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Sammanfattning  

Upptäckten och den efterföljande utvecklingen av artificiell belysning har inneburit 

stora fördelar för mänskligheten, och under de senaste åren har vi sett enorma framsteg 

genom till exempel kommersialiseringen av den energieffektiva ljusemitterande dioden 

(LED) och skärmar med hög kontrast baserade på organiska LEDs. Dessa 

komplicerade teknologier är dock producerade genom dyra och komplexa processer, 

och det är troligt att nästa stora genombrott inom belysning kommer att vara 

upptäckten av en billig och ”grön” teknik. En teknik som dessutom helst ska 

produceras på ett kostnads- och materialeffektivt sätt med ofarliga och lättillgängliga 

råvaror, och som även har attraktiva egenskaper som till exempel flexibilitet, tålighet 

och låg vikt. Den ljusemitterande elektrokemiska cellen (LEC) är en nyligen uppfunnen 

belysningsteknik, och i denna avhandling presenterar vi ett antal nya resultat som visar 

att det är LECar som kan göra denna vision till verklighet. 

En LEC är en tunnfilmsteknologi, baserad på ett aktivt material placerat mellan en 

katod och en anod. Med hjälp av en enkel handhållen airbrush har vi visat att det är 

möjligt att tillverka funktionella LECar genom att spraya tre lager av bläck -- och på så 

vis skapa anod, aktivt material och katod -- ovanpå ett substrat, och att sådana 

komponenter kan emittera ljus med strömmen från ett vanligt batteri. I samma studie 

har vi visat att ”spraysintrade” LECar kan ha flerfärgad och mönstrad emission, ha hög 

effektivitet och vara tillverkade direkt på komplicerade ytor; ett anmärkningsvärt 

exempel på det senare är vår tillverkning av en ljusemitterande gaffel. 

Nästan alla LEC-komponenter har hittills varit tillverkade på tunga, styva och sköra 

glas-substrat, men för framtidens flexibla och lättviktiga belysningsteknologi är det 

givetvis relevant att identifiera lämpligare substratmaterial. I en nyligen genomförd 

studie visade vi att det är möjligt att spray-bestryka hela LEC-strukturen direkt på ett 

konventionellt billigt kopiatorpapper, och att en sådan pappers-LEC uppvisar jämn 

ljusemission även under upprepad böjning och flexning. 

Vi har även studerat de fundamentala aspekterna hos LECar under ljusemission och 

påvisat att dopningsformationen, som är en karaktäristisk och attraktiv egenskap hos 

LECar, även kan medföra bekymmer i form av dopningsinducerad självabsorption. Via 

en kvantitativ analys av detta fenomen har vi bidragit med kunskap om hur framtida 

effektivitetsoptimerade LECar ska designas. 

Dopningsprocessen bidrar även med den viktiga fördelen att LECar kan tillverkas av 

material som är stabila i luft. Tyvärr gäller detta inte under ljusemissionsprocessen, då 

komponenten måste skyddas från den omgivande luften. I en första studie har vi 

utvecklat en funktionell glas/epoxy-inkapsling, med vilken LECar med en rekordlång 

livstid på 5600 h vid en luminans på över 100 cd m-2 har realiserats. I samma studie 

identifierade och diskuterade vi ett antal inre och yttre nedbrytningsfaktorer, där vi 

specifikt upptäckte att en homogen fördelning av det aktiva materialet är en viktig 

faktor för god komponentprestanda. För framtidens formbara ljusemitterande 

komponent är det vidare kritiskt att även inkapslingen är flexibel. I denna avhandlings 
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sista studie identifierar vi en multilagersfilm som ett funktionellt flexibelt 

barriärmaterial, och använder denna för tillverkningen av en flexibel LEC med mycket 

god prestanda. 
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Abstract 

The introduction and development of artificial illumination have brought extensive 

benefits to mankind, and during the last few years we have seen a tremendous progress 

in this field with the commercial introduction of the energy-efficient light-emitting 

diode (LED) lamp and the high-contrast organic LED display. These high-end 

technologies are, however, produced using costly and complex processes, and it is 

anticipated that the next big thing in the field will be the advent of a low-cost and 

“green” illumination technology, which can be fabricated in a cost- and material-

efficient manner using non-toxic and abundant raw materials, and which features 

attractive form factors such as flexibility, robustness and light-weight. The light-

emitting electrochemical cell (LEC) is a newly invented illumination technology, and in 

this thesis we present a number of recent results that suggest that it can turn the above 

vision into reality. 

The LEC is a solid-state thin-film device, which comprises an active material 

sandwiched between a cathode and an anode as its key constituent parts. With the aid 

of a simple handheld air-brush, we have shown that it is possible to fabricate functional 

LECs by simply spraying three layers of solution -- forming the anode, active material, 

and cathode -- on top of a substrate, and that such large-area devices emit light when 

powered by a battery. In the same study, we demonstrate that appropriately “spray-

sintered” LECs can feature multicolored emission patterns, function efficiently, and be 

fabricated directly on complex-shaped surfaces, with one notable example being the 

realization of a light-emission fork! 

Almost all LEC devices up-to-date have been fabricated on heavy, rigid and fragile 

glass substrates, but for the flexible and light-weight light-emission technology of the 

future, it is obviously relevant to identify more appropriate substrate materials. In a 

recently executed study, we have shown that it is possible to spray-coat the entire LEC 

structure directly on a conventional low-cost copy paper, and that such paper-LECs 

feature uniform light-emission even under heavy bending and flexing. 

We have further looked into the fundamental aspects of the LEC operation and 

demonstrated that the in-situ doping formation, which is a characteristic and heralded 

feature of LECs, can bring problems in the form of doping-induced self-absorption. By 

performing a quantitative analysis of this phenomenon, we are able to provide 

guidelines on how future efficiency-optimized LEC devices should be designed. 

The in-situ doping formation process brings the important advantage that LEC 

devices can be fabricated from solely air-stabile materials, but during light emission the 

device needs to be protected or encapsulated from the ambient air. In a first study, we 

established a functional glass/epoxy encapsulation procedure for the attainment of 

glass-encapsulated LEC devices that feature a record-long ambient-air operational 

lifetime of 5600 h at a brightness of > 100 cd m-2. In the same study, we identified and 

discussed a number of intrinsic and extrinsic degradation factors, with one take-home 

message being the importance of a spatially uniform composition of the active material. 
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For the light-emission device of the future, it is however critical that also the 

encapsulation structure is flexible, and in the last study in the thesis, we show that the 

use of multi-layer film as the barrier material can result in a flexible-LEC, which 

operates identical to the glass-encapsulated LECs. 
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EDL Electric double-layer  

HOMO Highest occupied molecular orbital  

ITO Indium-tin oxide 

LEC Light-emitting electrochemical cell  

LED Light-emitting diode  

LUMO Lowest unoccupied molecular orbital  
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OLED Organic light-emitting diode  

OSC Organic semiconductor 

PEDOT-PSS Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) 
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RH Relative humidity 

SEM  Scanning electron microscopy 
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1. Introduction 

1.1 Artificial illumination 

The emergence of artificial illumination has had a tremendous impact on many aspects 

of human life, spanning from modified biological rhythms, over health and science, to 

building architecture and art. The first electrically driven lamp, the so-called “electric-

arc lighting”, was invented by Humphry Davy in 1802. Seventy-five years later, Thomas 

Edison developed a functional “incandescent lamp” based on Davy’s theory on 

incandescent lighting. Later on in 1904, Daniel McFarlan Moore introduced the 

“electric-discharge tube”, which is the fundamental concept in use in present neon and 

compact fluorescence lamps.[1] 

Although most of the above technologies still are in use today, the development of 

semiconductor technologies as well as growing concerns regarding energy saving and 

reduction of greenhouse gases have paved the way for the ongoing introduction of solid-

state lighting as a more efficient and stabile form of artificial illumination with improved 

form factors.[2, 3] Solid-state lighting generates light by electroluminescence, which is 

the non-thermal conversion of electric input to light output.[3, 4] According to a report 

from the Department of Energy in USA, 105 million solid-state lighting devices were 

installed in USA in 2013.[5] This introduction has resulted in that the annual energy 

cost dropped by $1.8 billion in 2012, corresponding to the total electricity bill for 

illumination of more than 14 million American households.[5] It is further estimated 

that a “complete” introduction of solid-state lighting in USA has the potential to save 

an impressive 217 TWh by 2025,[6, 7] and it is therefore not surprising that further 

development of the technology is of high priority. 

Three important solid-state lighting technologies include: light-emitting diodes 

(LEDs), organic light-emitting diodes (OLEDs) and, most recently, light-emitting 

electrochemical cells (LECs).[8] The technological development of LEDs and OLEDs 

has been rapid over the last two decades, but there are challenges remaining with both 

technologies.[3, 6] One key challenge constitutes the complex, slow and expensive 

manufacturing process, which originates from that a good device performance is 

dependent on an exact thickness on the nm-level of (some of) the constituent layers, 

the use of air-sensitive materials, and/or the employment of ultra-flat substrates. These 

requirements result in that a vacuum or inert-gas fabrication environment is necessary, 

which in turn makes high-throughput and low-cost roll-to-roll type production very 

difficult.[6] 

Moreover, the LED and OLED, as well as the incumbent incandescent lamp and 

compact fluorescence lamp, might not be acceptable from an environmental and safety 

perspective in the long term.[9, 10] The poor energy conversion efficiency and stability 

of the incandescent lamp are well-known problems,[9] whereas the recycling of all four 

technologies is very challenging due to that they contain precious and/or hazardous 

metals, such as mercury, indium, and gallium.[9, 11-13] 
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The OLED is commonly fabricated on heavy and rigid glass substrates, but recent 

developments towards OLEDs on plastic substrates have attracted a lot of interest 

because of the plethora of new applications that a flexible and light-weight emissive 

technology would allow for. The drawbacks then are that the utilized plastic substrates 

are not particularly environmentally friendly, due to a very slow degradation process, 

[14, 15] and that their cost is very high.[16, 17] An interesting alternative for the flexible 

and light-weight substrate material is conventional paper, but it is not particularly fit for 

OLEDs due to its rough surface.[18] The LEC is however notably forgiving in this 

aspect, and in article (I) we present a functional LEC device fabricated on a paper 

substrate. 

1.2 The light-emitting electrochemical cell 

 

 
Figure 1. Schematic of a light-emitting electrochemical cell architecture. 

The LEC is an areal-emitting thin-film technology, which was invented by Pei and 

coworkers in 1995.[19] In its simplest configuration it comprises an active-material film 

sandwiched between two charge-injecting electrodes, one of which must be transparent 

in order to let the light generated in the active material escape the device structure, as 

schematically shown in Figure 1.[20] The active material contains a mixture of a 

semiconducting and luminenscent conjugated compound and mobile ions, and when a 

sufficiently large voltage is applied between the two electrodes, an electrochemical 

doping process is initiated in the active material. Eventually, light-emission is generated 

within a thin layer, the p-n junction zone, in the active material. The complex in-situ 

electrochemical doping mechanism of LECs is presented in detail in section 2.1. 

Importantly, the unique LEC operation allows for a number of advantages from a 

processing perspective, including the employment of air-stabile materials for both 

electrodes and the use of a thick and uneven active material, which in turn pave the way 

for a cost-effective all-ambient solution-based fabrication of LEC devices.[21] In 

articles (I) and (II), we present an all-ambient fabrication of large-area LEC devices 
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using the method of spray-sintering, which results in devices that feature homogenous 

emission and which can be fabricated on higly complex-shaped substrates. Other 

important findings of the thesis include the development of functional encapsulation 

procedures, using both rigid glass and flexible plastic, for long-term ambient operation 

of LEC devices (see articles (III) and (IV)), and the identification and analysis of an 

LEC-specific loss mechanism in the form of doping-induced self-absorption (see 

article (V)). 
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2. The operation of a light-emitting 
electrochemical cell 

2.1 Electrochemical doping and light generation 

 

  

Figure 2. The electronic structure of an LEC at open-circuit condition. 

The LEC differs from the OLED by the presence and action of mobile ions. These 

ions are intermixed with a luminescent organic semiconductor in the active material, 

which is sandwiched between an anode and a cathode. The organic semiconductor is 

characterized by a highest occupied molecular orbital (HOMO), a lowest unoccupied 

molecular orbital (LUMO), and an energy gap between the LUMO and HOMO. The 

energy gap defines the emission colour of the luminescent organic semiconductor. 

Figure 2 displays the electronic structure of the LEC at open-circuit condition. 

(a) (b) 

  

  
Figure 3. The initial ion redistribution in an LEC. (a) The transient ionic current 

immediately after applying a voltage between the electrodes. (b) The subsequent electric 

double-layer formation at the electrode/active material interfaces. 
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When a voltage is applied between the cathode and anode, the mobile ions (being 

positive cations and/or negative anions) redistribute within the active material toward 

the electrode/active material interfaces (Figure 3(a)).[22] The cations and anions form 

electric double-layers (EDLs) at the cathodic and the anodic interfaces, respectively.[23] 

These EDLs will screen the bulk of the active material from (most of) the external 

voltage and confine a large electric field within the EDLs. If the applied voltage is equal 

to, or larger than, the energy gap of the organic semiconductor, the high electric fields 

in the EDLs will facilitate for balanced electron and hole injection into the LUMO and 

HOMO levels, respectively, of the organic semiconductor (Figure 3(b)).[20, 24] 

(a) (b) 

  

 
Figure 4. (a) The electrochemical doping process in the active material. (b) The 

radiative recombination of an electron-hole pair in the p-n junction region. 

The initially injected electrons and holes are electrostatically compensated by a 

further redistribution of the mobile ions in order to preserve electroneutrality in the 

bulk of the active material. At the cathode, the electrons injected on the organic 

semiconductor will be compensated by cations and at the anode; the injected holes will 

be compensated by anions (Figure 4(a)). This process is termed electrochemical doping, 

specifically n-type doping at the cathode and p-type doping at the anode, and the 

organic semiconductor increases its conductivity significantly during the doping 

process. With time, the highly conducting p- and n-type doping regions grow in size 

and eventually make contact under the formation of a p-n junction.[25-30] 

Subsequently injected electrons and holes can recombine at the p-n junction under the 

formation of electron-hole pairs (excitons), which can either decay radiatively (as light) 

or nonradiatively (as heat) (Figure 4(b)).  

In principle, the electrochemical doping process will continue until all the mobile 

ions have been compensated, or have been locked up by, the electronic charge carriers, 

and it is therefore possible to control the doping level in the doped regions by the 
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selected ion concentration.[31, 32] Importantly, the in-situ electrochemical doping 

process, a characteristic of LEC devices, improves the charge-injection, charge-

transport and charge-recombination processes, and under steady-state operation the 

LEC device structure is very similar to the structure of an efficient multilayered 

OLED.[33] 
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2.2 Doping-induced self-absorption 

The initial electrochemical doping process of LECs, as described in the previous 

section, results in a number of important operational properties, specifically facile and 

balanced injection, transport and recombination of electrons and holes independent on 

the work function of the electrodes and the thickness of the active material. These 

features promise other advantages as well, and attempts at fault-tolerant large-scale 

device fabrication on rough surfaces will be discussed later in the thesis. However, the 

electrochemical doping process also brings challenges, and in this section, we will 

present results and discuss the issue of doping-induced self-absorption in LECs. These 

data are presented in detail in the appended article (V). 

(a) (b) 

  

 
Figure 5. (a) A combined cyclic voltammetry and absorption spectroscopy setup for 

the establishment of doping-induced changes in the absorption spectrum of the 

organic semiconductor as a function of electrochemical doping. (b) The absorption 

spectra of a pristine Super Yellow film (red line) and a doped Super Yellow film 

(black line), as measured in the cyclic voltammetry setup. 

The LEC is commonly fabricated in a sandwich-cell configuration (see Figure 1), 

with the consequence that the light generated in the p-n junction has to pass at least 

one doped region before it can exit the device at the transparent electrode. It is then of 

interest to investigate how the materials in the doped region interact with the generated 

light, specifically how the doped organic semiconductor absorbs the light emitted by 

the same undoped semiconductor in the p-n junction. 

For this end, we set up the experiment presented in Figure 5(a), where the 

absorption of an organic semiconductor film is measured as a function of doping 

degree, where the latter is controlled by a cyclic voltammetry setup. We found that the 

organic semiconductor under study, the conjugated polymer Super Yellow, features a 
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strong shift in its absorption spectrum with increased doping, particularly during p-type 

doping. (The latter asymmetry in the effects of doping is in agreement with a previous 

study on another conjugated polymer.[34]) Importantly, the p-type doping of Super 

Yellow shifts its absorption spectrum so that it strongly overlaps with the emission 

spectrum, as shown in Figure 5(b). In other words, the issue of doping-induced self-

absorption could be a significant loss factor in Super-Yellow-based LECs. 

(a) (b) 

 

 

Figure 6. (a) Schematic picture of the experimental setup employed for the in-situ 

measurement of absorption in an operating LEC device. (b) LEC self-absorption at 

λ = 550 nm (the emission peak of the LEC) as a function of active material thickness 

for (i) a high doping concentration (black line) and (ii) a low doping concentration 

(red line). The blue line depicts the self-absorption loss in a doping- and electrolyte-

free Super Yellow-based OLED. 

We have also measured the changes in the absorption of the active material of a 

Super Yellow-based LEC in-situ during operation with the setup depicted in Figure 6(a). 

In line with our above findings, we could establish that the effects of doping on the 

optical properties of Super Yellow are significant, and verify that the maximum doping 

level in an LEC is dictated by the selected ion concentration. 

With all these results at hand, and with the aid of some assumptions (e.g. a centered 

p-n junction and a single-pass through the active material for the photons), we were 

able to calculate the effects of self-absorption as a function of active-material thickness 

at two different doping concentrations. These data are presented in Figure 6(b), where 

the results for the high-doping concentration of 0.4 dopants per Super Yellow repeat 

unit is indicated by the upper black line, and the data for the low-doping concentration 

of 0.1 dopants per Super Yellow repeat unit is indicated by the intermediate red line. 

For comparison, we have also included the self-absorption data for a doping- and 

electrolyte-free OLED comprising Super Yellow as the active material, as indicated by 

the lower blue line. 
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We find that the effects of self-absorption, as expected, increase with both active-

material thickness and doping concentration. More specifically, for a high doping 

concentration of 0.4 dopants per Super Yellow repeat unit, we find that 10% of the 

light (emitted at the emission peak wavelength of λ = 550 nm) is lost to self-absorption 

for an active-material thickness of 100 nm, and >70 % is lost with a 1-micrometer thick 

active material. In comparison, the effects of self-absorption in an undoped polymer 

OLED is comparatively insignificant. 

The presented results imply that the efficiency of LEC devices with thick active 

layers is going to be subpar unless appropriate measures are employed. Such procedures 

could involve the employment of a host-guest system to decrease the overlap between 

the emission of the guest and the absorption of the doped host, or the utilization of a 

transparent cathode, so that directly out-coupled light only need to pass through a 

comparatively weakly absorbing n-type doped region before exiting the device.[35] The 

latter device architecture has been employed in article (I).  
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3. An encapsulated LEC with long lifetime in the 
ambient 

3.1 Background 

Glass is a very good choice for the substrate and encapsulation material in LECs due 

to its excellent barrier properties against detrimental oxygen and moisture ingress and 

because of its chemical resistance.[36-39] For this reason, we have developed a 

procedure for encapsulating LEC devices with glass barriers that are attached to the 

device with a for-the-purpose designed epoxy. With this procedure, we have realized 

LEC devices with record-long lifetimes during ambient operation, as detailed in 

article (III). We have also employed this procedure in our studies on the intrinsic 

degradation factors in LECs in article (III), and have used it for the collection of 

reference data in article (IV), where alternative and novel substrate and barrier materials 

are introduced and evaluated. The procedure has also been employed in other studies 

where an ambient operation of LECs has been desirable.[40, 41] 

 

3.2 Device fabrication 

(a) (b) 

  

 
Figure 7. (a) Schematic cross section of the bottom-emitting LEC architecture. (b) 

UV-vis transmittance spectra for the glass substrate (red line) and the ITO-coated 

glass substrate (grey dots). 

The bottom-emitting LEC architecture, as shown schematically in Figure 7(a), was 

used during the studies on glass-encapsulated LECs. The employed glass substrate from 
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Corning® is commercially traded under the name “Eagle XG”, and is fabricated by a 

combination of a float and ion-exchange processes.[42, 43] The float process comprises 

floating out molten soda-lime ingredients on top of a molten tin surface, and then 

allowing the glass sheet to solidify under gradual cooling.[44, 45] The subsequent ion-

exchange process enhances the float-processed glass sheet, as maintained under its glass 

transition temperature, by passing it through a molten salt bath. The sodium ions in the 

float glass are then exchanged by the potassium ions in the molten salt bath, resulting in 

a strong high-density glass material.[42, 44, 46, 47] The Eagle XG glass substrate 

exhibits a broad optical window with a high transmission rate of 92% over the entire 

visible light spectrum, which is important for a bottom-emitting LEC. Indium-tin oxide 

(ITO) was selected for the transparent bottom anode because it offers a low sheet 

resistance (RSheet < 5 Ω □-1) and a high transmittance (See Figure 7(b)), and it was 

coated on to the glass substrate by sputtering. 

The active material comprises a Super Yellow co-polymer as the organic 

semiconductor, LiCF3SO3
 or KCF3SO3 as the salt, and trimethylolpropane ethoxylate 

(TMPE, MW = 450 g mol-1) as the ion-solvating and ion-transporting material. The 

active material constituents were dissolved in either anhydrous tetrahydrofuran (THF) 

or cyclohexanone. In article (III), a mass ratio of Super Yellow : TMPE : LiCF3SO3 = 

1:0.1:0.03 dissolved in THF was selected for the active material ink. In article (IV), 

LiCF3SO3 was replaced by KCF3SO3, because the latter salt was found to improve the 

LEC turn-on time.[48, 49]  

(a) (b) (c) 

   
Figure 8. Schematic illustrating the various steps in the spincoating process. (a) The 

deposition of the active material ink on the ITO-coated glass substrate, (b) the rotation 

during which the ink is evenly spread over the substrate surface, and (c) the drying 

step. 

The active layer was spin-coated onto the ITO-coated glass substrate, as shown in 

Figure 8. A few drops of the ink were deposited on the substrate, which was then set in 

rotational motion by the spin coater apparatus. The centrifugal force caused the ink to 

flow radially from the center toward the edges of the substrate, so that a thin film 
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formed. The excess of the ink will be ejected off the substrate, and eventually a thin dry 

film of active material has formed on the substrate.[50] An advantage with spin-coating 

is the repeatable and controllable formation of ultra-thin and uniform films, while a 

drawback is related to the limited scalability of the process and the poor utilization of 

(expensive) materials. In order to remove the last traces of solvent, as well as oxygen 

and water, from the active material, it is customary to dry the spin-coated film at an 

elevated temperature; in this thesis, the spincoated film was dried at 343 K for 12 h in a 

N2-filled glovebox.  

 (a) (b) 

  

Figure 9. Schematics of (a) the thermal evaporator system and (b) the thermal 

evaporation process of a cathode material. 

On top of the active material, a reflective Al cathode was deposited by thermal 

evaporation under high vacuum. Figure 9(a) displays schematically a thermal 

evaporation system. The thermal evaporator used in this thesis consists of a vacuum 

chamber placed in a N2-filled glovebox, which is evacuated by a high-vacuum system 

comprising a turbo molecular pump in line with a rotary vacuum pump; this system can 

establish a vacuum of ~1 × 10-6 mBar in the vacuum chamber. The thermal 

evaporation process is presented in Figure 9(b). A tungsten crucible is filled with the 

material to be evaporated. The filled crucible is connected to a high-current source, 

which can apply a constant DC current of up to 400 A at a maximum voltage of 12 V. 

When a sufficiently high current is applied to the filled crucible, the material in the 

crucible will be heated so that it will begin to vaporize. The vapor will pass through a 

shadow mask and condensate on the active material. In article (III), we thermally 

evaporate a 100 nm thick layer of Al as the reflective cathode on top of the active-

material layer. 
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3.3 Degradation in ambient air 

     
(I) (II) (III) (IV) (V) 

Figure 10. Photographs showing the temporal evolution of the light-emission area of a 

non-encapsulated LEC, with an Al top cathode, following ambient-air operation at 

(I) 0.3 h, (II) 1.5 h, (III) 3 h, (IV) 4.5 h, and (V) 8 h. The devices were driven at 

j = 7.7 mA cm-2 and the white line is a guide-to-the-eye indicating the original emission 

area.  

It is well-established that although a thick Al foil can be a good barrier against 

oxygen and moisture ingress, a thin film of thermally evaporated Al contains pinhole 

defects, which makes it highly vulnerable to oxygen and moisture penetration. 

Figure 10 shows the detrimental effects of water and oxygen ingress, through the Al 

cathode into the active layer of a bottom-emitting LEC device (see Figure 7(a)), in the 

form of dark spots in the emission area. The dark spots are observed to grow in both 

size and number during the operation of the non-encapsulated device under ambient 

air. 

The existence of water in the active material can result in an electrochemical 

reduction reaction, known as water splitting, at the cathodic interface [51]: 

2H2O + 2e-  H2 (g) + 2OH- 

Figure 11 presents the electronic structure of a Super-Yellow-based LEC device and 

the redox levels of water, with the non-desired water-splitting reaction marked by the 

red arrow. As the reduction level of water is positioned below the n-type doping level 

of Super Yellow, the preferable reduction reaction will be reduction of water instead of 

n-type doping of Super Yellow in a water-contaminated device. The hydrogen gas 

bubbles that result from the water-splitting reaction will delaminate the Al electrode 

from the active material, and it is this process that results in the formation of dark spots 

in the emission area, as shown in Figure 10. 
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Figure 11. Electronic structure of an ITO/PEDOT-PSS/Super Yellow+electrolyte 

/Al LEC device, and the redox levels of water. The data were taken from references. 

[36, 52-54] 

3.4 Glass/epoxy encapsulation 

  
Figure 12. Schematic device architecture for an LEC sandwich cell, with a glass slide 

attached with full-area epoxy coverage functioning as the encapsulation barrier. 

In order to avoid the degradation effects caused by the water and oxygen ingress 

through the top electrode during ambient-air operation, a practical glass-encapsulation 

method for LECs was developed and tested in article (III). Microscope glass slides with 

a thickness of 0.1-1 mm were attached to the bottom glass substrate with a wide variety 

of adhesives using different curing mechanisms. We found that most of the 

investigated adhesives reacted with the luminescent OSC (here, the conjugated polymer 

Super Yellow), and destroyed its electroluminescence properties. However, a single-

component, UV-curable and low-viscosity epoxy from Ossila proved to be functional. 

In order to completely protect the active material from the ambient air, the active 

material must be removed from the edges of the device so that the epoxy can connect 
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the two glass plates directly. Such an encapsulated device with a full-area epoxy 

coverage is shown in Figure 12. 

(a) (b) 

  

Figure 13. The temporal evolution of the device performance for a non-encapsulated 

LEC during operation in the ambient (open stars), a non-encapsulated LEC during 

operation in the N2-filled glove box (open downward triangles), and an encapsulated 

LEC during operation in the ambient air (solid squares). The insets present the same data 

on a lin-log scale to highlight the short-term performance. All devices were driven at 

j = 7.7 mA cm-2.  

Figure 13 presents the ambient-air performance of glass-encapsulated LECs (solid 

squares) and compares it with the performance of non-encapsulated devices operating 

in a N2-gas filled glove box (open downward triangles) and under ambient air (open 

stars). The devices were driven at a constant current density of j = 7.7 mA cm-2. An 

accelerated lifetime was defined as the time the device is emitting light with an intensity 

above 300 cd m-2. As expected, the non-encapsulated LEC displayed an accelerated 

lifetime of a mere 5 h in ambient air. In the glove box, the non-encapsulated LEC 

featured an accelerated lifetime of  100 h, and a maximum current and power efficiency 

of CE = 8.3 cd A-1 and PCE = 5.7 lm W-1, respectively; these data are in good 

agreement with the literature.[39] Importantly, the glass-encapsulated LEC devices 

displayed a significantly better accelerated lifetime at 500 h, which, according to the 

argumentation outlined in article (III), corresponds to an operational lifetime of 5600 h 

at a luminance of >100 cd m-2. The efficiency values for the encapsulated device were 

found to be on par with that of the non-encapsulated device operating in the glove box. 
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(I) (II) (III) (IV) (V) 

Figure 14. Photographs showing the temporal evolution of the light-emission area of 

a glass-encapsulated LEC following ambient-air operation at (I) 3 h, (II) 20 h, 

(III) 238 h, (IV)  286 h, and (V)  310 h. The device was driven at j = 7.7 mA cm-2 

under ambient-air operation.  

The above results suggest that the developed glass-encapsulation structure provides 

a sufficiently inert environment for the study and identification of the intrinsic 

degradation factors in effect in an LEC device. Figure 14 displays time-lapse 

photographs of the emission area of a glass-encapsulated LEC during operation at 

j = 7.7 mA cm-2 under ambient air. The red circle in photograph (I) indicates a 

characteristic pattern in the light-emission area that is visible during the first 3 h of 

device operation. Photographs (II) and (III) were recorded after 20 h and 238 h of 

operation, respectively, and during this period the emission area is effectively 

homogenous. Interestingly, after 286 h of operation under ambient air, a mirror image 

of the first characteristic pattern emerges, as indicated by the red circle in photograph 

(V).  

In article (III), we propose that a spatial variation in the thickness and/or the 

electrolyte content in the active layer are responsible for the observed “mirror-image” 

effect. At short times, a local region characterized by being thinner than normal or 

comprising a higher electrolyte loading than the average will feature a faster turn on 

than the rest of the device, as the ionic conductance dictates the turn-on time of an 

LEC. However, the same region will also be susceptible to faster degradation than the 

rest of the device for the same reason. A thinner-than-average active layer is much 

more prone to lifetime-limiting effects for the simple reason that it carries a higher 

current density, while a high electrolyte loading has been demonstrated to be 

concomitant with lifetime-limiting side-reactions.  
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We also note that a degradation front is progressing from the bottom part of the 

device in photographs (III)-(V) in Figure 14. This degradation has its origin in a weak 

point in the initially designed encapsulation structure, being that the porous and soft 

active material was left intact at the cathode contact point, as positioned in the lower 

part of Figure 15(a). This has the consequence that the epoxy is positioned on top of 

the active material at this edge, and not, as desired, on top of the bottom glass. This 

edge is then vulnerable to water and oxygen ingress, as depicted in Figure 15(b). In 

order to block this leak path at the cathode contact point, a new device structure, 

comprising a patterned ITO-coated glass substrate, as shown in Figures 15(c)-(e), was 

designed and fabricated. We found that this modification of the device structure 

extends the operational lifetime of glass-encapsulated LEC significantly, as 

demonstrated in article (IV). 

  

(a)  (b) 

  
 

(c) (d) (e) 

   
Figure 15. (a) Top view and (b) side view of the initial glass-encapsulation structure, with 

the arrows indicating possible oxygen and water penetration paths into the device via the 

epoxy seal. (c) Top view of the new patterned ITO/glass substrate, (d) side view of the 

LEC device fabricated on the patterned ITO/glass substrate, and (e) the modified glass-

encapsulation structure with the arrows indicating oxygen and water penetration paths 

into the device via the epoxy seal. 
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4. Spray-sintering LECs under ambient air 

4.1 Background 

(a) (b) 

 

 

Figure 16. (a) Photograph of the non-uniform light emission from an LEC with the 

active layer coated from solution using a Mayer rod. (b) A schematic of the dry active 

layer fabricated by a Mayer rod under ambient air, with dust-induced effects 

highlighted by the dashed circles and ribbing effects indicated by the line-shaped 

variations in the film thickness.  

Large-area LECs are often prone to suffer from a visibly non-uniform light-

emission, as shown in Figure 16(a) for an LEC with its active material fabricated by 

Mayer rod coating, i.e. by the spreading of the active-material solution through the 

rolling motion of a Mayer rod. This non-uniformity setback can result from four 

distinct issues. First, dust particles accumulating in the wet active-material film, which 

damage a region of the surrounding film. Second, a partial crystallization of one or 

more components exists in the active layer. The last two issues are the thermodynamic 

driven phase separation of the hydrophilic electrolyte from the hydrophobic organic 

semiconductor and/or a spatial variation in the thickness of the active layer.  

The accumulation of dust particles and the corresponding damage of the active-

material film during the early stages of the drying process will result in a thinning of the 

film (see Figure 16(b)). This effect is manifested in the emergence of local bright and 

dark spots during different stages of the device operation; see inset in Figure 16(a). The 

latter three effects can result in a spatial light intensity variation due to a corresponding 

variation in the doping-induced self-absorption, as discussed in detail in section 2.2. 

The cause of the thickness variation of the active material can be line-shaped ribbing 

effects induced during the drying stage, or the mechanical contact of the deposition 
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equipment with the non-dried active-material film, or a combination of both effects; 

and it is visualized in the form of line-shaped, light-intensity variations in Figure 16(a). 

4.2 Spray sintering 

(a) (b) 

 
 

Figure 17. Spray deposition. (a) A schematic cross-section picture of the airbrush 

nozzle and the droplet formation process. (b) The employed raster-like sweep path of 

the airbrush during deposition.  

A common denominator for all of the problems outlined in the previous section is 

that the active-material film exists in the wet state for a long time during the drying 

process. In order to eliminate or minimize these “wet” effects, we conceptualized and 

developed the technique of spray-sintering. In the initial study on spray-sintering, as 

reported in detail in article (II), a handheld airbrush was used to transfer the active-

material ink to the surface to be coated (the substrate) in the form of small droplets, i.e. 

an aerosol.[55] Figure 17(a) displays the employed airbrush nozzle and the atomization 

process, during which the ink is broken up into micrometer-sized droplets through the 

interaction with, and motion of, the carrier gas. By moving the airbrush in a raster-like 

motion (see Figure 17(b)), a film of the active-material ink will be deposited onto the 

below substrate. One complete motion over the substrate is referred to as a sweep. 

Importantly, the “wetness” of the deposited film can be controlled by the spray-

deposition parameters. This includes the solute concentration, the solvent vapor 

pressure, the substrate temperature, the driving-gas velocity, the nozzle-substrate 

distance and the deposition motion. If the spray droplets are semidry upon 

impingement on the substrate, they can “sinter” together to form a flat-particle-

network morphology within a spray-sintered film. If the spray droplets instead are wet 

upon impingement, they will coalesce and form a homogenous wet spray-coated film 

during coating.  
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(a) (b) (c) 

 

  

(d) (e) 

 

 

Figure 18. (a) A schematic displaying the spray-sintering of an active-material film 

under ambient air, with the dust particles effectively enclosed by the dry film with no 

signs of dust-induced defects or ribbing effects. Optical microscopy images of (b) the 

first monolayer deposited during spray-sintering, with clearly distinguishable dry 

particle features, and (c) a spray-sintered film, demonstrating that defects and size 

variations are confined to the size of a micron-sized particle. (d) Photograph of the 

uniform emission from a 67 × 67 mm2 LEC with its active layer fabricated by spray-

sintering, with the enlarged inset revealing that the emission inhomogeneities are 

confined to the size of a typical spray droplet. (e) A 400-cm2 large-area glass-

encapsulated LEC is emitting light under ambient air, with its active material fabricated 

by spray-sintering. 

The appearances of a spray-sintered monolayer and multilayer (i.e. a film), as 

observed in an optical microscope, are shown in Figure 18(b) and 18(c), respectively. 

As the spray-sintered particles are semidry when they meet each other on the substrate 

surface, it is also possible to identify them in the dry, spray-sintered film. A 

consequence is that the spray-sintered film is notably rough on the micrometer scale 

but the light-emission from an LEC device comprising such a rough spray-sintered film 
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is nevertheless uniform on the macroscopic scale, as shown in the photographs in 

Figure 18(d)-(e)! 

The cause for the uniform light emission from the spray-sintered active material is 

that the detrimental effects outlined in section 4.1 either are effectively eliminated, or 

confined to the size of one small droplet. The dust particles (displayed as black spheres 

in Figure 18(a)) are enclosed by the dry-spray particles, which inhibits the spreading of 

the damage to the surrounding film since the surrounding matter is dry or semidry. The 

spreading of the other drying effects, i.e. the crystallization, phase separation, and 

thickness variations, were also inhibited by the fact that the droplets are semidry upon 

impingement on the substrate.  

However, it is important to point out that the droplets cannot be completely dry 

when they impinge upon each other, as they need to sinter together to allow electrical 

contact within the formed film, so that electrons and ions can move between the 

particles in the dry-particle network. Thus, a successful spray-sintering deposition 

depends on that the defects are confined to the size of one droplet (see inset in 

Figure 18(d)), while the inter-particle electric communication must be kept efficient. 

The functionality of the concept is clearly visualized in Figure 18(e), where the uniform 

light emission from a 400-cm2 large-area LEC is presented. 

 
Figure 19. A comparison of the temporal efficacy of LECs, with the active layers is 

fabricated by either spin-coating or spray-sintering. Both devices were driven at 

j = 3.85 mA cm-2. 

In order to further evaluate the merit of the spray-sintering process in comparison to 

other deposition techniques, Al/active layer/ITO/glass LEC device structures, with the 

120-nm thick active layer either being fabricated by conventional spin-coating or by 

spray-sintering, were carefully compared and evaluated. The result, as shown in 

Figure 19, reveals that the spray-sintered device performs very similar to its spin-coated 

counterpart, with the only notable difference being a slightly slower turn-on time for 

the spray-sintered device. 
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4.3 Device fabrication 

Although, the spray-sintering process does allow for the attainment of uniform and 

efficient light-emission from large-area devices with a spray-sintered active material, it 

also enables an all-solution-based fabrication of the entire device structure under 

ambient air. In addition, a patterned emission and light-emission function directly onto 

complex-shaped substrates are realized by using sequential deposition of inks based on 

similar or identical solvent systems. These achievements are briefly described below, 

but for more details, the reader is referred to article (II). 

(a) (b) (c) 

   
(d) 

 
Figure 20. Schematic depicting the sequential spray-deposition of (a) a bottom electrode, 

(b) an active layer, and (c) a top electrode. (d) Light-emission from an all spray-sintered 

LEC, using an Al plate coated with a layer of PEDOT-PSS as the combined substrate 

and anode.  

The all-solution based fabrication of an LEC device, including the spray-deposition 

of a bottom anode, an active material, and a top cathode, is schematically depicted in 

Figures 20(a)-(c), where the role of the shadow masks is to define the electrode 

contacting points. A functional active-material ink, with appropriate rheological 

properties for spray-sintering, was prepared by first blending 10 mg ml-1 master 

solutions of Super Yellow-in-toluene, TMPE-in-cyclohexanone and KCF3SO3-in-

cyclohexanone in a mass ratio of Super Yellow : TMPE : KCF3SO3 = 1:0.1:0.03. The 

ink was thereafter diluted by the addition of 45-volume percentage cyclohexanone and 
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270-volume percentage toluene to prevent the clogging of the airbrush nozzle during 

the deposition. One functional electrode ink comprised Ag-NWs dispersed in ethanol 

(Blue Nano), with each NW featuring a typical size of either 90 nm diameter and 25 µm 

length or 35 nm diameter and 10 µm length. Another functional electrode ink 

comprised PEDOT-PSS (Heraeus, Clevios S V3) dispersed in isopropanol. 

For the pioneering demonstration of an all-spray-sintered LEC, we first deposited a 

thin layer of PEDOT-PSS on an Al plate as a combined substrate and anode. 

Thereafter, a blend of SY, KCF3SO3 and poly(ethylene glycol)-dimethacrylate (PEG-

DMA) was spray-sintered on the anode as the active layer. At the final step, a film of 

Ag-NWs was spray-coated on the active layer as the top cathode. Figure 20(d) is 

displaying operation of the LEC device fabricated on the Al plate. It is notable that the 

entire fabrication process of the all-spray-deposited LEC device was executed under 

uninterrupted ambient air. 

 (a) (b) (c) 

   

Figure 21. (a) Schematic depicting the spray-sintering of the patterned active layer 

using a shadow mask. (b) A schematic showing the subsequent spray-sintering of a 

second active layer on top of the first layer. Note that both inks are based on the same 

solvent blend, and that the second ink does not dissolve or damage the first layer 

during deposition. (c) Photograph of the patterned and dual-colored emission from an 

LEC, with its bi-layer active material fabricated by sequential spray-sintering. 

Another advantage with spray-sintering is that it is possible deposit inks based on 

similar or identical solvent systems on top of each other, without the upper layer 

damaging the beneath layer. This opportunity was used for the attainment of patterned 

and multi-colored emission, with the process and device structure being schematically 

presented in Figure 21(a)-(b). The first patterned (yellow) layer comprised the Super-

Yellow ink, as described in the previous paragraph, and it was spray-sintered by four 

sweeps through a shadow mask, which defined the letters “LEC”. The second uniform 

(blue) layer, comprising a blue-emission conjugated polymer (Merck, SPB-02T) 

dissolved in toluene/cyclohexanone solvent blend mixed with a TMPE-KCF3SO3 

electrolyte, was deposited by four sweeps. Although the second (blue) ink easily can 

dissolve Super Yellow, it does not in this case due to the fact that the blue ink is 

semidry when it impinges upon the dry Super-Yellow-based layer below. By applying a 



  

 

27 
 

5 V voltage to this device structure, a patterned and dual-colored light emission results, 

as shown in Figure 21(c).  

(a) (b) 

  

Figure 22. (a) A light-emitting fork, as realized by spray-sintering a stainless-steel fork 

with an active layer and a top cathode. (b) A light-emitting glass vial fabricated by an 

anode comprising Ag-NW/ZnO, an active layer and a top cathode layer spray-deposited 

on its outer surface. 

Moreover, by positioning the mobile airbrush at an appropriate angle, and utilizing a 

designed ink with appropriate rheological properties, we have been able to show that it 

is possible to coat a huge variety of flat and non-flat surfaces. In Figures 

22(a) and 22(b), this opportunity is demonstrated through the realization of a light-

emitting fork and a light-emitting glass vial. The light-emitting fork was fabricated by 

spray-sintering an active-layer ink comprising Super Yellow, PEG-DMA and KCF3SO3. 

A transparent cathode layer was spray-coated on the active layer comprising Ag-NW. 

When the device was connected to a power supply providing a voltage of ~5 V, the 

fork was lit up as shown in Figure 22(a). The light-emission glass vial was fabricated by 

first spray-coating a bi-layer anode comprising a layer of solution processable ZnO 

deposited on the vial as an adhesion layer and a patterned strip of Ag-NW film as the 

anode-conductivity layer. Thereafter, an active-layer ink identical to the light-emitting 

fork was sprayed onto the anode. A film of Ag-NW was finally partially spray-coated 

on the active-layer surface. As illustrated in Figure 22(b) the vial lit up using a j = 

1.5 mA cm-2 constant current density connected to the cathode via a contact point 

positioned on top side of the vial, and the anode via the backside of the vial.  
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5. The paper LEC 

5.1 Background 

The substrate on which the LEC is fabricated is commonly determining the 

mechanical properties of the device, e.g. its flexibility, weight and robustness. LECs 

have almost invariably been fabricated on non-flexible and expensive glass substrates, 

although a few reports of LECs on high-end and expensive plastic substrates exist.[21, 

31, 56, 57] Paper is an attractive alternative to glass and plastic for the substrate, since it 

simultaneously can be environmentally friendly, biodegradable, light-weight, flexible, 

shatter-free and low-cost. The drawback with conventional low-cost paper is instead its 

characteristic rough and porous surface, which makes its use in device technologies that 

depend on thin films with exact thickness difficult or impossible. However, as 

described in section 4.2 above, the LEC is, in contrast to, e.g., the OLED technology, 

very forgiving to such thickness variations, and it is thus interesting and motivated to 

investigate whether it is possible to fabricate functional LEC devices on paper. Here, 

we report on the successful fabrication of LEC devices on two different types of paper 

substrates: a conventional low-cost copy-paper and a multilayer-coated specialty-paper. 

It is notable that the entire fabrication was executed under ambient air using additive 

spray deposition from solution. 

5.2 Device materials and fabrication 

(a) (b) (c) 

    
(d) (e) (f) 

    

Figure 23. A photograph, a SEM micrograph and a surface-profilometer image 

recorded (a)-(c) on the copy-paper substrate, and (d)-(f) on the specialty-paper substrate. 
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Figures 23(a)-(c) and 23(d)-(f) present surface studies of the copy-paper and 

specialty-paper, respectively. The scanning electron microscopy (SEM) and surface 

profilometer images reveal that the copy-paper (Figure 23(b)-(c)) features a surface 

morphology in the form of partially aligned fibrils with a large root-mean-squared 

surface roughness of RRMS = 5.1 μm, whereas the specialty-paper (Figure 23(e)-(f)), as 

expected, features a flatter surface with a lower RRMS of 0.36 μm. The photographs of 

the two papers show that the surface reflection of the copy-paper (Figure 23(a)) is 

lower than that of the specialty-paper (Figure 23(d)) due to its rough and porous 

surface. 

(a) (b) 

  

 

Figure 24. (a) Schematic side-view of the top-emitting LEC architecture, with the two 

most common light-escape paths indicated. (b) Photograph of a PEDOT-PSS coated 

copy-paper substrate, which was spray-coated by a reflective Ag-NW layer only in the 

lower part. 

Figure 24(a) shows a schematic of the employed top-emitting device structure, 

which is a necessity when non-transparent substrate materials, such as paper, are used. 

In this configuration the light generated in the p-n junction can escape out of the 

device through the top-transparent electrode either directly (path (1)) or after being 

reflected off the bottom-reflective electrode (path (2)). For this end, we have employed 

a homogenous layer of Ag-NWs as the reflector in the bottom electrode, and a non-

homogenous and semi-transparent layer of Ag-NWs as the top electrode. The reflecting 

property of the bottom Ag-NW layer is indicated in the photograph in Figure 24(b). 
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(a) (b) 

 

 

(c) 

 

 

 
(d) (e) (f) (g)  

     
(h) (i) (j) (k)  

     

Figure 25. Schematic illustration of (a) the bottom tri-layer anode and (b) the in-situ 

conductance measurement setup utilized during the spray-coating of the PEDOT-PSS 

planarizing layer and the Ag-NW anode-conductivity layer. (c) In-situ measurements 

results for the anode-conductivity layer sheet resistance during Ag-NWs deposition on 

PEDOT-PSS/copy-paper (solid circles) and ZnO/specialty-paper (open squares) 

surfaces. SEM micrographs and surface profilometer maps were recorded from various 

layers of the tri-layer anode. The copy-paper (d) conductivity layer (SEM), (e) 

improvement layer (SEM), (f) planarizing layer (surface profile map) and (g) 

improvement layer (surface profile map). The specialty-paper (h) conductivity layer 

(SEM), (i) improvement layer (SEM), (j) adhesion layer (surface profile map), (k) 

improvement layer (surface profile map). 
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The tri-layer anode structure was sequentially spray-coated on the paper substrate, as 

schematically illustrated in Figure 25(a). For the copy-paper, a 14.8 µm thick layer of 

PEDOT-PSS was first spray-coated as a “planarizing layer” to flatten the rough surface 

of the copy-paper. For the specialty-paper, a 130 nm thin layer of solution-processed 

ZnO was included as an “adhesion layer” in order to allow for a good adhesion of the 

next layer. Surface profile maps of the PEDOT-PSS-coated copy-paper and the ZnO-

coated specialty-paper are shown in Figures 25(f) and 25(j), respectively, and they show 

that the PEDOT-PSS planarizing layer has flattened the surface roughness from 

RRMS = 5.1 µm to 3.3 µm while the roughness of the ZnO adhesion layer, 

RRMS = 0.38 μm, is similar to that of the non-coated specialty-paper.  

A layer of Ag-NWs was thereafter spray-coated on both devices to provide 

reflectivity and conductivity. The conductance and sheet resistance of this intermediate 

“anode-conductivity” layer were measured in-situ during spray-coating with the 

experimental setup shown in Figure 25(b), and the recorded data are presented in 

Figure 25(c). The conductance is found to increase linearly with Ag-NW loading, with 

the zero-loading conductance of the copy-paper substrate device being provided by the 

bottom PEDOT-PSS layer. The linear increase in conductivity with Ag-NW loading is 

in line with the well-connected and uniform morphology of the Ag-NW layer, as 

observed in the SEM micrographs presented in Figures 25(d) and 25(h). 

In order to minimize the risk for formation of short-circuits through the active 

material and to eliminate anodic side reactions, we have opted to include an “anode-

improvement layer”. It consists of a ~600 nm thin and transparent layer of PEDOT-

PSS. SEM micrographs and surface profilometer images of the “anode-improvement 

layer” are shown in Figures 25(e) and 25(g) for the copy-paper device and in 

Figures 25(i) and 25(k) for the specialty-paper device. 

Figure 26(a) depicts an exploded schematic of the complete device configuration of 

the paper-LEC. The active layer was spray-sintered on top of the tri-layer anode, and it 

was selected to be 7.6 µm for the copy-paper device and 2 µm thick for the specialty-

paper device. The active-material layer comprised a blend of Super Yellow, PEG-DMA 

and KCF3SO3 in a 1:0.5:0.1 mass ratio. The high electrolyte concentration was 

employed in order to achieve a reasonably fast turn-on time, despite the employment of 

an active material with a large thickness of several micrometers. Figures 26(b) and 26(d) 

are showing SEM images of the active-material surface for the copy-paper device and 

the specialty-paper device, respectively, and it is notable that the rough features of the 

copy-paper anode now has disappeared. 
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(a) (b) (c) 

 

  
(d) (e) 

  

 
(f) 

 

(g) 

 
Figure 26. (a) Schematic presenting the sequential spray-deposition of the active layer, 

the cathode, and the capping layer. SEM micrographs of the surfaces of the active 

material and the cathode (b)-(c) for the copy-paper device and (d)-(e) the specialty-

paper device. (f) The in-situ measured conductance and sheet resistance of the Ag-NW 

cathode. (g) The UV-vis transmission spectra for a 1 µm thick active layer on a glass 

substrate (solid orange line) and for the same structure coated with a capping/Ag-NW 

bilayer on top (grey dotted line). 

The Ag-NW cathode layer was spray-coated on top of the active material, and 

Figures 26(c) and 26(e) present SEM micrographs of the cathode layer for the copy-

paper device and the specialty-paper device, respectively. In both cases, we observe that 

the Ag-NWs have agglomerated into dense regions, which are connected through 

narrow micrometer-sized bridges. This observation can be rationalized by that the 

active-material surface is hydrophobic, whereas the Ag-NW dispersion is hydrophilic as 

the Ag-NWs are dispersed in a hydrophilic solvent. This results in that the conductance 

(sheet resistance) of the non-uniform Ag-NW cathode layer, as presented in 

Figure 26(f), is much lower (higher) than that of the uniform Ag-NW anode-

conductivity layer at the same Ag-NW loading; see Figure 25(c). Importantly, however, 

the non-uniform morphology of the cathode layer renders it semi-transparent, which, 
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as shown in Figure 24(a), is a fundamental property if this inverted device structure is 

to be functional. On top of the cathode layer, a thin capping layer of active material is 

spray-deposited in order to keep the Ag-NWs in the cathode layer in place. The 

transparency as a function of wavelength for the cathode/capping bilayer is presented 

in Figure 26(g). 

5.3 Device performance 

A set of time-lapse photographs of a copy-paper LEC, as driven by a constant 

current density of j = 2.5 mA cm-2 in a N2-filled glovebox, is shown in Figure 27(a), and 

the corresponding evolution of the driving voltage is shown in Figure 27(b). The slow 

turn-on time is a manifestation of the employment of a very thick (7.6 µm) active layer, 

but the facts that the device emits light despite the employment of a high-work 

function Ag-NW cathode and a thick active material, and that the voltage is observed 

to drop with time provides evidence for that this indeed is a functional LEC. Moreover, 

the copy-paper LEC displays a high degree of flexibility, and the device could be 

repeatedly bent and flexed during operation without any observable damage to its light-

emission capacity, as indicated by the photograph in Figure 27(c). 

(a) 

    
Time = 0 min Time = 10 min Time = 30 min Time = 80 min 

(b) (c) 

  

Figure 27. (a) Time-lapse photographs of a copy-paper LEC device during operation 

at j = 2.5 mA cm-2 in a N2-filled glovebox. (b) The temporal evolution of the voltage 

for the same device. (c) A photograph of the light-emission from a strongly twisted 

copy-paper LEC. 

Figure 28(a) presents a j-V-L graph of a pristine specialty-paper LEC recorded 

during a voltage-ramp experiment (dV/dt = 0.02 V s-1). It demonstrates that the 

specialty-paper LEC begins to emit light at a voltage close to the thermodynamic limit, 

i.e. the energy-gap potential of Super Yellow, and that it can reach a high luminance of 
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>200 cd m-2 at a respectable current conversion efficiency of 1.4 cd A-1. Figure 28(b) 

shows the turn-on process of a galvanostatically driven specialty-paper LEC, and all the 

characteristic signs of LEC operation, i.e. a decreasing voltage and an increasing 

luminance during the p-n junction formation process, are clearly visible. This device 

also features an attractive uniform light-emission during repeated and heavy bending 

and flexing, as depicted in the photographs in Figure 28(c)-(d). 

Moreover, a reference device with the same active material was fabricated on a glass 

substrate by the conventional and poorly scalable processes of spin-coating and 

thermal-vacuum evaporation, and a comparison yielded that the specialty-paper LEC is 

competitive in terms of efficiency, but that the long-term operational stability is in need 

of further improvement. We tentatively attribute the latter shortcoming to the 

employment of a Ag-NW cathode, which we suspect will induce electrochemical side-

reactions at the cathode. The main merit of the paper-LEC at this stage is, however, to 

be found in the material properties of paper, and we mention that a 20×10 mm2 paper-

LEC weighed in at 30 mg, whereas the same-sized glass-LEC (on a 1 mm thick glass 

substrate) weighed 530 mg. Moreover, the cost of the glass can be very high, and we 

commonly pay > €100 m-2 for our float-glass substrates, whereas the cost of the copy-

paper is very low at €0.1 m-2. It is thus possible that the paper-LEC could evolve into a 

(a) (b) 

  

(c) (d) 

  

Figure 28. (a) The optoelectronic response of a pristine specialty-paper LEC during a 

voltage ramp of 0.02 V s-1. (b) The turn-on process of a specialty-paper LEC during 

galvanostatic driving at j = 14 mA cm-2. (c-d) Photographs of the uniform light-

emission from bent specialty-paper LECs as driven by j = 5 mA cm-2. 
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light-emission technology that simultaneously offers a highly flexible form factor, low-

cost, easy recycling, and low weight.  
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6. A flexible LEC for ambient-air operation 

6.1 Background 

In spite of the herein presented developments towards functional flexible LECs, a 

key challenge remains in the form of developing an appropriate flexible encapsulation 

structure that can protect the device materials from the detrimental influence of the 

ambient air, i.e. from oxygen and water, during light-emission and electrochemical 

doping.[51, 58] In fact, the few reports on LEC-on-plastics that do exist in the scientific 

literature have invariably employed plastic substrate materials, such as 

polyethylene terephthalate (PET) or a composite polymer,[21, 31, 56, 57, 59] with very 

limited barrier properties. We have therefore set out to investigate the usefulness of 

more appropriate barrier materials, initially developed for other organic electronic 

devices, for the encapsulation of flexible LECs. These results are presented in brief 

below, but for more details the interested reader is referred to the appended article (IV). 

6.2 Probing barrier materials 

 The key property of a functional barrier film is to protect the constituent device 

materials from the exposure of ambient oxygen and water vapor. These materials’ 

permeation rates across the barrier film are characterized in terms of the oxygen 

transmission rate (OTR) and the water vapor transmission rate (WVTR), which are 

reported in the units of cm3/m2/day (OTR) and g/m2/day (WVTR). It is well-

established that a high-performance OLED needs to be encapsulated by a barrier film 

that features ultra-low permeation rates of OTR ≈ 1 × 10-3 cm3/m2/day and 

WVTR ≈ 1 × 10-6 g/m2/day.[60, 61] For organic solar cells, it has been reported that a 

barrier film featuring a much more modest WVTR in the range of 1 × 10-4 to 

1 × 10−3 g/m2/day is sufficient in order to achieve an operational lifetime of several 

thousands of hours.[62, 63] 

In order to realize a practical flexible LEC for ambient-air operation, and to 

investigate the barrier requirements of LEC devices, we have tested four different 

materials with different barrier properties:  

(i) The multilayer film “Flexoskin”, which is a 350 µm thick six-layer 

PMMA/Tie-layer/polypropylene/PET/SiOx/PET stack provided by 

Evonik industries. it is reported to feature WVTR < 1 × 10−3 g/m2/day 

and OTR < 1 × 10−3 cm3/m2/day, as measured at T = 312 K and RH 

= 85 %.[64] 

(ii) The multilayer film “POLO”, which is a 75 µm thick five-layer 

Ormocer/Inorganic/Ormocer/Inorganic/PET stack provided by the 

Fraunhofer Polymer Surfaces Alliance.[64, 65] it is reported to feature 

WVTR < 5 × 10−4 g/m2/day and OTR < 5 × 10−3 cm3/m2/day, as 
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measured at T = 296 K and RH = 90 % (for the WVTR measurement) or 

RH = 0 % (for the OTR measurement).[65] 

(iii) A low-end barrier in the form of a 123 µm thick single-layer PET film 

provided by Risø DTU.[60, 66]. A slightly thicker (177 µm) PET film was 

reported to feature WVTR ~2.3 g/m2/day at T = 311 K and RH = 

100 %.[66] 

(iv) A high-end “reference” barrier in the form of a cover-glass plate 

(thickness = 0.1 mm, area = 24 × 24 mm2). 

(a) (b) 

  
(c) 

 
Figure 29. The temporal evolution of the voltage and luminance of glass-encapsulated 

reference LECs as driven by (a) j = 1.25 mA cm-2 and (b) j = 2.50 mA cm-2. (c) A 

comparison of the temporal evolution of current efficacy at the two different drive 

currents. All devices were operated under ambient air. 

Figure 29 displays the temporal evolution of the optoelectronic properties of a glass-

encapsulated reference device. The active material comprised a blend of Super Yellow, 

TMPE and KCF3SO3 in an optimized mass ratio of {1:0.1:0.03}.[67] The active layer 

was spin-coated onto a patterned ITO-coated glass substrate, and an Al cathode was 

thermally evaporated on top of the active material. This device structure was used 

throughout this section. A top glass barrier was attached to the bottom ITO-coated 

glass structure with a UV-curable epoxy (from Ossila; see section 3.4), and a schematic 

of the designed device structure is shown in Figures 15(c)-(e). 
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The glass-encapsulated reference device was tested at T = 293 K and RH = 20 % 

using a constant current density of j = 1.25 mA cm-2 or j = 2.50 mA cm-2. The device 

driven at j = 1.25 mA cm-2 (open diamonds) displayed a maximum luminance of 

78 cd m-2 and a maximum current efficacy of 6.2 cd A-1, which had dropped only 

marginally after 2550 h of continuous operation. The device driven at j = 2.50 mA cm-2 

(open stars) emitted with >100 cd m-2 at a current efficacy of >4 cd A-1 for >2550 h, 

with the maximum luminance and maximum current efficacy being 150 cd m-2 and 

6.0 cd A-1, respectively. The slightly lower stability and efficiency at the higher current 

density might be attributed to increased doping-induced exciton quenching with 

decreasing p-n junction thickness,[68] increased exciton-exciton quenching,[69, 70] 

and/or degradation of the organic semiconductor by self-heating.[71-74] Importantly, 

we find that the glass-encapsulated device features a much longer operational lifetime 

than identical non-encapsulated devices operating in a N2-filled box ([O2], [H2O] 

<10 ppm).[67] This proves that the epoxy-attached glass plate functions as an excellent 

barrier against detrimental oxygen and moisture ingress. 

(a) (b) 

  

Figure 30. The ambient-air performance of LEC-on-glass devices, being encapsulated 

with a top barrier in the form of rigid glass (open stars), flexible PET (open circles), 

flexible POLO (open squares), and flexible Flexoskin (solid triangles). The devices were 

operated at T = 298 K and RH = 50 % and driven by j = 40 mA cm-2. The presented 

data are an average calculated from measurements on at least four pristine devices. Note 

that the devices had not been exposed to ambient air before the onset of the 

measurement. 

Figure 30 presents a comparative barrier measurement on LEC-on-glass devices, 

with the same device structure as in Figure 29, and encapsulated from the top with 

glass (open stars), the PET barrier (open circles), the POLO barrier (open squares), and 

the Flexoskin barrier (solid triangles). The barrier film was attached to the bottom ITO-

coated glass substrate with the same UV-curable epoxy as above. The devices were 

characterized under a controlled environment of T = 298 K and RH = 50 % (in a 

temperature/humidity tester, HD-80T, Haida), and were driven by j = 40 mA cm-2, i.e. 

a 16 or 32 times larger current density than in Figure 29.   
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An “accelerated lifetime” was defined as the time during which the device emitted 

with a luminance >300 cd m-2. The PET-encapsulated LEC displayed a comparatively 

short accelerated lifetime of 37 h, as expected considering the poor barrier properties of 

PET.[60] The glass-encapsulated reference device featured an accelerated lifetime of 

73 h, which then correlates to an uninterrupted operational lifetime of 2550 h at 

>100 cd m-2 (as shown in Figure 29b).  

Importantly, both of the flexible multilayer films featured very good barrier 

properties, with that of the POLO barrier being effectively identical to that of the rigid 

glass and that of the Flexoskin barrier being marginally lower. A word of caution, 

though: a multilayer barrier, such as POLO and Flexoskin, typically features a delayed 

onset of the gas (here, oxygen and water) permeation, called “lag time”, which is due to 

that the gas molecules experience a long tortuous diffusion path before filling up all of 

the voids in the multilayer stack; but after this lag time has passed, and the voids are 

filled with gas, the effective barrier properties will be substantially lower.[66] Thus, it is 

motivated to measure also the barrier properties of the multilayer films after a 

significant ambient-air storage time. 

(a) (b) 

  

Figure 31. The ambient-air performance of LEC-on-glass devices, being encapsulated 

with a top barrier in the form of rigid glass (open stars), flexible POLO (open squares), 

and flexible Flexoskin (solid triangles). The devices were operated at T = 298 K and 

RH = 50 % and driven by j = 40 mA cm-2. The presented data are an average calculated 

from measurements on at least four pristine devices. Note that the devices were stored 

under ambient air (T = 298 K and RH = 50 %) for 7 days before the onset of the 

measurement. 

Our lag-time study on the barrier properties is presented in Figure 31. After storage 

in the controlled-environment chamber at T = 298 K and RH = 50 % RH for 7 days, 

the ambient-air accelerated lifetime dropped from 73 h to 59 h for the glass-

encapsulated reference device, from 71 h to 58 h for the POLO-encapsulated device, 

and from 65 h to 53 h for the Flexoskin-encapsulated device. In other words, the 

ambient-air stability dropped by 19 % for the reference glass-device, by 18 % for the 
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POLO-encapsulated device, and by 18 % for the Flexoskin-encapsulated device. As the 

relative drop in performance is effectively identical for the flexible-barrier encapsulated 

devices as for the glass-encapsulated device, the conclusion must be that no lag-time 

effect is observed, and that the flexible multilayer barriers remain functional following 

an ambient-air storage time of 7 days. 
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6.3 Realizing a flexible LEC for ambient-air operation 

 

 

Figure 32. Exploded schematic of the device architecture of a flexible LEC, with the 

flexible barriers being attached to each other and the device with a full-area epoxy 

coverage. 

We now turn our attention to the realization of a complete flexible LEC device fit 

for ambient-air operation in a bent or flexed configuration. An active-material ink 

comprising Super Yellow, PEG-DMA, KCF3SO3 was spin-coated on a 50 × 50 mm2 

ITO-coated PET substrate (thickness: 173 µm, Risø DTU). Thereafter, a set of 12 Al 

cathodes were thermally evaporated on top of the active material through a shadow 

mask, with each 2 × 13 mm2 cathode defining the light-emission area of one device. 

The twelve LEC devices were thereafter cut into separate entities, which were 

encapsulated between two larger 25 × 50 mm2 barriers, that in turn were connected 

together and to the sandwiched device by a full-area epoxy encapsulation, as described 

in section 3.4. Two holes were punched into the device before encapsulation to firmly 

connect Ni wires (Nickel 200, Harald Pihl AB) to the ITO anode and the Al cathode 

contacts for establishing external connections to the ambient, as depicted in the 

exploded schematic in Figure 32. The investigated barriers in this section are: (i) a 

1 mm thick rigid microscope glass slide (Menzel GmbH), (ii) a 123 µm thick flexible 

PET film, and (iii) the Flexoskin flexible barrier. More details on the device preparation 

process are provided in article (IV). 
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(a) (b) 

 
 

  

(c) 
 

 

(d) 

 Glass 

Flexoskin 

PET 

Figure 33. (a)-(b) Ambient-air performance of LEC devices encapsulated between two 

barriers of flexible PET (open circles), rigid glass (open stars), and the flexible Flexoskin 

multilayer film (solid triangles). The devices were operated at T = 298 K and RH = 50 %, 

and were driven at j = 19.2 mA cm-2. The devices had not been exposed to ambient air 

before the onset of the measurement. (c) Time-lapse photographs showing the temporal 

evolution of the 2 × 13 mm2 light-emission area of the encapsulated devices following 

ambient-air operation for (I) 24 h, (II) 45 h, (III) 96 h, (IV) 168 h, (V) 288 h, and (VI) 

360 h. The white line is a guide-to-the-eye indicating the original emission area. (d) A 

photograph of the light-emission from a bent Flexoskin-encapsulated LEC operating 

under ambient air and driven by 4 V. 
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Figures 33(a)-(b) display the temporal evolution of the optoelectronic properties for 

the glass-encapsulated reference device (open stars), the PET-encapsulated device 

(open circles), and the Flexoskin-encapsulated device (solid triangles) during operation 

under air atmosphere at RH = 50 % and T = 298 K, and Figure 33(c) presents the 

corresponding time-lapse photographs of the light-emission area. The devices were 

driven with a constant current density of j = 19.2 mA cm-2.  

The glass-encapsulated reference device displays an accelerated lifetime (at a 

luminance >300 cd m-2) of 270 h. Note that the comparatively short lifetime is due to 

the high current density and the non-optimized active-material composition. The time-

lapse photographs reveal a correspondence between early bright regions and late dark 

regions, and vice versa, while no signs of growing “dark spots” are observed. The 

“mirror-image” degradation process is attributed to a spatial variation in the electrolyte 

content, as discussed in detail in section 3.4, where the early bright regions comprise a 

higher-than-average electrolyte concentration, and the early dark regions comprise a 

lower-than-average electrolyte loading. The absence of growing dark spots, both in the 

interior and at the edges of the device, are a manifestation of the good barrier 

properties of the glass barrier and the epoxy adhesive, which effectively prohibits any 

passage of water and oxygen into the device. In other words, the glass-encapsulated 

reference device has suffered from an “internal” degradation process. 

The PET-encapsulated LEC exhibits a much shorter accelerated lifetime of 39 h. 

The photographs display the formation of large black spots or regions with a distinct 

circumference over the entire device surface in between 24 h and 45 h. We attribute 

this degradation process to the homogenous permeation of the entire PET films by 

H2O and/or O2, and a subsequent penetration of the Al cathode through existing small 

pinholes. The H2O and/or O2 within the device will provoke chemical and/or 

electrochemical side-reactions in the interior of the device, which are centered at the 

location of the pinhole and growing outwards with time.[75] The PET-encapsulated 

device has thus failed from an “extrinsic” degradation process. 

The Flexoskin-encapsulated LEC displays an intermediate accelerated lifetime of 

200 h. The first sign of emission-area degradation is observed in the form of darkened 

edges in photograph III (after 96 h), and in the subsequent photograph IV (after 168 h) 

these edge-degraded regions are enlarged. A comparison of photographs I and V 

further reveals that the mirror-image effect, as observed in the glass-encapsulated 

device, also takes place in this device. The Flexoskin-encapsulated LEC thus degrades 

from a combination of extrinsic and intrinsic processes. Figure 33(d) presents a 

photograph of the relatively uniform light-emission from a bent Flexoskin-encapsulated 

LEC during operation under ambient air. 

Figure 34 presents recently recorded results from a lag-time study on rigid-glass and 

flexible-barrier encapsulated LECs. The glass-encapsulated device features an 

accelerated lifetime of 170 h under ambient air, following a 30 days storage period 

under air atmosphere at T = 298 K and RH = 50 %. This corresponds to a 37 % 

decrease in stability in comparison to the non-stored glass-device in Figure 33. The 

time-lapse photographs, presented in the upper panel in Figure 34(c), again 
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demonstrate the signature of the intrinsic mirror effect. This implies that the stored 

glass-encapsulated LEC degrades from intrinsic effects. 

(a) (b) 

  
(c) 

 

 

(d) 

 

Glass 

(e) 

 

Flexoskin 

Figure 34. (a-b) Ambient-air performance of LEC devices encapsulated in between 

two barriers of rigid glass (open stars) and the flexible Flexoskin multilayer film (solid 

triangles). The devices were operated at T = 298 K and RH = 50 %, and were driven at 

j = 19.2 mA cm-2. Note that the devices had been stored for 30 days at T = 298 K and 

RH = 50 % before the measurement. The presented data are an average calculated 

from measurements on at least four pristine devices. (c) Time-lapse photographs of the 

2 × 13 mm2 light-emission area of the rigid-glass device (upper panel) and the flexible 

Flexoskin-device (lower panel) for (I) 24 h, (II) 45 h, (III) 96 h, (IV) 168 h, (V) 288 h, 

and (VI) 360 h operation under ambient air. (d) Photograph of a bent Flexoskin-

encapsulated device during operation at V = 3 V under ambient air. The device had 

been stored under air atmosphere at T = 298 K and RH = 50 % for 30 days. (e) 

Photograph of the light-emission from a flexible POLO-encapsulated LEC operating at 

V = 5 V under ambient air after being stored under ambient air at T = 298 K and RH 

= 20-50 % for one year. 
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The Flexoskin-encapsulated LEC exhibited an ambient-air accelerated lifetime of 

49 h after 30 days of storage under ambient air, which corresponds to a drop in stability 

by almost a factor of 4 in comparison to a non-stored device. The time-lapse 

photographs, in the lower panel in Figure 34(c), imply that the device is degrading from 

a combination of intrinsic effects (note the mirror image effect in the light-emission 

intensity between, for instance, the upper and lower edge regions in the photograph I 

and photograph III) and extrinsic effects. The latter is manifested in the form of a 

rather uniform and gradual drop of the light-emission intensity over the entire device 

area, which we attribute to water and/or oxygen ingress through the entire Flexoskin 

barrier. 

Figure 34(d) presents a bent Flexoskin-encapsulated device, as driven with V = 3 V 

supplied by a coin-cell battery. The recently collected data on a flexible POLO-

encapsulated LEC device, as displayed during ambient-air operation at V = 5 V in 

Figure 34(e), is even more impressive, as this device have remained functional after a 

one-year storage under ambient air (at T= 298 K, RH = 20-50%). These last results 

imply that a five-layer organic/inorganic/organic/inorganic/organic stack featuring 

WVTR < 5 × 10-4 g/m2/day and OTR < 5 × 10-3 cm3/m2/day is sufficient for the 

realization of functional flexible LEC devices that can be stored under ambient air for 

up to one year! 
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7. Conclusions and outlook  

A long-term vision in the field of artificial illumination has constituted the realization 

of a conformable, light-weight and “green” illumination technology that can be 

fabricated by cost-effective means. In this thesis, we report on a number of results that 

suggest that the LEC might become a technology that can fulfil these challenging 

requirements. 

We have conceptualized and developed a novel fabrication process, termed spray-

sintering, which involves the deposition of the device materials from solution using a 

mobile and low-cost air-brush. We demonstrate that such spray-sintered LECs can 

feature uniform light-emission from several hundred square centimeter large surfaces 

and allow for patterned multi-colour emission. An exciting prospect with spray-

sintering is that it is possible to fabricate LECs directly on complex-shaped surfaces, 

and we have been able to add light-emission function onto a stainless-steel fork and a 

glass vial. It is further notable that the spray-sintering process is a material-conservative 

additive process and that it is compatible with low-cost roll-to-roll fabrication. 

We have further demonstrated that functional LEC devices can be fabricated 

directly on non-treated copy-paper substrates, which is relevant since paper is low-cost, 

light-weight and biodegradable. For the realization of practical devices that can 

function in the ambient, we have investigated and developed a wide range of different 

encapsulation structures. We show that the protection of the LEC by two glass barriers, 

as attached to the device through the UV-curing of a single-component epoxy adhesive, 

results in LEC devices with a measured record-long operational lifetime of 2550 h at a 

significant brightness of 100 cd m-2 or larger. With this high-performance encapsulation 

structure at hand, we were able to study the intrinsic degradation factors of LECs, and 

we draw the conclusion that a further improvement in device stability can be attained 

through an improved spatial homogeneity of the active material. 

We have also delved into the more fundamental aspects of the device operation, and 

through a combined experimental and analytical study demonstrated that doping-

induced self-absorption is an important factor to consider if LEC devices are to be 

more efficient. Finally, we have put in a significant effort into the development of a 

functional flexible LEC configuration fit for ambient-air operation, and recently 

recorded results show that such a flexible LEC remains functional and emits light after 

a one-year storage under ambient air in one of our laboratories.  

For the future, it is advisable to execute a systematic study on the influence of 

repeated mechanical stress on the device performance of our flexible LECs, specifically 

the effects on the emission uniformity and on the operational stability. In this context, 

it is also of importance to identify and develop a flexible adhesive that can withstand 

repeated flexing and carry a reasonable cost tag. In consideration of the versatility of 

the spray-sintering technique, it should also be interesting to investigate whether it is 

possible to fabricate devices directly on the barrier material, and in the process realize 

an ultra-thin and extremely light-weight light-emission device. 
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