. However, as 
shown in Figure 37, half or one third of VP is distributed to the non-addressed pixels 
causing not only cross-talk (by +V/2 or +V/3) but also unexpected color quenching (by 
–V/2 or –V/3). Hence, it is required that every single EC pixel in the PMAD also is 
capable of maintaining its colored state upon experiencing -V/2 and -V/3, see curve (b) 
in Figure 38 and Figure 39. In this case the negative threshold voltage (VTH(-)) must be 
larger than |–V/3|. 
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Figure 39, The sequence of updating the top left and the bottom right pixels in a 2×2 PMAD. 

After updating the top row (left), the addressing of the bottom row will be initiated (right), 

which results in that the top left pixel will be biased by a negative voltage. This sets the 

requirement of the VTH(-) to ensure that the previously colored state can be maintained. 
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6.2. Non-symmetric EC pixels to introduce a threshold voltage 
 An ordinary EC pixel composed by one layer of an electrolyte sandwiched 
by two layers of PEDOT:PSS is in principle inapplicable in PMAD devices because of 
its linear coloration behavior vs. the applied voltage, see Figure 40 (a). In a PMAD, 
such linear coloration behavior will immediately result in unexpected switching due to 
the voltage distribution mentioned above, hence the PMAD will suffer from cross-talk 
effects. 
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Figure 40, Linear (a) and non-linear (b) coloration of EC pixels. 
 
 As previously described, the electrochemical redox reaction of the 
PEDOT:PSS within an electrochemical device is described by the following equation: 
PEDOT:PSS + M+ + e- ↔ PEDOT0 + PSS-M+ 
When the EC pixel is composed of two symmetrical electrodes consisting of this 
conducting polymer, each half-cell reaction at the respective interface between the 
electrode and the electrolyte is also symmetric, that is, for a specific polarity of the 
applied voltage one interface experiences e.g. the rightward reaction while the reaction 
is performed leftwards for the other interface. According to Nernst equation, the 
equilibrium state of this redox reaction is described as: 
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where R is the ideal gas constant, T is the absolute temperature, n is the number of 
electrons transferred per reaction (here assumed to one), F is Faraday’s constant, A 
denotes the activities of the reaction products and reactants, E is the applied potential 
and E0 is the standard redox potential (approximated to zero if both electrodes are 
based on the same material). This relationship indicates that the concentration ratio of 
PEDOT:PSS and PEDOT0 is directly proportional to variations of the applied voltage 
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(E). In order to satisfy the requirements set by the PMAD application, i.e. the necessity 
of a non-linear coloration behavior, this redox reaction must be limited in a certain 
voltage regime ranging in between a positive and a negative VTH, as illustrated in 
Figure 38. 
 Conducting graphite carbon is a commonly used material that in part because 
it exhibit good electrical conduction. Also, it is considered as a (electro)chemically 
inert material, it can be printed from ink formulations, it can be purchased at low costs 
at large quantities and it also exhibit other morphological features such as porosity and 
large surface area. Graphite is therefore a very attractive electronic/electrical material 
in a large variety of applications, e.g. as the electrodes in secondary batteries, 
capacitors, diodes, transistors and displays, or simply as conductors and resistors in 
printed electronic circuits. Graphite is one of the purely carbon-based allotropes and is 
composed by multiple graphene sheets. Each carbon atom is strongly bonded to the 
neighboring carbon atoms by sp2 hybrid orbitals along the x-y plane, thus forming the 
graphene sheet, while there are weak Van der Waals interactions along the z axis 
keeping the different sheets together. 
 Replacing the PEDOT:PSS layer, which typically serves as the counter 
electrode in an ECD pixel, with conducting carbon can provide the desired non-linear 
coloration behavior of the EC pixel, as reported in Paper 4 and illustrated Figure 40 (b). 
One plausible explanation to the VTH generation introduced by the graphite counter 
electrode could be that water splitting occurs at the interface of the conducting carbon 
and the polyelectrolyte. The water electrolysis serves as one of the half-cell reactions 
of the EC pixel and typically this reaction kicks in when the applied voltage exceeds 
1.0-1.2 V, which in turn initiates the other half-cell reaction resulting in coloration of 
the PEDOT:PSS pixel electrode. However, it should be noted that it is not only the 
electrode combination that matters for the VTH generation, the choice of electrolyte is 
also of crucial importance. This has been proven by evaluating various combinations of 
electrode materials and electrolytes, and polyelectrolytes are clearly a necessity to 
achieve the desired VTH functionality. 
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6.3. Demonstration of passive matrix addressed displays 
 In Paper 4, a PMAD device having 7×128 EC pixels is reported. A simplified 
version of the demonstrated PMAD is given in Figure 41, where the pixel electrodes 
are manufactured using knife patterning of a uniform PEDOT:PSS coating (Orgacon 
EL-350 film purchased from Agfa).  Screen-printing of a conducting carbon paste 
defines the counter electrodes. The electrolyte is uniformly coated from an aqueous 
solution of polyelectrolyte by using a wire-bar that then self-aligns into a pixelated 
pattern on top of the pixel electrodes and the counter electrodes, respectively. The 
self-alignment is obtained by utilizing the difference in surface energy between the 
electrode material and a polystyrene grid that is inkjet printed on top of the electrode 
material, respectively. The electrolyte layers not only ensure the ionic connection 
between the pixel and the counter electrodes, it also provides an adhesive property that 
“glues” the substrates to each other in the subsequent lamination step that is 
completing the PMAD device. It should be noted that the pixelation of the electrolyte 
is a prerequisite in electrochromic PMADs, a global electrolyte layer would cause 
severe cross-talk effects independently of the combination of electrode and electrolyte 
materials[83]. The overall result presented in Paper 4 is that all 7×128 pixels 
successfully could be uniquely addressed to a certain color state, which in turn implied 
that arbitrary letters and digits could be properly presented, sufficiently free from 
cross-talk effects, at an update voltage of less than 3 V. The individual EC pixel 
switching time is on the order of 500 ms, hence, approximately 3.5 s is required to 
complete one update cycle of the 7×128 display. In conclusion, the major impact of 
this work is that the desired threshold voltage that enables the addressability in 
PMADs can be obtained by combining only three different materials, which in turn 
promises for low-cost manufacturing due to that the simplicity is maintained when 
expanding from individual EC pixels to larger printed electronic systems. 

 
Figure 41, Schematic illustration of a 3×3 PMAD. 
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7.  Self-adhesive electronic materials 
 This chapter relates to the Swedish domestic project named Power Papers 
that was launched by Linköping University, Acreo Swedish ICT AB, Swedish Royal 
Institute of Technology (KTH) and Innventia AB, with financial support from Knut and 
Alice Wallenberg (KAW) Foundation. This project targets to explore the potential of 
utilizing cellulose-based paper for use in various electronic components and systems. 
 
7.1. Background of nanofibrillated cellulose (NFC) 
 Cellulose is a polysaccharide with the chemical formula (C6H10O5)n, see 
Figure 42. It is the main component in plant fibers and in the walls of plant cells, it 
constitutes the largest fraction of natural carbohydrates on earth, and it is composed by 
linearly polymerized β-D-glucose repeating units via glycosidic bonds. For thousands 
of years, cellulose-based materials or products have been used as heating source and as 
building components. During the last hundred of years it has also served as the carrier 
of information in the form of paper substrates. Paper materials have kept on being 
utilized as the solid and flexible surface to record graphic or text information. In 
addition, paper is nowadays attracting further interest for electronic applications such 
as the substrate or template for FET[86, 87], supercapacitors[88] or sensors[89] thanks to its 
low cost manufacturability, recyclability and its characteristic microstructures[90]. In 
raw wood material, the cellulose is strongly bound or absorbed with lignin or 
hemicellulose. Cellulose plays a significant role in terms of constructing the plant body 
itself. In its natural state, cellulose chains are forming aggregates that range from 
submicrons to several microns. Once the polymer chains are chemically or physically 
separated and all cellulose fibers are sufficiently “isolated” from each other, 
nanofibrillated cellulose (NFC) is obtained; a material that presents unique and 
attractive characteristics. Note that the same material sometimes is denoted to as 
microfibrillated cellulose (MFC). 
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Figure 42, Chemical structure of the cellulose polymer. 
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 The NFC fiber has typically a diameter of 5-60 nm and a length ranging from 
100 nm to several μm[91]. The fibers can exhibit transparent, gel-like characteristics in 
aqueous conditions and can therefore result in a transparent self-supporting film upon 
hybridization with another functional material, wherein the NFC matrix is used as a 
scaffold phase. This feature has recently been utilized in fibril-reinforced composites[92, 

93], paper-based OPV[94] etc. The NFC materials used in this thesis and in Paper 5 were 
initially prepared and characterized by Lars Wågberg et al[95]. 
 
 
7.2. ECDs based on hybridization of NFC and electronic materials 
 Electrochromic displays, which can be addressed in either active-matrix or 
passive-matrix mode, can potentially be manufactured along large areas, at high speed 
and low costs, see chapters 3 (components such as ECTs and ECDs), 5 (AMAD) and 6 
(PMAD). In all of the previous chapters, plastic, flexible, inert and transparent 
substrates are utilized independently from the subsequently printed or coated layers. 
Hence, the plastic film is used just as a carrying substrate not including any 
functionality of the electrochemical devices. Irrespective of the materials and the 
physical characters of these solid substrates, this is the most common route within the 
printing and coating industry because a universal substrate is typically the most 
convenient and straightforward way to manufacture printed products. 
 On the other hand, by changing target towards the construction of printed 
electronic devices, which require many different layers stacked on top of each other, a 
fully additive printing process using a single substrate gives rise to one huge technical 
challenge; registration. This is a processing parameter that determines the accuracy of 
the subsequently deposited layers, and large alignment fluctuations between the printed 
layers always lower the production yield. Because a reduction of the production yield 
has an immediate impact on the production cost, it is of crucial importance to maintain 
a high yield of systems within the field of printed electronics. A suggestion on how to 
solve this problem is presented in chapter 5. Here, a plastic substrate is used as an 
intermediate insulating layer such that the device is finalized by lamination it into a 
three-layered structure. In such an approach, the material layers are printed or coated 
onto three different substrates; this technique succeeds to increase the production yield 
of the respective substrate. This solution is, however, still disadvantageous since an 
additional plastic film is utilized, the problems are: the necessity to establish electronic 
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vias through the substrate, poor bendability and an increased total thickness of the 
complete laminated device, and also increased material costs due to the additional 
plastic film itself. The first reason, to create conducting pathways vertically through 
the substrate, is also demonstrated in chapter 5 but was not here optimized for 
roll-to-roll production. 
 Another possible way to solve the issue related to electronic vias is to 
construct device systems according to a fully additive printing method. However, as 
mentioned previously, the major challenge of using this technique is the requirement 
on registration, i.e. alignment fluctuations between the printed layers will most 
probably result in malfunctioning devices due to short-circuits or contact failures as the 
number of layers increases. By hybridizing functional materials with a solid phase 
membrane all printing processes can be replaced by lamination processing instead. 
Such an approach generally is expected to provide a simplified registration of 
multi-layered devices since the involved materials neither are in liquid nor in paste 
form during the stacking process. 
 As described in the chapters 3 and 5, the electrochromic smart pixel is the 
cornerstone that creates the concept of electrochromic AMADs. The electrochromic 
smart pixel consists of one ECT and one EC pixel; two components that both can be 
obtained by ionically connecting two PEDOT:PSS layers via an electrolyte layer. Since 
PEDOT:PSS and (poly)electrolyte both can be processed from aqueous solutions they 
should be easily hybridized with an aqueous dispersion of NFC to form a composite 
simply by mixing them. Thanks to the scaffold property of NFC, self-supporting films 
of PEDOT:PSS-NFC and polyelectrolyte-NFC are achieved upon removing most of 
the water by drying the mixture, respectively, see Figure 43. 
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Figure 43, Preparation of self-supporting membranes. 
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 The hybridized NFC membranes with dispersed PEDOT:PSS or 
polyelectrolyte can obtain bulk and surfaces showing soft gel-like properties when 
small plasticizer molecules are added to the mixtures. Consequently, the surfaces 
exhibit a self-adhesive property, which results in that electronic or ionic connections 
between the interfaces can be established simply by laminating the films on top of each 
other. In the case of electrochemical components, EC pixel and ECT structures can 
both be achieved by adhering three layers of NFC-based membranes, where two of 
them are hybridized by PEDOT:PSS and the other one includes polyelectrolyte, see 
schematics in Figure 44. 
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Figure 44, Electrochemical devices made by adhering three layers of hybridized membranes: 

(a) electrochromic display pixel, (b) electrochemical transistor and (c) electrochromic smart 

pixel. 

 
 
7.3. Electronic systems based on self-adhesive sticker labels 
 One advantage obtained by hybridizing NFC with an electronically or 
ionically conducting material is that substrate-less devices can be achieved, and 
additionally, lamination and delamination of several layers can repeatedly be 
performed thanks to the self-adhesive property of the films. In other words, arbitrary 
sets of membranes that already have been laminated onto a surface, regardless of 
whether this surface is based on another sheet of hybridized NFC or any other solid 
material, can possibly be delaminated and re-laminated again onto the same or a 
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different surface with maintained electrochemical functionalities. A cycle of these 
lamination, delamination and re-lamination processes, here denoted as to 
reconfiguration, is here demonstrated by the utilization of hybridized NFC layers in 
different sets of devices, see Figure 45. After that one smart pixel is prepared by 
lamination in accordance to Figure 44 (c), where the PEDOT:PSS-coated PET film 
(Orgacon EL-350) constitutes of pre-patterned drain and source electrodes, a transistor 
channel and the counter electrode of the EC pixel, and each NFC-bilayer serves as the 
gate electrode of the ECT and the pixel electrode of the EC pixel, respectively. After 
characterization of the first EC smart pixel device, the two bilayers were manually 
delaminated and subsequently re-laminated onto another sheet of Orgacon having the 
same pre-patterned surface as compared to the first Orgacon film, hence, a second EC 
smart pixel device could finally be realized and characterized.  
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Figure 45, Reconfiguration of an electronic system by utilizing the self-adhesive property of 

electronically and ionically conducting NFC membranes. 

 
 The concept of electronic system reconfiguration illustrated in Figure 45 is 
typically performed when the two hybridized NFC bilayers are in their pristine state, 
i.e. the PEDOT:PSS in the membrane is in its semi-oxidized state. Naturally, it would 
be interesting to investigate the case when PEDOT:PSS is switched to a different 
oxidation state, that is, how the process of system reconfiguration would respond upon 
lamination of a bilayer in which the PEDOT:PSS is already switched to its reduced 
state. In other words, the question whether one part of a device structure can carry on 
its memory/history/switch characteristics, after reconfiguration onto a new structure, is 
answered by this investigation. This can be tested by trying to transfer the energy of a 
pre-charged sheet according to the drawing shown in Figure 46; a concept that presents 
the vision for the future of using these components in autonomous or remote printed 
(bio-)chemical sensor applications. By incorporation of a sensing agent into the 
hybridized NFC membrane, a self-supporting sensor layer that is capable of detecting a 
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specific analyte can be obtained. After performing the sensing activity, the 
self-supporting film is laminated onto another solid circuitry, such as a transistor 
channel as is shown in Figure 46. This will result in that the chemical state of the 
laminated layer will affect the oxidation state of the ECT channel, hence, a chemical 
signal is transduced into an electronic signal that can be detected by the circuitry, see 
Figure 47. 
 

Polyelectrolyte-hybridized NFC PEDOT:PSS-hybridized NFC
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Figure 46, Reconfiguration of an electronic system by using PEDOT:PSS pre-charged into its 

reduced state. By applying a voltage between the drain and source electrodes of the 

pre-patterned transistor structure, the current will be modulated upon laminating the 

pre-charged hybridized NFC layer as the gate electrode. 
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Figure 47, Example of a sensor application utilizing the NFC-hybridized self-supporting 

membrane to remotely detect a specific analyte: (a) the sensing reaction between an analyte 

in the external environment (black circles) and sensing agent originally added in the 

membrane (white circles), (b) adhering the membrane onto a sheet of electrolyte-NFC and 

(c) detecting the existence and possibly also the concentration of the analyte by reading the 

electronic signal from the resulting ECT structure. 
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8.  Summary 
8.1. Conclusion 
  My thesis mainly report studies and development of PEDOT:PSS-based 
electrochromic matrix-addressed displays manufactured by printing and coating 
techniques. Paper 1 and Paper 3 introduced techniques to develop the performance 
and appearance of the EC display in terms of high color contrast and enlarged fill 
factor, respectively. The work that was carried out in these two papers did not involve 
any fundamental change of e.g. the chemical structures of the included materials or the 
external circuitry, but rather modification and optimization of the device architectures. 
Paper 2 utilized these results, as demonstrated in an active matrix addressed display 
exhibiting high fill factor, high color contrast, minimized cross-talk effects, sufficiently 
long color retention time and a manufacturing process compatible with various 
common printing and coating techniques. Paper 4 revealed the possibility to use 
another addressing mode of the resulting matrix-addressed display, passive matrix 
addressing, in which the ECTs successfully could be omitted by using inert conducting 
carbon as the counter electrodes of the EC pixels in combination with a water-based 
polyelectrolyte. Exclusive addressing of individual pixels was obtained by combining 
only these three layers, hence, the manufacturing process of PMAD is simplified as 
much as it is ever possible. All displays and display subcomponents provided in Papers 
1-4 are printed or coated onto plastic or paper substrates, while Paper 5 focuses on 
electronic and ionic functionalization of nanofibrillated cellulose polymer scaffolds. 
This not only realizes the idea of electronic devices not requiring plastic substrates 
thanks to that the hybridized NFC films are self-supporting, but it also enables a new 
concept for electronic system integration. This system reconfiguration approach takes 
use of lamination processing of a self-adhesive uniformly dispersed functional material. 
Reconfiguration of an electronic system has been verified by that the electrochemical 
functionalities could be maintained even after delamination and subsequent lamination 
onto the surface of yet another different device. 
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8.2. Future perspective 
 This thesis presents several research topics related to electrochromic display 
systems. All research and development activities presented in this thesis have been 
carried out with one clear vision in mind; to realize certain demonstrators and 
prototypes within the field of printed electronics in order to accelerate and support the 
printed electronics onto the markets that now are emerging. For more than a decade 
enormous amounts of efforts have been invested all over the world in order to improve 
the performance, reliability, processability and scalability of a large variety of printed 
electronic components and systems. Despite this fact, the number of actual products 
accompanied with large volume manufacturing in this field is still very limited at 
present time. One plausible explanation is provided by the big technical challenge to 
pay simultaneous attention to both fundamental R&D and productization. In many 
cases the techniques to achieve the best device performance and to obtain reliability, 
lifetime, high volume throughput and low cost manufacturing of the devices are in 
conflict with each other, thus, more time and resources are required to match the 
conflicting parameters. The results obtained in this thesis are therefore considered to be 
a contribution in the joint efforts towards electronic systems fully compatible with 
printing and coating manufacturing techniques. The fundamentals of the technology 
related to electrochemical devices based on conducting polymers, e.g. the color 
switching behavior in an ECD, the current modulation in an ECT and the materials 
deposition onto flexible substrates have previously been investigated. Instead of further 
development of the performance of the different devices, such as color variation and 
pixel resolution in ECDs and switching time in ECTs, the thesis is instead successfully 
demonstrating low cost and roll-to-roll processable electrochromic displays and 
electrochemical transistors that all share the common theme of simplified device 
architectures. 
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