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Abstract 

The current implementation of conjugated polymers (“conducting plas-

tics”) in a wide range of devices promises to bring the vision of a new genera-

tion of flexible, efficient and low-cost applications to reality. Plastic light-

emitting devices in the form of polymer light-emitting diodes (PLEDs) are 

projected to be particularly close to the market in applications such as large-

area and conformable illumination panels and high-performance thin dis-

plays. However, two notable drawbacks of PLEDs are that they depend on 

vacuum deposition of a reactive metal for the negative electrode and that the 

active material must be extremely thin and uniform in thickness. As a conse-

quence, PLEDs cannot be expected to allow for a low-cost continuous pro-

duction using a roll-to-roll coating and/or printing process.   

This thesis focuses on an alternative to the PLED: A light-emitting electro-

chemical cell (LEC). LECs comprise a mixture of a conjugated polymer and a 

solid-state electrolyte as the active material positioned between two elec-

trodes. The existence of mobile ions in the active material allows for a num-

ber of interesting attributes, both from a fundamental science and an appli-

cation perspective. Importantly, the ions and the related unique operation of 

LECs make these devices apt for the utilization of low-cost roll-to-roll fabri-

cation of the entire device as the electrode materials can be air stable and 

solution-processible and the requirement on the thickness of the active ma-

terial is much less stringent than in PLEDs. 

The herein presented “basic science” studies primarily focus on the opera-

tion of LECs. It is for instance firmly established that a light-emitting p-n 

junction can form in-situ in a LEC device during the application of a voltage. 

This dynamic p-n junction exhibits some similarities, but also distinct differ-

ences, in comparison to the static p-n junctions that are exploited in crystal-

line inorganic semiconductor devices. We have also systematically explored 

the role that the constituent materials (ions, conjugated polymer, ionic sol-

vent, and electrode material) can have on the performance of LECs, and two 

of the more important findings are that the concentration of ions can influ-

ence the doping structure in a motivated fashion and that it is critically im-

portant to consider the electrochemical stability window of the constituent 

materials in order to attain stable device operation. 

With this knowledge at hand, we have executed a number of more “ap-

plied science” studies, where we have used the acquired information from 

the basic-science studies for the rational design of improved devices. We 

have demonstrated LEC devices with significantly improved device perfor-

mance, as exemplified by an orange-red device that emitted significant light 

(> 100 cd/m2) for more than one month of uninterrupted operation, and a 
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yellow-green device that emitted significant light for 25 days at a low voltage 

of 4 V and at relatively high efficiency (6 lm/W). Finally, we have conceptua-

lized and realized a solely solution-processed and metal-free LEC comprising 

graphene as the negative electrode and the conducting polymer PEDOT-PSS 

as the positive electrode. This type of devices represents a paradigm shift in 

the field of solid-state lighting as they demonstrate that it is possible to fabri-

cate an entire light-emitting device from solution-processible and “green” 

carbon-based materials in a process that is akin to printing. 
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Sammanfattning 

Den pågående introduktionen av konjugerade polymerer ("ledande plast") 

i olika komponenter lovar att göra visionen om en ny form av flexibel, effek-

tiv och billig elektronik till verklighet. Plastbaserade ljusemitterande kom-

ponenter i form av polymera lysdioder (eng. polymer light-emitting diodes, 

PLEDs) förväntas vara särskilt nära storskalig introduktion i tillämpningar 

som formbara belysningspaneler som avger ljus från stora ytor och högpres-

terande tunna displayer. Två nackdelar med PLEDs är dock att de är be-

roende av deponering av en reaktiv metall under vakuum för tillverkningen 

av den negativa elektroden samt att det aktiva materialet måste vara extremt 

tunt och jämnt i tjocklek. Som en följd av detta är det inte sannolikt att 

PLEDs kommer att kunna tillverkas på ett billigt sätt i till exempel en konti-

nuerlig tryckprocess. 

Denna avhandling fokuserar på ett alternativ till PLED: En ljus-

emitterande elektrokemisk cell (eng. light-emitting electrochemical cell, 

LEC). LECs består av ett aktivt material, i form av en blandning av en konju-

gerad polymer och en elektrolyt, placerad mellan två elektroder. Förekoms-

ten av mobila joner i det aktiva materialet möjliggör för en rad intressanta 

egenskaper, både ur ett grundläggande och ett tillämpningsperspektiv. Det 

är till exempel noterbart att den unika jonrelaterade funktionen hos LECs 

gör det möjligt att använda stabila elektrodmaterial, att alla ingående ma-

terial kan processas från lösning, samt att kraven på tjockleken av det aktiva 

materialet är mycket mindre strikt än för PLEDs; allt detta sammantaget gör 

det sannolikt att LECs kommer att kunna tillverkas med billiga tryck- och 

bestrykningsmetoder i framtiden. 

De genomförda ”grundläggande” studierna fokuserar i första hand på hur 

en LEC fungerar, och ett speciellt intressant resultat klargör att en ljusemit-

terande p-n övergång kan skapas inuti det aktiva materialet i en LEC när en 

spänning läggs på över komponenten. En sådan dynamisk p-n övergång 

uppvisar vissa likheter, men också tydliga skillnader, i jämförelse med den 

statiska p-n övergång som frekvent utnyttjas i kristallina icke-organiska hal-

vledarkomponenter. Vi har vidare systematiskt undersökt den påverkan som 

de ingående materialen (joner, konjugerad polymer, joniska lösningsmedel 

och elektrodmaterial) kan utöva på prestandan och funktionen av en PLEC, 

och två av de viktigaste resultaten är att jonkoncentrationen kan användas 

för en rationell design av dopningsstrukturen samt att det är kritiskt viktigt 

ur ett stabilitetsperspektiv att beakta den elektrokemiska stabiliteten hos de 

olika materialen. 

Med denna kunskap till hands har vi genomfört ett antal mer "tillämpade" 

studier, där vi har använt oss av informationen från de grundläggande stu-
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dierna för en rationell design av förbättrade komponenter. Med hjälp av det-

ta arbetssätt har vi kunnat demonstrera en LEC som avger starkt orangerött 

ljus (>100 cd/m2) under mer än en månad av kontinuerlig drift och en an-

nan komponent som avger starkt gulgrönt ljus vid en låg applicerad 

spänning av 4 V och med en relativt hög verkningsgrad (6 lm/W) under 25 

dagar. Slutligen har vi designat och realiserat en helt metallfri LEC 

bestående av en enbart kolbaserade och lösningsprocessbara material i form 

av grafen som negativ elektrod och en ledande polymer PEDOT-PSS som 

positiv elektrod. Denna LEC kan innebära ett paradigmskifte inom belysning 

och displayer, eftersom den entydigt visar att det är möjligt att tillverka en 

ljusemitterande komponent från enbart kolbaserade och ”gröna” material i 

en process som är besläktad med tryckning. 
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1. Introduction 

The seedbeds of today‟s electroluminescent displays date back to the first 

decade of the 20th century when the first scientific discoveries in the field of 

electroluminescenceI were made. However, electroluminescent displays were 

not commercially ready until the late 70‟s when the Sharp Corporation intro-

duced the so-called alternating-current-thin-film approach.[1] This event in 

turn provided the way for the first monochrome electroluminescent televi-

sion in 1978, which was a milestone in the development and application of 

electroluminescence. The subsequent introduction of electroluminescent 

displays in laptops by Sharp in 1985 was the foundation for the nascent lap-

top technology, as liquid-crystal display (LCD) panels did not have proper 

performance (contrast and brightness) at that time. 

In the late 80‟s the field of organic (i.e. carbon-based) electrolumines-

cence emerged following the demonstration of the first efficient organic 

light-emitting diode (OLED) by Tang et al.[2] The current generation of 

OLEDs offers many advantages over the well established LCD panels, such as 

high contrast, low energy consumption and wide viewing angle. Perhaps 

equally importantly, OLEDs also promise to offer cheap fabrication of elec-

troluminescent panels via wet processing of soluble materials and roll-to-roll 

printing and coating. Today, OLEDs are being introduced in small-scale 

commercial applications, and SONY and Samsung recently introduced hand 

held displays and TVs.[3]  

The total annual revenue for the OLED display industry is “sky-rocketing”, 

and the anticipated revenue in 5 years is 5 times higher than the present val-

ue (Figure 1.1). A particularly interesting market for organic electrolumines-

cent devices is low-cost and flexible displays for so-called smart packaging.[4] 

This segment of the display market is relatively new but offers an enormous 

growth potential (Figure 1.2), provided that a technology allowing for low-

cost and large-scale manufacturing can be realized. It is clear that this tech-

nology breakthrough could be offered by emerging organic electrolumines-

cent devices.  

Today, intense research within the field of organic electroluminescence is 

aimed towards the realization of devices that can be printed and/or coated 

onto plastic and flexible substrates in a low-cost roll-to-roll process. It is 

clear that such devices will bring the vision of ubiquitous smart packages and 

flexible and cheap electronics closer to reality.[5, 6]  

                                                   
I A detailed explanation of the electroluminescence phenomenon will be provided in chapter 3. 
At this point it can be understood as electrically generated light emission, by means other than 
heat. 



 

2 

2
0

0
5

2
0

0
6

2
0

0
7

2
0

0
8

2
0

0
9

2
0

1
0

2
0

1
1

2
0

1
2

2
0

1
3

2
0

1
4

2
0

1
5

2
0

1
6

0

1000

2000

3000

4000

5000

6000

7000

 

T
o

ta
l 

O
L

E
D

 d
is

p
la

y
 r

e
v

e
n

u
e

  
($

M
)

 

Figure 1.1. Total annual OLED display revenue over the period 2006-2009, 
and the anticipated revenue over the period 2010-2016.[7] 

 

Figure 1.2. The anticipated annual increase of production smart packaging.[4] 

This thesis deals with research aimed at the understanding and develop-

ment of a subgroup of organic electroluminescent devices called light-

emitting electrochemical cells (LECs). LECs are a serious competitor to 

OLEDs in that they can be fabricated in a particularly straightforward, low-

cost and scalable fashion and since they can be based on solely “green” car-

bon-based materials, as shown in paper XIII. The thesis is organized as fol-

lows: Chapter two introduces the emissive and electrochemically active com-

ponent in LECs -- the conjugated polymer, chapter three describes organic 

electroluminescent devices in general, chapter four presents the experimen-

tal methods and procedures, chapter five presents key experimental results, 

while chapter six finally provides some conclusions and outlooks for the fu-

ture. 
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2. Conjugated polymers 

The research on conjugated polymers dates back to the late 70‟s when a 

metallic-appearing polyacetylene film was fabricated (by accident) by profes-

sor Shirakawa and co-workers at Tokyo University. The subsequent observa-

tions by Heeger and MacDiarmid that it is possible to attain highly conduct-

ing films of polyacetylene, and that the conductivity can be tuned over many 

orders of magnitude, spurred an intensive quest for other conducting conju-

gated polymers.[8] This quest attracted polymer chemists, electrochemists as 

well as physicists, and has today emerged into its own research field termed 

organic electronics. A benefit from using polymers as electronic materials is 

that they combine the electronic properties of semiconductors and metals 

with the processibility of plastics. The utilization of polymeric materials in 

electronics opens the door to new methods of fabrication based on so-called 

wet-processing, which allow for the manufacturing of large-area and inex-

pensive electronics on flexible substrates via printing and roll-to-roll 

coating.[5, 9, 10] 

2.1.  Structure 

Polymers are long chains built of small blocks called repeat units. In con-

jugated polymers the repeat units have a structure of contiguous sp2-

hybridized carbon centers, which comprise three planar sp2-orbitals ortho-

gonal to one pz-orbital. The sp2-orbitals can form three σ-bonds. In polyace-

tylene, one of these σ-bonds links the carbon to an adjacent hydrogen by 

overlapping with its 1s-orbital. The two remaining sp2-orbitals link to adja-

cent carbon atoms by overlapping with their sp2-orbitals. The remaining pz-

orbital contains one electron. This electron is delocalized between the two 

adjacent carbons; similarly the adjacent carbon has one delocalized electron 

in its pz-orbital. These two overlapping pz-orbitals give rise to a π-bond be-

tween these two atoms,[11-13] as schematically shown in Figure 2.1. The pres-

ence of π-bonds between every repeat unit within a 1D-chain results in a pat-

tern of alternating single-and-double bonds along the chain, as predicted by 

Peierls.[13-15]  

The single-double bond pattern in conjugated polymers can shift between 

two different conformations. This conformation shift can be induced by e.g. a 

gain of energy via a photoexcitation process. The two conformations are 

called aromatic and quinoid, and are shown schematically for trans-

polyacetylene and polythiophene in Figure 2.2. The ability to toggle back and 

forth between these two conformations has important consequences for the 

optical and electronic properties of conjugated polymers.[11, 16, 17] 
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Figure 2.1. A schematic of sp2 hybridized orbitals in ethene. The π orbitals with 
their delocalized electrons are indicated by the two red clouds in the schematic. 

 

Figure 2.2. Aromatic and quinoid conformations for two different conjugated 
polymers. Left: a polymer with a degenerate ground state (trans-polyacetylene). 
Right: a polymer with a non-degenerate ground state (polythiophene). 

2.2. Electronic properties 

Figure 2.3 shows the repeat units of selected conjugated polymers. Cha-

racteristic signatures of the repeat units (or molecular materials in general) 

are the energies of the highest occupied molecular orbital (HOMO) and the 

lowest unoccupied molecular orbital (LUMO). These energies originate in 

the chemical composition and geometry of the material.[17-19] 

* *
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Figure 2.3. The chemical structures of the following repeat units of conjugated 
polymers: (a) trans-acetylene, (b) carbazole, (c) para-phenylene vinylene, (d) 
pyrrole, (e) 3,4-ethylenedioxythiophene (EDOT), (f) thiophene. 
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Figure 2.4. The formation of energy bands in a conjugated polymer via interac-
tion of the repeat units. The HOMO and LUMO energies are presented as a 
function of the oligomer/polymer chain length. Adapted from ref.[19] 

When two repeat units are brought together, their HOMO and LUMO 

energy levels split because of the interaction between their molecular orbit-

als. An example of such energy splitting resulting from the linking together 

of thiophene repeat units in a polymerization process is shown in Figure 2.4. 

When the number of connected repeat units is high, like in a long polymer 

chain, the splitting results in two densely packed bands of available energy 

states separated by an energy gap.[19] This energy gap is a region where the 

density of energy states is zero. The two energy bands are commonly referred 

to as: conduction band and valence band. However, conjugated polymers 

typically exhibit many defects, and it might be more appropriate to depict the 

two bands as non-continuous distributions of energy states.[11, 17, 20-28] Inte-

restingly, the energy gap in conjugated polymers can be tuned during syn-

thesis, e.g. by functionalizing the polymer repeat units.[11] 

2.3. Doping 

In pristine conjugated polymers (at zero Kelvin) all energy states in the va-

lence band are filled, while the states in the conduction band are empty (Fig-

ure 2.4). This situation corresponds to electrons and holes (empty states in 

the valence band) with zero mobility and no conductivity.[29] 
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However, the concentration of mo-

bile electronics and/or holes, and con-

sequently the conductivity, of conju-

gated polymers can be increased by 

many orders of magnitude by various 

types of doping (see Figure 2.5[30] and 

2.6). A particularly interesting oppor-

tunity is electrochemical doping, and 

this method of doping is exploited in 

many types of devices.[6] 

 

 

Conjugated polymers

Semiconductors MetalsInsulatorss (S/m)

10-1210-16 10-8 10-4 100 108104

10-1410-18 10-10 10-6 10-2 106102

 

Figure 2.6. The wide range of conductivities attainable with conjugated poly-
mers as compared to other materials. 

2.3.1. Electrochemical doping 

A conjugated polymer coated on a metal electrode and in contact with an 

electrolyte can be doped electrochemically in-situ. When the metal is sub-

jected to an appropriate electric potential, electronic charges (electrons or 

holes) are injected into the conjugated polymer from the metal electrode and 

subsequently electrostatically compensated by an influx of ions from the 

electrolyte (see Figure 2.7). The motion of the ionic species into the conju-

gated polymer, and the related compensation for the injected electronic 

charges, is viable due to the porous and soft character of polymers. The con-

jugated polymer is n-type doped when electrons are injected, and p-type 

doped when holes are injected, in accordance with the below equations: 

 0p C e p C       (2.1) 

 0 ,p h A p A       (2.2) 

Figure 2.5. Various types of doping 

of conjugated polymers. Adapted 

from ref. [30] 

Electrochemical

Chemical

Photo-induced

Interfacial

Doping
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where 0p represents an undoped polymer segment, e  represents an elec-

tron, h  represents a hole, A C  represents the electrolyte, and p  and p  

represent n -doped and p-doped polymer segments, respectively.  

S
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Figure 2.7. Upper panel: The injection of a positive hole onto the polymer 
backbone and subsequent compensation by an anion. Lower panel: The injec-
tion of an electron compensated by a cation. 

There are a few things that separate the electrochemical doping of conju-

gated polymers from the more commonplace doping of crystalline inorganic 

semiconductors. First, the dopants in the latter typically replace atoms with-

in a crystalline structure and bind covalently to neighboring atoms in a 

process termed as substitutional doping. In an electrochemically doped con-

jugated polymer the electrostatically compensating and bulky ion occupies 

free volume in close surrounding of the electronic charge on the polymer 

chain. Second, the concentration of dopants in crystalline semiconductors is 

typically much lower (~10-4 dopants per one host atom) than in conjugated 

polymers (~0.1 dopants per conjugated polymer repeat unit). Third, the in-

jected electronic charge carrier on the conjugated polymer strongly distorts 

its local chemical environment and is therefore often termed polaron. The 

polaronic states in conjugated polymers are positioned within the energy 

gap, as depicted in Figure 2.8b.[12, 29-36] 

Valence band

Conduction 

band

Valence band

Conduction 

band

charge carrier
Eg

HOMO

LUMO

Crystalline 

semiconductor

Conjugated

polymer  

Figure 2.8. The formation of a hole dopant in a crystalline semiconductor (left) 
and in a conjugated polymer (right). 
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2.3.2. Charge carriers in doped conjugated polymers 

The polarons in conjugated polymers are ion radicals with a spin of ½. In-

terestingly, when the concentration of dopants in, for instance, polypyrrole is 

high it is favorable to add another charge to an existing polaron, so that a 

bipolaron is formed. A bipolaron is a spinless particle carrying the charge of 

two polarons, and it has been observed in e.g. polythiophene.[20, 35, 37-41] 

The charge carriers introduced by 

doping contribute to the conductivity, 

s , according to the formula: 

s   e n , where e  is the elementary 

charge, n  is the concentration of the 

charge carrier, and   is the effective 

mobility of the charge carrier. Unlike 

crystalline semiconductors, the me-

chanism of charge transport in conju-

gated polymers has a hoping-like cha-

racter. This is a consequence of the 

disordered character of polymers and 

the fact that the generated charge car-

riers produce polaronic states within 

the band gap rather than dopant bands. In disordered materials the charge 

carrier mobility is dependent on the doping concentration (Figure 2.9).[31, 32, 

42-44] 

2.4. Fluorescence 

When a photon is incident on a conjugated polymer, and its energy 

matches the energy difference between an occupied and an empty electronic 

state, it can be absorbed under the formation of an electron-hole pair (an 

exciton). The situation is schematically portrayed in Figure 2.10.[45] Upon the 

absorption of the photon, a segment of the polymer (a chromophore) reaches 

an excited state (following the Franck-Condon principle) and thereafter 

quickly relaxes to the lowest available excited state.[22, 24, 46-50] After a short 

time, when the exciton has diffused a certain distance (~1 nm), it recombines 

and decays, either radiatively under the emission of a photon (in a process 

called fluorescence, see upper part of Figure 2.10) or non-radiatively.  
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Figure 2.9. Doping concentration de-

pendent mobility. Adapted from ref. [42]. 
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Figure 2.10. A situation in a conjugated polymer following the absorption of a 
photon. In the upper scenario the exciton decays radiatively emitting light in a 
process of fluorescence. In the lower scenario the exciton is quenched through a 
collision with a dopant and radiates heat. 

However, the situation is different 

when the conjugated polymer is 

doped. When a diffusing exciton en-

counters localized energy states (do-

pants) on its way it is very likely 

quenched and decays non-radiatively 

releasing heat instead of light (Figure 

2.10). The lifetime of the exciton in 

doped conjugated polymers is greatly 

reduced by the collisions as compared 

to the exciton lifetimes in pristine con-

jugated polymers.[45] Accordingly, the 

degree of fluorescence quenching in-

creases with dopant concentration, 

and highly doped conjugated polymers show very high rate of fluorescence 

quenching (Figure 2.11[51]).[48-50, 52-59] 

2.5. Absorption 

The increase in conductivity of conjugated polymers upon doping is inva-

riably linked with changes in its optical properties. Specifically, the addition-

al localized energy states within the energy gap introduced by dopants con-

tribute to new optical transitions as schematically shown in Figure 2.12.[20] 
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Figure 2.11. Fluorescence yield as 

a function of doping concentration. 

Adapted from ref. [51]. 
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Figure 2.12. Optical transitions in an undoped conjugated polymer (a), in a 
doped conjugated polymer with polaron states (b), and in a doped conjugated 
polymer with bipolaron states (c). Notice that the polaron, unlike the bipolaron, 
allows for a transition hv2 due to an unpaired spin of the polaronic state. 

In the doped state the absorption shifts 

toward lower energies (red shift) and the 

optical transitions corresponding to the 

energy gap are increasingly bleached when 

the doping level increases (see Figure 

2.13). The absorption, in contrast to the 

fluorescence, requires a substantial con-

centration of dopants to be affected in a 

distinctive manner. Therefore, changes in 

absorption are only observed at doping 

concentrations at which the fluorescence is 

almost completely quenched.[49, 51] 

Figure 2.13. A color change in a 

conjugated polymer upon doping. 

Left: doped film, right: pristine film. 
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3. Organic electroluminescent devices 

Electroluminescence is light emission generated by electrical excitation 

without recourse of an intermediate product such as heat. The first reports of 

electroluminescence date back to the beginning of the 20th century when e.g. 

Round observed yellow light emission when he fed electrical current through 

a silicon carbide detector.[60, 61] The first reports on electroluminescence from 

organic materials date back to early 60‟s when Pope at al.[62] observed green 

emission from 20 μm thick crystals of anthracene sandwiched between two 

metal electrodes and biased with a voltage of 400 V. These early studies es-

tablished that in anthracene and in silicon carbide the light emission origi-

nates from the recombination of electrons and holes, injected from the oppo-

site electrodes. The recombination results in the formation of excitons, com-

prising electron-hole pairs bound by Coulombic attraction, which subse-

quently annihilate and release their excess energy in the form of light or 

heat. 

3.1. Light-emitting diodes  

A light emitting-diode (LED) is an electronic device that comprises an ac-

tive emissive material sandwiched between two metal electrodes. When an 

appropriate electric potential is applied between the electrodes then elec-

trons and holes are injected from the electrodes into the emissive material. 

They thereafter recombine within the emissive material forming excitons, 

which subsequently produce light. 

The first reports on LEDs utilizing an organic emissive material (so-called 

OLEDs) date back to 1987 when an organic small-molecule compound (Alq3) 

sandwiched between two electrodes (indium tin oxide and magnesium-silver 

alloy) was observed to electroluminesce under an applied voltage.[2] The first 

conjugated polymer-based OLEDs (p-OLEDs) were demonstrated in 1990 at 

the Cavendish laboratory.[64] Importantly, these devices comprised a solu-

tion-processable active material.II They were emitting visible light at voltages 

below 15 V, producing circa one photon per hundred injected electrons. It 

was clear then that those devices at that stage were not compatible with mar-

ket applications in terms of the performance and lifetime. Nevertheless, it 

proved that light emitting devices can be made with organic and solution-

processable materials.[65] 

                                                   
II Small-molecules, unlike conjugated polymers, have a poor ability of forming films through 

wet coating, although are easily soluble. They require other deposition methods such as e.g. 

thermal evaporation. 
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The electronic structure of a p-OLED is schematically shown in Figure 

3.1a. A conjugated polymer with a band gap gE ~2 eV is sandwiched between 

two metal electrodes. The electrodes are different in that their Fermi levels, 

as indicated by the horizontal lines in the figure, are not equal. The differ-

ence in energy between the bottom of the conduction band and the Fermi 

level of the electrode defines the electron injection barrier (  eE ). Similarly, 

the hole injection barrier (  hE ) is defined by the difference between the top 

of the valence band and the Fermi level of the second electrode, as shown in 

Figure 3.1a. 
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polymer

Eg

EL EL

Ee

Eh

eV

x

Ee

Eh

Ee

CB

VB

 
Figure 3.1. The electronic structure of a p-OLED with energy bands and injec-
tion barriers at open circuit (a). The potential barriers under applied potential 

/gV E e   is shown in (b). The rightmost image shows a close-up at the injec-
tion barrier at the active material/negative electrode interface with the indicated 
barrier width Δx, the horizontal arrow indicates the direction that the electrons 
have to tunnel. 

When a voltage /gV E e   is applied across the device (Figure 3.1b) then 

electrons from the negative electrode can tunnel through the injection bar-

rier into the conduction band of the polymer; some „hot‟ electrons within the 

electrode material can surmount the barrier via the so-called thermionic cur-

rent (minor effect). In a similar way the holes from the positive electrode can 

reach the valence band of the conjugated polymer. In either case, for relative-

ly large injection barriers the current passing through the injection barriers 

is very low. When the active material is very thin, i.e. in the range of tens of 

nanometers, the barriers are narrow enough to allow for significant tunne-

ling. The electrons from the negative electrode (cathode) tunnel and occupy 

the available electronic states in the conduction band of the conjugated po-

lymer. Similarly, the holes from the positive electrode tunnel into the valence 

band. Subsequently, the charge carriers of the opposite signs drift under in-

fluence of the electric field and recombine when they meet in the active ma-

terial. 

In the situation as in Figure 3.1b, when the charge carriers have to over-

come the injection barrier, the tunneling current depends on the electric field 

across each the barrier, F , and the barrier height, /e hE . If the diffusion 

(a) (b) 
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and thermionic currents are neglected, i.e. when the tunneling dominates the 

transport through the barriers, the expression for the injected (tunneling) 

current density can be derived from the Fowler-Nordheim approach. The 

tunneling current density through one of the two barriers takes the following 

form: 

  2 exp /j F b F  , (3.1) 

where 
3/2 *
/ /4/ 3 2 /( )e h e hb E m e  , and *

/e hm  is the effective mass of the 

electron (hole) inside the barrier, and  is the reduced Planck constant.[66, 67] 

Equation (3.1) shows that, the injection current is high when the barrier 

height is low and/or when the electric field within the barrier is very high. 

When the injection barriers are high the tunneling current is low, i.e. the in-

jections of holes and electrons are inefficient. The inefficient injection cannot 

provide electrons and holes for efficient recombination and the light output 

from the device is low. 

In general, in OLEDs the problem of inefficient injections is trounced two-

fold, either by engineering the active material in devices or by designing and 

exploiting new types of the electrodes. In devices based on small-molecule 

electroluminescent material the injections are improved by tuning the thick-

ness and architecture of the active material.[68-71] This approach requires in-

corporation of so-called injection layers into the active material (Figure 3.2). 

The injection layers are typically few nanometers thick and made of mate-

rials matching the Fermi level of the electrode with the conduction (valence) 

band of the electroluminescent material. These layers can additionally act as 

transporting layers. They deliver the electrons and holes from the electrodes 

into the electroluminescent material, which is confined in the middle of the 

device (i.e. active material, see Figure 3.2). This method, although efficient, 

requires relatively complex fabrication method and relies on multi-step and 

high-vacuum deposition of the active material layers (and electrodes). 

    

Figure 3.2. A schematic of a structure of a multi-layered OLED. 
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On the other hand in p-OLEDs the active material consists solely of a con-

jugated polymer and can be processed straightforwardly from solution. The 

injection barriers are lowered by employing electrode materials with Fermi 

levels that match the conduction/valence band of the conjugated polymer.[10, 

72-74] With this approach the fabrication of the active material is straightfor-

ward but the choice and fabrication of suitable electrode materials is chal-

lenging. Specifically, on the anode side the injection barrier is lowered by 

employing materials with a high work function, such as e.g. indium tin oxide. 

These materials are relatively stable and, in principle, can be processed from 

solution. However, the negative cathode side requires low work function 

metals, such as calcium, magnesium or barium, to allow for efficient injec-

tion of electrons. Unfortunately, such metals are unstable and very prone to 

reactions under ambient conditions. They are not amenable to solution 

processing and require complex vacuum processing. This in turn raises the 

fabrication costs and prevents a fabrication solely based on solution-

processing. 

Apparently, the problem with inefficient injection in OLEDs can only be 

solved by entailing relatively complex vacuum processing schemes, which in 

turn raise the final costs of devices. Thus, for the fabrication of low-cost and 

large-area devices there is a need for a new and revolutionary device design, 

which improves the injection in a relatively simple and inexpensive manner. 

3.2. Light-emitting electrochemical cells 

The polymer light-emitting electrochemical cell (PLEC) is an electrochem-

ical device that, similarly to a p-OLED, utilizes a conjugated polymer as the 

emissive material. The difference between the p-OLEDs and PLECs is that 

the latter contain a solid-state electrolyte intermixed into the emissive ma-

terial. The electrolyte introduces mobile ions (ionic conductivity) into the 

emissive material. The idea of such devices was introduced by Pei at al.[75] in 

1995 as an alternative to the OLED. The PLECs addressed the problem of the 

inefficient injections using a new approach.[76, 77] 

Figure 3.3a shows the electronic structure of a PLEC. A conjugated poly-

mer with a band gap gE ~2 eV intermixed with a solid state electrolyte is 

sandwiched between two metal electrodes. When a voltage /gV E e   is 

applied between the two electrodes the ions redistribute within the active 

material, so that two electric double-layers (space-charge layers) form at the 

electrode/active material interfaces. The two space-charge layers screen the 

bulk of the active material from the electric field. Following the redistribu-

tion of ions, the electric field is confined to the two space-charge layers. Con-

sequently, the conduction and valence bands of the conjugated polymer bend 

following the accumulated charges and narrow the width of the injection 

barriers (Figure 3.3b). Consequently, the injection is enhanced due to the 
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fact that the charges have to tunnel only through a very thin layer, typically 

in the range of a nanometer, and under influence of high electric field.[76, 78-97]  
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Figure 3.3. The electronic structure of a PLEC under open circuit with the in-
dicated injection barriers and the ions present in the active material, in panel 
(a). Panel (b) shows the situation under potential /gV E e   applied across 
the device when the ions redistribute under influence of the electric field. The 
interface near the cathode is highlighted in the rightmost picture with the bar-
rier width Δx indicated by the arrows. 

The charges that have tunneled through the injection barriers are imme-

diately compensated by compensating ions (from the electrolyte). In this 

way, the injected charges are stabilized and the polymer is electrochemically 

p-type (n-type) doped at the positive (negative) electrode (see section 2.1). 

The consequence of this doping is that the active material, in the vicinity of 

the electrode, attains metallic-like conductivity and act as the electron (or 

hole) transporting layer. The charges (holes and electrons) injected from the 

two electrodes into the active material are transported through the doped 

regions towards the central part of the device. When the electrons meet with 

holes in this region they recombine and form excitons. These excitons decay 

either radiatively producing light or nonradiatively producing heat.  

PLECs benefit from the presence of the electrolyte and from doping of the 

active material. The ions facilitate efficient injection from any kind of elec-

trodes and the electrochemical doping in turn allows for utilization of thick 

active material in devices. Apparently, the thick layer of the active material 

allows for various novel applications and new fabrication methods, which 

include large-area printing and roll-to-roll coating. Devices with thick active 

material can be fabricated on flexible substrates without concomitant penalty 

on their performance. Furthermore, the micro-cracks in the electrodes gen-

erated upon bending flexible substrates or high surface roughness of the 

electrodes are not highly destructive to the device performance.  

The significant drawback of the current generation of PLECs, which ratio-

nalizes the low interest from industry, is their limited operational lifetime 

and low efficiency.[98-100] The lifetime of the currently existing devices is ap-

parently not adequate for consumer applications while the efficiency con-

(a) (b) 
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strain application in portable electronic devices.[101-103] It is plausible, howev-

er, that the development of PLECs is hampered by an inadequate under-

standing of their operation mechanism. Thus, the improvement upon the 

today‟s state-of-the-art PLECs relies on a better understanding of the physics 

and chemistry of these devices and exploiting new materials and methods for 

the fabrication.  

The following chapters will present some of the experimental approaches 

and results aimed at a deeper understanding of the mechanisms that take 

place in PLECs. The devices presented in the last part of this thesis are al-

ready compatible with certain commercial applications (papers VII and 

VIII). 
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4. Experimental methods and procedures 

4.1. Materials 

The compounds utilized throughout this thesis are shown in Figure 4.1. 

They can be divided into three groups with respect to their function and ap-

plication. The first group is the conjugated polymers, which are the emissive 

components in PLECs. These polymers are derivatives of poly-(p-phenylene 

vinylene) (PPV) with different side groups, which are tailored specifically for 

the desired emission, color and good solubility in common organic 

solvents.[104-107] “Superyellow” is a commercially available copolymer opti-

mized for application in OLEDs. This material also serves as a component of 

the active material in PLECs.[108]  

 The second group is the solid state electrolyte, which comprises the salt 

KCF3SO3 and poly(ethylene oxide) (PEO) as the ion solvating material. This 

electrolyte is invariably used throughout this thesis as the electrolyte in the 

active material in PLECs. When KCF3SO3 is mixed with PEO it is solvated 

and displays moderate ionic conductivity, which can be further improved by 

increasing the temperature. The melting point of high molecular weight PEO 

is around 340 K and above this temperature the ionic conductivity of the 

electrolyte is drastically higher than at e.g. room temperature.[96] 

The last group is the electrode materials. These materials can, in principle, 

replace metals for the electrodes in PLECs. The dispersion of poly(3,4-

ethylenedioxythiophene) in poly(styrene sulfonate) commonly known as 

PEDOT-PSS is a conductive p-doped material in the form of a water disper-

sion. This material displays excellent electrical properties, is a good hole in-

jector, and can be processed from solution onto any type of substrates. It can 

be either spin-coated, drop-casted or coated by roll-to-roll methods, and is 

air stable.[109-115] It performs as a planarization layer when applied onto in-

dium tin oxide electrodes (spincoated on top of the indium tin oxide layer) 

but can serve as a sole electrode as well when coated directly onto an active 

material.[109] PEDOT-PSS degrades at negative potentials and is thus not 

used as a negative electrode.[112, 115] 

The second electrode material is graphene (see paper X and XI). It consti-

tutes of thin sheets of graphite, one or a few monolayers thick, and is a semi-

transparent film. This material can also be processed from a suspension and 

coated onto variety of (flexible) substrates. It combines very good electrical 

properties with high transparency and electrochemical stability.[116-121] (A 

deeper discussion on this material is provided in chapter 5.3, “Metal-free 

light-emitting electrochemical cells”).  
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Figure 4.1. Materials utilized in PLECs. Various examples of the conjugated 
polymers, derivatives of PPV, are shown in the upper part of the figure. In the 
middle part of the figure KCF3SO3, and an ion solvating material – PEO, and the 
superyellow a co-polymer. The bottom part shows an organic and solution 
processed electrode materials: graphene and PEDOT-PSS. 
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Devices in this thesis often incorporate indium tin oxide (ITO, chemical 

structure not shown) as a positive electrode. It is a semi-transparent metal 

that can be sputtered onto glass substrates or flexible poly-(ethylene tereph-

thalate) (PET) sheets.[110, 122-124] ITO can also be processed from solution and 

displays very good electrical characteristics and high transparency.[122] How-

ever, it is not appropriate as a material for negative electrodes since it under-

goes electrochemical reduction and decomposition when in contact with an 

electrolyte and subjected to negative potentials.  

In this thesis, aluminum is frequently used as a negative electrode al-

though sometimes it is replaced with other metals such as gold and silver. 

Aluminum is an inexpensive material displaying good cathode performance 

but it undergoes electrochemical oxidation at positive potentials when in 

contact with an electrolyte (paper VII). For this reason it is not used as a pos-

itive anode in devices. Gold is inert and serves very well as both (positive and 

negative) electrodes, similarly as silver. However, due to relatively high pric-

es these materials are not preferred in a large scale device fabrication. In this 

thesis, in planar devices, except for the paper XI, both electrodes were made 

of gold due to its stability and inertness. 

4.1.1. Materials preparation 

Some of the materials used in PLECs are sensitive to oxygen and moisture, 

which may quench the electroluminescence and affect the performance of 

materials in devices. For this reason, the materials have to be pretreated 

prior to their use to meet the criteria that guarantee their optimal perfor-

mance. Solvents used for the device fabrication are dehydrated and display 

the highest possible purity.  

PEO and KCF3SO3 are hydrophilic and tend to attract water when exposed 

to ambient air. The traces of water, similarly as oxygen, can be removed by 

annealing the compounds under vacuum. A hurdle with this approach is that 

PEO, which has a melting point slightly above 340 K, starts to decompose at 

temperatures above 380 K. It is circumvented by a long term annealing un-

der relatively high vacuum and temperatures below the melting point. The 

situation with KCF3SO3 is much easier since its melting point is above 473 K 

and the compound can be vacuum annealed at relatively high temperatures 

above the melting point of water.  

Conjugated polymers, on the other hand, are hydrophobic and tend to re-

pel water; they do not require annealing in vacuum. Unfortunately, they are 

prone to photo-degradation under irradiation of light, particularly in the 

presence of oxygen and/or elevated temperatures. For this reason the conju-

gated polymers are stored in darkness under nitrogen or argon.  
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Figure 4.2. The inert atmosphere „facility‟ at the Umea University. Two inter-
connected gloveboxes filled with nitrogen gas and equipped with a circulation 
and purification system. The glovebox on the right hand side is used for solvent 
processing and film coating. In the left part of the photograph the last com-
partment of the system with a thermal evaporator for the deposition of thin 
metal films can be seen. 

4.2. Methods and experiments 

Due to the negative influence of oxygen and moisture, the fabrication and 

characterization of un-encapsulated devices require inert atmosphere (see 

Figure 4.2). The devices presented in this thesis were always fabricated and 

characterized in inert conditions. Conjugated polymer solutions and electro-

lyte solutions were prepared in a nitrogen filled glovebox (i.e. a „wet-box‟, 

shown in the right side of photograph in Figure 4.2). The subsequent fabrica-

tion of devices (i.e. coating of films) takes place in the same nitrogen filled 

glovebox. This glovebox is designed for solvent processing and is intercon-

nected via an airlock with a testing and preparation glovebox, i.e. a „dry-box‟ 

(middle-left part in Figure 4.2). The pre-fabricated devices are transferred 

into the dry-box through the air-lock and prepared for deposition of the met-

al electrodes. The metal deposition takes place in a thermal evaporator 

chamber interconnected with the „dry-box‟ (the leftmost part in Figure 4.2). 

The inert atmosphere of the two gloveboxes is maintained by a purification 

system. The concentration of H2O in the glovebox atmosphere is kept below 

1-2 ppm and O2 below 2-5 ppm. 

4.2.1. Cyclic voltammetry 

Cyclic voltammetry (CV) is among the most popular tools used for charac-

terization of conjugated polymers and other organic compounds. This me-

thod was introduced by Hickling for studies of electrode polarization back in 

the late 50‟s.[125] Since that time the method has become very popular in ap-

plications dealing with electrochemical properties of various organic com-

pounds. Specifically, this method allows for measuring ionization potentials 

of conjugated polymers and their band gap.[126] CV allows for investigation of 
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doping in thin films of conjugated polymers and can be combined with other 

experimental methods, such UV-VIS absorption, to study the impact of dop-

ing on the optical and electrical properties of polymers.[127] This method was 

one of the most important analysis tools employed in this thesis.  

It is important to mention that CV measures the Gibbs free energy, while 

optical methods, such as absorption spectroscopy, measure enthalpy. The 

experimental signature of this fact is that the optically measured values of 

the energy gap in conjugated polymers (the so-called optical band gap) pro-

vide slightly different values than those obtained with cyclic voltammetry 

(the so-called electrochemical band gap). This is rationalized with the defini-

tion of the Gibbs free energy, i.e. G H TS  , where G  is the Gibbs free 

energy, H  is enthalpy, T  temperature, and S is the entropy.  

A setup for cyclic voltammetry measurements constitutes an electrochem-

ical cell working in a three-electrode configuration and a potentiostat. Figure 

4.3a shows schematically an electrochemical cell with three electrodes as 

indicated in the figure. The electrodes (working, counter, and reference) are 

immersed in an electrolyte, which provides the ionic conductivity. A conju-

gated polymer film is coated onto the working electrode. The electrodes are 

connected to the potentiostat, which records the potential of the working 

electrode. The latter is measured with respect to the reference electrode, 

which has a fixed potential that originates in a well-controlled redox reaction 

at the electrode surface.  
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Figure 4.3. A schematic of a cyclic voltammetry cell configuration, panel (a). A 
reference electrode (2) measures the potential of a working electrode (1) and 
controls the cell current flow through a counter electrode (3). The cell is filled 
with an electrolyte and the measured material is coated on the working elec-
trode. Panel (b) shows the schematic of the circuitry of a potentiostat. 

A linear-scan voltage generator (Figure 4.3b) is scanning a potential at a 

constant rate over a specified voltage range. The potentiostat feeds current 

through the working-counter electrode couple to maintain the desired poten-
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tial inV  of the working electrode versus the reference electrode. This results 

in that electronic charges from the electrode (polymer) are injected into 

(ejected from) the polymer film and subsequently compensated by the flux of 

respective ions from the electrolyte, which surrounds the polymer film (see 

equations (2.1) and (2.2) in section 2.3.1). Consequently, the conjugated po-

lymer is n-type (p-type) doped. The encountered situation is schematically 

drawn in Figure 4.4. The resulting transfer of charges during the doping 

process gives rise to the current flowing through the working electrode. The 

corresponding potential of the working electrode indicates the absolute po-

tential (versus the reference electrode) at which the conjugated polymer is 

doped. Importantly, the separation between the potentials of the p-type dop-

ing and the n-type doping processes indicates the value of the (electrochemi-

cal) band gap potential, i.e.    /p dop n dop gV V E e , of the polymer. 
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Figure 4.4. A schematic representation of the electron transfer in cyclic vol-
tammetry during n-doping and p-doping of a conjugated polymer (left). The 
large symbols indicate ions from the electrolyte, which compensate for the in-
jected (ejected) charges into (from) the polymer. To the right the same 
processes are shown from the „energy levels point of view‟. The injections of 
electrons from (to) the working electrode are indicated with ribbon-arrows. 
When the energy of the working electrode (eV) matches energy of the LUMO 
(HOMO) in the polymer, the electrons (holes) from the electrode tunnel into the 
conduction (valence) band of the polymer under n-doping(p-doping). 

A detailed compilation of the conjugated polymers utilized in CV studies 

throughout this thesis is presented in Table 4.1. Polymer films coated on 

metal working electrodes for CV were invariably prepared as follows: Glass 

substrates (1.5 × 1.5 cm2) were cleaned by subsequent ultrasonic treatments 

in detergent (Extran MA 01, Merck), acetone and isopropanol. Gold elec-

trodes with a thickness of 100 nm were deposited onto the pre-cleaned glass 

substrates, using thermal evaporation at a pressure ~5×10-6 mBar. Master 

solutions were prepared by dissolving conjugated polymers either in chloro-
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form (> 99.8%, anhydrous; Aldrich) at a concentration of 10 mg/ml (paper V 

and VI) or in cyclohexanone (> 99%, anhydrous; Aldrich) at a 5 mg/ml con-

centration (papers VIII and XI) or in chloroform (> 99.8%, anhydrous; Al-

drich) at a 2 mg/ml (paper IV). Conjugated polymer films were spin-coated 

from the master solutions onto the gold electrodes at 800 rpm for 60 s and 

thereafter dried on a hot plate at T = 323 K for ~1 h.  

Table 4.1. A compilation of compounds studied with cyclic voltammetry with 
solvents and electrolytes indicated in the last column 

Conjugated  
polymer 

Solvent Electrolyte 

MEH-PPV CH3Cl 
 CH3CN+TBAPF6 

CH3CN+PEO+KCF3SO3 

BUEH-PPV 

CH3Cl CH3CN+TBAPF6 

BEH-PPV 

BUEH-co-MEH-PPV 

BOP-PPV 

BUEHP-co-MEH-PPV 

Superyellow (CH2)5CO CH3CN+TBAPF6 

 

For the CV measurements, either gold or the conjugated polymer coated 

gold was invariably used as the working electrode, platinum disk was used as 

the counter electrode, and a silver rod was used as the quasi-reference elec-

trode. The electrolyte solution was either 0.1 M tetrabutylammonium hexaf-

luorophosphate (TBAPF6, > 99%, Fluka) in acetonitrile (CH3CN, anhydrous, 

> 99.8%, Aldrich) (papers IV - VIII) and/or 0.1 M potassium trifluorome-

thanesulfonate (KCF3SO3, > 98%, Alfa Aesar) mixed with 2 M (calculated as 

a number of repeat units of PEO per liter of solution) low-molecular-weight 

PEO (Mw = 400, Polysciences) in acetonitrile (papers V and VI). 

CV sweeps were driven and measured by a computer controlled Autolab 

PGSTAT302 potentiostat (GPES software, EcoChemie) capable of a dynamic 

IR compensation. Directly after each CV scan, a calibration scan was run 

with a small amount of bis-(ŋ-cyclopentadienyl) iron-(II) (ferrocene, purity > 

98%; Fluka) added to the electrolyte (~10-4 M ferrocene concentration in 

CH3CN) to assess the potential of the ferrocene/ferrocenium ion redox 

couple (Fc/Fc+), which was used a reference.[128, 129] All potentials in the CV 

measurements are reported versus the Fc/Fc+ system. The onset potentials 

for p-doping and n-doping were calculated as the intersection of the baseline 

with the tangent of the current curve at the half maximum of the current 

curve. All sample preparation and cyclic voltammetry measurements were 

performed under inert atmosphere in an argon-filled (papers IV-VI) or ni-

trogen-filled (papers VIII and XI) glove box. 
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4.2.2. PLEC devices - preparation 

PLECs are fabricated on glass, glass coated with a layer of indium tin oxide 

(ITO) or plastic substrates with a layer of ITO. The ITO layer can be replaced 

by another conductive and transparent material, such as graphene (see paper 

XI).  

PLECs are either fabricated in a planar (Figure 4.5) or a sandwich (Figure 

4.6) configuration. In the planar configuration an active material is applied 

onto a glass substrate and two metal electrodes are put on top of the active 

material (top-contact architecture). Alternatively, the metal electrodes can be 

put directly onto the glass substrate and covered with the active material 

(bottom-contact architecture). The light emission is probed directly in the 

active material, between the two electrodes, from the top side of the device.  

 

Figure 4.5. Schematic structure of a planar top-contact PLEC, see the text be-
low for details. 

 

Figure 4.6. Schematic structure of a sandwich configuration PLEC. 

In the sandwich configuration the active material is applied onto an ITO 

(or graphene) substrate and capped with a metal electrode. In some cases a 

thin layer of PEDOT-PSS is applied prior to the active material to planarize 

the surface of the ITO substrate. In this configuration the light is out-coupled 

through the transparent indium tin oxide (or graphene) electrode and ob-

served from the bottom side of the device.  
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In both configurations the active material was applied from a solution by 

either spincoating, drop-casting or by the “doctor blade” method. The thick-

ness of the active material was varying between 80 nm to 1 μm. The sub-

strates with a relatively high surface roughness (e.g. graphene, see papers X 

and XI) usually require thicker films. Since the devices can operate almost 

independently of the thickness of the active material (i.e. the separation of 

the electrodes), in planar devices the width of the interelectrode gap is cho-

sen from 120 μm up to 2 mm to provide a desired optical access to the active 

material. 

The following sections describe in detail the processing of the active ma-

terial and the fabrication of the devices discussed in this thesis. 

4.2.2.1. Active material blend 

Master solutions were prepared by dissolving conjugated polymers either 

in chloroform (> 99%, anhydrous; Aldrich) at a 10 mg/ml concentration (pa-

pers IV-VII) or in cyclohexanone (> 99%, anhydrous; Aldrich) at a 5 mg/ml 

concentration (papers I-III and VIII-XI), and PEO and KCF3SO3 separately 

in cyclohexanone (> 99%, anhydrous; Aldrich) at a 10 mg/ml concentration. 

Blend solutions were prepared by mixing the master solutions in various 

mass ratios (for details refer to the respective publications). The blend solu-

tions were thereafter stirred on a magnetic hot plate for 12 h at T = 323 K.  

 Table 4.2 displays a detailed compilation of the conjugated polymers uti-

lized in devices throughout this thesis with various substrates and device 

architectures utilized. 

4.2.2.2. Planar PLEC 

Planar PLEC devices were fabricated from the blend solutions as follows: 

Glass substrates (1.5 × 1.5 cm2) were cleaned by subsequent ultrasonic 

treatments in detergent (Extran MA 01, Merck), acetone and isopropanol 

(both > 99%; Aldrich). Gold electrodes with a thickness of 100 nm were de-

posited onto the cleaned glass substrates, using thermal evaporation at a 

pressure of ~5×10-6 mBar. The inter-electrode distance of 1 mm (papers IV-

VI) and 300 μm (paper VIII and IX) was established with aluminum shadow 

masks. Films of the active material were deposited onto the electrode-coated 

substrates by spin-coating the blend solution of a desired conjugated poly-

mer at 800 rpm for 60 s followed by 2000 rpm for 10 s. The spincoated 

blend solution was thereafter dried on a hot plate at T = 323 K for 12 h. In 

papers I-III the active material was first coated onto the cleaned glass sub-

strates, using the same procedure as above. Thereafter, the interelectrode  
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Table 4.2. A compilation of conjugated polymers and device configurations 
used throughout the thesis 

Device  
architecture 

Electrode materials 
Conjugated 

Polymer 
Polymer 
Solvent 

Anode Cathode 

Planar  
PLEC 

Gold Gold 

superyellow (CH2)5CO 

MEH-PPV 

CH3Cl 

BEH-PPV 

BOP-PPV 

BEHP-co- 
MEH-PPV 

BUEH-PPV 

BUEH-co- 
MEH-PPV 

Graphene Graphene Superyellow (CH2)5CO 

Sandwich  
PLEC 

ITO/ 
PEDOT-PSS 

Aluminum MEH-PPV CH3Cl 

PEDOT-PSS Graphene Superyellow (CH2)5CO 

Sandwich  
p-OLED Graphene Calcium Superyellow (CH2)5CO 

 

distance of 120 μm was established with a shadow mask by thermal evapora-

tion of gold (and/or aluminum – see details in paper III) electrodes at a 

pressure of ~5×10-6 mBar. In the paper III the gold electrodes were capped 

with a thin layer of aluminum evaporated in the same evaporation chamber 

through the same shadow mask and oxidized by storing under nitrogen with 

low concentration of oxygen (glovebox with ~5 ppm of oxygen) for 4 days. 

The thickness of the active material films was established by making a 

scratch in the film using a razor blade and measuring the resulting height 

step with an atomic force microscope operating in tapping mode (for details, 

see section 4.2.4). The devices were finally either transferred to an optical-

access vacuum cryostat or a nitrogen filled glovebox for measurements.  

4.2.2.3. Sandwich PLECs 

ITO substrates (1.5 × 1.5 cm2, sheet resistance 20 ± 5 Ω/□, TFD Inc.) were 

cleaned by subsequent ultrasonic treatment in detergent, acetone, and iso-

propanol. The flexible ITO-coated PET substrates (PET60, Visiontek Sys-

tems Ltd.) were used as received. The active material was deposited onto the 
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ITO substrates by spincoating the blend solution at 800 rpm for 60s. The 

active material was thereafter dried on a hot plate at T = 333 K for at least 5 

h. Aluminum electrodes were deposited by thermal evaporation through a 

shadow mask in a thermal evaporator chamber at a pressure of ~10-6 mBar. 

In some devices, a thin layer of poly-(3,4-ethylenedioxythiophene)-poly-

(styrene sulfonate) (PEDOT-PSS 1.3 wt % dispersion in H2O, Sigma Aldrich) 

was spincoated on top of the ITO at 4000 rpm under ambient atmosphere 

and followed by drying at T = 380 K for 12 h before the deposition of the ac-

tive material (papers VII and VIII).  

4.2.2.4. Graphene-based sandwich PLECs 

The blend solution with superyellow (Merck catalogue number PDY-132) 

as the conjugated polymer was drop-cast onto 1 × 1 cm2 chemically derived 

graphene (CDG) substrates (used as received) and dried on a hot plate at T = 

360 K for 12 h to form the active material layer. The resulting thickness of 

the layer was 1-2 μm. A mask was created by establishing a mesh pattern (in-

dividual electrodes approximately 5 × 1 mm2 each) in a thin cellophane 

mask. The mask was placed on the active material and attached to the edges 

of the substrate, and the entire mask-substrate assembly was heated at T = 

360 K for ~10 min. The PEDOT-PSS blend (Clevios S V3, H.C. Starck) was 

spread on top of the device using the edge of a glass microscope slide, which 

rested on top of the mask. The mask was removed, and the device again 

baked on the hot plate at T = 390 K for at least 12 h. The thickness of the 

PEDOT-PSS top electrodes was estimated to be 5-10 μm. Finally, a silver 

paste was added to the edge of the PEDOT-PSS and graphene electrodes to 

facilitate electronic contact with the source meter.  

Flexible graphene-based sandwich cells were fabricated by drop casting 

the active-material solution onto 1 × 1 cm2 CDG-coated PET substrates and 

repeating the above fabrication and preparation schemes. 

4.2.2.5. Graphene-based planar PLECs 

The planar graphene-based PLEC devices were fabricated by establishing 

a 2 mm inter-electrode gap in a CDG film on a quartz substrate using a razor 

blade and subsequent application of an active material layer. To establish the 

active material film the blend solution, comprising superyellow as the conju-

gated polymer, was spin-coated on top of the interelectrode gap at 800 rpm 

for 60 s and 2000 rpm for 10 s. The devices were thereafter dried on a hot-

plate at T = 360 K for 12 h and transferred to an optical-access vacuum 

chamber for characterization. Immediately prior to a measurement, each 

device was further dried under a vacuum of ~5×10-6 mBar at T = 380 K for 12 

h. 
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4.2.2.6. Graphene-based OLEDs 

To fabricate OLED devices with graphene electrodes the master solution 

of superyellow was spin coated onto a graphene substrate and thereafter 

dried on a hot plate at T = 360 K for 12 h to establish the active material film. 

The resulting layer of superyellow was approximately 70 nm thick. Calcium 

cathodes were thermally evaporated on top of the active material (thickness 

50 nm) through a shadow mask in a thermal evaporator chamber at a pres-

sure of ~5×10-6 mBar. The calcium cathodes were thereafter capped with a 

thin (50 nm) layer of aluminum thermally evaporated through the same 

mask and inside the same evaporation chamber. 

4.2.3. Opto-electronic characterization 

Sandwich PLECs were characterized to assess the amount of generated 

light at various biasing conditions. The amount of generated light is de-

scribed in terms of luminous intensity normalized by the light-emitting area 

of PLECs (referred to as brightness throughout this thesis). The luminous 

intensity is the total radiated luminous power per solid angle. The luminous 

power is in turn the power radiated by the light source weighted by the lumi-

nosity function (i.e. so-called „eye response‟ functionIII). The unit of the lu-

minous power is candela. The brightness of a computer display, for instance, 

is between 100-200 cd/m2. 

Other figures of merit that are used in this thesis are:  

(i) luminous efficacy (lm/W), which is the amount of total luminous pow-

er radiated by a device per watt of electric energy driving the device, i.e.: 

 L

LdA

I V
 


, (4.1) 

where L  is luminance of the emitting source of a surface area dA. I  and 

V  are the driving current and voltage, respectively;  

(ii) current efficacy (cd/A), which is the luminous intensity of an PLEC 

per driving electric current, i.e.: 

 I

LdA

I
  ; (4.2) 

(iii) device lifetime (hrs), which is herein defined as the time of uninter-

rupted operation at a device luminance above 100 cd/m2
. 

Planar devices give direct optical access to the active material. This means 

that doping of the conjugated polymer can probed by a camera. This is ac-

                                                   
III The eye-response function ascribes how an average human eye perceives light as a function of 
wavelength 
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complished by exploiting the fact that conjugated polymers exhibit a signifi-

cant rate of photoluminescence quenching when doped. Consequently, UV-

excited photoluminescence of the active material in PLECs decreases drasti-

cally when the conjugated polymer is doped.[83, 104, 130, 131] In such situation, 

the doping has a visual appearance of two dark and localized fronts emerging 

from the electrodes. The p-type doping front emerges from the positive and 

the n-type doping front from the negative electrode. An example of two dop-

ing fronts in the active material of an operating PLEC is displayed in Figure 

4.7.  

 

Figure 4.7. Two photoluminescence maps of the active material in an operat-
ing PLEC. The 2D plots map the normalized PL intensity at two different times 
(indicated as insets) within the indicted areas in the photographs to the left. The 
doping of the conjugated polymer is visible as notably darker regions. The UV-
excitation source is a UV diode (wavelength ~370 nm), and the detection device 
is an SLR camera.  
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In this thesis planar PLECs delivered detailed information on e.g. the dop-

ing process (kinetics), morphology of the active material film and the elec-

trode/active material interfaces. The measurements performed on planar 

devices with various techniques, including atomic force microscopy and 

scanning Kelvin probe microscopy, revealed the information that was further 

used in the optimization and design of sandwich devices with improved cha-

racteristics. 

All devices presented throughout the thesis were characterized either in 

vacuum or in a nitrogen filled glovebox (inert atmosphere). The devices cha-

racterized under vacuum were exposed to ambient atmosphere for a short 

time of loading into a vacuum chamber, and therefore required an additional 

in-situ drying prior to their characterization in order to remove traces of ac-

cumulated oxygen and moisture. The devices that were characterized under 

glovebox atmosphere did not need any drying and were characterized imme-

diately after fabrication.  

4.2.3.1. Sandwich PLECs 

Figure 4.8 displays a schematic of the experimental setup used for charac-

terization of devices. The devices were placed on a temperature controlled 

„cold/hot finger‟ inside an optical-access vacuum-cryostat (ARS Cryo, pres-

sure ~5×10-6 mBar), and were dried and equilibrated for at least 2 h under 

dynamic vacuum of ~5×10-6 mBar and at temperature T = 360 K before each 

measurement. The devices were driven either by a voltage or current bias, 

and the resulting current or voltage was measured with a computer-

controlled Keithley 2400 source meter (controlled via GPIB interface, Lab-

View software, National Instruments). The brightness was measured through 

an optical-access port of the cryostat (fused silica, UQG Optics) using a cali-

brated silicon photodiode with an eye response filter (Hamamatsu Photon-

ics, S9219-01). The diode was connected through a current-to-voltage am-

plifier to a computer controlled volt-meter (Agilent, HP 34401A).  

The measurements performed in the glovebox under nitrogen used the 

same setup except for that the devices were placed inside a testing box (Fig-

ure 4.8b) and the measurement instruments were connected through a set of 

feedthroughs in the wall of the glovebox.  

4.2.3.2. Planar PLECs 

The characterization of planar PLECs was performed under vacuum in the 

optical-access vacuum cryostat. Figure 4.9 shows a schematic of the experi-

mental setup. A planar device was loaded into the cryostat and before the 

start of a measurement dried and equilibrated for at least 2 h under a dy-

namic vacuum of ~5×10-6 mBar and temperature T = 360 K. In paper XI the 
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Figure 4.8. A schematic configuration of the vacuum-based setup for opto-
electronic characterization of LECs (a). A photograph of a setup and an operat-
ing PLEC inside the glovebox testing station (b). 

planar devices were equilibrated at T = 380 K for 2 h under a dynamic va-

cuum of ~5×10-6 mBar. The computer-controlled Keithley 2400 source-

meter applied a constant voltage and measured the resulting current. During 

the operation the device was illuminated by UV light (UV diode, OPTO-

SOURCE, wavelength 370 ± 5 nm, typical power ~60 mW) through the opti-

cal-access port of the cryostat.  

Photographs of the UV-excited photoluminescence were recorded with a 

computer-controlled SLR camera (Canon EOS 20) equipped with a macro 

lens (Canon MP-E 65 mm f/2.8 1-5x) and a 2x teleconverter. The camera was 

assembled on a translational „XYZ stage‟ (Thorlabs) in front of the sample 

and at a distance providing an optimal resolution – 1 pixel in the plane of the 

camera CCD array corresponded to ~0.9 μm in the plane of the sample.  

 

Figure 4.9. Schematic configuration of the of the setup for characterization of 
planar PLECs and probing doping of the active material. 

4.2.4. Atomic force microscopy  

Atomic force microscopy (AFM) is an excellent tool for studying the sur-

face morphology of the active material in PLECs.[95, 132] The AFM exploits a 

(a) (b) 
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cantilever with a sharp silicon etched tip to scan the surface of planar PLECs. 

The information on the surface of the PLECs is accessed from the scan via 

changes of the cantilever resonant frequency, which originate from the inte-

raction of the tip with the active material. Importantly, the tip does not con-

tact the active material but interacts with it via van der Waals forces.  

In this thesis AFM images were recorded in tapping mode using a multi-

mode SPM microscope with a Nanoscope IV Controller (Veeco Metrology) 

operating under ambient conditions. The silicon etched tips, with a nominal 

radius of ~10 nm and mounted on a 180 μm long aluminum-coated cantilev-

er (OTESPA, f0 = 320-370 Hz, k = 12-103 N/m, Veeco Probes) were used for 

the measurements. The probes were invariably driven slightly below their 

resonance frequency (by ~10%) in the 300-330 Hz range. The 2D and 3D 

topography images were recorded and analyzed using the NanoScope soft-

ware and custom written Matlab scripts. 

4.2.5. Scanning Kelvin probe microscopy 

The combination of AFM with Kelvin probe technique gives a powerful 

tool at hand to characterize operating planar PLECs. The Scanning Kelvin 

Probe Microscopy (SKPM) technique utilizes a conducting cantilever with a 

tip, which interacts electrostatically with a sample (see Figure 4.10 ).[89, 133-138] 

 

Figure 4.10. A schematic of an AFM/SKPM setup with a planar LEC device 
with the components of the active material as shown in the inset. 

In SKPM measurement the tip scanned over an operating PLEC in a non-

contact mode is following its morphology. During such scans an oscillating 

potential    sin 2DC AC resV t V V f t   is applied to the tip and results in an 

oscillating force acting between the surface of the PLEC and the tip, along 

the axis of the tip. The resulting force   
2

sin 2z DC SP AC resF V V V f t   , 
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where SPV  is the local surface potential, can be separated into three frequen-

cy components 2z DCF F F F    , and the component F  vanishes when 

DC SPV V . Therefore, when DCV  is set by the instrument feedback to cancel 

the force component F  it gives the local surface potential in the PLEC sam-

ple.  

All SKPM images in this thesis were recorded in a glove box under nitro-

gen atmosphere (O2 < 1 ppm and H2O < 1 ppm) with a commercial AFM sys-

tem (Veeco Instruments MultiMode AFM with Nanoscope IV controller, see 

Figure 4.11) operating in lift mode i.e., each line was scanned twice, first to 

measure the topography in the tapping mode (oscillation amplitude setpoint 

over free amplitude A/A0  1.4/1.8) and second to measure the electrostatic 

potential (using amplitude modulation at the first resonance of the cantilev-

er, with  8ACV V measurable and DCV  applied to the cantilever) at a prede-

fined lift height. A zero lift-height was used, which resulted in a typical tip-

sample gap of about 15 nm. Sharp silicon tips with a platinum coating 

(Olympus OMCL-AC240TM-B2, apex radius < 15 nm, k~2 N/m, cone angle 

< 25°, resonant frequency ~70 kHz) were employed.  

 

Figure 4.11. A photograph of the SKPM inside a nitrogen filled glovebox and 
with an PLEC sample. 

The scan rate was 0.2 Hz, so each line took 2  5 seconds to scan. Tip 

coarse positioning and in-situ electroluminescence detection was performed 

via a CCD camera attached to a long-working distance microscope inside the 

glove box. The parallel electrical characterization was performed with a 
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Keithley 4200 unit connected to the SKPM via an electrical port in the glove 

box. The measurements were performed at room temperature (paper II) and 

at 333 K (paper I and paper III). 
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5. Experimental results and discussion 

5.1. Operational mechanism 

The operational mechanism of PLECs is distinctly different than that of p-

OLEDs because of the presence of electrolyte in the active material. The elec-

trolyte provides the ionic conductivity that facilitates the efficient injection 

and transport of electronic charge carriers. The first demonstration of the 

PLEC concept was, however, immediately followed by a long debate on the 

operational mechanism in effect.[76, 78, 79, 82, 84, 88, 90, 93, 136, 139, 140] 

 Two competing and notably different models of PLEC operation were 

proposed.[89, 90, 136, 139] Interestingly, both models were apparently supported 

by experimental and theoretical results. The models agreed that following 

the initial redistribution of ions in the active material the applied voltage was 

confined into the two space-charge layers at the electrode/active material 

interfaces (as discussed in chapter 3) while the bulk of the active material 

remained field free. In that context, the two models also agreed that the 

space-charge layers enhance electronic injections from the electrodes. How-

ever, the models were proposing two notably different operational mechan-

isms in the subsequent phase of device operation, as explained below. 

Figure 5.1 presents an energy diagram of an operating PLEC in the view-

point of the electrodynamic model (the first of two competing models).[80] 

The device utilizes two identical electrodes and is biased with a vol-

tage /gV E e  . According to the scenario proposed by the electrodynamic 

model, following the electronic injection the electrons (holes) injected from 

the negative (positive) electrode are electrostatically compensated by the 

ions from the electrolyte. Consequently, the ions prevent build-up of a net 

space-charge and the injected (and compensated) charge carriers establish a  
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Figure 5.1. An electronic structure of an operating PLEC – the electrodynamic 
model. In panel (b) charge carriers are injected into the active material, note 
that the electric field vanishes in the bulk .The horizontal arrows in panel (c) in-
dicate the direction of the charge carriers diffusion.  

(b) (c) (a) 
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concentration gradient across the bulk of the active material. The gradient 

drives the charge carriers towards each other via diffusion (Figure 5.1c). 

When they meet they recombine and form excitons, which may decay radia-

tively emitting light. 

Figure 5.2 shows the energy diagram of an operating PLEC under the 

same conditions in the standpoint of the second model, i.e. the electrochemi-

cal doping model.[76] This model states that injected electrons (holes) from 

the negative (positive) electrode are electrostatically compensated in the 

near proximity of the electrode by an influx of respective ions from the elec-

trolyte. The ions stabilize the injected charges on the polymer sites and thus 

the active material remains electrically neutral. Unlike the electrodynamic 

model, the injected charges dope the conjugated polymer electrochemically 

(see section 2.3). The initial p-type (n-type) dopants are formed close to the 

positive (negative) electrode (Figure 5.2b) and the doping increases the con-

ductivity of the conjugated polymer. The polymer is transformed into a me-

tallic-like state and the doped regions form extensions of the metal elec-

trodes into the active material. These doped regions “grow” into the active 

material with subsequent injection and doping. The applied electric field is 

confined to the undoped active material between the doped regions, due to 

the high conductivity of the doped regions and the ohmic contacts at the 

electrodes.  
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Figure 5.2. An electronic structure of an operating PLEC – the electrochemical 
doping model. 

The amount of ions within the active material is limited whereas the elec-

trons (holes) are constantly fed from an external source through the elec-

trodes; thus the process of doping terminates when the ions are fully dep-

leted in the active material. Following that, the injected charge carriers can 

no more be compensated and form a space-charged layer in a thin region 

within the active material. This space-charge locally gives rise to the electros-

tatic potential, which is present in the region where the charges are not com-

pensated. In this situation, the potential essentially does not drop over the 

(b) (c) (a) 
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doped regions and most of the entire electric field is confined to the space-

charged region (referred to as an intrinsic region). In this region the elec-

trons (holes) can no more be compensated by the cations (anions). The elec-

trons are electrostatically attracted by holes and when they meet they re-

combine.  

In such a scenario, the transport of the charge carriers in the doped re-

gions has two equal contributions from diffusion and drift. In the intrinsic 

region, however, the drift dominates the transport, since the electric field is 

very high. 

We have shown, theoretically and experimentally, that these two models, 

as presented above, are essentially two limits of the same phenomena, 

though with different physical constraints (paper I). We have shown that in 

an injection limited device, i.e. in a device where the electrodes are not capa-

ble of injecting the electrons (holes) at a desired rate, the ions follow the ap-

plied potential and form the space-charge layers at the electrode/active ma-

terial interface (Figure 5.3a). However, since the rate of injections is low the 

majority of cations (anions) remain coupled to their anions (cations) instead 

of forming dopants together with the injected charges. Consequently, the 

conjugated polymer cannot be doped sufficiently to attain the metallic-like 

conductivity. In the steady state the charge transport within the bulk of the 

active material is dominated by (slow) diffusion of the injected carriers. The 

reason for the diffusion limited transport is that the bulk of the active ma-

terial is field free. Apparently, this situation reflects the operational mechan-

ism as described in the viewpoint of the electrodynamic model.  

On the other hand, the more attractive situation is when the electrodes 

can allow for a high-rate injection. The conjugated polymer can then be sig-

nificantly doped, the ions are as a consequence fully spatially separated, and 

the injected charges are driven equally by the diffusion and drift in the doped 

regions (Figure 5.3b). This situation is in line with the electrochemical dop-

ing model. A detailed discussion together with experimental and numerical 

results is presented in paper I. 

 

Figure 5.3. Illustration of the two regimes of PLECs operation. Panel (a) dis-
plays the situation with the injection limited electrodes, in line with the electro-
dynamic model. The majority of anions is coupled to their cations and the 
transport in the field free region is diffusion limited. In panel (b) the electro-
chemical doping in a non-injection limited device is presented. The active ma-
terial is doped and the majority of the potential drop is confined to a thin region 
in the central part of the device. 
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5.1.1. The p-n junction 

In a steady-state situation with non-limiting contacts, the conjugated po-

lymer is doped and the ions are spatially separated. Accordingly, the majority 

of the potential applied between the electrodes is confined to a narrow in-

trinsic region in the middle of the active material (see Figure 5.3). The intrin-

sic region is surrounded by the p-type doped region on one side and by the n-

type on the other side, in a similar fashion as in crystalline p-n junction 

structures. Unlike in the crystalline p-n junction, where the space-charge is a 

consequence of dopant ions[93], however, the space charge in the dynamic 

organic p-n junction arises from the uncompensated charge carriers (Figure 

5.3b). And, importantly, such dynamic p-n junction is formed in-situ during 

operation of a PLEC.  

We have performed an extensive SKPM study on the formation of the dy-

namic p-n junction within a PLEC structure to verify the proposed scenario 

of its formation. 

Figure 5.4 shows potential profiles measured in a PLEC device during op-

eration at ΔV = 5 V, panels (a) and (b), at open circuit (c), and at ΔV = -5 V, 

(d) and (e) (note that /gE e  ≈ 2.3 V). The potential profile first changes from 

dropping essentially linearly between the two electrodes at the first line scan 

in panel (a) to reach steady state (after several minutes of operation) in the 

last line scan. In the last scan in panel (a) and in panel (b) the steepest po-

tential drop is localized over a thin region centered at d~35 μm. It is notable 

that the spatial position of this potential drop coincides very well with the 

location of the light-emission zone in the photograph. This situation portrays 

the steady state, when the p-n junction is in place, in agreement with the 

proposed scenario in section 5.1. 

We have further observed, in analogy to the crystalline p-n structures, that 

when an the dynamic p-n junction is unbiased (i.e. left at open circuit) it re-

sponds by achieving an equilibrium resulting from a drift-diffusion equili-

bration between the cations (anions) and the electrons (holes). More specifi-

cally, under open circuit the electrons (holes) diffuse over the p-n junction 

(the intrinsic region) toward the p-type (n-type) doped region while the 

bulky ions remain in place giving rise to a net space-charge. The signature of 

this space-charge is the existence of a built-in potential, biV , with a polarity 

opposite to the potential that built the junction, as apparent in Figure 5.4c. 

Furthermore, the potential over the p-n junction as measured at steady state 

is equal to the potential applied by an external source (provided that 

/gV E e  , since the dynamic p-n junction can be formed only when the 

applied potential exceeds the polymer band gap potential, see section 3.2) 

lowered by the value of the built-in potential, biV , i.e. pn biV V V    (see 

Figure 5.5). Moreover, a similar situation is encountered in the p-n junction  
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Figure 5.4. Electrostatic potential profiles measured with SKPM on a dynami-
cally formed p-n junction in an operating PLEC, panel (a). The black arrow indi-
cates increasing time. The steady state situation is shown in panel (b) when the 
p-n junction is emitting light, as visible in a photograph to the right. Panel (c) 
displays a situation when the PLEC was left at open circuit following the situa-
tion in panel (b). In panel (d) transient potential profiles followed by a reversal 
of the voltage are shown with an arrow indicating the increasing time. Panel (d) 
displays the potential profile under a steady state (achieved after reversing the 
voltage) when a newly formed p-n junction is emitting light, as visible in a pho-
tograph to the right. 
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under the reversed bias, with the caveat that V  now is negative (Figure 

5.4b). This observation resembles the behavior of crystalline p-n junction.[141] 

An interesting and unique feature of the dynamic p-n junctions is that it can 

form and reform in response to the applied potential (Figure 5.4e).[89] 

 

Figure 5.5. An illustration of the built-in potential within the dynamic p-n 
junction. In panel (a), under open circuit the electrons and holes in the region of 
the p-n junction diffuse into the oppositely doped regions. In panel (b), under 
applied voltage /gV E e   the electrons and holes are compensated within the 
doped regions by the ionic species and those uncompensated, within the intrin-
sic region, recombine producing light.  

We have also performed an extensive study on the formation of p-n junc-

tion at various ionic concentration regimes (paper III). We have found that 

the ionic concentration in the active material has an impact on the structure 

of the p-n junction and the performance of devices. In general, we have 

shown experimentally and numerically that it is possible to engineer the p-n 

junction, i.e. attain an optimized structure of the junction, (Figure 5.6 and 

Figure 1 in paper III) and optimize the injections from the electrodes into the 

active material (detailed discussion of these aspects of device operation is 

presented in the paper III). Furthermore, we have rationalized that the cur-

rent passing through the device is limited by the concentration of ionic spe-

cies in the active material. In principle, devices with high ionic content 

present the optimal of brightness and current (see Figure 6 in paper III). 

In contrast to the above, when the injection from the electrodes is limiting 

no p-n junction is formed in the PLEC. To substantiate this statement Figure 

5.7 shows two potential calculated profiles in a device with no injection limi-

tation (black trace) and in a device with injection limited electrodes (red 

trace). In the non-limited device a large fraction of the applied potential 

drops over a thin region in the active material. The potential step at the posi-

tive (negative) electrode, visible in Figure 5.7 and in Figure 5.8, arise from a 

difference between the electrode Fermi level and the upper (lower) edge of 

the valence (conduction) band of the conjugated polymer. The aspects of the 

potential step observed at the electrode/active material interfaces are exten-

sively discussed in papers I-III. 
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Figure 5.6. The influence of the ionic concentration in the active material on 
the structure of the p-n junction. In the upper panels, the steady state potentials 
in an ion rich device (left) and ion depleted device (right). In the bottom panels, 
the transient potential profiles during the junction formation.  

 

Figure 5.7. The electrostatic potential profiles within two PLEC devices with 
two types of injection regimes, as indicated in the figure. The devices with an in-
terelectrode gap of 350 nm and applied voltage ΔV = 2 V, the plot is adapted 
from paper I. The electric field across the same devices calculated from the po-
tential is shown in the inset. 
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Figure 5.8 shows potential profiles measured in two planar devices distin-

guished by the two different injection regimes. To the left, the potential pro-

file in an injection limited device with no p-n junction and with essentially 

field free bulk; to the right, a non-limited device with the p-n junction 

formed at d~75 μm, as displayed in the background of the plot and indicated 

by the potential drop. 

 

Figure 5.8. Electrostatic potential profiles measured in an injection limited 
PLEC (a) and in an non-limited device (b). In the injection limited case the ac-
tive material is essentially field free (compare with Figure 5.3). Photographs of 
the corresponding operating PLEC devices are included as the backgrounds. 

5.2. Degradation mechanisms 

PLECs clearly benefit from the presence of mobile ions in the active ma-

terial as discussed in the previous sections. However, the presence of the 

electrolyte can also result in a lowered operational stability, as electrochemi-

cal and chemical side reactions involving the electrolyte and/or electrode 

material can lead to device degradation. 

5.2.1. Degradation in the emissive region 

Under steady state, the p-n junction (intrinsic region) is constantly fed 

with a flux of electrons and holes. The electrons (holes) are transported 

through the n-type (p-type) doped region from the negative (positive) elec-

trode. At the p-n junction the electrons and holes recombine to form an exci-

ton. Ideally, the energy of the exciton should be released in form of light, i.e. 

in radiative decay. In practice, however, there is always a competition be-

tween the radiative and the non-radioactive decay (see section 2.4).  

The excitons are mobile and following generation they diffuse within the 

active material before decaying. During the diffusion time they encounter 

collisions with impurities and other excitons. A fraction of the excitons dif-

fuse into the doped regions where they can collide with the dopants. Such 

collisions cause the excitons to decay non-radiatively, thus limiting the 
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amount of generated light (see Figure 5.9). The culprit in such situation is 

twofold, first the quenched excitons produce no light reducing the overall 

device efficacy, and second, the heat released can lead to a thermal degrada-

tion of the electroluminescent material. It is also notable that the ion solvat-

ing material can be present in the p-n junction during operation of the de-

vice. We support the hypothesis that the lifetime-limiting factor in PLECs 

can also be attributed to the spatial co-existence and chemical interaction 

between the excitons on the electroluminescent material and the ion solvat-

ing material. In our opinion the chemical interaction can be catalyzed by the 

increased temperature of the p-n junction region. 

Valence band
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Defect

Valence band

Conduction band

hv
Heat
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Conduction band
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Figure 5.9. An illustration of different paths of exciton decay. An exciton upon 
collision with a dopant decays non-radiatively releasing heat (a), collision with a 
defect in the electronic structure (impurity) (b), radiative decay with emission of 
light (c). 

The problem of the heat assisted chemical degradation in the p-n junction 

has been somewhat overlooked, although results obtained with devices oper-

ating at low temperatures or with better thermal management displayed an 

increased lifetime and efficacy.[101, 142, 143] We have addressed this problem by 

attempting to improve the p-n junction doping structure. We know from 

studies on planar PLECs that the formation and propagation of doping with-

in the active material takes place at a relatively constant concentration of 

dopants, independent of the applied voltage and temperature. [144] We have 

applied this knowledge to design and produce devices with an optimal struc-

ture of the p-n junction. Our design attempts to attain an efficient generation 

of excitons while at the same time excluding the problem of dopant quench-

ing. Specifically, we have chosen an optimal thickness of the p-n junction, 

totd , to be slightly larger than the average exciton diffusion length (~10 

nm).[47, 49, 145, 146] The width of the p-n junction thus prevents the escape of the 

diffusing excitons into the surrounding doped regions. 

We have realized the optimal width of the p-n junction by tuning the con-

centration of the ionic species within the active material. We have found that 

the optimal salt content, with respect to the active conjugated polymer, 

/salt CPm m , is governed by the doping concentration within the doped re-

gions, dopx , which is known from the study on the planar configuration 
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PLECs, and the thickness of the employed active material film, totd , as fol-

lows:  

 
 

2

dop salt tot pnsalt

CP tot CP ru

x M d dm

m d M


  (5.1) 

where saltM  is the molar mass of the salt and CP ruM  is the molar mass of the 

active conjugated polymer repeat unit. Next to the ionic content, we have 

also chosen the optimal content of the ion solvating material to, first, reduce 

its destructive interplay with the excitons and, second, to maintain the suffi-

cient ionic conductivity within the active material, which can facilitate the 

ionic motion and doping of the active material. Figure 5.10d portrays sche-

matically the structure of the optimized p-n junction. The structure of an un-

optimized p-n junction is shown for comparison in Figure 5.10e. The yield of 

the recombination process in the optimized devices is increased due to the 

absence of the quenching sites.  
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Figure 5.10. A schematic structure of an operating optimized PLEC device in 
panel (d) and an un-optimized in panel (e). The formation of the doping in the 
preceding time of the light emission is shown chronologically in panels (a)-(c).  

Figure 5.11 presents an example of lifetime measurement on an optimized 

(blue trace) and a non-optimized (red trace) PLEC. In all tested devices we 

have observed a clear trend toward improved performances. Specifically, the 

lifetime has increased drastically from ~2 h in the non-optimized devices, to 

~70 h in the optimized devices. The optimized devices also exhibit notably 

larger power conversion efficiency at 2 lm/W as compared to ~0.2 lm/W in 

the non-optimized devices. 
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Figure 5.11. Two PLEC devices, optimized and un-optimized, both operated at 
a voltage of ΔV = 3 V and under vacuum, temperature T = 360 K.  

5.2.2. Degradation at the electrode/active material interfaces 

 Designing efficient PLECs strictly relies on a proper selection of the de-

vice components, such as electrodes, emissive polymer, and electrolyte. It is, 

for instance, important to match the electrochemical properties of the emis-

sive conjugated polymer with that of the electrolyte and the electrodes.  

The charge conservation law dictates that electrochemical p-type doping 

must be balanced by electrochemical n-type doping in a PLEC, unless an 

electrochemical side-reaction takes place at one of the electrodes. An exam-

ple of the latter would be when the reduction level of the electrolyte is posi-

tioned at a lower level than the conduction band edge of the conjugated po-

lymer, as then the p-type doping can be balanced by a electrolyte-induced 

side reaction rather than n-type doping (see Figure 5.12). In such a scenario, 

the undesired side-reaction process may result in a passivation of the nega-

tive electrode surface, which in turn can lead to a deterioration of the device 

performance (paper V). 

We have performed an extensive study on the aspects of side reactions in 

the active material with the aim of understanding the mechanisms of device 

deterioration.[97-99] Figure 5.13 displays p-type and n-type doping potentials 

(versus Fc/Fc+) for a number of conjugated polymers, as measured with CV. 

The figure also indicates the electrochemical potential (versus Fc/Fc+) that 

defines the electrochemical reduction stability of the electrolyte comprising 

PEO and KCF3SO3. 

The p-type doping potential of four conjugated polymers is outside the 

stability window of the electrolyte. Thus, devices comprising those conju-

gated polymers and an electrolyte of {PEO+KCF3SO3} can be unstable vs. 
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Figure 5.12. An electronic structure of a PLEC illustrating a degradation 
process at the negative electrode. Unbiased device is shown in (a). In the initial 
time of the device operation the electrons are injected into the LUMO level of 
the electrolyte instead of forming n-type doping in the conjugated polymer (b). 
The resulting structure of the doping and p-n junction is affected by the side 
reaction at the negative electrode (c). 
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Figure 5.13. Electrochemical p-type and n-type doping potentials of different 
conjugated polymers. The dashed region represents the potential range where 
an electrolyte comprising PEO and KCF3SO3 electrolyte is electrochemically un-
stable. The data were extracted from CV studies, and the potentials are reported 
vs. Fc/Fc+. 
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electrochemical oxidation of the electrolyte. In line with this reasoning, we 

have observed in such planar PLECs that the p-type doping is hindered or 

totally absent (see panels d, e, f, and to some extent panel c, in Figure 5.14). 

 

 

Figure 5.14. Photographs of planar Au/{CP+PEO+KCF3SO3}/Au devices rec-
orded during operation at V = 5 V and T = 360 K. (a) MEH-PPV, (b) BEH-PPV, 
(c) BUEH-co-MEH-PPV, (d) BUEH-PPV, (e) BOP-PPV, and (f) BEHP-co-MEH-
PPV. An electrochemically doped CP is apparent as a dark region originating 
from an electrode interface (marked with a dashed line). The roman numerals 
indicate the time instances when the images in panels were recorded. 
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CV shows that the n-type doping potential of the conjugated polymer 

MEH-PPV is outside the electrochemical stability window of the electrolyte 

of {PEO+KCF3SO3} (see papers VI and V). For this reason the formation of 

the n-type doping in devices utilizing MEH-PPV and {PEO+KCF3SO3} is 

thermodynamically not favored. Consequently, Figure 5.15 displays the 

propagation of the n-type doping front in planar PLECs as extracted from the 

measurements. The formation and progression of the n-type doping is de-

layed. Interestingly, this delay diminishes with an increase in the driving vol-

tage, as apparent in the Figure 5.15. 

 

Figure 5.15. Average positions of the p-type and the n-type doping front, re-
spectively, as a function of time (normalized to the time at which the p-n junc-
tion forms) for planar Au/MEH-PPV+PEO+KCF3SO3/Au surface cells with a 
1-mm inter-electrode gap during operation at various applied voltages, as indi-
cated in figure. 

We have rationalized these observations by the occurrence of an electro-

chemical side reaction at the negative electrode that involves potassium ca-

tions from the electrolyte. In the devices biased with higher voltages, i.e. re-

sulting in a faster doping kinetics, the side reaction is less prominent, as we 

have revealed upon the inspection of the calculated redox charge (see Figure 

4, paper V, and a detailed discussion provided therein). 

With this knowledge at hand we have proposed that devices operated un-

der the conditions providing a faster kinetics should provide better device 

characteristics due to the alleviation of the side reaction. We have noted that 

this increased propensity for the non-thermodynamically preferred reaction 

(n-type doping) with increasing driving voltage, (electrode Fermi level) is in 

agreement with the well-established Marcus electron transfer theory.[108] 

Sandwich configuration devices employing the optimal design of the p-n 

junction (see section 5.2.1) and proper operation protocol, which alleviates 

the side reactions at the electrodes show a tremendous improvement in the 
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lifetime (Figure 5.16) and luminous efficacy up to ~6 lm/W (papers VII and 

VIII). 

 

Figure 5.16. The temporal evolution of the brightness (upper line) and voltage 
(lower line) during long-term and uninterrupted galvanostatic operation of an 
ITO/PEDOT-PSS/{MEH-PPV+PEO+KCF3SO3}/Al, panel (a), and ITOPEDOT-
PSS{superyellow+PEO+KCF3SO3}Al, panel (b), sandwich configuration device 
at room temperature. 

5.3. Metal-free light-emitting electrochemical cells 

PLECs operate, in principle, independently of the electrode material. 

However, there are certain constraints that have to be taken into account in 

the design of devices as discussed in the previous section. In sandwich devic-

es at least one electrode must be transparent to allow the generated light to 

exit the device. Today, the most commonly employed material for transpa-

rent electrodes is ITO. The main drawbacks of ITO are a high cost, which 

stems from a limited supply of indium, and brittleness. Scientists have been 

searching for an alternative material for over 15 years.[65, 147] It seems, how-

ever, that no breakthrough has emerged hitherto. Recently the most prospec-

tive replacements are carbon nanotube films, aluminum doped zinc oxide 

and conducting polymers.[65, 113, 147-150] The conductivity of the conducting 

polymers is lower than that of inorganic materials, but they are flexible, rela-

tively inexpensive, solution processable, and environmentally compatible in 

processing and manufacturing. 

An interesting alternative to ITO has been recently “re-discovered”.[151, 152] 

The new material called graphene offers remarkable electrical properties, 

transparency and the capability of wet processing.[117, 118, 121, 153] Graphene of-

fers an advantage over many materials in that it is abundant. Its good me-

chanical properties allow for fabricating graphene electrodes on flexible sub-

strates (paper XI). 

We have performed a detailed study on the application of graphene in 

PLECs. Figure 5.17a displays two cyclic voltammograms; in the upper plot, a 

pristine graphene working electrode is tested, and in the bottom plot the 

(a) (b) 
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graphene is coated with a layer of a conjugated polymer (super-yellow). Gra-

phene is electrochemically stable (upper panel) in the range from -2.7 V up 

to 1.2 V vs. Fc/Fc and it can p-type and n-type dope (bottom panel) super-

yellow (A more elaborate discussion on this issue is provided in paper XI). 

This electrochemical stability window places graphene ahead of ITO (and the 

conducting polymer PEDOT-PSS). As discussed in chapter 4.1, neither ITO 

nor PEDOT-PSS is capable of n-type doping of conjugated polymers, as the 

materials degrade at such potentials.  

With this knowledge at hand, we have utilized graphene as an electron 

(and also hole) injecting electrode in PLECs. We have found that the relative-

ly high surface roughness of the utilized graphene films (see Figure 5.17b) is 

not a limiting factor for the fabrication of functional PLECs (but definitely so 

for OLEDs). We have also fabricated metal-free and entirely solution-

processed sandwich devices comprising a super-yellow based active material, 

a graphene cathode, and a PEDOT-PSS anode (paper X). Such devices can 

emit light omnidirectionally since both electrodes are transparent and they 

are semi-transparent when not operating. 

 

Figure 5.17. (a) Upper panel: CV recorded using a thin film of chemically-
derived graphene as the working electrode. Lower panel: CV recorded using a 
chemically-derived graphene electrode coated with a thin film of the conjugated 
polymer superyellow as the working electrode. CV measurements were per-
formed in 0.1 M TBAPF6 in acetonitrile using a Pt disk as the counter electrode. 
(b) An AFM topography image of a chemically-derived graphene film on a 
quartz substrate. (c) A micrograph of the same chemically-derived graphene 
film (paper XI). 

Figure 5.18a presents a photograph of an operating PLEC device with gra-

phene and PEDOT-PSS electrodes; the light emission is projected onto a 

sheet of paper. Panels (b) and (c) show the current-brightness characteristics 

of the device as measured through the cathode and anode, respectively. It is 
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noteworthy that the measured brightness is essentially independent of the 

direction. The current efficacy in this devices at a voltage of ΔV = 4 V reaches 

~9 cd/A and the power conversion efficacy ~5 lm/W. We have observed that 

devices fabricated on flexible substrates display very similar characteristics 

and uniform light emission despite the observed high surface roughness of 

the graphene. 

 

 

Figure 5.18. (a) Photograph of the omni-directional light emission from a 
sandwich PLEC device. Light coming through the PEDOT-PSS anode illumi-
nates a sheet of paper above the device, while the light visible from the lower 
side of the device has passed through the graphene cathode. (b) Current density 
and brightness, measured through the graphene cathode, versus applied poten-
tial (c) Current density and brightness, measured through the PEDOT-PSS 
anode. University logos used with permission from Linköping University, Umeå 
University, and Rutgers University (paper X). 

Importantly, the characteristics are not altered in a significant fashion 

during and following device bending. The current efficacy in those devices is 

~4 cd/A at a brightness of 50 cd/m2 (Figure 5.19a). The flexibility, omnidi-

rectional light emission, and the transparency of de devices, open up a new 

way toward novel and interesting applications. Figure 5.19b demonstrates a 

photograph of a flexible PLEC wrapped around a glass tube containing a dis-

persion of fluorescent quantum dots. With a proper design and with the 

properly selected materials the inward emission from the PLEC excites the 

quantum dots in the glass tube to fluoresce. The generated light can illumi-
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nate vicinity of the glass tube or be waveguided over a distance, as visible in 

the photograph recorded in a dark room (Figure 5.19b). 

 

 

Figure 5.19. Flexible and metal free PLEC on a PET substrate. Note that both 
electrodes are transparent. (a) Current-brightness-voltage graph for the flexible 
device, with the brightness recorded through the transparent CDG cathode. (b) 
Photograph of a yellow-emitting flexible PLEC, wrapped around a vial contain-
ing a dispersion of red-emitting quantum dots. The photograph was taken in a 
dark room, and the red emission from the vial stems from excitation of the 
quantum dots by the yellow emission from the LEC through the transparent 
CDG cathode (paper XI). 
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6. Conclusions and outlook 

The results presented in this thesis bring a new standpoint on PLECs and 

bring to an end the long debate on their operation mechanism. Although the 

many previous experimental results supported the electrochemical doping 

model[76, 84] the results obtained with SKPM in paper II finally seem to close 

the long discussions. 

 The unifying model of PLECs operation pronounced in paper I and the 

modeling work presented in paper III shed a new light on the operation me-

chanism of these devices. These results help their deeper understanding and 

might indicate directions towards their further improvements. In this thesis, 

for instance, with a careful design and utilizing a number of optimization 

steps, we have managed to develop state-of-the-art devices, which become 

compatible with certain commercial applications (papers VII and VIII). Such 

devices would promise to attract more attention from the industry and would 

ultimately enter the market of consumer appliances. Surely, the PLECs are 

not destined to compete with today‟s well established OLED or LCD technol-

ogy, but rather establish their place in a new segment on the market of con-

sumer electronics.[154]  

Today‟s PLECs still require further optimization combined with funda-

mental studies on materials, which are (and can be) employed in a new gen-

eration of devices. This thesis compiles some efforts undertaken to improve 

upon the lifetime of devices and their efficacy, either by device design or by 

applying and studying new materials. Papers III-VII, for instance, investigate 

various materials utilized in devices (electrolyte, conjugated polymers) and 

reveal the origins of the limited lifetime of devices. The possibilities of alle-

viating the detrimental effects in devices are pointed out. Papers VII and 

VIII, for instance, show how by a relatively straightforward design and with 

available materials improve upon the lifetime of devices by approx factor of 

ten.  

A real breakthrough in the field of PLECs will require new components 

used in devices and neat designs. For example, paper VI shows that new elec-

trolyte materials, with a broader electrochemical stability window are neces-

sarily for green and, will likely be for blue, emitters since their p-type doping 

potential shifts outside the electrochemical stability window of the common 

{PEO + KCF3SO3} electrolyte (see Figure 5.13). A new generation of electro-

lytes will need a broader electrochemical stability window and, ideally, high 

ionic conductivity. 

An interesting concept, in the context of the discussion presented in paper 

VII on the degradation mechanisms in the emissive region due to the inter-

play between the excitons and the ion solvating material, is provided in pa-
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per IX. A separation of the electrolyte and the emissive material brings an 

improvement to the operational characteristics of planar devices, as shown 

in paper IX. This in turn brings a hope for employment of such concept in 

more practical sandwich devices. This could bring a new generation of 

PLECs with an improved performance and lifetime. 

This thesis also demonstrates how to utilize thick active material layers to 

attain flexible and metal-free light-emitting devices with novel electrode ma-

terials (paper X). The semi-transparency of devices coupled with conforma-

bility, and omnidirectional light emission, as demonstrated in paper XI, are 

highly desired in many emerging applications, just to mention so-called 

smart glass and/or light-emitting wallpapers.[155, 156] 
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7. Summary of the appended papers 

Paper I 

The mechanism and effects of doping in PLECs were for a long time not 

fully understood. As a consequence two competing models of the operation 

of PLECs were proposed: the electrochemical doping model and the electro-

dynamic model. The two models were supported by experimental data and 

numerical modeling spurring a scientific debate and polarizing the scientific 

community. This paper proves that these models are, essentially, two limits 

of one master model, separated by different rates of carrier injection. The 

paper shows that for ohmic nonlimited injections, the operation of PLECs is 

in line with the postulates of the electrochemical doping model. The injection 

limited PLECs operation, on the other hand, is in agreement with the elec-

trodynamic model. This unification is demonstrated by both numerical cal-

culations and measured surface potentials as well as light emission and dop-

ing profiles in operational devices.  

 

Paper II 

In this paper we use scanning Kelvin probe microscopy and optical prob-

ing to characterize planar PLECs, with the electrodes separated by 120 μm 

interelectrode gap. We find that a significant portion of the potential applied 

between the electrodes drops at the location of a thin and distinct light-

emission zone positioned ~30 μm away from the negative electrode. These 

results are relevant in the context of the long-standing scientific debate (pa-

per I), as they prove that electrochemical doping does take place in PLECs. 

The paper presents also an extensive study on the doping formation and dis-

sipation kinetics in PLECs. It provides interesting details regarding the elec-

tronic structure and stability of the dynamic organic p–n junction, which 

may be useful in future dynamic p–n junction-based devices. 

 

Paper III 

In this paper we investigate the effects of the salt concentration in the ac-

tive material of PLECs on the operation characteristics, using experiments 

(SKPM and electro-optical probing) and numerical calculations. The current 

density and light emission are shown to increase monotonously with increas-

ing ion concentration over a wide range of concentrations. The presented 

results show that the increasing current is accompanied by an ion redistribu-

tion leading to a narrowing of the recombination zone (p-n junction). The 

paper concludes that in absence of detrimental side reactions, which involve 

the electrolyte and doping-related luminescence quenching by the dopants, 

the ion concentration determines the optimal performance of devices. 
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Paper IV 

In this paper we demonstrate that the electrochemical properties of the 

electrode material have an impact on the performance of PLECs. We utilize 

planar wide interelectrode gap devices (with MEH-PPV as the emissive po-

lymer) to optically probe the formation and propagation of doping along with 

CV to probe electrochemical properties of metal electrodes. We find that Au-

electrode devices exhibit fast p–n junction formation and visible light emis-

sion during operation at 5 V and 360 K, while Al-electrode devices exhibit 

slow turn-on (due to a delayed onset of the p-doping progression) and no 

visible light emission. We state that Au electrodes are preferable over Al elec-

trodes as further rationalize this with a CV study, which demonstrates that Al 

is oxidized at a lower potential than the p-doping (oxidation) potential of 

MEH-PPV, while Au is electrochemically inert over the entire voltage range 

spanned by the p- and n-doping potentials of MEH-PPV. We also discuss an 

impact of the device architecture (bottom-contact versus top-contact) on the 

performance of planar devices. 

 

Paper V 

In this paper we demonstrate that electrochemical side-reactions involv-

ing the electrolyte can be a significant and undesired feature in PLECs. We 

utilize CV and direct optical probing of planar PLECs, comprising Au elec-

trodes and MEH-PPV as the emissive polymer. We demonstrate that the 

consequence of such a side-reaction is passivation of the negative cathode 

due to formation of a “degradation layer” electrically blocking the electrode 

surface. We also show that the formation of the light-emitting p-n junction in 

close proximity to the cathode is another consequence of the side reaction. 

We further demonstrate that a high initial drive voltage and a high ionic 

conductivity of the active material strongly alleviate the extent of the side 

reaction. This is evidenced by the formation of a relatively centered p-n junc-

tion, and also rationalized by calculation of doping concentration at the time 

of the p-n junction formation. 

 

Paper VI 

In this paper we present results from a systematic study on the influence 

of the conjugated polymer on the performance of planar PLECs with a device 

structure of Au/{conjugated polymer + PEO + KCF3SO3}/Au. We demon-

strate, using six different conjugated polymers, that in order to attain a fast 

turn-on time and a light emission it is critical that the p-type doping poten-

tial of the conjugated polymer is situated within the electrochemical stability 

window of the {PEO + KCF3SO3} electrolyte. We also show that a doping 

concentration of ~0.1 dopants/repeat unit of a conjugated polymer is a ge-

neric feature of the progressing doping fronts in all investigated devices. 
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Paper VII 

In this paper we show that it is possible to improve the lifetime of PLECs 

by straightforward and motivated means from a typical value of a few hours 

to more than one month of uninterrupted operation at significant brightness 

(>100 cd/m2) and relatively high power conversion efficiency (~2 lm/W for 

orange-red emission). We optimize the composition of the active material 

and by employ an appropriate operational protocol. With the optimal struc-

ture of the p-n junction (desired doping structure) the detrimental chemical 

and electrochemical side reactions are identified and minimized. We also 

demonstrate, in this paper, the first functional flexible LEC with a similar 

promising device performance. 

 

Paper VIII 

This paper demonstrates how the electrochemical stability window of the 

constituent components in PLECs, e.g., the electrolyte, should be considered 

in order to minimize undesired side reactions. It demonstrates that it is poss-

ible to attain balanced p- and n-type doping and a centered p-n junction in 

planar LECs based on the conjugated polymer superyellow. In this paper we 

further exploit the device optimization methods presented in paper VII. We 

also utilize CV to assess the doping potentials of superyellow vs. Fc/Fc+. By 

designing and operating LECs in accordance with straightforward principles, 

we demonstrate sandwich cells that turn on fast at room temperature (~2 s), 

and which emit significant yellow-green light (~100 cd/m2) during 25 days of 

uninterrupted operation at voltage of ~4 V and high power conversion effica-

cy ~6 lm/W.  

 

Paper IX 

In this paper we introduce a novel configuration of PLEC devices – bi-

layered PLEC – to address two main culprits that result in the limited stabil-

ity of “conventional” PLECs, which utilize a blend of the emissive polymer 

and electrolyte as the active material. These culprits are the employment of a 

thermodynamically unstable blend of a hydrophobic conjugated polymer and 

a hydrophilic electrolyte as the active material, and the coexistence of reac-

tive species on the conjugated polymer (dopants and excitons) with an elec-

trolyte having limited chemical and electrochemical stability during opera-

tion. In the bi-layered devices the emissive conjugated polymer is physically 

separated from the electrolyte. Consequently, the interaction of the excitons 

with the ion solvating material in the emissive region is eliminated (compare 

with section 5.2.1). A comparison between planar blend and bi-layered de-

vices reveals a very similar doping progression and p-n junction formation 

process although the light emission and turn-on time is improved upon.  
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Paper X 

In this paper we utilize chemically derived graphene for the transparent 

cathode in an all-plastic sandwich-configuration PLEC device. We use a 

screen-printable conducting polymer (PEDOT-PSS) as a partially transpa-

rent anode and a micrometer-thick solution-deposited superyellow based 

active material. The devices begin to emit light at a voltage ~2.8 V, which is 

notably close to the band gap potential of superyellow. Considering the light 

emitted from both sides of the device (both transparent electrodes), the 

quantum efficiency and the power conversion efficiency are 9 cd/A and 5 

lm/W, respectively, at ~4 V. In this paper we also test graphene as a transpa-

rent anode in OLED devices. This paper is the first demonstration of a light-

emitting device based solely on solution-processable carbon-based materials. 

It also confirms that graphene can be a viable low cost replacement for ITO 

as the transparent anode in OLEDs. Ultimately, the presented in this paper 

results prove that low-voltage, inexpensive, and efficient light-emitting de-

vices can be made without using metals. 

 

Paper XI 

This paper is an extension of the work presented in paper X. We report 

flexible and metal-free PLECs made of exclusively solution-processed organ-

ic materials and illustrate interesting design opportunities offered by such 

conformable devices with transparent electrodes. Flexible PLEC devices 

based on chemically derived graphene as the cathode and PEDOT-PSS as the 

anode exhibit a low turn-on voltage for yellow light-emission at ~2.8 V and 

good efficacy 2.4 (4.0) cd/A at a brightness of 100 (50) cd/m2. We also dem-

onstrate that graphene is electrochemically inert over a potential range from 

+1.2 V to -2.8 V vs. Fc/Fc+, and exploit this property to demonstrate planar 

PLECs devices with graphene as both the anode and cathode. 
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