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Artificial light surrounds us in a manifold of shapes. It is mainly utilized for 
illumination, but also for graphical communication of complex and evolving 
messages and information, among other things. It can be generated in different ways 
with incandescent lamps and fluorescent tubes constituting two common examples. 
Organic solid state light-generation technologies, which boast advantages such as 
solution processability, thin and flexible form factors, and large versatility, are 
modern additions to the field. But regardless of the means of generation, whenever 
light is to be used to communicate information, as signage or displays, it needs to be 
patterned. Unfortunately patterning is often complicated and expensive from a 
fabrication point of view, or renders the devices inefficient. To bridge the gap 
between present technologies and the need for low-cost and low-complexity 
patterned light emitters, it is important to develop new device architectures and/or 
fabrication procedures. 

In this thesis we show that patterned light emission can be attained from solution 
processable bilayer light-emitting electrochemical cells (LECs), in which the bilayer 
stack comprises an electrolyte and an organic semiconductor as the first and second 
layer, respectively. We investigate a subtractive direct-write approach, in which 
electrolyte is displaced and patterned by the contact motion of a thin stylus, as well 
as an additive inkjet-patterning technique. Both result in electroluminescent 
patterns, e.g., light-emitting sketches and microscopic signage with high pixel 
density. But they can also build macroscopic patterned regions with homogeneous 
emission depending on the design of electrolyte features. Using an in-operando 
optical microscopy study we have investigated the operational physics and some 
limiting factors of the bilayer LECs. More specifically we find that the electrolyte film 
homogeneity is a key property for high optical quality, and that the emitting region is 
defined by the location of the interfaces between electrolyte, anode, and organic 
semiconductor. We observe that the cationic diffusion length is less than one 
micrometer in our employed organic semiconductors, and rationalize the localized 
emission by cationic electric double-layer formation at the cathode, and the 
electronically insulating electrolyte at the anode. 

To date, the presented luminescent signage devices feature high-resolution patterns, 
in both pixelated and line-art form, and show great robustness in terms of 
fabrication and material compatibility. Being LECs, they have the potential for truly 
low-cost solution processing, which opens up for new applications and 
implementations. However, these first reports on patterned bilayer LECs leave plenty 
of room for improvements of the optical and electronic characteristics. For instance, 
if the optoelectronic properties of the devices were better understood, a rational 
design of microscopic electrolyte features could provide for both more efficient LECs, 
and for more homogeneous light emission from the patterned regions.  
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Konstgjort ljus finns överallt runtomkring oss och används som belysning både 
inomhus och utomhus, men också för att grafiskt förmedla olika budskap. Ljuset kan 
skapas på olika sätt, till exempel med glödlampor, lysrör eller ljusemitterande dioder 
(LED). Ett modernt tillskott i samlingen av ljuskällor är kolbaserade komponenter. 
Dessa har fördelarna att de går att göra tunna, lätta och böjbara utifrån 
uppskalningsbara tillverkningsmetoder, och även att de inte är punktkällor utan kan 
skicka ut ljus från större ytor. Men oavsett vilken ljuskälla man använder så måste 
ljusemissionen mönstras om den ska användas för att förmedla budskap eller 
information. Tyvärr är mönstringsprocesserna ofta komplicerade eller innebär att 
ljuskällorna blir mindre effektiva. För att överbrygga glappet mellan dagens 
tillgängliga tekniker och framtida behov av billiga och enkla mönstrade ljuskällor, är 
det viktigt att utveckla nya utformningar av ljuskällorna och/eller nya 
tillverkningsprocesser. 

Resultaten i denna avhandling visar att man med hjälp av lösningsmedelsbaserade 
tillverkningsmetoder kan skapa mönstrade ljuskällor av typen ljusemitterande 
elektrokemiska celler (LECer). Dessa tillverkas då i två lager som var för sig består av 
mobila joner (elektrolyt) och ett kolbaserat halvledarmaterial. Mönstringen kan 
antingen ske subtraktivt, där man med hjälp av ett tunt stift kan skriva direkt i 
elektrolytlagret, eller additivt där elektrolytlagret deponeras i önskat mönster med 
hjälp av en bläckstråleskrivare. Beroende på hur elektrolytmönstret utformas kan det 
resultera i lysande linjer (t.ex. i form av en skiss), eller i mikroskopiska lysande 
skyltar och symboler.  

De mönstrade bilagers-LECer som vi har tillverkat är robusta både vad gäller 
tillverkningsmetoder och materialval, och det finns därför en reell möjlighet att de i 
framtiden ska kunna produceras billigt och i stor skala vilket öppnar upp för nya 
applikationer. I dagsläget finns det dock gott om utrymme för förbättringar, både när 
det kommer till den optiska kvaliteten på mönstren och ljuskällornas effektivitet. 
Med större kunskap och förståelse för LECers optoelektriska egenskaper borde det i 
framtiden vara möjligt att designa mikroskopiska elektrolytstrukturer som bidrar till 
mer effektiva LECer och jämnare ljusemission från de mönstrade partierna.  
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EDL — Electric double layer 

HOMO  — Highest occupied molecular orbital 

ITO — Indium tin oxide 

KCF3SO3 — Potassium trifluoromethanesulfonate 

LEC  — Light-emitting electrochemical cell 

LUMO  — Lowest unoccupied molecular orbital 

OLED  — Organic light-emitting diode 

OSC — Organic semiconductor 

PEO — Poly(ethylene oxide) 

PPI — Pixels per inch 

 

This thesis is based upon the two following publications.  

(Reprints with kind permissions from the publishers) 

 
I. E. Mattias Lindh, Andreas Sandström, Ludvig Edman  

Inkjet Printed Bilayer Light-Emitting Electrochemical Cells for Display and 
Lighting Applications 
Small, 10(20), 4148–4153, (2014) 

 
II. E. Mattias Lindh, Andreas Sandström, Mats R. Andersson, Ludvig Edman 

Luminescent Line Art by Direct-Write Patterning 
In press Light: Science and Applications, 5, e16050, (2016)  



 v 
 

 

1. INTRODUCTION ............................................................................................................................... 1 

2. ORGANIC AREA LIGHT-EMITTING DEVICES ................................................................................ 3 

2.1 The organic light-emitting diode ........................................................................................ 3 

2.2 The light-emitting electrochemical cell ............................................................................ 4 

2.3 Patterned light emission ...................................................................................................... 7 

3. FABRICATION METHODS ................................................................................................................ 9 

3.1 Spin coating .............................................................................................................................. 9 

3.2 Inkjet printing ........................................................................................................................ 10 

3.3 Physical vapor deposition .................................................................................................. 12 

4. BILAYER LIGHT-EMITTING ELECTROCHEMICAL CELLS .......................................................... 14 

4.1 Macroscopic patterns in the form of line art ................................................................ 14 

4.2 Microscopic patterns for pixelated signage .................................................................. 18 

5. DISCUSSION ................................................................................................................................... 21 

6. CONCLUSIONS AND OUTLOOK................................................................................................... 24 

ACKNOWLEDGEMENTS ..................................................................................................................... 25 

BIBLIOGRAPHY .................................................................................................................................. 26 

SUMMARY OF APPENDED PUBLICATIONS ....................................................................................30 

 

  



vi 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Third time’s the charm.



 1 
 

Light has historically had great impact on the human society and it continues to be a 
cornerstone for social and technological development across our world. An 
enlightening example is the balefire, which was used for navigation and to signal 
danger over large distances until more modern methods were established about 100 
years ago. Today, optical fibers instead provide the means for immediate information 
distribution, and GPS signals are collected, interpreted, and finally graphically 
represented in an understandable form (i.e., using light-emitting displays) to allow 
for more precise navigation. Those are just two examples of the great technological 
leaps that artificial light has enabled, but they serve to make a specific point: 
Whenever new phenomena are discovered, or new technologies developed, novel 
applications and implementations arise. Solid-state lighting is a recent addition in 
the artificial illumination field, 1  and as opposed to traditional (outdated) 
incandescent light sources these are strictly electronic devices based on solid-state 
electroluminescence[1, 2]. 

Today, solid-state lighting benefits from the extensive research and production-line 
development for inorganic semiconductors that have taken place since the early 
1960s. As a result inorganic light-emitting diodes are now so compact, bright, and 
efficient that they challenge inventors and companies to find new uses. Their organic 
siblings, mainly the organic light-emitting diode (OLED) and the light-emitting 
electrochemical cell (LEC), share the possibilities of very high efficiency and 
brightness, but they also feature other attractive properties that inorganic light-
emitting diodes can hardly claim, e.g., solution-processability, light emission from 
large areas, and thin and flexible form factors[3, 4]. Outside the professional field of 
light-generation “artificial light emission” is often thought of as being indoor 
illumination, street lights, and possibly the head and tail lights of vehicles. But is that 
really all there is to it? The answer is an axiomatic “no”, because even where we 
commonly do not think about it as light emission, other applications are everywhere 
around us as on/off indicators and pictograms, and of course in a multitude of 
information displays (television, computer, and telephone screens). 

Although dynamic displays theoretically could do the job in many patterned-light 
applications, it is not always the most pragmatic solution (because of the high 
complexity and concomitant high cost associated with them). The question is whether 
patterned light can be generated in a more effective way. Static displays, or so-called 
signage, are perhaps more suitable to convey simple messages that do not change 
over time, such as “non-smoking” and “fasten seat belt” signs in passenger airplanes. 
Also, if light-emitting elements are to be incorporated into smart packaging, the 
requirements on simplicity, flexibility, versatility, and cost easily outweigh the 
advantages of a dynamic display[5]. This thesis focuses on a bilayer-LEC technology 
that has the potential to be cheap enough for recyclable products, and still provide 
patterned light emission with high resolution and performance[6]. More specifically, it 
presents two different approaches through which both pixelated signage LECs with a 
                                                        

1 The inventors of the blue light-emitting diode, which is a key ingredient in white (phosphor 
converted) light-emitting diodes, was awarded the Nobel Prize in Physics in 2014.  
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pixel density of 280 pixels per inch (PPI), and manually drawn electroluminescent 
line-art patterns, can be achieved.  

The thesis is outlined as follows: Chapter two gives some details on the operation of 
OLEDs and LECs, and puts patterned light emission into this context. The primary 
fabrication methods utilized in the experimental work are described in chapter three, 
whereas chapter four deals with the two different, but inherently connected, 
approaches to achieving patterned light-emission from bilayer LECs. In chapter five 
we discuss some limitations and drawbacks of the reported approaches, but also 
strategies for how they can be improved. Chapter six concludes the thesis and 
provides some suggestions for future studies. 
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The area-emitting device attracting most interest today is without doubt the organic 
light-emitting diode (OLED), as first reported by Tang and Vanslyke in 1987[7]. To get an 
emitting area the OLED is built in a sandwich architecture, meaning that an organic 
semiconducting (OSC) material (figuratively speaking: the filling), compounded of 
small molecules or π-conjugated polymers, is sandwiched in between two charge 
injecting electrodes (figuratively speaking: the bread), whereof at least one needs to 
be transparent as depicted in figure 1. The simplest OLEDs are based upon a single 
layer of OSC material deposited in between the two charge-injecting electrodes, and 
they serve as a good starting point for further explanations of the internal 
processes[8]. The light emission originates from the energy that is released upon the 
radiative decay of an exciton. The exciton is a bound electron–hole pair that is held 
together by the electrostatic attraction between two oppositely charged particles[9, 10]. 
An exciton can form when an electron and a hole meet in a semiconductor, but in 
order for them to meet, they must first be injected from their respective electrode; a 
process that might include some obstacles as will be explained below[11]. 

Single-layer OLEDs are commonly not very efficient, and there are several causes for 
their low efficiencies: (i) Poor injection of the electronic charge carriers, which leads 
to a high operating voltage. (ii) Unbalanced number of injected electrons and holes, 
which leads to a low exciton-formation probability. (iii) Poor mobility balance for 
electrons and holes, which leads to a recombination zone close to one of the 
electrodes and consequently electrode-induced quenching of the excitons[12]. These 
issues have been heavily studied, and also dealt with in order to reach the high 
performance of modern OLEDs[13]. However, the remedies have been intimately 
connected with an increased complexity of the devices, and modern OLEDs can 
feature up to 9 layers in the active stack (excluding the electrodes)[14]. Taking into 
account that the typical thickness of an OLED stack is in the range of 100–200 nm, it is 
easy to understand that the demands on fabrication precision are immense. 

To improve charge injection into the OSC, it was early concluded that the work 
function of the cathode needs to match the lowest unoccupied molecular orbital 
(LUMO) energy level of the OSC[15]. The same applies to the anode: its work function 
should match the highest occupied molecular orbital (HOMO) energy level of the OSC. 
A slight mismatch can however be tolerable, because charges can tunnel through a 
thin potential barrier when an external bias is applied to the device[16, 17]. The higher 
 

 

Figure 1 (a) Device structure of a simple single layer OLED. (b) Cross section of the device. 
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Figure 2 Schematic, and simplified, description of the energy levels and electronic injection in 
a simple OLED. The HOMO and LUMO of the OSC are visualized as solid lines, and the work 
functions (Φ) of the electrode materials are dashed. (a) Device under open circuit. (b) The 
energy levels shift in response to external bias, such that the injection-barrier width decreases 
as the bias increases. (c) When the external bias exceeds the band gap of the OSC, the injected 
electrons and holes can meet and form excitons that radiate light. 

the external bias, the more narrow the barrier becomes, which increases injection 
probability and efficiency, see figure 2. The unbalanced electron and hole mobilities 
can be tackled by the inclusion of doped charge-transport layers, and the 
recombination zone can be localized and positioned away from the electrodes by 
employing electron- and hole-blocking layers[18, 19]. 

Although the OLED technology has reached a maturity level where devices are 
commercially available, several of the early advantages have been compromised in 
the quest for efficiency. The need for a multilayer active stack, where each layer 
needs to be fabricated with a minute thickness tolerance, prohibits low-cost solution 
processing of the devices. This in turn affects the scope of applicability to 
comparatively high-end products[20]. Consequently, for applications where fabrication 
from solution, or the product price, is paramount, alternative technologies should be 
developed. 

One alternative area-emitting technology that is under development is the light-
emitting electrochemical cell (LEC). It was reported already in 1995 by Pei and co-
workers, but the research activity in the LEC-field has until recently been a fraction of 
that of its older OLED sibling[21]. The reason is likely that LECs have featured a lower 
efficiency, a shorter life time, and a longer turn-on time than state-of-the-art OLEDs. 
From an architectural point of view, functional LEC devices look almost identical to 
single-layer OLEDs, but an important difference is the addition of an electrolyte (i.e., 
mobile ions) to the OSC layer, see figure 3. The LEC thus comprises an intimate 
mixture of electroluminescent OSC (small molecules or π-conjugated polymers, but 
from here on we will refer to polymers) and a (solid) electrolyte. The latter usually 
contains a lithium or potassium salt such as potassium trifluoromethanesulfonate 
(KCF3SO3) solvated in an ion-transporting medium (often a molecule or polymer with 
ether groups, such as poly(ethylene oxide) (PEO) or trimethylolpropane ethoxylate). 
Following the electrolyte inclusion, the operating principle changes drastically 
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compared to that of OLEDs as manifested in three processes during the transient 
turn-on, which is described below. 

First, upon bias application, the mobile ions will redistribute, with the anions drifting 
towards the anode, and the cations drifting towards the cathode, see figure 4b. At the 
electrode/active layer interfaces the ions accumulate and form electric double layers 
(EDLs) as shown in figure 4c. These layers of uncompensated space charge shift the 
energy levels of the OSC such that the energy bands are bent.2 This narrows the width 
of the potential barriers that need to be overcome for efficient electron and hole 
injection. Second, when electrons and holes are injected into the LUMO and HOMO of 
the OSC, respectively, they are electrically compensated by a further redistribution of 
mobile ions. The process, shown in figure 4d, results in charge neutral units of 
reduced/oxidized OSC at the cathode/anode and the increased number of electronic 
charge carriers in the material means that it has become electrochemically doped, 
with n-type doping taking place at the cathode and p-type doping at the anode. 
Third, when more charges are injected into the active layer, the n- and p-doped 
regions grow until they meet to form a p–n junction (or until there are no more free 
ions to compensate the space charge), at which excitons and light can form, see 
figure 4e. Ideally these three in situ processes—the EDL formation to assist with 
injection, the electrochemical doping to improve charge transport, and the formation 
of a p–n junction where excitons can form and decay—are completely reversible with 
no side reactions. 

After this transient turn-on process, the single-layer LEC operates like a multi-layer 
OLED, with “matched” electrode work functions for injection, and doped layers for 
charge blockade and transport. Due to their ionic nature, pristine LECs unfortunately 
feature a slow brightness response upon bias turn-on, which disqualifies them for 
use in applications that require high frequency switching, like fast-response dynamic 
displays. Moreover, the internal electrochemistry poses additional requirements on 
the choice of materials in LECs, which make it even harder to reach high efficiencies. 
Let us take an example: if electrons that are injected from the cathode have an 
energy that is high enough to reduce either the ion-transporting material or the OSC, 
both reactions are likely to take place. The electrons that perform (the unwanted) 
reduction of the ion transporter are lost, since they do not contribute to the  
 

 

Figure 3(a) Device structure of a standard single-layer LEC (note the similarity with the OLED 
structure in figure 1a). (b) Cross section of the same device with its active layer compounded by 
an OSC and an electrolyte. 

                                                        

2 In a strict sense it is not the HOMO and LUMO energy levels of the material that “bends”, but 
the graphical representation of how the energy levels change with distance. 
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Figure 4 Schematic descriptions of the operation and energy levels in a single-layer LEC during 
operation. For clarity both electrodes are here made of the same material. (a) Device under 
open-circuit conditions, with evenly distributed ions in the active layer. (b) The energy levels 
are shifted in response to an external bias, and the ions move with the electric field in the 
active layer. (c) Ions form EDLs at the electrode interfaces which results in strong band bending 
and increased injection efficiency. (d) Further redistribution of ions compensates the reduced 
or oxidized OSC. In these electrochemically doped regions that grow towards each other, the 
voltage drop is small due to high conductivity, which enables low-voltage driving of the LEC. 
(e) Injected electrons and holes can meet at the p–n junction, form excitons, and radiate light. 

electrochemical doping, but rather form traps for subsequent electrons or result in 
products that can degrade the active material[22]. Therefore LEC materials should be 
chosen with their so called “electrochemical stability window” taken into 
consideration, which reduces the number of viable options[23, 24]. 

Luckily, the ionic nature of LECs is not always a drawback, as it e.g., allows for the use 
of high work function electrodes (since the EDL narrows the injection barrier), which 
in turn makes it possible to avoid the use of air-reactive cathodes and electron 
injection materials that are mandatory in OLEDs. The in situ formation of a p–n 
junction makes the devices less sensitive to the thickness and variations in thickness 
of the active material. Together, these two important advantages enable fabrication 
in air using low-cost and scalable solution-based techniques like slot-die coating, 
roll-to-roll gravure printing, and spray sintering, on a variety of different 
substrates[20, 25–27]. Although high-end dynamic displays, where OLEDs are used today, 
most likely will not become an LEC target, there are many other present and 
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emerging applications where a low-priced area emitter, such as the LEC, may become 
of importance[6]. 

One notable feature of much of the light surrounding us is that it is patterned, as 
needed in order to e.g., convey a message. Some examples are the numbered buttons 
in an elevator, the indicators on the dashboard of a car, and the emergency exit-signs 
in public buildings. If the message is subject to change over time, a dynamic display 
is needed, whereas a signage device could be a more suitable choice for permanent 
messages. To attain light-emitting symbols and numerals without any display 
features, point light sources are often masked by absorbing patterned screens 
(imagine an old slide projector), which of course is a great waste of light and 
resources, since most of the generated light does not contribute to the light-emitting 
pattern, see figure 5.  

In this context it is striking that only a few examples of electroluminescent signage 
devices are available in the public domain[28–30]: In his Ph.D. thesis Sandström showed 
a photograph of an LEC whose anode was patterned in a photolithographic process, 
Masrur Morshed inkjet printed silver electrodes that defined the light emission from 
an LEC, and Sandström and co-workers presented a spray-sintering technique that 
formed a light-emitting pattern of a contrasting color, on top a background emitting  

 

Figure 5 The most adopted means of attaining patterned light emission is to use backlight and 
a patterned absorbing screen—a mask. This is a simple but wasteful method where a large 
fraction of the generated light is absorbed by the mask instead of contributing to the pattern 
emission. 
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layer, by spraying through a shadow mask[26, 31, 32]. To date, there are also a few 
commercial signage devices based on the OLED technology, but they are expensive 
and suffer from lacking versatility because they depend on elaborate patterning of at 
least one of the electrodes[33, 34]. 

But there is one more trick up the sleeve of the LEC concept. Without adding too 
much complexity to the device, the electrolyte can be deposited separately from the 
OSC. The single-layer LEC then becomes a bilayer LEC in which the active stack has 
been intentionally divided into two separate layers: an OSC composes the first, and 
the solid electrolyte composes the second[35]. Chapter 4 will describe in more detail 
how such devices can be designed and function, and in particular how the bilayer-
LEC concept can be used to achieve patterned light emission in a cheap, versatile, 
and largely scalable fashion.  
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The LECs used in this thesis was fabricated in house using a variety of material-
deposition techniques. Much of the material handling and ink mixing took place in 
two interconnected N2-filled gloveboxes: One “wet” for ink preparations and solution-
based deposition techniques, and one “dry” for physical vapor deposition and device 
characterization. All LECs were built on thoroughly cleaned glass substrates 
precoated with a semitransparent indium tin oxide (ITO) electrode. The three most 
important methods in my studies include: spin coating, inkjet printing, and physical 
vapor deposition, which are presented in sections 3.1–3.3, respectively. 

On a research scale, spin coating is by far the most employed fabrication technique 
to make thin and homogeneous films of polymers, but it can also be used for other 
materials. A (flat and preferably rigid) substrate is kept in place by a vacuum chuck, 
and is then spun around its center axis at a given speed and for a specific duration. 
An ink carrying the active material is added either before spinning the sample or 
dropwise during the rotation process. Due to the centrifugal force3 that the ink 
experiences upon rotation, it is displaced radially and expelled off the edge of the 
substrate, see figure 6a. An evaporation process occurs simultaneously, and together 
these processes result in a thin and (ideally) homogeneous film of material on the 
substrate, see figure 6b–c. The thickness of the resulting film can vary from a few 
nanometers to micrometers, and it is controlled by several parameters: the rotational 
acceleration, speed, and duration, as well as the vapor pressure, the concentration 
and viscosity of the ink, and the adhesive forces between the ink and the substrate. It 
sounds like a mouthful, and indeed it requires some experience to match the spin 
settings to the ink properties in order to reach a specific film thickness. In practice 
spin coating is a convenient and reliable tool for producing thin and homogeneous 
films on substrates in the centimeter range.  

If multiple layers are to be deposited by spin coating, e.g., spin coating a polymer on 
top of the patterned solid electrolyte features as described in sections 4.1 and 4.2, 
this poses additional requirements on the processing. In these studies, the patterned 
features need to remain sharp and interfacial material mixing should be minimized.  
 

 

Figure 6 Schematic description of spin coating. (a) The sample is positioned on a vacuum chuck 
that holds it in place, the ink is deposited on top, and the chuck rotates around its center axis. 
(b) Most of the ink has been expelled off the edges of the sample, and a thin, but wet, ink 
coating is left. (c) After drying, a thinner and dry material film has formed. 

                                                        

3 The centrifugal “force” is not a real force, but actually a result from inertia. The term 
“centrifugal inertial reaction” describes the phenomenon more strictly, but is rarely used. 
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An ink solvent that does not damage the underlying layer or features is particularly 
important, and without going into too much detail, one means of achieving this end is 
to use so called “orthogonal solvents”. By taking its solubility parameters into 
account, a solvent is carefully chosen such that it selectively dissolves the material 
you want to deposit, but not the material of the underlying layer or features[36]. 

Counterintuitively, the inkjet printing technique is much older than the personal 
desktop computer, and stems from an invention at Siemens Elema in 1951[37]. There 
are several different types on the market today, but they all share the fundamental 
concept of being a method to additively deposit individual droplets of ink onto a 
substrate in a (software) controlled way. Ordinary desktop inkjet printers usually rely 
upon thermal inkjet technology, in which local heating in the ink chamber produces a 
vaporized ink bubble that increases the pressure in the system such that a droplet is 
ejected from the printer nozzle. Thermal inkjet printers need low-boiling-point 
solvents, and water with a glycol additive is a common ink carrier for the dyes. The 
thermal inkjet printers are simple and robust machines but they lack the versatility 
needed for printing of a wider range of materials. To improve versatility and 
adjustability, modern material printers often rely upon the deformation of 
piezoelectric elements to pressurize the ink chamber. Since piezoelectric crystals 
respond to the application of a voltage, the printing conditions can be adjusted by 
the user to match a specific ink. To attain proper droplet ejection for a specific ink, 
the voltage is applied in a characteristic time-and-amplitude pattern—a waveform. 
The waveform is a sophisticated tool that in theory must include at least one fill 
phase and one ejection phase, but in practice typically comprise four or five phases. 
Figure 7a–d presents a schematic of the droplet ejection, and an example of a 
functional waveform is shown in figure 7e.  

The ink cartridges that fit the inkjet printer we have used (FUJIFILM Dimatix DMP-
2831), are user-fillable and have printheads with 16 parallel nozzles, all separated by 
254 µm. The printheads deliver droplets with nominal volume of 10 pL; thus, spherical 
droplets will have a diameter of about 25 µm, which must be remembered when 
designing the desired printed patterns. Commercial software is available both for 
editing the waveform and to control the printer speed and output printed pattern. 
Depending on the pitch (distance between the centers of the droplets) and the 
contact angle between the droplets and the substrate, the droplets will coalesce or 
dry individually. Either case can be desirable, depending on the application. 

An inkjet-printed coating, whether it is made up by individual droplets or many 
droplets that have coalesced to form a continuous film, should for almost all 
applications dry in a homogeneous fashion. For substrates that do not absorb the ink 
fluid, this can be cumbersome to achieve. It is a reasonable assumption that a 
spherical droplet takes the shape of a spherical cap when it lands upon a non-
absorbing surface, but if the contact line of the droplet is pinned such that the 
contact line cannot recede as the droplet dries, the evaporative solvent flux give rise 
to a radial capillary and convective flow (inside the drying droplet) that transports 
solutes and particles towards the edge[38]. The result is called the coffee-ring effect 
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Figure 7 The drop-ejection mechanism in a piezoelectric drop-on-demand inkjet printer. 
(a) Relaxed state. (b) Ink chamber is filled as a response to the increased volume when the 
piezoelectric element is biased. (c) Ink is pushed out through the nozzle because of the 
increased pressure that follows from the deformation of the piezoelectric element when it is 
biased oppositely. (d) When the bias is removed the chamber relaxes, pinches off a droplet, 
and refills. (e) Functional waveform, used for printing of a polymer ink. 

and can be very pronounced; anyone who has seen a drop of coffee dry on a table 
would recognize the shape[39]. There are several strategies to reduce the coffee ring 
effect, but most are elaborate and tricky to implement in a practical ink because 
there are so many other parameters to consider[40]. One viable approach is to add a 
high boiling point co-solvent to the ink, which has been found to increase the 
homogeneity of inkjetted conjugated polymer films[41]. 

A material inkjet printer is a very versatile piece of equipment that can be used to 
accurately deposit small amounts of material with very little waste (cf. spin coating, 
where most material is wasted). However, the requirements on the physical 
properties of an inkjet-printable ink are specific; inks that feature a too high viscosity 
or surface tension (the surface tension of water is for example far outside the 
tolerances of the DMP-2831 inkjet printer that we used in this study, which is 
designed for organic solvents), or have a too-low boiling point, may not be printable. 
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Moreover, long-chain polymers often clog the nozzles and induce severe droplet-
ejection problems4 due to the high elasticity of such inks[42–44]. 

Physical vapor deposition is a high-power, high-vacuum method that is used to 
deposit metals and small organic molecules in precisely controlled thin layers. The 
operating principle is schematically pictured in figure 8: a high current is run through 
a high melting point metal container that holds the material to be deposited. The 
temperature of the container increases through joule heating, and eventually the 
material will melt and start evaporating. The vaporized material passes through a 
shadow mask to form the desired pattern, and land on the sample correspondingly. If 
substances like e.g., oxygen or water are present in the system, the high 
temperatures often required for evaporation could be problematic; the substances 
could react with the source material and form undesired compounds before landing 
on the sample. Other reasons for keeping the system under high vacuum (the 
pressure (p) is typically less than 5 ∙ 10-6 mbar) are that it lowers the heat transfer 
from the source to the sample, which might be very sensitive to high temperatures, 
and that it enables an even thickness and sharp shapes of the deposited material. A 
calibrated quartz crystal oscillator usually monitors the deposited thickness. It is 
positioned next to the sample and provides accurate thickness estimates from 
ångströms to micrometers. 

Physical vapor deposition is a standard tool for deposition of metals (e.g., aluminum 
as the cathode in LECs) because it offers good deposition control and high 
repeatability. For research activities it is a practical tool, but for up-scaled LEC 
production, which requires high throughput and large device areas, physical vapor 
deposition as a means of depositing the electrodes will need to be replaced[6]. 

                                                        

4 We have actually witnessed “ejected” droplets from an ink containing long chain PEO 
(100 000 g mol-1) to be sucked back into the nozzles! 
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Figure 8 Schematic image of physical vapor deposition. The whole system is contained in a 
chamber with low pressure. A material container is heated through resistive heating and 
transfers the heat to the material, which vaporizes and is isotropically radiated. If a patterned 
layer is required, the vapor can pass through a shadow mask before it lands on the sample. 
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The bilayer light-emitting electrochemical cell concept was first presented in a 
surface cell configuration[35]. The two charge-injecting electrodes are positioned side 
by side, covered by a layer of OSC, which in turn is covered by second layer 
containing the solid electrolyte, see figure 9a. If ions can leave the electrolyte phase 
and traverse the OSC to the electrode/OSC interface, charge injection is improved 
through EDL-formation and subsequent electrochemical doping. But although this 
design was successful, and the device configuration is interesting for studying 
internal properties of LECs and evaluate new materials, it does not contribute area-
emission[45]. Area-emission is rather achieved by employing a sandwich cell 
configuration, but when we tried a simple bilayer LEC in sandwich configuration, no 
light emission could be detected. The reason is straightforward: in a non-patterned 
sandwich bilayer LEC, as shown in figure 9b, one of the electrodes is physically 
separated from the OSC by the electronically insulating solid electrolyte, and 
electronic injection and transport is therefore prohibited. The solid electrolyte 
usually contains a large fraction of PEO, which is a good insulator like most non-
conjugated polymers[46]. To achieve charge injection—and thereby build prerequisite 
conditions for exciton formation in the OSC, and ultimately light generation—an 
electronic connection between the electrodes to the OSC must be present. The 
following sections (4.1 and 4.2) will describe two different approaches by which this 
criterion can be met, one using subtractive direct-write stylus patterning, and the 
other using additive patterning with an inkjet printer. For comparison, the cross 
sections of the resulting device structures are shown in figure 9c, and 9d, 
respectively. 

Emerging applications like smart packaging and personalized gadgets add low cost 
and high versatility to the demands on patterned light-emitting devices. Furthermore, 
they should be lightweight, thin, and relatively easy to implement in existing 
production lines. In a recently accepted article, we show that patterned light 
emission, in the form of electroluminescent line art, can be achieved by subtractive 

 

Figure 9 Schematic cross sections of the device structures of bilayer LECs. (a) Surface bilayer 
LEC reported in reference [35]. (b) Naïve (non-emissive) sandwich bilayer LEC. (c) Direct-write 
patterned line-art bilayer LEC. (d) Pixelated bilayer LEC formed by inkjet printing. 
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Figure 10 A schematic step-by-step description of the fabrication of direct-write patterned 
bilayer LECs. (a) Electrolyte ink is deposited from solution on top of a transparent electrode. 
(b) Desired pattern is drawn in the electrolyte film with a thin stylus. (c) An OSC ink is 
deposited on top of the electrolyte. (d) The device is dried and a second electrode deposited. 
(e) Complete device. 

patterning of bilayer LECs, and that these devices have the potential to fulfil all of the 
above mentioned criteria[47]. The fabrication method only comprises two additional 
steps compared to ordinary sandwich LECs (in which the active layer is mixed and no 
pattern is achieved): first the separate deposition of the solid electrolyte, and second 
the patterning of that same layer. The key steps of the full fabrication procedure are 
presented in figure 10. The solid electrolyte PEO+KCF3SO3 is deposited from solution 
on top of a transparent electrode (we chose the industry standard: ITO on glass) in 
figure 10a. Upon drying, the solid electrolyte forms a homogeneous and continuous 
film, roughly 150 nm thick, on top of the electrode. This solid electrolyte film is 
patterned by writing or drawing the desired emission pattern with a thin stylus (like a 
syringe needle or a mechanical pen with the lead replaced by a needle), as illustrated 
in figure 10b. The OSC is thereafter added from solution such that it forms a 
homogeneous and continuous film. It is important that it fills the pattern grooves in 
the solid electrolyte and thereby makes electronic contact with the underlying 
transparent electrode, see figure 10c. In figure 10e we show the device after the 
required drying and deposition of a capping second electrode (we used thermal 
vapor deposition of aluminum for these proof of concept devices). A schematic 
representation of the cross section of the device is presented in figure 9c. 

In the finished devices there is an exact correspondence between the patterned 
shapes and the light-emitting regions. The electroluminescent fish in figure 11a 
exemplifies the versatility of the concept, both by being formed freely and by 
including several separated emissive regions despite a non-patterned electrode (e.g., 
the eye of the fish). In a material compatibility investigation we found all tested 
electroluminescent OSC materials, and all tested salt species, to work well. This 
emphasizes the robustness of the devices and allow for multiple color emission, as 
shown in figure 11b, in which three devices display the attainable color range, from 
red to blue.  
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Figure 11 Photographs of: (a) Manually patterned electroluminescent line art in the form of a 
fish. (b) Showcase setup in which three 15×15 mm2 devices with different OSCs emit, from the 
left, red, yellow, and blue light. All devices were driven at 4 V. 

 

 

 

Figure 12 (a) Optical micrographs of a single groove region in a line-art device (cf. figure 9c), 
captured at different time instances. The emission is confined to the edges of the groove, 
where electrolyte, OSC, and anode make contact. (b) The time evolution of the width of the 
light-emitting lines along the groove edges. The data was gathered from image analysis of 
time-lapse photography like the images in (a). The emissive line width initially increases but 
levels off at approximately 3 µm after two minutes. 
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At close inspection of the fish pattern in figure 11, we noted that the single patterned 
groove resulted in two emissive lines, one along each groove edge. Naturally, we 
asked ourselves two questions: why it is that only the patterned regions emit light, 
and why the full width of the groove does not. In order to answer these questions we 
performed an in-operando photo-microscopy study of a device. As is obvious from 
figure 12a, our observations from the fish device were correct: it is only the patterned 
regions, or more specifically only the edges of the patterned regions, that emit light. 
We also observed that the average width of the emitted lines initially increased with 
time but stabilized after about two minutes, see figure 12b. 

Now what is a reasonable explanation for this behavior and how can it be used? Let 
us take one step back and consider the features that make an OLED emit light. To get 
light, excitons must form, and thus both electrons and holes must be injected into 
the OSC. The work function of ITO is reasonably well matched with the HOMO of the 
OSC we have used; thus, as long as the OSC is in physical contact with the ITO, holes 
should be injected when the device is biased[24, 48]. But just as for the non-patterned 
(and non-emissive) sandwich bilayer LEC shown in figure 9b, the solid electrolyte is 
electronically insulating. So, if the film is homogeneous, it is only in the patterned 
regions that holes and electrons can be injected, meet, recombine, and finally emit 
light; accordingly this answers the first question as to why it is only the patterned 
region that is emissive. 

But what about the second question as to why not the full width of the patterned 
groove emits light? We now turn our focus to the LEC functionality, and realize that 
while holes can be injected from the ITO anode, aluminum is poorly fit for electron 
injection unless the LUMO band of the OSC is bent through the formation of an EDL. 
Apparently, the conclusion must be that no cationic EDL forms in the groove. One 
should remember that the vertical and lateral dimensions in these devices are vastly 
different: the vertical scale (thickness of device) is on the order of 100 nm, while the 
lateral scale (half width of the groove) is about 25 µm (depending on the choice of 
patterning stylus). The ions are therefore driven by a very large electrical field in the 
vertical direction (across the OSC towards the respective electrodes) but are limited 
by diffusion in the lateral direction. Collecting these arguments, we find that cationic 
EDL formation, and subsequent n-type doping, only appears in the direct vicinity of 
the electrolyte regions. Figure 13 illustrates the structure of the interfacial region, 
and we indicate the ionic and electronic motions with solid arrows, and the non-
likely transport paths with crossed-out dashed arrows. Accordingly, we argue that the 
latter are the factors limiting the growth and extension of the light-emission zone in 
subtractively patterned bilayer LECs. Then the question of why the emission-zone 
width shows an initial temporal increase remains. In common LECs the doped regions 
propagate vertically until they form a p–n junction and that is likely the case also for 
the bilayer LECs. Similarly, the lateral temporal growth observed in these devices can 
be rationalized by the high hole conductivity of the p-doped organic material. The 
high conductivity doped region then acts as an “extension” of the electrode located 
above electrolyte film, which allow for an increasing emission-line width with time, as 
shown in figure 12b[49]. 

Apparently, macroscopic electroluminescent lines can be attained from a simple 
patterning of a bilayer light-emitting electrochemical cell. It can be manual for 
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Figure 13 Cross section schematic of the operation of patterned bilayer LECs. Open/solid 
circles represent holes/electrons, and ions are labeled with a plus or minus sign. Solid arrows 
indicate electronic and ionic motion during operation, whereas the dashed and crossed out 
arrows denote unlikely transport paths. 

personalized sketches or writing, or it can be automated for increased repeatability 
and throughput. We also note that the emission is confined to (a narrow part of) the 
patterned region that is in the direct proximity of both the electrolyte and the anode. 
This gives thin emissive lines with a width of only a few micrometers, which should 
provide for very detailed patterning. We propose that such low-cost, flexible line-art 
devices with designed emission patterns could be of interest for a manifold of 
personalized and efficient applications. 

From the previous section it is clear that patterned area emission can be achieved by 
patterning the solid electrolyte in bilayer LECs, and in the second article we explore 
the limits of this architecture by inverting the structure[50]. Instead of displacing parts 
of a homogeneous film of solid electrolyte, we utilize a drop-on-demand inkjet 
printer to selectively deposit the solid electrolyte, in a non-continuous layer, onto 
the ITO electrode. This allows for software controlled patterning which is limited in 
resolution to that of the printer–ink–substrate combination. However, it turns out 
that inkjet printing of a solid electrolyte ink containing a long-chain polymer (i.e., 
PEO) is far from easy. Specifically, the viscoelastic properties of such inks give rise to 
non-Newtonian effects during droplet formation and ejection, e.g., satellite droplets 
and so called beads-on-a-string (see section 3.2 for more inkjet details)[42, 43]. The  
 

 

Figure 14 (a) 2D-profilometer scan that shows the irregular height profile of an inkjet-printed 
electrolyte droplet. (b) Horizontal cross section of the same electrolyte droplet. 
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Figure 15 Photograph of a microscopic electroluminescent pixelated signage with a pixel 
density of 170 PPI displaying the words “PRINTED LIGHT”. The electrolyte droplet pitch was 
150 µm and the device was operated at 6 V. Even at this level of magnification the pixels 
appear to emit light homogeneously across their area. 

subsequent fabrication steps are identical to those of the subtractive line-art devices 
in section 4.1 (i.e., the electroluminescent OSC is spincoated on top of the solid 
electrolyte pattern, and an aluminum electrode is thereafter added by physical vapor 
deposition). 

Careful tuning of the electrolyte ink composition and the printer parameters allowed 
for inkjet printing of droplets in a relatively stable and repeatable way. However, 
upon visual inspection the dried droplets on the substrate appeared inhomogeneous; 
indeed, the 2D-profilometer scan shown in figure 14a, and its cross section in 
figure 14b, reveal that the droplets have dried in a crown like coffee-ring fashion[39, 51]. 
The pitch parameter was adjusted to avoid coalescence of the droplets on the 
substrate, and solid electrolyte patterns could be attained by editing a pattern file in 
the printer software. We found that the smallest pitch for this specific printer–ink–
substrate combination (FUJIFILM Dimatix 2831–PEO:KCF3SO3 in cyclohexanone–ITO), 
that did not result in coalescence of the electrolyte droplets, was 90 µm. With a 
droplet diameter of 60 µm (see figure 14b) this corresponds to an edge-to-edge 
distance between the droplets of 30 µm, and a pixel density of approximately 280 PPI. 
Using these numbers, we find that a High-definition (HD) widescreen display 
(1920×1080 pixels) in theory could be made with the size of 17.4×9.8 cm2. In practice, 
we demonstrate a slightly lower pixel density of 170 PPI in the micro signage device 
shown in figure 15. 

In the study of line-art LECs in section 4.1, we found that the lateral distance cations 
can diffuse in pure5 OSCs in such devices is limited to less than one micrometer, and 
showed that this gives rise to a single emissive line along each electrolyte film edge. 
The distance between the electrolyte islands (droplets) in these inkjet-printed bilayer 
LECs is of the same size as the patterned grooves in the line-art devices. Following 
the same arguments (cf. figure 13), cationic EDLs should only form very close to the 
droplet edges, and light emission should not spread into the region between the 

                                                        

5 ”Pure” means here “not intentionally mixed with electrolyte or an ion-transporting material”. 
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droplets. We further argued that holes cannot be injected and transported through 
insulating solid-electrolyte regions, which implies that we should only see light 
emission at the circumference of the droplets. At this point we must remember that 
the profilometer image in figure 14 indicated that the dry solid-electrolyte droplets 
are inhomogeneous and perforated with pinholes. The consequence is that electronic 
contact between the OSC and the anode exists also inside of the droplet perimeter. 
Sometimes nature helps out, and we benefit from the pinholes as these ensure that 
the full droplet region emits light homogeneously, as seen in Figure 15.  

The optoelectronic response of an inkjet-printed bilayer LEC is shown in figure 16. For 
a functional LEC driven at a constant current, the voltage will decrease and the 
luminance increase during turn-on, due to the increased conductivity of the 
electrochemically doped regions. This is indeed observed and serves as evidence for 
that the inkjet-printed bilayer LECs are functional LEC devices. The device shown in 
the inset of figure 16 was designed for homogeneous light emission (to the naked 
eye), and this was achieved by placing droplets at every pixel location with a small 
pitch. 

While alternative ways of producing patterned OLEDs displays use complicated pre-
patterned substrates with alternating high and low surface energy, and/or physical 
structures (pixel banks), to get proper alignment and uniformity of the emission[52–54], 
the technology presented in this section can actually do without it[50]. The inkjet-
printed bilayer LEC concept, with its pattern formed using an additive and shadow-
mask-free process, could thus develop into a cost competitive alternative for high-
resolution signage devices. 

 

Figure 16 Typical optoelectronic response of an inkjet-patterned bilayer LEC driven with a 
constant current density of 7.7 mA cm-2. The inset shows the homogeneous light-emission from 
an inkjet-printed bilayer LEC, with droplets at every pixel point, and featuring a droplet 
diameter and pitch of 60 and 120 µm, respectively. 



 21 
 

From the presented results in chapter 4, it might appear that the presented bilayer 
LECs already are cheap, versatile, bright, efficient, and simply fantastic patterned 
light-emitting devices. While their future potential do indeed comply with that 
statement, this thesis have focused on demonstrating the concept and explaining the 
operational physics, rather than optimizing the device performance. As there in some 
cases can be prominent variations in device performance, we have in these cases 
reported qualitative observations instead of statistical measures, e.g., the optical 
quality of the luminescent line-art devices varies because of their sensitivity to the 
homogeneity of the electrolyte layer. Upon close inspection of the fish pattern in 
figure 10, one can notice a sprinkled background emission outside the patterned 
region, which most likely is an effect of pinholes in the thin (160 nm) electrolyte film, 
as explained in section 4.1. To reduce the background light-emission, and decrease 
the leakage current, it is important that the electrolyte film is continuous. In the 
inkjet approach, on the other hand, the homogeneous light-emission from the entire 
pixel area depends on the formation of pinholes in the electrolyte droplets. The 
wettability of the substrate and the drying conditions for the electrolyte droplet 
therefore define the optical pattern quality of the pixelated signage devices. As it 
turns out (see figure 17) the light-emission on a pixel scale can vary significantly if 
good control of the film-formation conditions is not ensured. 

For simplicity the same PEO:KCF3SO3 electrolyte was employed in both approaches, 
and although the devices work well enough to produce high-resolution and sharp-
contrast signage devices, this electrolyte material is not optimal for any of the 
approaches. Crystallization and aggregation prohibit the formation of a perfectly 
homogeneous and continuous film in the direct-write approach, and the varying 
number, density, and distribution of pinholes yield an unpredictable homogeneity of 
the pixel emission for inkjet-printed devices, see figure 17. 

Both the subtractive direct-write and the additive inkjet patterning approaches do 
however produce robust bilayer LECs, which is demonstrated by a very high 
fabrication yield despite limited optimization efforts. By using OSCs with different 
bandgaps and several different salts, we could also demonstrate that the concept is 
tolerant to different materials. This is important if the optical quality is to be 
improved (reduction of unwanted background emission and uneven pixel emission) 
by employing other ion-transporting materials. The efficiency of the devices is 
another property where there is room for improvement. For the attainment of 
efficient and long-lived LECs it is well established that the doping concentration, and 
extension of the electrochemically doped regions, need to be controlled[55, 56]. In 
devices where the salt and the OSC are intermixed, the degree of doping is 
conveniently controlled by the salt concentration in the ink before deposition, which 
also implies that it will not change significantly with the active layer thickness. In 
bilayer LECs, where the electrolyte is separated from the OSC, it is much more 
complicated to control the effective salt concentration, and hence doping 
concentration, because it is a matter of absolute numbers (defined by the layer 
dimensions and material densities) instead of a simple mass ratio. In the direct-write 
bilayer LECs the comparatively large pool of available ions in the electrolyte layer 
provides a much larger effective salt concentration than is commonly used in 
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Figure 17 Cropped photographs of two different inkjet-printed bilayer LECs. (a) Light-emission 
distribution in a device with pinholes over the full pixel area. The emission is similar between 
the pixels, and the inhomogeneities cannot be seen by the naked eye. (b) When the pinholes 
are not evenly distributed across the pixel area, the emission can vary between different 
neighboring pixels in the same device, and these differences can be detected by the naked 
eye. 

standard LECs—both because of the thickness of the electrolyte layer that is needed 
for high optical quality, but also because of the large lateral dimensions of the device 
as compared to the size of the emitting regions. This reasoning also points out an 
important consideration: if the effective salt concentration in the emitting region is 
to be the same in devices with different patterns, the salt concentration in the 
electrolyte layer must (very impractically) be adjusted for each single case. This is 
less of an issue for the inkjet-printed approach, where the patterned region is 
defined by the area of each printed droplet, but in fact, the strong quenching 
observed close to the electrolyte features in figure 18 is a manifestation of very high 
local doping levels in that particular device. If the drying processes can be better 
controlled, it should in theory be possible to control the doping level in inkjet-
printed bilayer LECs by simply matching the salt concentration in the electrolyte ink 
to the OSC layer thickness, the wet droplet volume, and the dry droplet area. 

Naturally, there are other drawbacks with the inkjet-printed bilayer LECs. Even 
without the assistance of anionic EDL formation and p-type electrochemical doping, 
ITO is a reasonably good hole injector for the OSCs we have used. Therefore the non-
patterned regions will not be free from current, but will instead support hole-only 
currents, which obviously do not contribute to light generation since the holes will 
not meet any electrons on their way to the cathode. We foresee two different 
approaches to solving this problem: either an engineering approach, in which 
additional buffer layers are introduced to reduce the hole current, or a chemistry 
approach, in which an anode with a lower work function is used that would hinder 
efficient hole injection; perhaps an ITO electrode could be treated with a thin layer of 
(ethoxylated) polyethyleneimine[57]. 

Although we discuss bilayer LECs mostly in terms of patterned emission, they can 
also play a role in lighting. A first requirement for quality illumination is white light 
emission, which seems just moderately difficult to achieve with these LEC devices, 
considering their robustness and that white LECs have previously been reported[58]. 
We have seen that homogeneous light emission results from an inkjet-printed “full” 
device (inset in figure 16), but even at a small pitch of 90 µm and a dry droplet 
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diameter of 60 µm, the effective light-emitting area is just 35 %. Both the 
homogeneity of the emission, and the effective area, could increase if the electrolyte 
structures were miniaturized and fabricated with a different method e.g., nano-
imprint lithography. The outcoupling efficiency of planar light-emitting devices on 
glass is limited to about 20 %, so if an LEC-electrolyte turns out to be processable by 
nano-imprint lithography, designing the pattern to simultaneously improve the 
optical outcoupling seems like a natural step[59, 60]. However, it is complicated to 
design an efficient outcoupling structure in LECs because of doping-induced changes 
to their optical properties. Furthermore, to design and implement an efficient 
outcoupling structure in the electrolyte layer, and at the same time keep the effective 
doping level under control, will be an even greater challenge[61, 62]. 

 

Figure 18 Microscopy images of a single-droplet region of an inkjet-printed bilayer LEC at 20× 
magnification. (a) Doping of a single inkjet-printed electrolyte drop in an operating LEC is 
visualized by increased absorption under episcopic illumination. (b) Electroluminescent 
emission from the same single-droplet region. Note the correspondence between the doped 
and the emitting regions, but also in particular that the five most heavily doped regions (to the 
right in b) are no longer emissive. To facilitate comparison between the two, the doping image 
(a) has been converted to gray scale, and the emission image (b) has been inverted, converted 
to gray scale, and then colorized. 
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In this thesis, we investigate two opposite but complementary approaches to achieve 
patterned light emission from bilayer LECs. The first is a subtractive direct-write 
method, in which the writing with a stylus in a thin electrolyte layer controls the 
shape of light-emission. In the second approach the electrolyte is additively 
deposited by an inkjet printer and the droplet locations define the light-emitting 
pattern. Both approaches result in bilayer LECs whose working principles are 
identical, but they are at the two ends of a spectrum; in the line-art devices, the 
anode is almost completely covered by the electronically insulating electrolyte 
(except in the patterned regions), whereas the anode in the inkjet devices is primarily 
covered by the OSC. In both types of devices the light-emitting regions are defined by 
the proximity of an anode–OSC–electrolyte interface, at which both hole and electron 
injection and transport can take place. The patterned bilayer-LEC approaches are 
primarily proof-of-concept demonstrations, and although the aesthetic appearance 
and device-to-device variation need to be improved upon, other attained 
performance parameters suggest that such devices could become fit for applications 
where low cost and solution processability are important. 

Future studies on bilayer LECs for signage applications should firstly aim at improving 
the electrolyte film. A material that is less prone to crystallization and which has 
good film-forming properties could be a good starting point for line-art devices with 
a decreased number of pinholes. For the inkjet-printed devices we suggest that 
trimethylolpropane ethoxylate should be investigated as the ion-transporting 
material instead of PEO; this will facilitate the printing process and presumably result 
in a better controlled drying behavior of the droplets. We further propose that the 
efficiency can be improved by including a lower work function anode to reduce hole-
leakage currents, and that electrolyte materials that comply with the nano-imprint 
lithography technique (or equivalent) need to be identified in order to improve the 
optical quality, and the efficiency, of lighting and signage devices.  
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E. Mattias Lindh, A. Sandström, L. Edman  
Inkjet Printed Bilayer Light-Emitting Electrochemical Cells for Display and Lighting 
Applications 
Small, 10(20), 4148–4153, (2014) 

We present an additive patterning method of bilayer light-emitting electrochemical 
cells. The electrolyte is separately deposited with the aid of an inkjet printer before 
deposition of an organic semiconductor. The light-emission from the devices 
corresponds directly to the positions of the electrolyte droplets because the 
electrolyte is needed for charge injection and concomitant LEC functionality. To 
expose the merits of the concept we present a microscopic signage device with a 
pixel density of 170 PPI, and a device that feature homogeneous emission to the 
naked eye.  

 

E. Mattias Lindh, A. Sandström, M. Andersson, L. Edman 
Luminescent Line Art by Direct-Write Patterning 
In press Light: Science & Applications, 5, e16050, (2016) 

We subtractively pattern a bilayer light-emitting electrochemical cell by the direct 
writing with a stylus in an otherwise continuous electrolyte film. This gives highly 
versatile electroluminescent line-art patterns and we show that the system is robust 
both in terms of fabrication and choice of materials. The operational functionality of 
the devices is deduced from an optical microscopy study, from which we conclude 
that cation-assisted electron injection at the cathode, and the electronically 
insulating properties of the electrolyte at the anode, determine the light-emitting 
region. We further note that cations can drift through the investigated organic 
semiconductors and that the lateral cationic diffusion length is limited to less than 
one micrometer in the investigated organic semiconductors. 


