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The more you try the more you fly and thats what really counts.

Tigger
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Figuur 1: Een lamp gebaseerd op Organische LEDs bestaat uit oppervlaktes
die licht geven. (bron: OLLA project, [1])

Centraal in dit werk staat een beloftevolle technologie voor verlichting:
de witte organische licht emitterende diode. (WOLED)

We gebruiken heel veel energie. Met enkele cijfers kun je reeds goed
aangeven hoeveel je kunt besparen, zowel op gebied van grondstoffen als op
gebied van economie.

Volgens rapporten uit zowel de EU als de USA, [2] en [3], verbruiken we
ongeveer 20% van alle elektrische energie voor verlichting. Omdat de totale
hoeveelheid energie consumptie ook afhangt van transport, verwarming en
producie is onze totale energie consumptie nog een grootte-orde meer. De-
salniettemin verbruiken we veel om onze huizen te verlichten. In Europa
gaat 7 EJ naar verlichting. Dit is ruwweg het equivalent van het verbran-
den van één olympisch zwembad gevuld met olie, elke seconde! Daarenboven
blijkt dat nu (2007) 40% van de verlichting gebaseerd is op gloeilampen. [4]
Gloeilampen zetten slechts 5 % van de energie om in licht, de rest is warmte.

Een nieuwe klasse van verlichting zijn de vastestoflichtbronnen. Een
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type van vastestoflichtbron is de organische LED. Deze bron bestaat uit een
groot oppervlakte dat diffuus licht geven. Een ander type vastestoflichtbron
is de LED, welke een puntbron is die zeer fel licht geeft. Beide technologien
vullen elkaar goed aan naargelang de toepassing. Een lamp, bestaande uit
vier OLED oppervlakten is te zien op figuur 1.

De structuur van een OLED is op het eerste zicht vrij simpel. Figuur 2
geeft een schets weer van een OLED met typische afmetingen. Bij de fab-
ricage wordt vertrokken van een glasplaat van een tiental centimeters op een
tiental centimeters. Op dit substraat worden achtereenvolgens lagen gede-
poneerd die hooguit enkele tientallen nanometers zijn! : een transparante
anode, meestal ITO; geleidende organische lagen en een metalen cathode,
meestal Aluminium.

Een spanningsverschil over de anode en de cathode zorgt voor een elek-
trische stroom door de geleidende organische lagen, waardoor licht wordt
gegenereerd. In 1987 is aangetoond dat zelfs bij lage spanning (toen: <10V,
nu zelfs: < 3.5V) voldoende intens licht kan gegenereerd worden. [5] [6] In
1994 verscheen de eerste witte OLED, die 3 emitters combineerde met ver-
schillende kleuren. [7] Sinds 1998 zijn er zelfs emitters, die 100% van de
elektrische stroom omzetten in licht. [8] Desalniettemin vergt deze OLED
technologie en de (potentieel) efficiente omzetting van elektrische energie in
licht nog verder onderzoek.

De focus van dit werk zijn twee aspecten van het optische gedrag van
de OLED. Het eerste aspect is de uitkoppelefficientie van licht uit de
OLED. Deze uitkoppelefficientie geeft de verhouding tussen stralingsvermo-
gen in lucht tegen het stralingsvermogen opgewekt in de organische laag.
Figuur 2 toont dat slechts 20% van het vermogen wordt uitgestraald. Dus,
hoe krijg je meer straling uit de OLED? In dit werk hebben we drie ontwer-
pen bekeken om de uitkoppelefficientie te verbeteren. Het tweede aspect is
de effectiviteit van een OLED. Dit hangt samen met de fysiologie van het
menselijk oog. Het oog reageert immers gevoeliger op groen licht dan op
blauw of rood licht. Dus, we hebben minder stralingsvermogen voor groen
licht nodig om toch dezelfde intensiteit te ervaren. Voor wit licht heb je
echter alle kleuren nodig. Het tweede aspect draait rond de meest effec-
tieve combinatie van welbepaald ’blauw’, welbepaald ’groen’ en welbepaald
'rood’. We zoeken het optimale spectrum van de OLED om een zo hoog
mogelijke lichtstroom per stralingsvermogen te krijgen.

Verhogen van de uitkoppelefficientie

Verhogen van de uitkoppelefficientie van een OLED zorgt ervoor dat zoveel
mogelijk van het opgewekte stralingsvermogen wordt uitgekoppeld. In dit

1Een menselijk haar heeft een dikte tussen 20000 nm tot 180000 nm. Merk ook op
dat de afwijking over het gehele oppervlakte slechts enkele percenten mag zijn.



SUMMARY IN DuTCH XV

vermogen?
/—| Aluminium cathode l
+300nm /—i organische materialen 45%
S
ITO electrode

>5mm
_— \—i glas substraat 35%
N \- , uitgestraald (!) vermogen 20%

Y
>5cm

Figuur 2: De OLED bestaat uit verschillende dunne lagen op een glas sub-
straat. Echter, licht dat gaat van de organische lagen naar glas ondervindt
voor schuine hoeken volledige reflectie! Hetzelfde geldt bij de overgang van
glas naar lucht. Hierdoor kan slechts 20% van het optische vermogen uit-
gestraald worden.

werk hebben we gekeken naar drie OLED ontwerpen om meer licht uit te
koppelen.

Figuur 2 geeft de reden voor de lage uitkoppelefficientie. Schuin invallend
licht aan de overgang van anode naar glas en aan de overgang van glas naar
lucht ondervindt totale interne reflectie. Dit ligt aan de snelheid van
licht in de verschillende lagen. Straling in de organische lagen en glas is
respectievelijk 1.7 en 1.5 trager is dan de snelheid van straling in lucht. Uit
de wet van Snellius volgt dan de kritische hoek waarvoor licht dat invalt
vanuit een materiaal met lage voorplantingsnelheid op een materiaal met
grotere voortplantingsnelheid volledig gereflecteerd wordt.

Om optimale ontwerpen voor deze drie types te berekenen, hebben we
een numerieke methode ontwikkeld op basis van eigenmode expansie en rig-
oreuze gekoppelde golftheorie. [9] [10] Het vernieuwende aan deze methode
is dat zowel coherent licht als incoherent licht in rekening worden gebracht.
Omdat de dikte van deze lagen en van de organische lagen dezelfde grootte-
orde hebben als de golflengte van licht (450-700nm), moeten we immers
licht modelleren als coherent. Omdat de dikte van de glasplaat vele grootte
ordes groter is, dienen we hier licht te beschouwen als incoherent.

Het eerste ontwerp heeft betere lichtuitkoppeling door drie extra la-
gen tussen de electrode en het glas substraat. Deze extra lagen zijn ook
aangegeven op figuur 3(a). Omdat zowel de organische lagen als de drie
extra lagen kunnen beschouwd worden als optische caviteiten noemen we
dit ontwerp een RC2LED. [I1] Figuur 4(a) geeft de relatieve verbetering
van de uitkoppelefficientie van een OLED met geoptimaliseerde extra la-
gen tegenover diezelfde OLED zonder extra lagen. Experimentele verifi-
catie is gebeurd door het vergelijken van spectrale vermogen van deze twee
OLEDs. Onze experimenten geven goede overeenkomst met de simulatie.
Zowel experiment als simulaties tonen aan dat de uitkoppelefficientie van
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Figuur 3: (a) Extra interfentie-lagen geplaatst tussen anode en glas zorgen
voor golflengte afhankelijke interferentie effecten. (b) Relatieve verbetering
van de extractie efficientie door interferentie-lagen tussen ITO en glas, zowel
simulatie als metingen van 2 prototypes.

een RC?2LED verbetert met een factor 2 over een golflengtegebied van 75
nm.

Het tweede ontwerp gebruikt een rooster dat werd geplaatst aan de over-
gang tussen glas en lucht. Omdat de totale interne reflectie wordt veroorza-
akt door de ’vlakheid’ van deze overgang, kan een verruwing de totale interne
reflectie verhelpen. Een foto genomen met een elektronen microscoop van
een dergelijk rooster is te zien op figuur 3. Indien licht wordt gereflecteerd,
wordt het terug gereflecteerd aan de cathode kant. Dit licht kan dan even-
wel bij terugkomst aan de glas lucht kant weer verstrooid worden na de
tweede,derde,... rond trip. Simulaties geven een relatieve verbetering van
50%. Dit en experimenten geven evenwel aan dat deze techniek geen betere
uitkoppelefficientie geeft ten opzichte van andere verruwing van het OLED
oppervlak. [12]

Het derde ontwerp gebruikt een rooster aan de overgang tussen elec-
trode en glas. Ook hier is het doel is het uitkoppelen van het licht. Hier
is het belangrijk te kijken naar de invloed van meerdere rond trips in de
glaslaag, figuur 4(b). De meeste artikels (bijvoorbeeld [13]) verwaarlozen
deze meerdere rond trips. Bij de eerste rond trip gebeurt het volgende: de
eerste keer kan licht niet ontsnappen uit de OLED. Echter, het wordt terug
gestuurd naar het rooster. Na verstrooiing krijgt het een tweede kans om
te ontsnappen, en een derde... Figuur 4(a) geeft nu de extractie efficientie
in de glas laag voor twee situaties. Enkel ’directe transmissie’ berekent de
extractie efficiéntie zonder de rond trips. ’Inclusief reflecties’ geeft de ex-
tractie efficiéntie met de rond trips. Uit deze figuur kunnen we concluderen
dat de verhoging van de uitkoppeling efficiéntie komt door de rond trips.
In ieder geval geeft een rooster ook hier een relatieve verbetering van de
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(a) Het rooster aan de (b) Fractie uitgekoppeld vermogen van
glas lucht interface bestaat een OLED door een grating aan de over-
uit een periodieke herhal- gang tussen electrode en glas. Ook
ing van zuilen. (Periode = wordt het vermogen in directe trans-
2000nm, hoogte = 300nm) missie gegeven.

Figuur 4: Een rooster kan gebruikt worden aan zowel de overgang tussen
electrode en glas als aan de overgang tussen glas en lucht.

extractie-efficientie van 50%. Dus, de extractie efficientie is 30% in plaats
van 20%.

Verhogen van de effectiviteit

De effectiviteit van een lichtbron wordt gegeven door de verhouding van
lichtstroom per stralingsstroom. De eenheid is lumens per Watt. Deze
eenheid houdt rekening met de fysiologie van het menselijk oog en met het
elektrische vermogen van de de lichbron. [14] Merk op, de meeste mensen
zijn gevoeliger voor golflengtes die we ervaren als ’groen’ licht dan voor
golflengtes in het 'blauw’ of 'rood’. Aan de andere kant heb je wel golflengtes
in het ’blauw’ en 'rood’ nodig om wit te verkrijgen. Dus, het kiezen van het
juiste spectrum kan de effectiviteit van je lichtbron verhogen.

In dit werk hebben we verder gebouwd op werk van D.L. MacAdam. Zijn
werk geeft het spectrum met de maximale lichtstroom per stralingsstroom
voor een gegeven chromaticiteit. [15] Voor een lichtbron met het warme wit
‘illuminant A’ wordt het spectrum met de grootste effectiviteit gegeven door
twee monochromatische lichtbronnen. Deze twee lichtbronnen stralen uit op
450 nm ("blauw’) en 580 nm (‘oranje’). De kwaliteit van het licht-uitgedrukt
in kleur reproducibeerbaarheid index [16]- is evenwel ver beneden de vereiste
80. In dit werk hebben we evenwel aangetoond dat het spectrum van figuur
figuur 5 zowel een voldoende hoge kwaliteit heeft als de effectiviteit van de
lichtbron verhoogt met 30%.

We hebben ook gekeken naar de effectiviteit van een lichtbron in functie
van de golflengte-afhankelijke eigenschappen van een OLED. Hierbij hebben
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Figuur 5: Beide spectra geven dezelfde witte chromaticiteit. Spectrum 2
komt van een OLED met 3 emitters. [17] Evenwel spectrum 1 heeft een
grotere effectiviteit dan spectrum 2: 429 lm/W tegenover 305 lm/W.

we twee stellingen gestaafd. De eerste stelling toont aan dat een witte licht-
bron met een diep blauwe inefficiente emitter even effectief kan zijn als een
witte lichtbron met een twee keer zo efficiente licht blauwe lichtbron. Hier-
bij hebben beide lichtbronnen hetzelfde chromaticiteit. De tweede stelling
bevestigt dat je de extractie efficientie moet afstemmen op het spectrum.
In het geval van een RC2LED die 'warm wit licht’ uitstraalt, dien je vooral
je extractie efficientie af te optimaliseren voor de rode emitter.

Conclusie

In dit werk hebben we zowel de uitkoppelefficientie als de effectiviteit van
witte OLEDs bestudeerd. Voor de extractie efficientie zijn twee zaken
duidelijk geworden. Allereerst kan een OLED met interferentielagen tussen
de electrode en glas twee keer meer licht uitkoppelen dan een OLED zonder
deze lagen. Evenwel deze verbetering is slechts over 75 nm. Dit is een zesde
van het spectrum dat nodig is voor wit licht. Als tweede, om de uitkop-
pelefficientie correct te berekenen moeten de meerdere reflecties in de glas
laag wel degelijk in rekening worden gebracht. Ook blijkt dat een rooster
gelegen tussen elektrode en glas de licht uitkoppeling vooral verbetert door
het licht uit het substraat uit te koppelen.

Voor de effectiviteit hebben we gekeken naar de spectra die een hogere
lichtstroom per stralingsstroom geven dan de standaard OLED spectra. We
hebben een spectrum gegeven met een hogere effectiviteit en een voldoend
hoge kleur reproduceerbaarheids index.



English summary

Figure 1: This lamp is based on Organic LEDs. We see a surface which
gives light. (source: OLLA project, [1])

The focus of this work is a new illumination technology, which is poten-
tially energy efficient: the White Organic Light Emitting Diode (OLED).

We use a lot of energy. A few numbers can already give an idea of the
possible savings. According to research in the EU and the USA, about 20%
of all electrical energy is used for illumination. [2] [3] For example, Europe
uses 7 exajoules per year for illumination. This is roughly the equivalent of
burning each second the oil in one olympic swimming pool. Moreover, the
extremely inefficient incandescent light bulb is used for about 40% of the
domestic illumination. [4] Incandescent light only converts 5% of the total
electrical power for illumination, the other 95% is dissipated. Replacing
these bulbs would already be very beneficial.

A new class of energy efficient illumination is solid state illumination.
One class is the OLED. This light source can be seen as a large tile which
emits diffuse light, figure 1. Another class of solid state illumination is the
LED, which is a point source with very bright light from one small surface.
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Figure 2: The OLED consists of several thin layers on top of a glass sub-
strate. However, light with a too oblique angle can not go from organic
layers to glass. The same is true for too oblique light from glass to air. In
total, only 20% of the total generated light can escape.

Because of their properties, both classes are very complementary.

Figure 2 shows the simplified structure of an OLED. On a glass plate
of a few hundred square cms, several layers of a few ten nms are deposited?
: a transparent anode, usually ITO; organic layers and a metal cathode,
usually Aluminium.

After applying a voltage difference between anode and cathode, an elec-
trical current flows through the organic layers. These layers contain emitters
which emit light. The field of research has intensified since 1987, when the
first OLED with low voltage and sufficiently intens light was published.
(then: < 10V, now: < 3.5V) [5] [6] In 1994 the first white OLED was pub-
lished. This OLED gives white light with 3 types of emitters with different
colors. [7] Since 1998, a new class of emitters became available. These
emitters can convert 100% of the electrical current in light [8] These results
show the (potentially) high efficiency of OLED for illumination.

The focus of this work are two aspects of the optical behavior of an
OLED. The first aspect is the extraction efficiency of the light from an
OLED. This extraction efficiency shows how much of the total generated
light can escape the OLED. Figure 2 shows that only 20% of all light is
extracted. The second aspect is the efficacy of an OLED. This property
depends on how the human eye reacts on light. The eye is more sensitive
for green than for blue or red. We need less green than blue to get the same
sensation of intensity. However, white light requires blue and red. The
second aspect is about finding the most effective spectrum.

2 A human hair has a thickness between 20000 nm to 180000 nm. Also, the deviation of
the thickness of the organic layers over the entire area can be at most a few percentages.
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Increasing the extraction efficiency

Increasing the extraction efficiency means extracting as much light as pos-
sible. This work has investigated three designs with increased extraction
efficiency. To optimize these three designs, a novel simulation method has
been developed. For the first and second designs, several prototypes have
been made and measured.

Figure 2 shows why the extraction efficiency is low. Between the in-
terface of anode and glass, light under a too oblique angle is completely
reflected. This is also called Total Internal Reflection. This is also true for
the interface between glass and air. The main reason is the speed of light
which is different in each of these materials. Snellius’ law states that light
which goes from a material with low light speed to a material with a higher
light speed is totally reflected if its angle is more oblique than a critical
angle.

To optimize the OLED design, we have developed a numerical method
which can model a structure with layers where we model light as coherent
and as incoherent. Indeed, because the thickness of the organic layers is
about the same as the wavelength of light (450-700nm), light in these layers
has to be coherently modeled. Because the thickness of the glass plate
is much larger than the wavelength of light, light has to be incoherently
modeled. The method uses rigorous coupled wave analysis and eigenmode
expansion. [10] [9]

The first design, figure 3(a), uses three extra layers between anode and
glass to increase light extraction. Because the organic layer stack and these
3 layers both are optical cavities, we call this design a RC2LED. [11] Op-
timization of the layers shows in figure 3(b) the relative improvement in
function of the wavelength. The relative improvement is the extraction effi-
ciency of the RC?’LED compared to the extraction efficiency of this OLED
without the three extra layers. Experimental verification compares the spec-
tral power from the RC2LED to the spectral power of this OLED without
these three extra layers. Experiments and simulations show an improvement
of 100% over a wavelength range of 75 nm.

The second design, figure 4(a), shows a grating which is between the
glass substrate and air. Note, Total Internal Reflection (TIR) comes from
the flatness’ of the interface between these two materials. Thus, roughening
this interface eliminates the TIR between glass and air. Simulations give
a relative improvement of 50%. (results not shown!) Simulations and ex-
periments show that this approach has no better extraction efficiency when
compared to other corrugations of the glass-air interface. [12]

The third design also uses a grating similar to the one of figure 4(a).
However, the grating is placed between anode and glass. Figure 4(b) shows
the extraction efficiency. The extraction efficiency with grating is increased
from 20% to 30%. Note, the developed numerical method can simulate the
light which can escape the first time, in ’direct transmission’ and light which
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Figure 3: (a) Adding extra layers between anode and glass creates interfer-
ence effects which increase the extraction efficiency. (b) Relative improve-
ment when using these extra layers.

can escape after 'multiple round trips’. Note, several papers, such as [13],
only simulate the light in direct transmission. This last approach neglects
the light which is trapped in the glass substrate. However, 4(b) shows that
the main increase of the extraction efficiency comes from the extraction of
the light in the substrate.

Increasing the efficacy

The efficacy of a light source is given by the luminous power efficiency, the
ratio of luminous flux per required power. This unit considers both the
properties of the eye and the electrical power of the light source. Note, the
human eye is more sensitive for 'green’ than for ’blue’ and ’red’. However,

you need blue and red to get white. [14] Thus, optimizing the spectrum can
increase the efficacy.
This research extends the work of D.L. MacAdam. [15] The highest

luminous power efficiency for warm white light ('illuminant A’) is generated
by 2 monochromatic sources. One source is monochromatic blue (450 nm),
the other is monochromatic orange (580 nm). However, the color quality,
which can be expressed by the Color Rendering Index [16], is far below the
required 80 for illumination. Figure 5 shows an increase of the luminous
power efficiency by 30% with a high CRI of 90.

We also have investigated the luminous power efficiency in function of
wavelength dependent properties of an OLED, such as the extraction effi-
ciency and the internal quantum efficiency. We have proved two statements.
First, a white light source with deep blue inefficient emitter can have the
same efficacy as a white light source with a two times more efficient light
blue emitter. Both light sources have the same white chromaticity. The
second statement: the optimum wavelength dependent extraction efficiency
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Figure 4: A grating can be used between anode and glass and between glass
and air.

depends on the spectrum. For example, in a RC2LED which emits "warm
white’, the extraction efficiency should be the optimized for the red emitter.

Conclusion

This work investigates the extraction efficiency and the efficacy of white
OLEDs. Concerning the extraction efficiency, we can make two statements.
First, an OLED with interference layers between anode and cathode, such
as the RC?LED, can give two times more light than that OLED without
these layers. Note, this improvement is limited to a wavelength range of
75 nm. Second, to calculate the extraction efficiency, we need to consider
multiple round trips in the substrate. Neglecting these multiple round trips
underestimates the extraction efficiency. Also, we have seen that a grating
between anode and substrate does not increase the amount of light extracted
from the organic layers.

Maximum efficacy can be achieved by approximating the spectrum by
the spectrum which is given by the MacAdam limit. We have found a spec-
trum with an increased efficacy and with a sufficiently high color rendering
index.
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Figure 5: Both spectra have the same chromaticity. Spectrum 2 comes
from an OLED with 3 emitters.[17] However, spectrum 1 has a much higher
efficacy than spectrum 2: 429 lm/W compared to 305 lm/W.



Introduction

Figure 1.1: Earth by night. (source: NASA, 7th November 2000)

Roughly speaking, this work is about the optimization of optical designs
of Organic Light Emitting Diodes (OLEDs) for lighting by using novel sim-
ulation tools. The focus of this chapter is to show the need for OLEDs for
lighting and the need for good optical designs of OLEDs. Therefore, the
first section shows the need for efficient lighting. Then, the second section
is about Solid State Lighting (SSL) devices, which is a category of lighting
under which OLEDs fall. To show the need of a good optical design of an
OLED, the third section shows how a conventional design of a OLEDs gives
a low efficiency. To find better designs, you need sufficiently accurate and
fast simulation tools. Therefore, a short overview on simulation techniques
is given in the subsequent section. To conclude, we present how this work
fits in with the issues described in this chapter.



2 INTRODUCTION

1.1 Energy consumption

Cold light, light generated by a device which has a high conversion of elec-
tricity to visible light, can save a lot of energy. Probably, lowering the
energy consumption per person is the only way to give everybody the same
share of the earth’s natural resources without compromising on the quality
of life. However, using an inefficient source such as the light bulb wastes a
lot of energy. Although there have been some alternatives around for quite
some time now, these alternatives never had the same success as the light
bulb. This section illustrates these statements with some numbers.

According to the Energy Information Administration of the U.S. Gov-
ernment, the total energy consumption on this planet in 2006 was around
460 EJ (46 10 J). More than 80% of this energy comes from burning fossil
fuel. [18]. According to the Flemish Institute for Technological Research,
VITO, Flanders has used 1266 PJ (1266 10'5J) in 2005. [19] Depending on
the source you consult, Flanders thus uses around 0.3-0.5% of the global
energy consumption. To put these numbers in perspective, consider this:
the global energy consumption is equivalent to burning a few million liters
of oil, each second.

Although our planet can support this energy consumption [18], we will
need to lower the energy consumption per person. More people than ever are
living and consuming today. This is one of the factors of the large increase
of the price of oil during the last decade. Moreover, creating awareness of
the problem of global warming by human contribution to the green house
effect has resulted in the Noble Peace Prize in 2007, [20].

Of course, the global energy consumption is more than lighting. Trans-
port and heating account for the largest fraction of the global energy con-
sumption. Still, in the U.S. and E.U., 20% of the electrical energy is used
for lighting. [21] [2] In absolute numbers, the U.S. alone uses 7 EJ per year
for lighting.

Though using energy for lighting is often necessary, using energy for
inefficient lighting is an unnecessary waste, figure 1.1. The omnipresent
light bulb only converts 5% of the electrical energy to visible light. The rest
of the energy is infrared light, i.e. heat. Although recent research suggests
that using a photonic crystal Tungsten filament in a light bulb might be
used to suppress the infrared light, this is only a research concept. [22] A
few recent documents show the omnipresence of the light bulb. A report of
November 1999 by I’Agence de ’Environnement et de la Matrise de 'Energie
of France showed that more than 60% of domestic lighting was generated
by incandescent lighting. [23] Note that these bulbs convert at most 5% of
the electrical energy to visible light. Another document by Photonics21, a
consortium of European partners, mentions that even now (2007) 40% of
lighting in the world is based on incadescent lamps. [4] 'Ban the bulb’
would be a step in a more durable future.

Recently, Australia, Canada and the E.U. have announced they intend
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Light source | Luminous Power | Luminous| Lifetime | CRI
power flux
efficiency

light bulb 6-18 Im/W | 100W | >1.300lm | 1.000h 95
low voltage | 8-20 lm/W | 50 W | 900lm 2.000h 95
halogen

high voltage | 13-29 95

halogen lm/W

light saving | 60-70 35 W | >3.000lm | >10.000h| 60-85
bulb Im/W

fluorescent 70-90 11'W | >500lm >10.000h| 60-85
tube lm/W

Table 1.1: Properties of some popular light sources. The luminous power
efficiency indicates the efficiency at which visible light is generated. The
power is the amount of power used by one of these light sources. The lumi-
nous flux gives an idea of the amount of visible light. The Color Rendering
Index (CRI) indicates how good colors can be reproduced with this light
source. A good CRI is from 80 to 100, which is the maximum. (source:

[25])

to ban the bulb. Moreover, Philips and General Electric, two of the world’s
top manufacturers of light bulbs, plan to phase out the incandescent light
bulb. [24].

Although alternatives for the light bulb are widely available, these alter-
natives never have had the same success as the light bulb. These alternatives
are given in table 1.1. Moreover, most incentives to replace the bulb have
come from governments. Therefore, energy efficiency probably is not the
deciding factor for domestic lighting. Other factors, such as perceived cost,
functionality, ease of use and lifetime, come into play. For example, [25]
states an old technology is replaced because of a paradigm shift. Thus,
not only should the performance be better, meaning more efficient light gen-
eration, but the new technology should allow functionality which previously
was impossible.

The ideal light source should be a cold light source which means that
all electrical energy should be converted in light. Its lifetime should be
extremely long. The shape of this light source should be easily changeable.
Solid State Lighting (SSL), both Organic Light Emitting Diodes (OLEDs)
and Light Emitting Diodes (LEDs) have the possibility to achieve these
properties.
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1.2 Solid State lighting

One crude definition of Solid State Lighting (SSL) might be: a light source
which is composed of at least two bulk materials. Also, the electrical prop-
erties of at least one of these two bulk materials have to be that of a semi-
conductor. Then, the interface between these two materials can generate
light if a current is applied. Because of the solid state of these two materials,
this approach appears to be more stable compared to light generated by a
Tungsten light filament or a gas discharge. This section gives two technolo-
gies which classify as SSL and a short review of their history. One of these
two will be the Organic Light Emitting Diode (OLED). To conclude this
section, we give some companies which commercialize technology of OLEDs.

Depending on the materials used to create the component, you have
either inorganic Light Emitting Diodes (LEDs) or OLEDs. The properties
of the used materials will influence the way the components are fabricated
and more importantly the size of the area in which light is generated, table
1.2 . This distinction is illustrated by figure 1.2. A LED is especially suited
for applications where a small dot with extremely bright light is desired.
On the other hand, an OLED is especially suited for large area diffusive
lighting. Nevertheless, it is possible to make a diffusive light with LEDs.
For example, think of the back light of some LCD screens. [26] Although this
work is mainly focused on lighting, other application areas where OLEDs
might excel are display applications. [27] Of these two types, the inorganic
LED has the longest history.

Light generation in a solid material had already been observed in the
beginning of the 20th century by two independent researchers. [28] However,
only in 1962, the semiconductor theory had advanced sufficiently to create a
red LED. This was done by Nick Holonyak Jr. Nevertheless, white light with
this technology only became possible by the development of a sufficiently
bright blue LED, for which a patent was filed in 1993. [29] An excellent
overview of the evolution of the field of LEDs can be found in paper. [25]
The first OLED came later, in 1987. [5] Then, in 1994, the first White
OLED was created. [7] However, a more complete overview of the history
of the OLED will have to wait until section 2.2.

A few of the companies which are commercializing LEDs and OLEDs
for lighting are Cree, Nichia, Seoul Semiconductor, OSRAM Opto Semi-
conductors and Philips Lumileds. Although Flanders has no companies
which fabricate LEDs or OLEDs, some small and middle sized companies
are specialized in designing fittings for lightings. Moreover, Flanders has a
center where research is more directed toward application of existing and
commercially available technology. [30]c
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(a) A white LED emits (b) A thin WOLED emits diffusive

bright light from an area light from an area of around 5 by 5 cm?
smaller than a few mm?. (source: Philips Research)

(source: Cree)

Figure 1.2: LEDs and OLEDs have different properties, which can be ap-
plied for different lighting applications, see table 1.2.

property LED OLED
luminous power efficiency 130 lm/W* 25lm /W
output power 25 lm > 1000 Im/m?
lifetime > 10000h > 10000h
CRI > 90 > 90
size 1000pm? 30 cm * 30 cm

Table 1.2: Comparison between state of the art Solid State Lighting (SSL)
devices. Properties come from literature.
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1.3 Extraction efficiency and spectrum of a
White Organic LED

Crudely stated, a White OLED (WOLED) for lighting has to have a high
luminous power efficiency. Therefore, the WOLED has to satisfy three
conditions. Firstly, we need to have a good conversion of electrical energy
to photons. Secondly, most of these photons have to escape the lighting
device. The fraction of photons which can escape the OLED is given by
the extraction efficiency. Thirdly, the human eye needs to be as sensitive
as possible for the wavelengths of these photons. Thus, the spectrum of
the OLED has to match the eye sensitivity. Though the focus of this work
are the last two conditions, chapter 2 also gives background on the first
condition.

Let us now focus on the second condition. Light has to escape the
OLED. To estimate the extraction efficiency, we start with the simplified
structure of figure 1.3(a). This OLED is a large area glass substrate on
which a stack of organic layers has been deposited. Basically, this OLED
is a large thin tile which emits light. However, its planar structure is the
reason for a low extraction efficiency. Why? Light can not go under an
oblique angle from organic layers to the glass substrate and light can not
go under an oblique angle from glass to air. This is known as Total Internal
Reflection (TIR): Light under a too oblique angle can not pass a planar
interface to go from a material with high refractive index to a material with
a low refractive index. Because of TIR, only 20% of the generated light is
extracted. In theory, corrugating the two interfaces eliminates TIR. Thus,
this corrugation might give an increase of the extraction efficiency. At the
end of this chapter we show that this work discusses several designs with
corrugated interfaces and numerical methods to simulate these structures.

The third condition sounds trivial: the wavelength of the generated
photons should match with the sensitivity of the human eye. The more
sensitive the eye is to a particular wavelength, the less power you need to get
the same ’experience’. If your OLED generates wavelengths for which the
eye is sensitive, the more effective your OLED. Thus, using wavelengths for
which the human eye is relatively insensitive should be avoided. However,
the human eye is especially sensitive for green, not for blue and red. We
experience green light as ten times more bright than blue or red light, even
though the radiant fluxes are equal. Thus, the trade off is the following.
On the one hand: you want as much green as possible to have a bright
source. On the other hand, you need wavelengths in the blue and green to
create white light, figure 1.3(b). However, depending on the "blue’ and 'red’
wavelengths, you can make a more effective OLED. Thus, another topic of
this work is to create an effective OLED by choosing the correct spectrum.
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light.

Figure 1.3: Two important properties of an OLED are its extraction effi-
ciency and the spectra of its emitters.
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1.4 Simulation tools for OLEDs

Simulation tools solve the equations of a numerical model which rep-
resents a real world device. By preference, the numerical model represents
a 3d device. We use simulation tools to minimize the amount of costly
prototypes by eliminating ’bad’ designs in an early stage. In our case, we
want an OLED design which has an extraction efficiency for light as high
as possible. Thus, we start with a numerical model of the OLED. Then,
we solve the equations of this model with a simulation tool. We will show
that there are two types of numerical models to model optical behavior. We
show that both numerical models are needed to model a substrate emitting
OLED. However, a combination of these two types of numerical models did
not exist. This is the contribution of our work.

To model the optical behavior of an OLED, we start with the integration
of Maxwell’s equations for the device of figure 1.3(a). Except for simple
structures, an analytical solution does not exist. Therefore, a numerical
model is required to numerically integrate Maxwell’s equations. Depending
on the thickness of the layer in the OLED, we classify two types of numer-
ical models. The first type models layers which have a thickness of many
wavelengths, such as the glass substrate. Then, light can be considered as
incoherent plane waves. The combination of two plane waves is simply the
sum of the energy flux of these two plane waves. The second type is used for
layers which have a thickness of at most a few wavelength, such as the stack
of organic layers. Then, light is considered as coherent plane waves. For
coherent light, the sum of two plane waves depends on their phase, these
two plane waves can ’cancel’ each other out. In chapter 3, we will show
that a combination of both types is required to model OLEDs which have
a corrugation on either side of the substrate.

1.5 This work

The focus of this work is to increase the luminous power efficiency of a
White OLED (WOLED). To increase the overall luminous power efficiency,
we have looked at the two questions of section 1.3. The first question is how
to increase the efficiency by increasing the light extraction. The second
question is how to increase the efficacy by matching the spectrum to the
sensitivity of the human eye.

The solution of the first question, how to increase light extraction ef-
ficiency, requires a design which has a corrugation of either the interface
between organic layers-glass or between the interface between glass-air. (sec-
tion 1.3 ) To simulate such a structure, a simulation tool has to combine the
properties of two types of numerical models, coherent and incoherent, such
as described by section 1.4. To the best of our knowledge, chapter 3 is the
first to combine coherent and incoherent numerical models to numerically
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integrate OLEDs .

To elaborate further on the first question, the previously described sim-
ulation tool has been used to optimize three structures with respect to the
extraction efficiency. The first design has interference layers between the
stack of organic layers and the glass substrate. This design is the RC?LED,
both simulation and experimental results will be the topic of chapter 4.
Although this design already has been proposed for inorganic LEDs, this
work describes the first experimental results. The second design has a grat-
ing between glass substrate and air. According to figure 1.3(a), the increase
of extraction efficiency is due to the elimination of TIR at the interface be-
tween glass and air. The third design has a grating between organic layers
and glass. Both numerical and experimental results are given in chapter 5.
The main novelty in this last chapter are the simulation results which show
the importance to include both coherent and incoherent waves.

A possible solution of the second question, how to increase the efficacy,
is given in chapter 6. This chapter starts by showing the most optimal
spectrum with respect to the luminous efficacy of a light source for a given
chromaticity. This work is the first which gives the impact of the spectrum
on the luminous power efficiency of an OLED with respect to the other
properties of an OLED.

Chapter 7 stands slightly apart from the previous chapters. This chap-
ter describes a numerical called 'complex Jacobi iteration’ which was an
alternative to the numerical model of chapter 3. Although it was less suited
to simulate OLEDs, this model proved to be interesting to model non-linear
optical components.

Finally, the basic conclusions and some perspectives of this work are
described in chapter 8.

Because all chapters can stand on their own, some repetition between
the different chapter may occur.
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Efficient Organic Light Emitting Diodes

Research into the White Organic Light emitting Diode (WOLED) for il-
lumination is really multidisciplinary. During the last two decades, the
increase of efficiency has required progress in physics, chemistry, optics and
optometry. This chapter gives a general overview of the published research.
Because of the central role of the extraction efficiency in this work, one
section completely focuses on optics.
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Figure 2.1: This perspective and cross section of a substrate emitting OLED
shows that light is generated in the stack of organic layers. A top view of
an OLED gives a large area of more than 100 square cm.

2.1 Structure and working principle of the
OLED

This chapter starts with a simplified structure of an Organic Light Emitting
Diode (OLED). As we will see, this structure is sufficiently general to
describe a large class of OLEDs. Therefore, this simplified structure can
be used as a starting point for the other sections. In this section, we also
briefly discuss organic electronics and organic solar cells.

The OLED of figure 2.1 generates light in a thin stack of organic layers
if a voltage is applied between the cathode and the transparent anode.
Note that this sketch is not to scale. Thus the organic layers, cathode and
anode combined are only in the order of a few hundreds nm, while the glass
substrate is a few mm. Also, the area on which the stack of organic layers
is deposited can be a few 100 square cm. Thus, the ultimate goal would be
a fabrication by cheap deposition of an efficient OLED stack over a large
area.

Applying a voltage gives an electrical current which is conducted by
electrons and holes. These recombine to a photon through an intermediate
state called the exciton. Though this description is quite general, it can be
applied to most OLEDs, both used for illumination and as pixel in a display.

[31][32][33][34][3]

Of course, the use of advanced organic materials is not restricted to
OLEDs. Indeed, section 2.3 shows that the electrical properties of the ma-
terials in an OLED are similar to those of semiconductors. Therefore, or-

ganic solar cells [35] have been made, OLEDs have been integrated with
"classical semiconductor electronics’ [36] and cheap organic electronics have
been created. [37] All these applications have principles similar to inorganic

semiconductors.
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2.2 Important landmarks

It now has been little more than 20 years, since the first article of a bright
green OLED with reasonable voltage (<10 V) was published in 1987. [5]
Because of the small organic molecules used, vapor deposition was required
for fabrication. Three years later, a green OLED with polymer organic
molecules, which are larger than the small molecules and which were de-
posited from solution, was published by [38]. Moreover, conjugated polymer
chains with high conductivity have already resulted in a chemistry Noble
prize. [39] Because both approaches, the small molecule OLED (sm-OLED)
and the Polymer OLED, each have typical advantages and disadvantages,
both approaches will be addressed in section 2.3.3. Moreover, each approach
has its own field of research.

In 1993, an article of the first White OLED (WOLED) was published.
The white light was created by three different emitters which were in their
own layer of the same stack of organic layers. Each emitter had its own
color. Although the luminous power efficiency was lower than 5% of that of
an incandescent light bulb, this was another important achievement. [7]

The increase of the electrical efficiency on the OLED has been the sub-
ject of two complementary approaches, both have been published in 1998.
The first approach is doping of some of the organic layers by either a metal
or an organic molecule, respectively [10] and [11]. This approach decreases
the voltage at which the OLED can operate. The advantage of organic
molecules compared to metal dopants is the higher stability of the OLED.
The second approach is using dyes in the organic layers which can convert
almost the energy of all electron-hole pairs into a photon. [8] These dyes
are called phosphorescent emitters, compared to the previously used fluores-
cent emitters, which only have a conversion of 25%. More details on these
approaches are given by respectively section 2.3.4 and 2.3.4.

An efficient blue phosphorescent emitter is at the moment of writing still
one of the major problems to achieve high internal efficiency. However, a
white OLED with a blue fluorescent emitter and a green and red phospho-
rescent emitter with a conversion of 100%, has recently been pusblished,
[42]. More details can be found in section 2.3.6.

As stated earlier, today the OLED is considered to be a technology for
efficient diffuse lighting sources or for bright displays and TVs. Although
adoption of OLEDs for displays has been slower than predicted in a roadmap
of 2004, [27], the first OLED-TV of Sony has hit the market at the end of
2007. To conclude, we mention two press releases on OLEDs for general
illumination. Firstly, the European funded OLLA-project has demonstrated
a lighting tile of 30 by 30 cm? with a luminous power efficiency of 50 Im/W
at 1000cd/m?2. The lifetime is 10000 hours. [1] Secondly, Universal Display
recently has claimed 102 Im/W at1000 cd/m?, but the press release does
not mention lifetime and size. [13] Note, no commercial light source to date
exist. However, given the progress in the field, it is more than likely that
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the OLED technology will find its way in mainstream applications.

2.3 Converting electrical power to photons

2.3.1 Introduction

The properties of the organic layer stack are important for both electrical
and optical properties. The organic layer determines how much electrical
energy is converted to photons. Also, the organic layer stack determines
how light propagates in an OLED. Because of the central role of the organic
layer stack in light propagation, this will dealt be with in a separate section,
section 2.4. But this section starts with the structure and the electrical
properties of the organic layer stack. Often, the design freedom of the
structure of the organic layers is limited by its electrical properties. Thus,
understanding electrical properties helps to understand the limitations on
techniques which can be used to increase the extraction efficiency and the
luminous power efficiency.

This section has four topics. Firstly, section 2.3.2 shows a simplified
model on how current is converted to photons. Secondly, section 2.3.3 gives
two main classes of OLEDs: polymer OLEDs and small molecule OLED
(sm-OLED). In this section, we will see how each class influences the optical
design. Increasing the conversion of electrical energy to photons is discussed
in the next two sections. So, the third section, section 2.3.4 is about doping
with dyes and section 2.3.5 is about doping the transport layers.

2.3.2 Band diagram of an OLED

For this work, a simplified model of the electrical properties of an OLED
suffices. This model gives an idea how current is converted to photons.
Thus, this model can be used as a starting point to understand the band
diagrams which are found in literature. As we will see, this model is quite
similar to the models used for inorganic LEDs. For example, the minimal
voltage to create light can be estimated based on this model. To start, let
us look at figure 2.2.

This figure shows the electrical band diagram of an ideal OLED to which
a voltage of 2.6 V has been applied. This voltage is just big enough to
straighten the energy levels of the band diagram. These energy levels are
the lines in figure 2.2. If a voltage is applied, negatively charged electrons go
from the cathode through the Lowest Unoccupied Molecular Orbit (LUMO)
of the organic layers to the anode. Also, positively charged holes go from
anode through the Highest Occupied Molecular Orbit (HOMO) of the or-
ganic layers to the cathode. Electrons can not have energies between LUMO
and HOMO.

Electrons and holes form an intermediate exciton and decay radiatively.
If the distance between LUMO and HOMO is given, both the minimal
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voltage of the OLED and the wavelength of the photon are known. For
example, the energy distance between LUMO and HOMO is AE = 5.4 —
2.8¢V = 2.6eV. Then, dividing the energy in eV by the elementary charge
gives the corresponding voltage: 2.6 V. Also, the relation between energy
and the wavelength of the photon is given by the well known equation:

AE = hu=he/A (2.1)

Starting from this equation, the external quantum efficiency of an OLED,
Newternal, can be estimated. [6] This external quantum efficiency gives the
amount of power needed to generate optical power:

h
Nexternal - bl T%nrecombnoptical (22)

Three electrical parameters in this equation are the fractions of excitons
formed by electron-hole pairs (b1), the needed electrical energy (AFE) and
the amount of excitons which decay to a photon 7,ccoms. Moreover, the two
optical parameters are the frequency of the photons (i) and the extraction
efficiency (Mopticar). For an ideal OLED, we would by = 1, Nyecoms = 1 and
AFE = hpu.

Again, the previously described model is a simplification. However, this
model is a starting point to understand the band diagrams which are com-
monly used in literature. Literature shows how conversion decreases due to
mismatch between energy levels, no exciton formation (b; < 1), non radia-
tive decay of the exciton (7 ecoms) or Ohmic losses (V too high) can decrease
conversion. Each of these topics will be addressed in the next subsections.

2.3.3 Small molecule OLEDs versus Polymer OLEDs

As stated in the introduction, the fabrication methods for small molecule
OLEDs (sm-OLEDs) and Polymer OLEDs are different. The different fab-
rication methods give different layer structures and different properties, as
can be seen on figure 2.3. Much more complicated multilayer stacks are
possible for sm-OLEDs than for Polymer OLEDs.

Let us begin with a detailed comparison of the fabrication technologies.
Then, the difference of the organic layer stack properties are discussed where
we put special emphasis on the optical behavior.

On the one hand, fabrication of sm-OLEDs requires vacuum deposition.
[11] On the other hand, fabrication of Polymer OLEDs can be done from
solution. Thus, spin-coating and even printing on flexible metal foils is
possible. [45] [36] As we will see, the first methods might result in higher
efficiency, while the second might be cheaper.

The vacuum deposition techniques give a large control over the thickness
of a layer which is deposited. Solution based techniques do not have this
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Figure 2.2: Band diagram of an ideal OLED. Applying a voltage gives an
electrical. In the organic layers, you have electrons in the Lowest Unoccu-
pied Molecular Orbit and holes in the Highest Occupied Molecular Orbit.
Recombination of electrons and holes give a photon via an intermediate
exciton.

control. Thus, in sm-OLEDs, higher control over the electrical behavior
than the Polymer OLEDs fabrication is possible. Also, because of the con-
trol over electrical properties, the recombination and emission zone can be
located at an optically optimal position. Thus, sm-OLED have better ex-
traction efficiency. A complex multilayer structure might even be absolutely
necessary to achieve ultrahigh luminous power efficiencies. [16] Although
this paper also refers to methods to make more complex layer structures
with solution-processed devices, this is not common practice. On the other
hand, Polymer OLEDs can have anisotropic properties. [417] For example,
anisotropy can give a larger fraction of in plane dipoles, which is beneficial
for the extraction efficiency. To the best of our knowledge, this route has
not been explored further.

Solution based fabrication of Polymer OLEDs appears to be more suited
for mass fabrication than the vacuum deposition of sm-OLEDs, due to the
possible lower cost. However, inline fabrication can achieve high vacuum
throughput while maintaining the precise control needed for the layer thick-
nesses. Inline fabrication has been presented in 2004. [18] A full color device
followed shortly. [49] [50] Finally, the inline evaporation of an advanced ef-
ficient device also has been presented. [51] Thus, a lot of effort is put in
making mass fabrication of sm-OLEDs.

In conclusion, though in theory the Polymer OLED is more suited for
mass fabrication than the sm-OLED, the sm-OLED outperforms the Poly-
mer OLED in terms of luminous power efficiency. The main reason might be
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Figure 2.3: The layer structure of a small molecule OLED is more complex
than the layer structure of a Polymer OLED. Note that these figure are not
on scale, the substrate thickness is at least a few mm.

the precise control over electrical properties and the location of the emission
zone.

2.3.4 Doping the emissive layer with dyes to improve
internal quantum efficiency

Using dyes can greatly increase the fraction of excitons which excite a pho-
ton. Two types of dyes exist. Both types are used in either Polymer OLEDs
or small molecule OLEDs (sm-OLEDs). On the one hand, we have fluores-
cent emitters of which the Internal Quantum Efficiency (IQE) is limited to
25%. This IQE gives the fraction of photons to electron-hole pairs. On
the other hand, we have phosphorescent emitter which can have an IQE of
100%.

At time of writing, stable green and red phosphorescent emitters have
been identified, a stable blue phosphorescent emitter not. This section aims
to show the difference between these two types of dyes. At the end of this
section, we also give an overview of companies which sell dyes.

Photon generation in an OLED requires two steps. Firstly, an electron-
hole pair forms an intermediate state, the exciton. Then, this exciton has to
radiatively decay to give a photon. Let us first look at exciton generation
in detail. Then, we will show that for the second step dyes are needed.

Excitons are formed by one electron and one hole. Therefore, the total
spin angular momentum of the exciton is either S=0 or S=1. These excitons
are respectively singlets and triplets. If we have a spin-independent exciton
formation, every exciton state has equal chance of being formed. Because
figure 2.4 shows four possible states, the chance of each state is 25%. Note
that the assumption of spin-independent exciton formation is only correct
for sm-OLED. Indeed, the singlet-triplet ratio of Polymer OLED can go
to 50%-50%. [52]. So, in an OLED, the singlets, which have spin angular
momentum = 0 make up 25% of the total excitons.

However, radiative decay of an exciton to a photon only happens if the
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Figure 2.4: Singlet versus triplet states

spin angular momentum is 0. Even then, dyes are needed to convert these
25% of the excitons. These dyes, which we call fluorescent emitters, increase
the rate of radiant decay. This gives a decrease of the fraction of singlets
which decay non-radiatively. However, a paper of 1998 showed dyes which
gave a radiative decay of triplets in a small molecule OLED. [8] These dyes
are called phosphorescent emitters. Later work even resulted in an IQE
of almost 100%. [53] For Polymer OLEDs, phopshorescent emitters with
an internal quantum efficiency of 100% were published in 2006. [46]. So,
phosphorescent emitters are needed to achieve high efficiency.

As said before, only stable phosphorescent emitters for green and red
have been identified. Although we have a blue phosphorescent emitter,
FIrpic, [541] [55] a deep blue stable phosphorescent emitter still is outside
reach. [56]. However, having no stable blue phosphorescent emitter can
be circumvented for white OLEDs. We will come back on this remark in
section 2.3.6.

A few companies can be found to buy dyes from. For example, Universal
Display Coorporation, Merck and Kodak sell fluorescent and phosphorescent
dyes for small molecule OLEDs. Cambridge Display Technology and Merck
are producing fluorescent and phosphorescent dyes for polymer OLEDs.
Note that only in July 2007 Cambridge Display Technology has been bought
by Sumitomo Chemical.

2.3.5 Doping the transport layers to lower the voltage

Doping the transport layers in an OLED stack lowers the voltage, which di-
rectly improves the efficiency. Let us start with the lowest voltage needed.
Equation 2.1 shows that a ’perfect’” OLED requires about 2.4-2.8V, depend-
ing on the wavelength of the light. The lowest voltage is limited by the
thermodynamical limit. [57] We will now discuss the influence on optical
and electrical properties of doping the transport layers.

To optimize optical extraction, doped transport layers can help to place
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the emissive layer at the most optimal location of the optical design, with-
out negatively influencing the electrical properties. Indeed, because of the
higher conductivity, the thicknesses of the doped layers can be varied with
minimal impact on the electrical behavior. This optimal location of the
emissive design will be addressed in section 2.4.

The other advantages result in an improvement of the electrical proper-
ties, as described by [40]. This paper describes doping the transport layers
with metal particles. For stability, molecular doping however is superior.
[41]. The improvement of the electrical properties is caused by two effects.
The first effect is the much higher bulk conductivity of the hole transport
layers. This results in a lower driving voltage of the OLED, which directly
influences the efficiency. Decreasing the voltage by a certain factor auto-
matically gives a efficiency increased by that factor. Of course, the lowest
voltage you can have for an OLED is in relation to the most energetic
photon which this OLED emits. (eV = hu , [6]) The second effect is the
improvement of the electrical behavior at a metal/organic interface. A high
doping of the organic interface leads to an efficient injection of holes at the
metal/organic interface, similar to highly doped Schottky contact at an in-
organic semiconductor surface acts as a Ohmic contact. Thus, adaptability
to various substrates becomes possible.

Commercialization of these techniques has been done by NOVALED
with their PIN-technology. Electron Transport Materials have been com-
mercialized by Sanyo and Hole Transport Materials by Xerox.

2.3.6 Generating white light with OLEDs

Different OLED structures can be used to generate white light. Usually,
white light requires at least two different colors. Generating at least two
colors in one structure can be done with a wide variety of structures. These
structures are discussed in this subsection.

First, we look at structures which can be applied for both sm-OLED
stacks and polymer OLED stacks. Then, we will look at structures which
use more complex layer stacks. Then, a sm-OLED needs to used.

Figure 2.5 shows three approaches which can use a less complex organic
layer stack for white light.

First, the OLED stack of figure 2.5(a) emits light over a short bandwidth.
Then, a downconversion layer, most often a phosphorescent layer, absorbs
and re-emits light with a longer wavelength. Thus, an efficient blue emitter
has to be used. [58] Note, an efficient blue stable emitter is still to be found.
Secondly, the structure of figure 2.5(b) combines the light of three distinct
OLEDs. [34] Thirdly, the structure of figure 2.5(c) uses one layer stack
which generates white light.

Now, let us compare these three approaches. The structures of figures
(a) and (b) are already commonly used in inorganic LEDs for illumination.
Also, these approaches can have higher efficiency than the approach of (c),
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mainly due to the higher efficiency of an OLED with a limited bandwidth
range, compared to an OLED optimal over a large bandwidth range. For
example, we will see in chapter 4 that the extraction efficiency is much
easier to optimize for a small bandwidth range. The first structure also
has the advantage of low differential aging. Differential aging means that
two different colors of a structure shave a different degradation time. If
the phosphor of the down conversion layer has a long lifetime with respect
to the lifetime of the blue emitter, the color of the structure will be quite
stable. The third structure generates all colors in one stack. Thus, different
dopants can have different aging. However, this color shift has recently been
addressed. [59]

The optical design of the structure of figure 2.5(c) has the advantage that
its fabrication process only requires deposition of one stack organic layers on
one substrate. However, designing an efficient stack of organic layers is no
small feat. Different types of stack of organic layers can be used to produce
white light. For polymer OLEDs, all emitters need to be embedded in the
only layer of that OLED. For sm-OLEDs, more approaches exist as can be
seen from figure 2.6.

Figure 2.6(a) shows how light is generated in one emissive layer. Either
multiple dyes may be used in one emissive layer [7] or one single dopant can
give white light. [60] The approach of figure 2.6(b) uses an emissive layer
for each dye. This approach allows to place the emissive layer of each color
at their own ideal optical place. The most efficient WOLEDs in literature
use either a complete phosphorescent device or a blue fluorescent dye in
combination with fluorescent green and red emitters. For example, [33]
discusses an OLED with three phosphorescent dyes. However, because the
low lifetime of the blue phosphorescent emitter, a stable structure has been
presented with a blue fluorescent dyes and green and red phosphorescent
dyes. [17] Note that the internal quantum efficiency is limited by the blue
fluorescent emitters. However, only recently, some layer stacks with a blue
fluorescent emitter can circumvent this low internal quantum efficiency. [412]
[61] The singlet excitons decay radiatively on the fluorescent dye, the triplets
however go to the phosphorescent dye.

Figure 2.6(c) can be seen as a concatenation of the stacks of figure 2.6(a)
and 2.6(b). A commonly used name for this approach is the multistack
OLED. [62] Note this approach makes it difficult to place the emissive layers
at their optimized optical place. However, this approach is beneficial for
efficiency and lifetime. Indeed, this OLED requires less current to achieve
the same brightness. If each set of emissive layers gives a brightness of I,
then using n sets of layers, gives a total brightness of nl, but for the same
current as one set of emissive layers. This lower current has a positive effect
on lifetime and efficiency. However, additional layers have to be inserted
between the two emissive to ensure a proper generation of electrons and
holes. Moreover, the voltage of this structure scales linearly with the number
of emissive sets. Having n sets gives a voltage of nV, where V is the voltage
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Figure 2.5: Different device structures to generate white light. (pictures
adapted from [31]) (a) Some of the generated blue light is downconverted
to orange/red. [58] (b) Each color is generated by a separate OLED-pixel.
(c) White light is generated in one stack of organic layers. (see also figure
2.6)
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Figure 2.6: White light is generated in one stack of organic layers. (a) All
dyes in one emissive layer (b) Each dye, its own emissive layer. (c) Stacking
multiple sets of emissive layers allows to lower the current while keeping the
same brightness.

over one set.

This section has given different approaches to create white light. Regard-
less of the structures, we can formulate some rules of thumb. Generating
only one color per stack gives the highest flexibility to improve optical and
electrical properties, figure 2.5(a) and 2.5(b). These structures can be used
for both polymer OLEDs and sm-OLEDs. If we generate multiple colors in
one stack, the dyes are best placed in their own emissive layer, figure 2.6(b).
This approach however is restricted to sm-OLEDs. In the following section,
the optimal location of the dipole is determined for an OLED. Depending
on the type of OLED used, figure 2.5, it might be difficult to pinpoint the
emissive layer at that specific location.

2.4 Extracting photons

2.4.1 Introduction

Light extraction plays a key role to achieve OLEDs with a high luminous
power efficiency. For example, equation 2.2 already shows how the radiant
flux linearly scales with the extraction efficiency. However, the extraction
effic This section derives this crude estimation with some basic assumptions.
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organic layer 47 %
substrate 34 %
air 19%

Table 2.1: Fraction of light in each layer

To estimate the extraction efficiency, the simplified OLED of figure
2.7(a) is used. As stated before, the low extraction efficiency is caused
by TIR. TIR happens when light which is under a too oblique angle, goes
from a material of high refractive index to a material of low refractive index.
At the interface between these materials, light under a too oblique angle is
completely reflected. The smallest angle for which TIR happens, can be
calculated by substituting 2 = 7/2 in Snellius’ law:

nq sin(fy) = ng sin(fz) (2.3)

This smallest angle 61 then is the critical angle 6.. Now, to simplify the
situation, we make two assumptions. First assumption: if light is incident
under an angle 0; < 0., we have full transmission. And, if light is incident
under an angle 6; > 6., we have TIR. Second assumption: light emission
in the organic layer is completely uniform.

With the refractive indices of the simplified OLED of figure 2.7(a), we
now find for the extraction efficiency:

27(1 — cos(arcsin(if))) 2m(1 — cos(arcsin(12)))
= _ o L7777 _ 19% (2.4)

Also, we can calculate with these assumptions the values for table 2.1, which
gives the fraction of energy in each of the layers.

Note that we only consider the first and last layer of figure 2.7(a) to
find the angle of total internal reflection. That extraction efficiency does
not depend on the intermediate layers comes from the second assumption.
As long as these intermediate layers have a sufficiently high refractive index
and low losses to support light transmission, these layers can be ignored.
Thus, even an almost perfect AR-coating, such as the one described by [63],
would not improve the extraction efficiency.

To increase the extraction efficiency, we can distinguish two strategies.
Firstly, interference effects can change the angular emission in glass and thus
the amount of light inside the extraction cone of the substrate. Then, these
interference effects can be introduced by adding interference layers between
organic layers and substrate. Secondly, figure 2.8 shows how corrugations
can eliminate TIR at each interface.

Although the main focus of this work is increasing extraction efficiency,
the angular emission of an OLED will also be discussed. This property is
usually expressed in radiant intensity which gives the power per unit solid
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Figure 2.7: An OLED is limited by total internal reflection.
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Figure 2.8: A corrugation can be placed at the interface between the organic
layers-substrate and the interface between the substrate and air.
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angle, which is emitted by an effective area. For a diffuse light source, we
aim to have Lambertian emission. [64] For an observer, this gives a surface
which has the same brightness regardless of the viewing angle. Thus, the
radiant intensity has to vary with the cosine of the angle between view angle
and the direction perpendicular to the surface.

To conclude, for a simplified OLED, we estimate an extraction efficiency
of 19%. The following seven sections will now discuss the extraction effi-
ciency in more detail. The first two sections, 2.4.2-2.4.3, will discuss the
shortcomings of the simplified model of this section. Then, section 2.4.4
discusses a principle to determine the contribution of multiple round trips
to the extraction efficiency. To finish, sections 2.4.5 to 2.4.8 discuss tech-
niques to increase the extraction efficiency.

2.4.2 Refractive indices of the OLED stack

To determine the propagation of an electromagnetic wave, the refractive
indices in which this wave propagates, are necessary. Thus, any optical
model of an OLED uses the refractive indices as a starting point. Therefore,
this section gives some representa

Roughly speaking, we can distinguish four regions: the cathode, the
stack of organic layers, the anode and the substrate. In each of the regions,
the refractive index is more or less the same.

Our first focus is the refractive index of the stack of organic layers. In
most of the papers we refer to, these layers are assumed to have a refractive
index of around 1.7-1.8. Moreover, these papers assume isotropic refractive
indices. This is valid for OLEDs based on small molecule OLEDs, but this
may not be true for polymer OLEDs. Section 2.3.3 already showed that the
difference is due to the fabrication method. In a sm-OLED, the deposition of
the molecules gives no preferential direction. For polymer OLEDs, solution
based fabrication gives a preferential direction in which the molecules are
laid down. In turn, the optical properties will be anisotropic. Moreover,
this anisotropy is uniaxial, which means the value of the refractive index
perpendicular to the interfaces is different from the refractive index parallel
to the interfaces. [65]

The cathode and the anode can impact the optical behavior of an OLED,
besides the impact on the electrical properties. Although for the cath-
ode a number of options exist, most papers discuss either Silver (Ag) or
Aluminium (Al), mostly in combination with a very thin LiF layer for bet-
ter electron injection. The main optical difference between these cathodes
is the better reflectivity for red light of the silver cathode compared to the
aluminium cathode. The exact refractive index depends on the fabrication
process. Therefore, the refractive indices will be discussed later on.

The most used anode for substrate emitting OLED is Indium Tin Oxide
(ITO). Because of the grown popularity of ITO in displays and detectors,
the price of Indium has steadily increased during the last decade. So, ITO’s
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increasing price has been the incentive to find replacements. One promising
alternative for ITO, PEDOT:PSS formulation Baytron PH500, has been
synthesized by Starck and has been succesfully applied for OLEDs. [60]
Optical absorption of PEDOT:PSS however is a few orders of magnitude
larger than the highly transparent ITO. This disadvantage will be addressed
in chapter 5. Another alternative, ZnO, also has been published, [67]. Both
alternatives have a refractive index which is lower than the refractive index
of ITO: niro = 1~977LPEDOT = 1.47.

The previously mentioned anodes and cathodes are mostly used for sub-
strate emitting OLEDs. For top emitting OLEDs, the cathode can also be
Ag or Al. However, for top emitting OLEDs, the anode usually is a thin
semi-transparent metal layer of around 10-20nm sits between the organic
layers and air. [68]

To conclude, the refractive indices of figure 2.7(a) are sufficient for the
simplified model of section 2.4.1. However, to rigorously model an OLED,
more accurate refractive indices have to be used.

2.4.3 Interference effects to determine the optimal dipole
location

This section refines the simple model of section 2.4.1 by taking into account
Fresnel reflections at interfaces. The simple model of section 2.4.1 assumed
to have either full transmission or to have total reflection at an interface.
However, the reflection at the interface between two materials varies with
the incident angle. This section discusses the impact of Fresnel reflections.

Figure 2.9 shows an important consequence of light reflection: interfer-
ence effects can occur. A plane wave makes multiple round trips. During
each round trip, we have either constructive or destructive interferences
which in turn give a higher or lower angular emission in a given direction.
Then, an increase of the angular emission in the extraction cone increases
the extraction efficiency. The focus of this section is to optimize the extrac-
tion efficiency by tuning two parameters: the location of the emissive zone
and the thickness of the organic layers.

Now, to calculate the extraction efficiency, we use the simplified OLED of
figure 2.9. A dipole is placed inside the organic layers at a certain distance
ze with respect to the cathode. We assume the cathode to be a perfect
reflector. The refractive indices of the organic layers and the substrate
are given by respectively norg = 1.7 and ng,, = 1.5 Also, the thickness of
the organic layers is given by tors. Now, figure 2.10 gives the extraction
efficiency in function of these two parameters. The calculation has been
performed by calculating the total light inside the extraction cone of the
substrate with the tool of chapter 3. We see that the extraction efficiency
is maximal at:
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organic layers

substrate \ ’

Figure 2.9: Interference effects happen because of reflection at two inter-
faces: cathode-organic layers and organic layers-substrate. These reflections
determine the optimal position of the emissive zone and the thickness of the
stack of organic layers. (adaptation of [69])
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The optimal distance of the dipole with respect to the cathode is a
quarter of the effective wavelength and the optimal thickness of the organic
layers is around three quarters of the effective wavelength. The effective
wavelength is defined as the ratio of wavelength to refractive index. The
first condition of equation 2.5 sometimes is called wide-angle interference,
the second condition sometimes is called multiple-beam interference. [69]

For these two conditions, we have constructive interference. Indeed,
a plane wave which starts from the dipole of figure 2.9 travels A/4n, in
the perpendicular direction before reaching the mirror. This is a phase dif-
ference with respect to the source of m/2. Then, the perfectly reflecting
mirror gives an additional phase shift of 7. If this plane wave is back in
the emissive region, it has total phase difference of 27. A similar reason-
ing gives constructive interference for the second condition of equation 2.5.
Thus, these conditions directly follow from the assumption that we need
constructive interference in the perpendicular direction.

In both cases, every round-trip of a perpendicular traveling plane wave,
constructive interference happens, and thus this direction is favored above
other directions. More light is emitted in the extraction cone and less light is
emitted off-axis, which in turn gives an increase of the extraction efficiency.
A similar reasoning can be used for off axis interference effects, as will be
discussed in chapter 4.
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Figure 2.10: The extraction efficiency is given in function of the dipole
location with respect to the cathode (z.) and the thickness of the organic
layers (torg). (adaptation of [69])

2.4.4 Direct transmission through the substrate of an
OLED

This section discusses the maximal direct transmission through a lens on
top of the substrate of an OLED. Here, direct transmission means the light
which directly passes through the substrate. Thus, this light does not make
multiple round trips in the substrate before extraction. Though we use a
lens, the principle of this section is also valid for other extraction techniques.
The reason for this section is to make a clear distinction between light ex-
traction by direct transmission and by multiple round trips in the substrate.
Both mechanisms can increase the extraction efficiency. For example, we
can use instead of one big lens an array of micro lenses. However, the size
of the lenses determine how much of the extraction efficiency is contributed
by direct transmission and how much by multiple round trips. Thus, esti-
mating the maximal direct transmission helps to distinguish between light
which is extracted in direct transmission and light which is extracted by
multiple round trips.

Let us begin with the increase of the extraction efficiency by using a
lens on top of the substrate. Table 2.1 showed that about 34% of the
total generated light is trapped in the substrate by Total Internal Reflection
(TIR). Only 19% escapes to air. To eliminate TIR, we can place a large lens
on top of the OLED. Then, all light is incident on the curved surface under
an angle smaller than the critical angle (6.). Now, almost all light can pass
the substrate in direct transmission. Thus, we have an extraction efficiency
of almost 34% + 19%. However, this conclusion uses two assumptions.
Firstly, light is perpendicular indicent on the surface of the lens. Secondly,
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Figure 2.11: Conservation of étendue can be used to express the limitations
in direct transmission.

we neglect losses due to Fresnel reflections.

Thus, to extract all light in direct transmission, we need a very large
lens. Indeed, the relation between the size of the lens and the fraction of
light which passes the substrate in direct transmission directly follows from
conservation of étendue. [70] Etendue gives the relation between the area of
a surface through which a ray passes, dA;, and the solid angle under which
the illuminated surface is seen, d§215.

dA1dQ = dAsdQs (2.6)

Without going into details, this definition indicates that conservation of
etendue is related to conservation of radiance. Also, étendue is especially
useful for optical systems which are much larger than the wavelength of light.
Then, we may use basic ray optics to describe the optical behavior for the
system. Conservation of étendue implies that étendue never increases, only
decreases, regardless of the optical system.

Although equation 2.6 is trivial to prove for the system of figure 2.11(a),
this equation is valid for any optical system, regardless of the number of
lenses between the two surfaces. If the two surfaces dA; and dAy are at
locations with different refractive indices, this equation has to be adjusted
as can be seen from figure 2.11(b):

nfdAlngl = n%dAngm (27)

Now, let us apply conservation of étendue to determine the minimal size
of a lens to have maximal direct transmission through the substrate. For
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numerical values, we use figure 2.7(a). So, we have light which comes from
a surface of dA; in a refractive index n; = 1.5. We want this light to go
in direct transmission to an area dA, with a refractive index no = 1.0.
Because light can be under any angle at both sides:

dQQl = dle =27 (28)

Thus, equation 2.7 shows that for direct transmission through the
substrate, the area after the lens (dAs) has to be at least 2.25 times larger
than the active region (dA;) of the OLED. Note that this area after the lens
is equal to the ’flat’ bottom of the lens, not the curved surface. Important,
we learn that an array of micro lenses will not increase light extraction
by improving the fraction of light in direct transmission. Instead, a large
fraction of light will be reflected at the lens-air interface. Extraction only
happens through scattering after multiple round trips.

In conclusion, conservation of étendue helps to estimate the minimal size
of a lens to have direct transmission through the substrate. If we do not
wish to use such a large lens, multiple round trips will play a key role to
determine the extraction efficiency.

2.4.5 A high refractive index substrate

One simple way to eliminate Total Internal Reflection (TIR) at the inter-
face organic layers-substrate is by matching the refractive indices of organic
layers and substrate. In section 2.4.1, we already saw that the interface
between organic layers and substrate limited the extraction efficiency to
50%. The refractive indices are respectively 1.7 and 1.5. Thus, using a high
refractive index substrate increases the fraction of light which can escape to
the substrate. [71]

A high refractive index substrate increases the amount of light which
is trapped in the substrate. For a planar OLED, the actual extraction
efficiency is not increased. Only indirectly, the extraction efficiency can be
increased by using lenses. Indeed, according to section 2.4.1, the estimated
extraction efficiency of a planar OLED does not depend on the intermediate
substrate layer. However, lenses might be used to extract light which is
trapped in the substrate. If we use lenses, we again can use equation 2.7
of section 2.4.4 to estimate the fraction of light which is extracted in direct
transmission. We see that using a substrate of higher refractive index lowers
the fraction of light which can escape in direct transmission.

So, using a substrate with higher refractive index increases the amount
of light which can escape to the substrate. Lenses then can extract this
light. However, a higher refractive index substrate requires more multiple
round trips for the light to be extracted. To the best of our knowledge, the
referred paper is one of the few which mentions this route.
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2.4.6 Interference layers

Multiple layers with different refractive indices between the organic layers
and the substrate can increase the extraction efficiency by changing the
angular emission.

The angular emission strongly depends on the amplitude and phase of
the reflection at the anode and at the cathode. Then, constructive and de-
structive interference changes the angular emission in the substrate. How-
ever, if we increase the fraction of light inside the extraction cone, the
extraction efficiency can be increased. Note that interference effects are
highly wavelength dependent. Thus, depending on the angle, the color of
the OLED may shift. Also, we still have Total Internal Reflection (TIR) at
the interface substrate-air. This section gives an overview of the different
approaches described in literature.

Let us begin with one interlayer at the transparent side of an OLED. For
a substrate emitting OLED, we can use an interlayer between anode and
substrate. Then, the interference layer can have a refractive index either
higher or lower than the substrate. [70] [72] For example, a thin silver layer
between anode and substrate theoretically gives a relative improvement of
more than 2. [70] The relative improvement of other high refractive index
materials as interlayers is much lower, because of the lower reflectivity. If
we use an aero-gel with a low refractive index of n = 1.03 (!), experiments
show an improvement of the extraction efficiency by a factor of 1.8. [72]
However, simulations do not show this improvement. [70] This article claims
that the increase of extraction efficiency is caused by scattering as opposed
to micro cavity effects. The extraction efficiency of a top emitting OLED
also benefits from one interference layer at the transparent cathode. [73]
Strictly speaking, light intensity in the forward direction increases by a
factor of 1.7. However, these experiments show a change of the emission
spectrum of the green OLED. This change indicates a wavelength dependent
extraction efficiency.

Other papers use a more complex set of interlayers at the transparent
side of the OLED. One of the most well know set of interference layers is
the Bragg mirror for a substrate emitting OLED. This mirror is created
by an alternation of layers of low refractive index and high refractive in-
dex. Because the thickness of these layers is a quarter wavelength, a very
strong reflecting mirror can be created. High reflectance is needed for high
interference effects. One of the first papers with such a complex mirror use
this mirror as a highly wavelength dependent filter. [74] At three peaks, a
minor improvement is noticed. However, at others wavelengths, light ex-
traction is strongly decreased. For lighting applications, which require a
very broad wavelength range, a filter is disadvantageous. However, display
application may make good use of this behavior. Filtering the correct colors
gives very saturated colors, which are beneficial to create a large gamma
of colors. Nevertheless for lighting applications, no overall improvement of
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the extraction efficiency is noticed. A similar approach has been used in
[75]. Three peaks give an increase of the brightness of 1.6. However, the
extraction efficiency is decreased at other wavelengths.

Wavelength dependence of the angular emission can be decreased by
sacrificing some of the increase of the extraction efficiency. [76] Numerical
simulations show how the dispersive properties of the refractive index of the
interference layers improve the angular dependence.

Now, we can also tune the extraction efficiency by using a different cath-
ode in a substrate side OLED. [77] Mostly, an Al-cathode is used. However,
different cathodes, such as silver (Ag) and Aluminium (Al), have a different
reflectivity. Thus, the extraction efficiency depends on the cathode and
on the interference layers at the anode-substrate side. [77] shows that the
extraction efficiency of an OLED without interference layers at the anode
side does not depend on the cathode. But, the increase of the extraction
efficiency for an OLED with interference layers depends on the cathode.
For two OLEDs with the same interference layers and Al or Ag cathode,
the relative increase of the external quantum efficiency is 15% and 60%
respectively. Two remarks. Note the improvement of only 15% is not in
contradiction with the results of the previously described papers. This pa-
per averages the external quantum efficiency out over the total emission
spectrum of the red emitter. The previously described papers focus on one
wavelength. Secondly, the better result of the OLED with Ag-cathode is
limited to red. The reflectance of silver is only higher for wavelengths in
the red. For other wavelengths, such as blue and green, the reflectance of a
silver or aluminium cathode is almost equal. Thus, for red, an Ag cathode
gives a higher extraction efficiency than an Al-cathode. But, averaging over
a wide wavelength range limits the increase of the extraction efficiency for
both cathodes.

In conclusion, the maximum relative improvement for one wavelength
of an OLED with interlayers is around 70%. However, this positive effect
is mostly cancelled out by the decrease of the extraction efficiency at the
other wavelengths. Based upon these findings, chapter 4 will discuss a novel
type of interference layers for OLEDs: the RC2LED. This section also has
shown that a highly reflective cathode such as Ag can improve the extraction
efficiency. However the two most commonly used cathodes, Ag and Al, have
equal reflectance for blue and green emission. For red emission, Ag shows
an increase of the extraction efficiency compared to Al. A more detailed
discussion of corrugations like microlenses in combination with interference
layers will be in section 2.4.7.

2.4.7 Corrugation of the interface between substrate
and air

A corrugation of the interface between substrate and air increases the ex-
traction efficiency by eliminating Total Internal Reflection (TTR) at this in-
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terface. Note that TIR always is present, even if the 'perfect” Anti-Reflection
coating of [63] is placed between substrate and air. Only a corrugation of
an interface can eliminate TIR. For example, figure 2.8 shows a sketch of an
array of micro lenses on top of the substrate. These micro lenses typically
have a base area of a few tens of micrometers by a few tens of micrometers.
Thus, the size of this corrugation is much larger than the wavelength we
want to extract. Micro lenses have been extensively discussed in literature.
The main reason for their popularity is their easy attachment to an OLED.
We simply attach a foil which has micro lenses on top of a flat OLED with
a refractive index matching gel.

Let us first determine how light extraction works for an array of micro
lenses. Indeed, section 2.4.4 was on direct transmission through the sub-
strate in function of the size of the base area of the lens. The base area of
a lens has to be at least 1.52 times the active area to extract all light by
direct transmission through the substrate. If the base area of the lens(es) is
smaller, light has to make multiple round trips before leaving the substrate.
Thus, for micro lenses or other corrugations of the substrate, scattering
after multiple round trips will be the main mechanism for light extraction.

One article gives a relative improvement of 50 % for an OLED with
microlenses of 10 pm. [78] Another paper theoretically and experimentally
verified that the optimal base surface of micro lenses is around 10 pm. [79]
However, an experimental improvement of 80% was found.

The increase of the luminance in function of the ratio of the base surface
of the lens area to the total area has also been investigated. [12] A relative
improvement of 60% is found if there is no distance between microlenses.

Finally, micro lenses can be used in combination with interference layers.
For more information on interference layers, see section 2.4.6. One OLED
with interference layers and micro lenses shows an improvement of 80%. The
irregular spacing of the microlenses showed that a precise design is not so
important. Moreover, the OLED with interference layers and microlenses
had a much better angular dependence of the spectrum compared to the
OLED with only interlayers. [30]

In conclusion, micro lenses can increase the extraction efficiency by about
80% over a wide wavelength range. The size of these microlenses is much
larger than the wavelength we want to extract. Moreover, microlenses can
eliminate the angular dependence of the spectrum of OLEDs with interfer-
ence layers. The major advantage of microlenses is their easy attachment
to an OLED by attaching a foil with microlenses to a flat OLED and with
a refractive index matching gel.

2.4.8 Corrugation of the interface between organic lay-
ers and substrate

A corrugation of the interface between organic layers and substrate increases
the extraction efficiency by eliminating Total Internal Reflection (TIR)
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at this interface. Section 2.4.1 shows that approximately 50% of light is
trapped by TIR. This section discusses several key results from literature.
Note that metal gratings which use plasmons are rarely mentioned. Most
articles are on dielectric gratings at this interface. Although we give an ex-
tensive overview of fabrication methods of dielectric gratings, we also focus
on the possible mechanisms which contribute to the extraction efficiency.

Metal corrugations of the interface between organic layers and substrate
have been rarely mentioned in literature. These metal gratings have been
proposed to increase light extraction by a two-tier mechanism. First, the
generated light couples to a plasmon. Then, the grating couples light to
an angle inside the extraction cone of the substrate. [$1] So far, this prin-
ciple only has been verified for an OLED under photoluminescence. No
electroluminescent OLED has been demonstrated so far.

As stated before, dielectric gratings have been extensively mentioned
in literature. Note, these gratings usually have a period which is in the
same order as the wavelength we want to extract. We now give the main
experimental results. To the best of our knowledge, simulation results are
either rare or not in line with the experimental data.

The most common fabrication technique is interference lithography. This
technique is also known as two beam holography. Two coherent rays create
an interference pattern in resist which gives after development a grating.
After etching, this pattern is transferred to the glass substrate. Because a
large area can be patterned at one moment, the technique is suited for mass
fabrication.

Four subsequent papers of the same authors use this fabrication method
for small molecule OLEDs (sm-OLEDs). [32] [83] [384] [13] The first three
papers conclude that a planarization layer between ITO and grating avoids a
negative effect on the electrical behavior by the grating. The grating itself
is made by holes which are etched in the glass substrate (SiO3). These
holes then are filled and planarized with SiN,. Thus, a thin layer of SiN,, is
between the grating and the ITO anode. The relative improvement of this
design is around 50-60%. The last paper however creates a higher refractive
index contrast by replacing SiOs by Spin on Glass. The refractive indices
are respectively 1.5 and 1.25. For this last paper, first a thin layer of SiN,
is deposited on top of glass. Holes are fabricated in this layer after which
a planarization with Spin-on-Glass is done. Because of the low refractive
index of Spin-on-Glass, the distance between grating and I'TO has to be as
small as possible. Otherwise light which is trapped in the organic layers is
not affected by the grating. This last design shows a relative improvement
of 80%. A design with SiN, and Spin-on-glass also has been shown to give
a relative improvement of 200% for polymer OLEDs. [85]

Direct patterning of the ITO anode of a polymer OLED gives a relative
improvement of 30%. [36]. A grating in the ITO-layer also means that the
organic layers follows the pattern. The second fabrication technique is nano
imprint. A relative improvement of 50% has been found. [37]
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Figure 2.12: A grating at the interface between organic layers and substrate
has two mechanisms to increase light extraction.

So far, we have mentioned the fabrication techniques and the relative
improvements of the extraction efficiency. Now, we focus on two mech-
anisms which might explain the increase of the extraction efficiency. As
stated in section 2.4.1, about 50% of the generated light is trapped in the
organic layers. Most authors claim that the extraction efficiency increases
by increasing the fraction of light in direct transmission. This mechanism is
illustrated by figure 2.12(a). The grating diffracts light to diffraction orders
inside the extraction cone. For that reason, most simulation tools focus on
the angular emission in the glass substrate. The larger the angular emission
in the glass substrate, the larger the extraction efficiency is.

However, the mechanism of figure 2.12(b) also increases extraction effi-
ciency. Light which normally is trapped in the substrate can be extracted
by the grating after this light has been reflected by the substrate-air inter-
face. This reflected light is scattered at the grating after the first, second,
third, ... incidence.

In conclusion, gratings increase the extraction efficiency by 80% depend-
ing on the refractive index contrast. This effect has been experimentally
demonstrated for polymer OLEDs and sm-OLEDs. Because all these ex-
periments have been performed for OLEDs with one emitter, the effect for
white OLEDs remains to be seen. In the papers we refer to, most authors
contribute the increase of the extraction efficiency to the increase of light
which can escape the substrate in direct transmission. The scattering of
light after multiple round trips in the glass substrate is usually neglected.
Chapters 3 and 5 show how and why our work takes into account these
multiple round trips.

2.4.9 Conclusion

A planar OLED has an extraction efficiency of about 20%. The remainder
of the light can be found in the organic layers (50%) and the substrate
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(30%) The main reason for this low extraction efficiency is Total Internal
Reflection (TIR). Only light which is almost perpendicular on an interface
can escape. Light which is under a too oblique angle, is totally internally
reflected.

In literature, we find four different approaches to increase the extraction
efficiency.

Firstly, using a high refractive index substrate can increase the amount
of light which can travel from organic layers to the substrate. Then, micro
lenses can extract this light.

Secondly, using interference layers increases the extraction efficiency by
changing the angular emission in glass. The experimental relative improve-
ment is about 80% for a limited wavelength range. As long as we use planar
interfaces, we always will have TIR.

Thirdly, we can apply micro lenses at the interface between substrate-
air. Experiments show a relative improvement of about 60% for a large
wavelength range.

Fourthly, a dielectric grating can be placed between organic layers and
substrate. The experimental relative improvement of about 80% has only
been verified for a limited wavelength range. Note that for these gratings,
most authors claim that an increase of the direct transmission through the
substrate is the reason for the extraction efficiency. Scattered light after
multiple round trips usually is fully neglected. In the next chapters, we will
explain how and why we have taken into account these multiple round trips.






Eigenmode expansion to model OLEDs with
gratings

This chapter shows how eigenmode expansion models OLEDs with gratings.
This numerical model is especially suited for substrate emitting OLEDs,
because multiple round trips in the substrate are calculated. This is the
main novelty of this work.

The model can integrate Maxwell’s equations for a 3D OLED with a
grating for one wavelength. The grating can be on either side of the sub-
strate: either at the interface between the organic layers and the substrate
or at the interface between the substrate and air. The organic layers are in
the order of a wavelength, thus these are modeled as coherent. Because the
substrate is optically thick, light propagation is modeled as incoherent. To
the best of our knowledge, modeling of coherent and incoherent light is the
new part.

This chapter gives results for simplified OLEDs. More complex OLEDs
are discussed in chapter 5.
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3.1 Mechanisms which contribute to light ex-
traction

The goal of this chapter is to numerically analyze OLEDs with gratings.
We show two mechanisms which contribute to a relative increase of the
extraction efficiency. Note that the second mechanisms is overlooked by the
commonly used FDTD. [13]

Let us look at the limitations of an OLED with planar interfaces. Figure
3.1(a) shows how Total Internal Reflection (TIR) traps most of the light.
TIR happens for a large fraction of light which goes from a material from
a high refractive index layer to a low refractive index layer. All light which
is incident to their interface under a too oblique angle is fully reflected,
regardless of polarization. What we mean by too oblique is defined by
Snellius’ laws, equation 2.3. Note that if light under a certain angle is not
fully reflected by TIR, this light is almost completely transmitted.

Of course, a correct calculation of each interface requires Fresnel’s equa-
tions. Still, this point of view suffices for an OLED with planar interfaces.
We will now show that this point of view does not hold up if the OLED has
a corrugated interface.

Figure 3.1(b) shows a grating at the interface between substrate and
air. This approach is similar to using micro lenses. [38] [78] Light which
is fully reflected at a planar interface, now can be extracted. Figure 3.1(b)
also shows that if extraction does not happen after first incidence, light
extraction might happen after the second, third, ... incidence. The rough
estimate of table 2.1 shows that roughly 50% of all the generated light can
be found in the substrate and air. To simulate this, we need to take into
account multiple round trips.

Also, because of the thickness of the substrate, light has to be treated as
temporal incoherent. For micro lenses, one very known numerical method
is ray tracing. [79] Ray tracing uses geometrical optics to propagate a set
of rays of light through a lens system. To the best of our knowledge, a
numerical model to calculate multiple round trips of light in the substrate
of an OLED with a grating does not exist.

Figures 3.1(c) and 3.1(d) show a grating at the interface between organic
layers and substrate. These figures show two mechanisms which contribute
to the extraction efficiency. First, more light escapes from the organic layers
to the substrate, figure 3.1(c). Increasing the amount of light inside the
extraction cone of the substrate increases the extraction efficiency. So, we
see an increase in direct transmission through the substrate.

To calculate direct transmission from substrate to air, a very popular
simulation technique is FDTD. [382] [83] [84] [13] The angular emission in
glass is calculated. Then, the fraction of light in the extraction cone is
assumed to be extracted. This approach overlooks the mechanism of figure
3.1(d). Light with a too oblique angle still undergoes TIR at the interface
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Figure 3.1: (a) At each interface, a fraction of the light not escape because
of total internal reflection. Light which is incident at a too oblique angle is
not transmitted. (b) A grating at the interface between substrate and air
increases the fraction of light which can escape the substrate. Light which is
not transmitted the first time, may have a second chance. (c)-(d) A grating
at the interface between the organic layers and the substrate increases light
extraction by two mechanisms. (c) The grating increases the amount of
light which is extracted from the organic layers. (d) Light which is incident
on the substrate-air interface at a too oblique angle gets a second chance
by scattering.

substrate-air.

Thus, figure 3.1(d) shows the second extraction mechanism. Light ex-
traction might occur after a few round trips if light scattering is good.
Though FDTD can not model this, the approach in this chapter is able to
take this effect into account.

In conclusion, we see that round trips in the substrate contribute to the
extraction efficiency. Modeling of light in the substrate has to consider two
properties. First, light can make several round trips before it is extracted.
Second, light in the substrate has to be modeled as incoherently.
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el A A

organic layers

—— grating

(a) (b)

—— substrate

Figure 3.2: (a) An OLED can be described as a concatenation of z-invariant
layers. (b) Also, a grating with non straight edges can be approximated by
a grating of z-invariant layers.

3.2 Eigenmode expansion to model OLEDs

3.2.1 Seeing an OLED stack as a concatenation of z-
invariant layers

Figure 3.2 shows how we can describe an OLED stack as a concatenation
of z-invariant layers. So, both planar layers and gratings are z-invariant
layers. Now, the electromagnetic field in each layer can be described as a
summation of eigenmodes. [89] [9] Then, the transmission and reflection at
an interface can be described by eigenmodes and an S-matrix formalism.
Thus, eigenmodes and S-matrices are the building blocks to describe the
propagation of the electromagnetic field. Note that these building blocks
will be used later on in section 3.3. This last section combines coherent and
incoherent propagation, which is necessary for propagation in the substrate.
Here, we discuss the building blocks.

The next subsection gives a basic introduction of the simulation tech-
nique in subsection 3.2.2. Each subsequent section gives more details. This
basic introduction shows how to calculate the field of a dipole which is
placed in an OLED with only planar interfaces. Note that eigenmodes
in the layers of a planar OLED are plane waves. Then, we discuss more
about these eigenmodes, the excitation of eigenmodes by a dipole and how
we need to treat the interface between two z-invariant layers. Each of these
topics will be discussed in respectively subsection 3.2.3, subsection 3.2.4 and
subsection 3.2.5.

To calculate an OLED with a grating instead of a planar OLED, we need
the eigenmodes of the grating layer, subsection 3.2.6. Then, subsection 3.2.7
and subsection 3.2.8 give two properties of the numerical model, which can
be exploited to speed up the calculation. Lastly, the goal of our numerical
model is to calculate the extraction efficiency. For that purpose, we use the
equations of subsection 3.2.9.
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3.2.2 Dipole in a stratified medium

This subsection shows how eigenmode expansion can be used to calculate
the electromagnetic field of a dipole which has been placed in a stratified
medium. This approach calculates the field for one given frequency.
Note that for planar structures, the eigenmodes in each layer correspond
with plane waves. This subsection is the starting point for the numerical
model of stacks with gratings.

Because we calculate the field for one frequency, this work always uses
a phasor notation. For example, the electric component then is the com-
plex vector E(r) instead of the real vector e(r,t). These two vectors are
connected by a phase term which varies harmonically in time:

e(r,t) = R(e“'E(r))
w =27y (3.1)

The frequency of the time harmonic field is v. By convention, in this
work, the sign of the time variation is positive: et7«,

For the remainder of this work, we will assume that the field by a dipole
corresponds with light generation by the radiative decay of an exciton. [90]
If this field is known, the radiant flux in the direction perpendicular to the
emissive zone can be calculated. A comparison between the radiant flux in
the organic layers and air gives valuable information about the extraction
efficiency. The simulation technique calculates the total field in three steps.
[69]

First, we have a fourier transform of the field of the dipole in the plane of
the emissive layer. The field of the dipole is the field in a homogeneous space
with a refractive index equivalent to the plane of the emissive layer. This
fourier transformation shows how eigenmodes are excited by a dipole. These
eigenmodes are either propagating plane waves of evanescent waves, which
propagate in the positive or negative z-direction. Second, we propagate
these components through the structure. Thirdly, once we have the total
field of the upper and lower propagating fields in a given direction, an inverse
fourier transformation of these components gives the electromagnetic field
which satisfies Maxwell’s equations in the stratified medium.

Now, let us describe these steps in more detail.

First step: the fourier transformation of a dipole. The total field can
be written as the sum of plane waves. Each eigenmode then will have the
form e~J(kz2Fkaztkyy) - Ag we will see later on, only the phase (e=7%+%) of
the field of an eigenmode changes in the z-direction. Again, this form gives
for real values of the wavevector (k, ky, k.), a propagating plane wave. For
more information on the form and the amplitude of each eigenmode, see
respectively subsection 3.2.3 and 3.2.4.

Second step: figure 3.3 shows how the summation of the upward and
downward propagations of the given eigenmode gives the total radiant flux.
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For a specific direction, we have to consider the excitation of one downward
component and one upward component. Indeed, for planar interfaces, the
angle of an eigenmode is preserved in one layer, regardless of the reflections.
For sake of argument, we assume that the amplitude of these components
at the location of the dipole is given by respectively Ago0 and Aypo. The
complex values of the reflectivity coefficients Rpo: and Ry, fully describe
the optical behavior of the respectively lower and upper stack of layers.
Both the phase difference and the magnitude are in these values. After
one round trip, the amplitude and phase of the returning component at the
location of the dipole is respectively RpotAdo,0 and RiopAup,o-

Because everything is referred at the same plane, the plane of the dipole,
we have:

Ajo = (Adoo + RiopAup,) + (RiopRiot Ado,o + RiopRoot RiopAup,0)
+( RiopRuot RiopRbot Ado,0 + RiopRiot RiopRbot RiopAup.0)
+ ...
= (I- Rbothop)_l(Ado,O + RiopAup,0) (3.2)

Now, to find the emission in the substrate, we can multiply this ampli-
tude with the amplitude transmission Tp;.

Third step: once we have the total field of the upper and lower propa-
gating fields in a given direction, an inverse fourier transformation of these
components gives the total field which satisfies Maxwell’s equations in the
stratified medium. This inverse fourier transformation is an integration over
the complex plane of the propagation vectors (kg,k,). Another name for
this inverse transformation is Sommerfeld integral. To avoid an integration
over the complex plane, you can use the trick of subsection 3.2.7.

In conclusion, the algorithm uses 3 steps: determine how eigenmodes
such as propagating plane waves are excited. Then, each of these eigen-
modes is propagated through the system. Thirdly, a summation over all
eigenmodes gives the total field. Each of these 3 steps will be explained in
more detail in the next sections.

3.2.3 The general form of eigenmodes for planar layers
and gratings

The goal of this subsection is to show the general form of the field in a
planar layer or a grating. The electromagnetic field in these layers can be
written as a sum of eigenmodes. Again, our simulation method numerically
integrates Maxwell’s equations for one specific wavelength. This section is
about the form of these eigenmodes.

Because of the mathematical elegance of symmetries, we will briefly
mention this principle. Symmetries allow to write down the general form of
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Figure 3.3: The optical behavior of an OLED can be described in terms of
eigenmodes. For each of these eigenmodes, the extraction efficiency can be
determined. (figure adapted from [9])

the electromagnetic field based on what the structure looks like. However,
a more mathematical derivation is outside the scope of this work. [91].

Symmetry means that Maxwell’s equations do not change under a coor-
dinate transformation. For example, in a homogeneous medium, Maxwell’s
equation do not change under any translation.

ez +dpy+dy,z+d.) = e(x,y,2), Vdy,dy,d, €R (3.3)

Then, it is possible to derive that a possible solution of Maxwell’s equa-
tions has the form:

E(x,y7z) E/e_jk:zze_j(kzm+kyy)

E = C' (3.4)

Note the sign of the phase of the complex field. Again, this sign follows
from our convention for the time factor: e/“?.

The idea behind using symmetries is the following. Based on the sym-
metry, a symmetry operator can be constructed. This symmetry operator
can be seen as an eigenvalue problem. Then, the most general solution of
the symmetry operator automatically is a solution of Maxwell’s equations.
So, symmetries quickly give the form of a general solution of Maxwell’s
equations.

We now give the form of the electromagnetic field in a z-invariant layer
for one wavelength. A z-invariant layer has a refractive index which is
independent of z: €(x,y).
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k1,x

N

(a) Plane wave incident on a periodically (b) K-vector diagram corresponding
corrugated interface with (a).

Figure 3.4: The k-vector diagram shows which propagating plane waves are
reflected and transmitted for a given incident plane wave. The transverse
component k, has to satisfy the Bragg-condition of equation 3.7. The total
magnitude of the wave vector k in a homogeneous medium is given by a
circle.

e(z,y,z+d) = e(x,y,2), VdeR (3.5)
=  Emnode = E(ZL’, y)eijkzz (36)

For a grating, with periodicity in the x- and y-direction (A, A,), we
have:

elx+nAg,y+miAy,,z) = elz,y,z2), Y¥n,meZ
=
E = Z E/; je_jkzze_j(km,il'"!‘ky,jy) (3.7)
,J
2w 2
kuiky; = kzot+is—,kyo+j— (3.8)
Y,J A¢ Yy Ay
E/ — Cte

Note that in literature, the propagating modes of equation 3.7 are also
referred to as Bloch modes.

It is quite easy to find the Bragg condition from equation 3.4 and 3.7.
If we impose boundary conditions on the interface between a planar stack
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and a grating, we need to find a linear combination of the solutions of
equation 3.4 in the planar layer and a linear combination of the solutions of
equation 3.7. This boundary condition imply that the phase factor e=7%=®
and e~ 7%v¥ need to be present in the solution of both layers, see figure 3.4. If
we assume that the plane wave is incident with the transverse components of
the wave vector equal to (kz.0, ky,0), we have that in both layer the following
components need to be present:

2T

kyyky = ke —|—iA

Fyotinr, ijel (39)
Yy

Note, equation 3.7 is fully equivalent with the Floquet Theorem. [10]

So, in this section, we have described the electromagnetic field in a layer
or grating as a linear combination of eigenmodes. The form of eigenmodes
in a planar layer or a grating are given by respectively equation 3.4 and
equation 3.7. We have given the hint that these forms can be easily found
with symmetries. However, such a derivation was outside the scope of this
work.

3.2.4 Fourier transform of a dipole in homogeneous
space

The first step of the numerical model determines the excitation of the eigen-
modes by the dipole. [92] [10] Concretely, we want the amplitudes of the
propagating plane waves and the evanescent waves.

The amplitudes of the eigenmodes are given by E(k;, ky, k.). Then, the
actual field of a dipole at a given location is given by:

E(x,y,z) = //[E(k‘at’ky’]gz)e*jkww*jkyy} e*jkzzdkzdky (310)

In a homogeneous medium with refractive index n, these eigenmodes
which have a free space wavelength A should satisfy:

2 2
(;n) = 2Kk (3.11)

Note that if all components of the propagation vector (k = kg, ky, k)
are real, the eigenmode is a propagating plane wave. Note that the angle
of a plane wave changes when the wave travels to a medium of different
refractive index. However, k., k, does not change. This handy property
will be exploited later on. If one of the components of the propagation
vector is a complex number, the component will be an evanescent wave.

Now, the components E(k;, k,) are key. These components E(kg, k)
are given in density per unit k;k,. The dipole, which we assume to be in
the origin (0,0,0), then has the phasor notation é(x,y, z)p.
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Let us discuss the classification used in the 2 by 2 table 3.1. First,
depending on the orientation of the dipole, we have two options: parallel to
the emissive layer: p) or perpendicular to the emissive layer: p, . Second, we
can use the polarization of plane waves, because we use (mostly) a stratified
structure. Therefore, we have TE and TM polarizations. Planar interfaces
keep TE and TM if a plane wave is incident on that planar interface. Figure
3.6 gives the convention of TE and TM polarized plane waves. In conclusion,
the amplitudes of eigenmodes E(k,, k) are given by table 3.1.

As we can see from this table, the sign shift of the electrical field of the
vertical dipole shows that the electrical field is discontinuous at the emissive
layer. Of course, this comes from the source we have introduced. Similarly,
the magnetic field of the horizontal dipoles are also discontinuous. Though
a detailed derivation is not given, the discontinuity comes from the vector
products in Maxwell’s equations.

The remainder of this section shows how the values of table 3.1 relate to
the angular emission of a dipole and its far field pattern. So far, the eigen-
modes have been expressed in density per unit (k;, k). However, literature
usually gives the decomposition of a dipole in eigenmodes in function of a
density per unit solid angle E'(6, ¢): [92]

E(x,y,z) //E/ e jkxxfjkyy*jkdeQ (312)
dQ = sin(0)dbd¢ (3.13)
(kz,ky,kz) = kon(cos(¢)sin(f), sin(0) sin(¢), cos(h)) (3.14)

Actually, this last paper is the basis for the amplitudes of table 3.1 .
Therefore, we use the same normalisation of the amplitudes: E’(6, ) has
been normalised with respect to the total radiant flux of the dipole. Note,
the normalised amplitude E'(6, ¢) will be referred to as A’(6, ¢). To ensure
that the amplitude of plane waves is so that the total emitted flux of one
dipole is 1, the following equation has to be valid:

//|A’ P> +14,(0,0)?d2 = 1 (3.15)

To go from the parameters (6, ¢ ) to (kg, ky), we use dQ = sin(#)dfd¢ =
dkgdk, /konck,, thus:

E'(0,
E(ky, k) = ko(n ]f) (3.16)

Figure 3.7 shows this radiant flux in function of solid angle (dP/dS?).
Also, we see at which directions the dipole emission will be maximal. We
also see that the radial symmetry is around the axis of the dipole. Maximal
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Figure 3.5: This figure gives the axis convention, used in table 3.1.
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Figure 3.6: Plane wave which are incident on an interface, can be classified
in two types. The H-component of a p or TM polarised plane wave is
parallel to the interface. The E component of a s or TE polarised plane

wave is parallel to the interface.
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H s polarization (TE) ‘ polarlzatlon (TM)
Vilr.tic?l AG1(0,6) =0 A (8, = /< sin(0
1?;? Asn(kzvky) = Apu(krak ) =
z k¢ 1
0 i 8i nek}o ko’ﬂektz

Horizontal || A% (6,6) = /& cos(6) | AL (6,8) = /& cos(0) sin(0)

dipole s”(kam ky) = p“(kt’ ky) =
(Pz) 3 ks 1 3 ky ky 1
87 ki konek, 87 ki kone konek,
Horizontal A'Sy”( ¢) = —1/ = sin(¢) AZ/TL( ¢) = 1/ & cos(f) cos(¢)
dipol Y
pote AL (ke ky) = Apyy (ka, ky) =
(py) 3k 1 3 ke ke 1
87 ki konek., 87 ki kone kongsk.

Table 3.1: The decomposition of a dipole depends on its orientation and its
polarization. The polarization and orientation of the dipole are defined by
figure 3.7. The relation between A’(6, ¢) and A(k,, k) is given by equation
3.16. (source: [92], [93])

emission is in the plane perpendicular to the dipole orientation. The total
radiant flux of a dipole which emits in a homogeneous medium is:

k2p2\ﬁ
Py = —= 3.17
tot 127T ( )

Mathematically, we find that the electric field lies in a plane which is
formed by the dipole and its propagation vector (k). Also, the radiant flux
vanishes according to sin2(9) for p, . Basically, this already indicates that
the a vertical dipole p, will emit no TE plane waves, as indeed can be found
in table 3.1.

In conclusion, table 3.1 gives the excitation of eigenmodes by a dipole
in a homogeneous medium. These amplitudes can be expressed per unit
(kz,ky) or per unit solid angle (6,¢). In a stratified medium, (k;,k,) of
plane wave is invariant. Thus, amplitude per unit (k;, k,) is more easy to
use. However, for insight, amplitude per unit solid angle is more beneficial.
This statement is illustrated by the far field pattern of figure 3.7.

3.2.5 Concatenating different layers with eigenmode
expansion and a S-matrix scheme.

To calculate the field in an OLED, we need to know the reflection and
transmission at either side of the emissive layer, see equation 3.2. By using
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P

Figure 3.7: The orientation of the dipole is defined in function of its orien-
tation compared to the interfaces. The polarization of the resulting plane
waves also is defined in function of the interfaces. This figure shows the
direction at which the angular radiant flux is maximal.

eigenmode expansion, the optical behavior of these stacks is completely
given by the eigenmodes of the emissive region and the S-matrices of the
stacks. [9] [94] [89]

To use eigenmodes, z-invariant layers are required. Thus, the refractive
index in one layer does not change with z. Then, the S-matrices of the
stacks at either side of the emissive layer gives the total field of an OLED by
using equation 3.2. In this section, we describe how eigenmodes propagate
through a stack with z-invariant layers.

Let us start with the propagation of an eigenmode through one z-invariant
layer. To make eigenmodes a little more concrete, keep in mind that eigen-
modes can be plane waves for planar layers. Section 3.2.3 has shown us that
any eigenmode in a z-invariant layer has the general form:

E(r) = E(z,y)e "*
H(r) = H(z,y)e k> (3.18)

Thus, the form of an eigenmode at any xy-plane is always E'(x,y), save
a phase factor e 7%:#. Note that the sign of the z phase factor depends on
the time convention mentioned in section 3.2.3. Again, any plane wave can
be written under the form of equation 3.18.

Providing that we have a complete set of eigenmodes, the field at any
given xy-plane is given by the summation:

=
—~

L]
~

Il

> AiEi(ry)e Ik (3.19)
> AH;(ry)e 7k (3.20)

o
—
L]
~
Il

Basically, the representation of the field at a given xy-plane then is given
by an expansion in eigenmode coefficients [4;] instead of its field components
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Figure 3.8: (a) A part of a propagating plane wave incident from medium 1,
which goes to medium 3, is either reflected or transmitted. The calculation
of this setup is a combination of three part-setups. (b) The transmission and
reflection at the interface between medium 1 and medium 2 is calculated
by Fresnell’s equations. (¢) Plane wave propagation in medium 2 gives an
additional phase to the field amplitude. (d) Similar to (b).
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(E(r), H(r)):

(E(r), H(r)) <= A = [A]] (3.21)

Now, any stack can be written as a concatenation of the stacks of figure
3.8. Either light propagates in one z-invariant layer (figure 3.8 (¢)) or light
has to pass through the interface between two z-invariant layers (3.8 (c)).
Both cases or for that matter, any concatenated stack can be described by
a transfer matrix;

Uj ti i Ty Ul
= ’ Tl 3.22
[ D; ] { Tij o i D; (3.22)
The submatrices t; ; and t;; give respectively the amplitude transmis-
sion from interface i to interface j and vice versa. A similar notation is used
for the amplitude reflection.

Now, for example, take the propagation in one layer of figure 3.8(c).
Then, the propagation in one of the layers of the stack is given by:

[ %22 } _ [ dz‘ag(%*jﬁﬂ) diag(g,jgiz) } : { g; } (3.23)

Note that the eigenmodes in the diagonal matrices tp or and tgr o have
their own ;. Also, we have rg 9s = ro/ 2 = 0. In case of the planar interface
between two z-invariant layers of figure 3.21(b), the matrices t1 2, t2,1, 12
and 12 ; are given by Snellius’ laws.

The general case is more complex. For the transition between two more
general z-invariant sections, the matrices tq 2, t2,1, r1,2 and r2 ; do not have
to be diagonal. For example, a propagating plane wave incident on a grating
can excite other propagating plane waves! To calculate these matrices,
overlap integrals between the field profiles of the eigenmodes in each z-
invariant layer are required.

To concatenate these transfer matrices, it turns out to be numerically
advantageous to work with scattering matrices. Fore more details, we refer
to [9] and[95].

The main point is that we describe the optical behavior at either side
of the emissive layer in terms of eigenmodes of the emissive layer and S-
matrices.

Now, we need to rewrite equation 3.2, which was used for an OLED with
only planar interfaces. The form of the more general equation is the same:

Ado = (I - Rbothop)_l(Ado,O + RtopAup,O) (324)

In this equation, the symbols represent matrices whereas equation 3.2
used scalars. Here, the matrices contain all eigenmodes. For example, A, o
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represents the decomposition of the dipole in all plane waves. Section 3.3
discusses this equation in more detail. Of course, in the case of an OLED
with only planar interfaces, equation 3.24 reduces to equation 3.2 because
R,y and Ry, are diagonal. For more general structures, this will no longer
be the case.

In conclusion, the behavior of both stacks at either side of the emissive
layers can be described as an S-matrix and the eigenmodes of the emissive
layers. The field in one xy-plane can always be described as a summation
or integration of eigenmodes.

3.2.6 [Eigenmodes of a grating with Rigorous Coupled
Wave Analysis

This section shows how to find the eigenmodes of a grating with Rigorous
Coupled Wave Analysis (RCWA). As we will see, the eigenmodes are found
in two steps. First, we have a fourier transform of the periodic refractive in-
dex of the grating and then we solve an eigenvalue problem. We restrict this
section to Transverse Electric (TE) waves in a 1D grating. [96] For Trans-
verse Magnetic (TM) waves and gratings in 2D, some additional convergence
issues need to be resolved. However, these topics are outside the scope of
this work. [97] [98] [10] We only wish to illustrate the general method to
find the eigenmodes of a grating. Then, if we have the eigenmodes of the
grating, the equations of section 3.2.5 can calculate the S-matrix.

Let us begin with equation 3.7 of section 3.2.5, which gives the general
form of any eigenmode in an 1D z-invariant grating:

E E E/ie—jkzze—j(km,o-*-ii%;)r
7

E, = C'* (3.25)

The wave vector k; ¢ can be interpreted as the wave vector of the incident
plane wave, which can excite this eigenmode, figure 3.4. Note that the form
of equation 3.25 can be satisfied by any wave vector which satisfies the
Bragg condition, equation 3.9. Now, we have two types of unknowns: the
wavevector k, and the scalar amplitudes E..

The unknowns k, and E! can be found by substituting equations 3.28
and 3.25 in the scalar Helmholtz equation for TE polarization: [941] [39]

V2E(z) + (k2 —k)E(x) = 0
82
a2

x

E(x) + (ki (2) — k) E() = 0
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Note that the field E is a scalar. For more detail on the Helmholtz
equation, we refer to equation 7.1 of chapter 7. Now, we will show that
equation 3.26 basically is an eigenvalue problem in k..

Because of the peridiocity of the permittivity, we have:

elx+nAz) = € neZ (3.27)
= Zeiej(i?: (3.28)

After substituting equation 3.25 and equation 3.28 in equation 3.26,
each term ¢ 7(4%) has to be equal to zero. First, let us simplify two terms.
Without going into detail, for the full derivation we need Laurent’s rule
of factorization to simplify the product of the electrical permittivity and
eigenmode. This rules states that for two functions f(z) = 3", f;e?(127/As)
and g(z) = Y, g;e?(?7/A<) the fourier component h,, of the product h(x)
can be written as :

hz) = f(z)g(=)
hiz) = Z hyel 127/ A)
+oo

This procedure results in an infinite series. Thus, we have to truncate
the series. Then, we have a finite number of unknowns: the wavevector k,
and the scalar amplitudes E]. Again, each term e 7025 has to give zero.
Then, equation 3.28, equation 3.25 and equation 3.26 can be rewritten as:

AE = kF (3.30)

This is an eigenvalue problem in k.. Each eigenmode has an eigenvector
E’ with the truncated series of coefficients of equation 3.26 and with the
corresponding eigenvalue k2.

Note that for TM polarization and 3D structures, equation 3.26 is no
longer correct, a more involved analysis is needed to deal with numerical
instabilities. [97] [93] [10]ties. [97] [93] [10]

In conclusion, finding the eigenmode problem comes down to a fourier
transformation of the refractive index. Then, we can substitute this re-
fractive index and the eigenmode as an fourier expansion in the Helmholtz
equation. After truncation of the infinite series, we find an eigenvalue prob-
lem in k,. Solving this equation finally gives the eigenmodes of the grating.
This way of working applies to all gratings. Nevertheless, some additional
issues have to resolved for TM waves or 2D gratings.
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3.2.7 Simplifying the inverse Fourier transform

Using a reference layer of high refractive index as emissive layer can sim-
plify the inverse fourier transform in the presented algorithm. Subsection
3.2.2 showed that the third step in the algorithm is an integration over the
complex (kg, k,)- plane. This subsection shows a ’trick’ which simplifies
the integration to the real plane (kg, k). [99]

So far, we have seen two steps of the three step algorithm in respectively
subsections 3.2.4 and 3.2.5. First step: the dipole excites eigenmodes of the
emissive layer. Second step: S-matrices and eigenmodes describe the optical
behavior of stacks at either side of this emissive layer. Now we discuss the
third step. To find the complete field, we have an inverse fourier transform
over a complex (kg,k,) plane. This inverse transform is also known as a
Sommerfeld integration. If we only consider real values for the wavevector
in the emissive region (k = (kg, ky, k.)), we only include propagating plane
waves and we exclude evanescent waves.

To illustrate the importance of inclusion of evanescent waves in the emis-
sive region, the extraction efficiency of a simplified OLED calculated with
and without evanescent waves is given in figure 3.9. This simplified OLED
consists of a cathode (refractive index n = 0.9-6.0j), an organic layer (n =
1.7, thickness t;,;) and a glass substrate (n = 1.5). The distance between
emissive layer and cathode is z..

A comparison of figures 3.9(a) and figure 3.9(b) illustrates following
statement. The evanescent modes of dipoles which are close to the cathode
are more critical than evanescent modes of dipoles which are further from
the cathode.

The reason is the exponential decay of the evanescent waves. Mathemat-
ically the decay comes from a complex propagation constant. If a dipole is
placed in bulk material, the exponential decay of the evanescent waves can
not influence the far field pattern. However, this is not true if the dipole is
placed close to a metal or any other material with a higher refractive index
than the dipole’s surrounding material. Then, a propagating plane wave
in the material of high refractive index can be generated by an evanescent
wave. Figure 3.10(a) also illustrates this behavior. Propagating plane waves
in emissive layer can excite propagating plane waves in the high refractive
index material. However, also evanescent waves in the emissive region can
excite propagating plane waves in the high refractive index material.

Now, figure 3.10 illustrates the trick we use. We want to excite the prop-
agating plane waves in the materials with higher refractive index. However,
we do not want to use evanescent waves to ease numerical implementation.
Note again that evanescent waves are the ones with a complex wave vector
(k. ky,k;). Therefore, we use an infinitesimal thin reference layer which
has a larger refractive index than any of the surrounding high index layers.
A propagating plane wave in this reference layer can excite a propagating
plane wave in the high refractive index material!
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Figure 3.9: Extraction efficiency of a simplified OLED in function of two
parameters. The structure is: cathode: refractive index n = 0.9-6.0j, organic
layer: n = 1.7, thickness t,,;, substrate: n = 1.5. Distance between emissive
layer and cathode is z..

Using a high refractive index reference layer, the simulation method only
requires an integration over all the propagating plane waves in the reference
layer. Thus, we limit the integration over the real k,,k,, k,-plane of the
reference layer.

Now, we give a remark on rescaling the radiant flux. Indeed, the to-
tal power emission Py of a dipole located in an infinitesimal thin layer of
refractive index n,.r is changed because of microcavity effects. However,
this dipole’s angular emission is unchanged. A rigorous derivation of the
following equations can be found in section 3.3.4.2 of [99]. Depending on
the orientation of the dipole with respect to the interfaces, the total emitted
power changes.

For a dipole which is parallel to the interface, the total emitted power
P is given by:

p, = Zeep, (3.31)
Nref

For dipole perpendicular to the interface, the total emitted power P, is
given by:

5
P = <”9> Py (3.32)
Nref

Thus, if you use a reference layer, you need to rescale the total power
emitted by the dipole:
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Figure 3.10: The propagating plane wave vectors are shown in each of the
layers of an OLED. If we only use the propagating plane waves of the ngyg-
material, some propagating plane waves of oblique incidence in the n.q¢p-
material can not be excited by a propagating plane wave . In (b), the
emissive layer has a high refractive index, so propagating plane waves of
oblique incidence can be excited by evanescent modes. The propagation
vector k of these evanescent mode is imaginary, thus it is not shown in the
Norg-material of (b).
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p = rdp,
Norg
5
Py = (”f) P (3.33)
Norg

Let us finish by discussing the refractive index of the reference layer
we need to choose. Figure 3.11 gives the extraction efficiency in function
of the refractive index of the reference layer for the simplified OLED with
ze"% = 0.25 and tt“# = 0.75. Because a reference layer with a refractive
index ney = 1.7 corresponds with the ’default’ propagating plane wave
expansion, power dissipation to the cathode is underestimated. The higher
Nret, the more accurate we consider this power dissipation. As can be seen
from figure 3.11, for an infinitesimal thin layer with n,.y > 2.1, convergence
is reached.

Let us finish with two remarks. First, this convergence analysis is best
redone for every z.. For an emissive layer which is several wavelengths from
the cathode n,.; = 1.7 suffices. However, figure 3.11 gives n,.s > 2.1 as
minimal refractive index for this case. Thus, the minimal refractive index
indeed depends on the distance from the cathode.

Second, a reference layer with a very high refractive index also has its
disadvantages. As always, the algorithm can only use a finite set of prop-
agating plane waves. Using the same number of equidistant propagating
plane waves, would decrease the number of propagating waves in the or-
ganic layer if the refractive index was too high. So, we need to use the
lowest refractive index for the reference layer for which we see convergence
of the extraction efficiency.

In conclusion, the third step in our algorithm requires an inverse fourier
transform over a complex k;, k,-plane. Using a high refractive index ref-
erence layer as the emissive layer, an integration over a real k., k,-plane
suffices. The refractive index of this reference layer has to be high enough
to reach convergence of the extraction efficiency.

3.2.8 Grouping eigenmodes by using the Bragg condi-
tion

Figure 3.1 shows how light makes multiple round trips in an OLED with
a grating before extraction. After each round trip, one propagating plane
wave which is incident on the grating excites other propagating plane waves.
Thus, you might expect a large bookkeeping of propagating plane waves
after multiple round trips. This is not correct. This section shows how
the Bragg condition results in a small number of propagating plane waves
for one starting plan wave, even after an infinite amount of round trips!
Mathematically, this reduces the dimensions of the matrices of equation
3.24.
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Figure 3.11: The extraction efficiency is plotted in function of the refractive
index of the infinitesimal thin emissive layer. If this layer has a refractive
index similar to the refractive index of the surrounding layers, the extraction
efficiency is underestimated.

Let us begin with an arbitrary propagating plane wave which is incident
on the grating, figure 3.4. This propagating plane wave has a wave vector
of which the transversal components are (kg 0,ky0). For a grating with
period (A, A,), the wavevectors of all excited eigenmodes are given by the
Bragg-condition:

ko, ky = kpo+ nz—w, kyo+ m2l, n,mecZ (3.34)
A, Ay
The main property of this set eigenmodes is the following: each eigen-
mode set can only excite other eigenmodes which satisfy equation 3.34! Let
us call these eigenmodes a subset of the full set of all eigenmodes. No
eigenmodes outside the subset will be excited.
This is a powerful statement. Mathematically, round trips of eigenmodes
are described by equation 3.24:

AdO = (I - Rbothop)_l(AdmO + RtopAupp) (335)

Here, we do not have to do an inversion any more over matrices which
relate to all eigenmodes. Because of the Bragg condition, we can split
up this calculation in sub-matrices of one subset. In practice, such an
implementation is much faster.

For completeness, we also discuss the concept of the first Brillouin zone.
Because of equation 3.34, each wavevector k of an eigenmode is directly
related to a wavevector k in the first Brillouin zone. Indeed, the Brillouin
zone of a square lattice is defined as the area in k-space, for which the
following conditions are fulfilled:

_27r<k<27r_27r<k<27r
2A, — 7 T 2A, 24, T Y 24,

(3.36)
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Thus, once you have all the reflection and transmission matrices of the
components in the first Brillouin zone, all components outside the first Bril-
louin zone are also known.

In conclusion, we have shown that multiple round trips of an eigenmode
do not result in a large number of excited eigenmodes. Indeed, we only
need to consider eigenmodes which satisfy the Bragg condition, even after
an infinite amount of multiple round trips. Mathematically, this means that
inverse operations of the smaller S-matrices are much faster.

3.2.9 From field amplitudes to radiant flux in the z-
direction

So far, the previous sections were about numerically integrating the field,
which gave the amplitudes of eigenmodes. However, to quantify OLEDs,
we need the extraction efficiency, which is the ratio of the total radiant flux
in air to the total radiant flux emitted by the dipole in the emissive region.
Thus, to calculate the extraction efficiency we need the radiant flux. We
calculate this as:

dP(ky, k)
Ptot—// dkydk, ———=dk,dk, (3.37)

We approximate this integral by a discrete sum. This integration is done
over (ky, k) in the first Brillouin zone.

Let us begin with the radiant flux to the substrate. Now, we will
need the Poynting vectors in the z-direction, S, ;[W/m?], of all eigenmodes.
As in the previous sections, the z-direction is defined as the propagation
direction of the eigenmode, figure 3.3. So far, we have calculated the exci-
tation of all eigenmodes in the emissive region, which are given by vectors
with the elements Ay, ;(ks, ky) and A,y ;(ks, ky). Now, the radiant flux in
the substrate of figure 3.3 can be calculated: [9]

Asub = TsubAdO
Psub = Zsz,i|Asub,i|2 (338)

Note, Ts,p is a matrix, because one eigenmode in the emissive region
with wave vector (kg,k,) can excite an eigenmode with a different wave
vector.

One factor, which needs more explanation, is the 'normalisation factor’
S.. The parameter S, is the radiant flux in the z-direction for one eigenmode
which has an amplitude of 1. Thus, the radiant flux of an eigenmode in the
substrate with amplitude E, will be |E|2.S, for a surface perpendicular on
the direction of propagation.
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Let us now give two comments concerning the eigenmodes we take into
account. Computations limit the amount of eigenmodes. First, we only
consider propagating plane waves in the emissive region. Thus, the other
possible eigenmodes which are evanescent modes are neglected. Section
3.2.7 gives some more background on this topic. Second, we only work with
a discrete set of eigenmodes. Thus, which propagating plane waves do we
need to consider? In our work, we use an adaptive algorithm based on the
Composite Simpson’s rule. For a given propagating plane wave k., k,, it
is possible to calculate the radiant flux. Now, the algorithm selects the
propagating plane waves which need to calculated.

Let us now discuss the radiant flux in the emissive layer. Now,
we need to consider the net radiant flux to both the bottom and the top
stack of figure 3.3. Because of bidirectionality, simply using equation 3.38
would give a wrong result. The net flux away from the emissive region -
to both top and bottom stack - has to give the total radiant flux in the
emissive region.

To find the net flux which goes to the bottom stack Py, we require two
vectors. The first vector gives the eigenmodes which go toward the bottom
stack, Apot,|. The second vector gives the eigenmodes which come from the
bottom stack, Apet,s. Thus, with the notations of figure 3.3, we have:

= (I - Rtoprot)il(Ado,O + RtopAup,O) (339)
T = RbotAbot,l (340)

Finally, the net flux Py,:to the bottom stack is given by:

> — |Apot,1.il*) (3.41)

Pbat = Z Sz,i~(|Abot,i,i

For the net flux to the top stack, we have a similar derivation, which
leads to:

Prop = Zsz,i-(‘Atop,T,iF - |Atop,l,i|2) (3.42)

Note that for a perfect cathode reflector, the net flux to the top stack
Piop is 0.

Now, the total power emitted by the dipole is the sum of equation 3.41
and equation 3.42:

Porg = Piop+ Poor (3.43)

Using this method has some advantages compared to other methods.
Most papers use the radiant flux per solid angle dP(6, ¢)/dS2 to calculate
the total emitted power Py:. [100] Then, we have:
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P = / / %dﬂ (3.44)

This approach has the advantage of being intuitive. Indeed, the radiant
flux P(6, ¢) can be directly measured with a detector, if we place the detector
in the far field of an OLED. Thus, the angular emission of figure 3.7 can be
directly measured. But, the disadvantage of this approach is the integration
over the solid angle df2. For each layer, the parameter over which you
integrate, (6, ¢) changes, which complicates integration.

In our approach, we have chosen over an integration over (ks,k,) in
equation 3.37. The advantage is the conservation of (k,, k,) when moving
between different layers. Thus, using (k;, k) simplifies bookkeeping.

This section has shown how to go from the field and the corresponding
amplitudes of the propagating plane waves to the extraction efficiency. The
main issue is to calculate the total emitted power in each layers. We have
shown how you can go from the decomposition in eigenmodes to a radiant
flux in the z-direction.

3.2.10 Location of the dipole with respect to the grat-
ing

Dipoles in an OLED with a grating can have a different position with respect
to this grating. In theory, we have to calculate the field for each possible
location in the emissive region. In practice, we only calculate a finite number
of dipoles. This section shows the dipole distribution we have used most of
the time in this work.

Figure 3.12 gives the three different positions for which we calculate
the field. Then, to calculate the field at a different location in the triangle
spanned by these three positions, we use a linear interpolation.

Now, let us use this interpolation to calculate the extraction efficiency.
First, for each dipole we calculate the total radiant flux in the z-direction at
two locations inside the OLED: the generated power in the organic layers
and the power extracted to air. Section 3.2.9 has shown how to calculate the
total radiant flux. Now, Py4,1 is the notation for the total radiant flux in
z-direction in the organic layers by a dipole on location 1. Similar notations
can be applied for substrate and air, dipoles 2 and 3.

Then, to find the radiant flux in the organic layers for a dipole at a
normalized location (x,y) in the emissive layer P.4(z,y), we use a linear
interpolation:

Porg(r) = Pm“g,l + x(Porg,Q - Porg,l) + y(Porg,3 - Porg,2) (345)

Now, an integration over the dipole positions can be used to calculate
the total radiant flux per area in the organic layer. Similar, we calculate the
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Figure 3.12: The dipole is placed on 3 different locations. For our im-
plementation, this means that you recalculate the OLED with a different
elementary cell to calculate the generated power.

total radiant flux in air. Working out the integration, we find the extraction
efficiency n,:

. P
Ne = Zz_1,2,3 Z,airy% (3.46)
Zi:1,2,3 P org,i

The extraction efficiency of all dipoles simply is the ratio of the average
emission in air of three dipoles to the average emission in the organic layers
of the three dipoles.

Remark: to come to equation 3.46, the excitons were modeled as dipole
radiators. Another way to model is the following: the extraction efficiency is
the chance that a generated photon is extracted. Then, the total extraction
efficiency 7. is the average of the extraction efficiency of all locations. Thus,
Ne = Zi=1,2,3 P, 4ir,i/ Ps orgi- Because the refractive index contrast in an
OLED is small, we have : P, org1 = P: org2 ® P; org,3. There is no clear
advantage for either point of view.

In conclusion, this work uses a linear interpolation for the three calcu-
lated points as defined by figure 3.12. Then, in this work, the extraction
efficiency of all dipoles in the emissive region is given by equation 3.12.
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3.3 Multiple round trips in the substrate with
a grating on either side of the substrate

To model a dipole in a substrate emitting OLED with a grating, we model
coherent and incoherent light propagation of propagating plane waves. Fig-
ures 3.1(b) and (d) already have illustrated how multiple reflections are im-
portant for gratings at either side of the substrate. Note, these two setups
are in this algorithm mathematically equivalent.

To explain how we model the substrate, we first have to make a dis-
tinction between coherent and incoherent light. So far, we have implicitly
assumed coherent light propagation in the organic layers. For example, a
propagating plane wave can have constructive or destructive interference
after a round trip in the organic layers. In practice, we use the summation
of field amplitudes to model this behavior. This model is no longer valid for
the substrate which we may consider to be optically thick. Thus, a summa-
tion over field amplitudes is no longer valid. For an optically thick layer,
we need to use use the radiant flux in z-direction of light instead of its field
amplitude to model the substrate.

The algorithm uses a two step algorithm. The first step calculates co-
herent light propagation of propagating plane waves to the substrate. Here,
we can use the algorithm of section 3.2 and of figure 3.13(a). This section
is about the second step of figure 3.13(b). To calculate the multiple inco-
herent round trips in the substrate, we use the angular radiant flux in the
z-direction to the substrate.

To calculate the radiant flux in the z-direction in air -P, 4;,-, we use:

P
Pz,az’r = T

out

(I-RERE

top

Y rPEL ) (3.47)

z,sub

Now, where does this equation come from? First, note that the form of
this equation is similar to the form of equation 3.35. However, instead of
field amplitudes, the radiant flux in the z-direction is used.

The radiant flux of the first step -P, g5~ is used as the ’source’ of equa-
tion 3.47, the second step. Thus, the power reflectance of the bottom stack
and top stack of figure 3.13 are respectively defined by the matrices Rfat and
Rﬁ)p The transmittance to air is defined by the matrix Rﬁn. This equation
again holds for a set of propagating plane waves as defined by subsection

3.2.8.

This subsection has shown how we model incoherent propagation of
propagating plane waves. Combined with decomposition of a dipole to
propagating plane waves over the entire (kg,k,)-space and addition over
this entire space, we now have all the building blocks to model light extrac-
tion.
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Figure 3.13: This figure defines the notation which is used in equation 3.47
(a) Plane wave decomposition of a dipole is used to calculate the angular
radiant flux to glass. (b) Multiple reflections in the substrate.
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3.4 Overview of the Rigorous Coupled Wave
Analysis algorithm

In this subsection, we summarize all the steps of the complete numerical
model for multiple round trips. So far, each step has been explained in
section 3.3 and 3.2. The level of detail might have been too high to make
it easy to keep an overview. Also, this subsection shows the changes of the
algorithm depending on the location of the grating.

As stated before, the numerical model in this work is very similar to the
algorithm of subsection 3.2.2, which is used to calculate the field of a dipole
in a stratified medium. However, adding a grating and an optically thick
substrate requires some changes.

1. Describe the OLED as a stack of z-invariant layers. Then, the eigen-
modes of subsection 3.2.3 can be used. The eigenmodes are identified
by their polarisation (TE or TM) and the part of the wave vector
which is parallel to the emissive region (kg, ky).

2. Calculate the excitation of the eigenmodes of the emissive region by
the dipole with subsection 3.2.4.

3. Calculate the coherent propagation of eigenmodes in the organic layers
by using subsections 3.2.5 and 3.2.6.

4. We now have the field amplitudes. Use subsection 3.2.9 to calculate
the radiant flux in the z-direction to the substrate.

5. Use equation 3.47 of subsection 3.3 to calculate the incoherent prop-
agation of eigenmodes in the substrate. 2

6. Calculate the extraction efficiency. Divide the total radiant flux to air
to the total radiant flux in the organic layers, see also equation 3.46
or subsection 3.2.9. Note that we need to calculate for more than one
dipole position if the grating is close to the emissive region.

In conclusion, this subsection has given an overview of all steps which
we need to model multiple round trips. The end result of our calculations
is the extraction efficiency of the OLED.

1In theory, we need to use the complete set of eigenmodes in a specific layer. How-
ever, subsection 3.2.8 shows how to group eigenmodes to make matrix calculations more
manageable.

2To find the total radiant flux in the z-direction for a given point, we need to sum
over all eigenmodes. Use the trick of subsection 3.2.7 to simplify the integration over a
complex kz, ky-space to an integration over a real k;, ky-space.
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3.5 Convergence analysis of the numerical model

This section gives some numbers on the two parameters which influence ac-
curacy and simulation time. The first parameters is the number of diffrac-
tion orders we use for the Rigorous Coupled Wave Analysis (RCWA) algo-
rithm. Equation 3.9, the Bragg condition, shows us that for each incident
component, an infinite amount of diffraction orders exists. However, we
need to restrict the amount of orders. The second parameter is the resolu-
tion Ak we use to perform the integration over in the first Brillouin Zone.

Let us start with the first parameter, the number of diffraction orders.
Figures 3.14(a) and 3.14(b) give respectively the convergence and the sim-
ulation time in function of the number of diffraction orders. Table 3.2
gives the layer structure. Each figure uses an x-axis with the number of
diffraction orders as parameters. In our implementation, the total num-
ber of diffraction orders we calculate in one dimension is always given by
2N + 1, where N is a positive integer. Thus, if we consider a diffraction
order +1 in our calculations, we also consider diffraction order -1. Because
we work in two dimensions, we only calculate a total number of orders equal
t0 Norders = (2N +1)%.

Let us now consider accuracy by looking at figure 3.14(a). Only for
a sufficient number of orders does the result converge. For the extraction
efficiency of the substrate, only considering the first diffraction order (N=9)
has a relative difference of 10% with the result where we also consider the
second diffraction order (N=25). This comes at a price. Figure 3.14(b)
shows that going from 9 orders to 121 orders, increases the simulation time
by 102. The bottle neck is caused by matrix inversions. Thus, simulation
time scales with the third power of the number of orders.

As a rule of thumb, we at least take all the propagating plane waves into
account. The required number of orders to achieve this is given by:

2

kot = 7”6
2 27

ka,,ka, = bW

z Ay

NQ: \\kAT /k2A+ ktot J
ka, /2 + kiot

N, = {ka (3.48)

In this equation, we have an emissive region with refractive index n. and
an incident propagating plane wave with wavelength A\. The period of the
grating the x and y-direction is given by respectively A, and A,. Let us
now derive equation 3.48 by using figure 3.15.

In this equation, —ka, /2 gives the smallest wave vector of the first
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Brillouin zone. If we consider this point as the incident propagating plane
wave, all other propagating diffraction orders have to lie within a circle
with radius k.. For more details, see section 3.2.6. Then, the total number
of propagating orders within this circle are given by equation 3.48. Thus,
in the example of above, to include all propagating plane waves, we have
N, = Ny = 2. Therefore, as a rule of thumb, the minimal orders to include
all propagating orders. Of course, it is good practice to confirm calculations
by doing a convergence study.

The second parameter is the resolution Ak we use to numerically in-
tegrate the radiation profile. This determines the number of propagating
plane waves we consider in the first Brillouin zone. More background in-
formation on Brillouin zones is in subsection 3.2.8. Figure 3.14(d) shows
that an increase of the k points by a factor 10 2, in each dimension by a
factor of 10, also increases the simulation time by about 102. So, we have a
linear relation between the amount of k;- vectors and the simulation time.
Beyond (Ng,, Ng,) = (20, 20), we see that the results fluctuate by about
3%.

In conclusion, these results show that our implementation depends on
two simulation parameters for which we find a trade-off between accuracy
and simulation time. The first parameter is the number of diffraction orders
Norders- Our implementation scales by the third power. We also have shown
that as a rule of thumb, we should at least include all propagating plane
waves. The second parameter is the amount of discrete ki-vectors in the
first Brillouin zone, Nj. Simulation scales linearly with this parameter. For
this parameter, we have given no rule of thumb. In theory, to make sure
you have sufficient accuracy, a convergence analysis has to be carried out
for all simulations.

3.6 Extraction efficiency for a model with or
without multiple round trips.

The reason to develop this simulation tool is to model the multiple round
trips in the substrate. To the best of our knowledge, all other simulation
techniques only model the light in the substrate which can escape the sub-
strate directly. Thus, all light which only escapes the substrate after mul-
tiple round trips is ignored. This section gives three examples to illustrate
the underestimation of the extraction efficiency if we only consider direct
transmission.

The three examples are given by table 3.3. The three simplified OLEDs
are respectively a stratified OLED, an OLED with a grating at the organic
layers-substrate interface and an OLED with a grating at the substrate-air
interface.

Let us consider the first example in figure 3.16(a): an OLED with only
planar interfaces. We see a difference between direct transmission and
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Figure 3.14: Convergence of the extraction efficiency depends on two pa-
rameters. The number of orders and the amount of discrete k-vectors in the
first Brillouin zone. The structure has been defined by table 3.2.
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Figure 3.15: The k-diagram helps to derive the minimal number of diffrac-
tion orders we require to include all propagating orders. More details can

be found in the derivation of equation 3.48. (ka, = 27/Ax)

Material Refractive index thickness

Al 0.87 - 6.5] 100 nm
Electron Transport

1.74 80 nm
Layer
emissive layer 1.74 0 nm
Hole Transport 1.78 65 nm
Layer
ITO 1.8 150 nm
Grating 300 nm
substrate 1.5 N.A.
Grating

SiN,-layer in which square holes with size 250 nm are placed on a
square lattice with period 550 nm. These holes have been filled with
Spin on Glass. The refractive indices are ng;n, = 1.93, ngo,q = 1.28.

Table 3.2: Layer structure which has been used to investigate convergence

of the numerical model for A = 520nm, see figure 3.14.
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multiple round trips because of Fresnel reflections. In direct transmission,
you only consider light which passes the glass-air interface the first time.
Granted, considering Fresnel’s equations we find that most light within the
extraction cone can pass the first time. Nevertheless, a small fraction of light
inside the extraction cone still is reflected. Also, some of this small fraction
of reflected light can escape after one or multiple round trips. Therefore, we
see a small relative difference of less than 5% between direct transmission
and multiple round trips for a planar OLED.

Now, the situation changes if we no longer have planar interfaces. Then,
a grating scatters one incident plane wave to other angles. Thus, after mul-
tiple round trips, light might escape. This is true regardless of the location
of the grating. Thus, the extraction efficiency which only considers direct
transmission should be much smaller than the extraction efficiency which
also considers multiple round trips. Figures 3.1(b) and (c) indeed validates
these conclusions. Here, we simulate the structures of table 3.3(b) and (c).
These figures give the extraction efficiency in function of the wavelength.
Note that the relative difference between the two graphs can be more than
75%. Thus, a model which takes into account multiple round trips gives a
larger extraction efficiency.

Note that the absolute extraction efficiency in direct transmission of
figure 3.16(c) is lower than for figure 3.16(a) and 3.16(b). Placing a grat-
ing between the organic layers and the substrate changes the micro cavity
effects, so a deviation from the optimal position is possible in this case.

In conclusion, we have demonstrated that multiple round trips may be
neglected for planar OLEDs. However, according to our numerical model,
neglecting multiple round trips for an OLED with a grating underestimates
the extraction efficiency. We will come back on this conclusion in chapter
5, which contains more accurate OLEDs structures.

3.7 Conclusion

This chapter has described a simulation technique which calculates the ex-
traction efficiency of a substrate emitting OLED for one frequency. The
OLED may have a grating at either side of the substrate. Either side of the
substrate means either at the interface between the organic layers and the
substrate or at the interface between the substrate and air. This technique
is based on eigenmode expansion. The novelty of the presented technique
is that we also model multiple round trips inside the substrate.

Our model uses two steps. First, we model the radiant flux from the
organic layers to the substrate. Here, we assume that light propagation
is coherent. Then, we model the multiple round trips in the substrate.
Because of the thickness of the substrate, we assume light propagation to
be incoherent.

In our last subsection we have shown that multiple round trips are im-
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(a) (b) (c)

grating at the grating at the
planar . .
. substrate-air organic layers-substrate
interfaces . .
interface interface
Cathode, n = 0.9-6.0j, t = 150 nm
Organic layer, n = 1.7, t = 81 nm
Emission zone, t = 0 nm
Organic layer, n = 1.7, t = 162 nm
N.A. N.A. Grating*?
substrate, n = 1.5, t = mm
N.A. Grating*! N.A.
air
Grating*! Grating*?
t = 200 nm t = 200 nm

275 nm

250 nm
D —

substrate

High index
material

substrate]

—
500nm 400nm

Table 3.3: This table gives the structure of three simplified OLEDs. The
extraction efficiency of these OLEDs in function of the wavelength is given
by figure 3.16. Notice that the emission zone is located a quarter wavelength
of the cathode for a wavelength of 550 nm.
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(c) Extraction efficiency of a simplified
OLED with a grating at the organic
layers-substrate interface.

Figure 3.16: This figure gives the extraction efficiency in function of the
wavelength. This extraction efficiency can be calculated in either direct
transmission or with multiple round trips. This figure shows a comparison
for three different simulation setups: a planar OLED, an OLED with cor-
rugated substrate and an OLED with a grating between organic layers and
substrate. Table 3.3 gives the specifications of the simulated structures.
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portant if the OLED has a grating. Then, light can be extracted in direct
transmission or after multiple round trips. Ignoring these multiple round
trips will underestimate the extraction efficiency. The same conclusion is
true for a grating at the interface between organic layers and substrate.
Light extraction can be increased because more light can be extracted to
the substrate and because light can scatter at the grating after a few round
trips.






The RC?LED for increased light extraction

This chapter shows how to increase light extraction by using planar interfer-
ence layers. The location of these interference layers is between the organic
layers/ITO and the substrate. In the introduction chapter, we already have
discussed OLEDs with interference layers, such as resonant cavity OLEDs.
Here, we discuss the RC2LED, which has two cavities. The first cavity is
formed by the organic layers and the interference layers. The second cavity
is formed inside the interference layers. This chapter basically consists of
3 parts. First, we discuss optical parameters of an optimized design. The
second and third section discuss respectively the simulation results and the
experimental results of a green OLED.

Overview
4.1 The RC’LED stack . . ... .. ... 78
4.2 Optimization of the extraction efficiency of a

23 @ 5 1 5 JE 82

4.3 Experimental verification . . . . .. .. ... .. 87
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RCLED RCZLED
[ |
cathode/organic layers/anode
- o] Adn,
Aldn,
Al4n,
Al2n;
Aldn,
substrate Al4n,
Adn,
substrate

(a) (b)

Figure 4.1: Figures (a) and (b) respectively give the structure of a RCLED
and the structure of a RC2LED.

4.1 The RC2LED stack

4.1.1 Introduction

The angular emission of a planar OLED fully describes the extraction effi-
ciency. Indeed, to calculate the extraction efficiency, we compare the angular
emission over all angles and the angular emission over the angles within the
extraction cone. Luckily, the angular emission can be changed with inter-
ference layers close to the organic layers. One type of interference layers is
the RC2LED. This design originally was proposed for semiconductor LEDs.
[11] Due to problems with current injection, the design was never tested.
We will show that the design however works for OLEDs.

This section shows how to calculate the angular emission. A key role is
for the reflectivity of the stacks at either side of the emissive layer. There-
fore, subsection 4.1.3 gives some extra information on the reflectivity on
the interference layers. The next section, section 4.2 then will optimize the
extraction efficiency of the RC2LED by tuning the layer thicknesses.

As stated before, the angular emission can be changed by interference
layers. To explain this behavior, the term density of states sometimes is
used. The density of states gives the number of photon states to which an
exciton can couple. According to Fermi’s golden rule, the more states the
photon can couple to, the higher the chance that a photon couples to these
states. Thus, increasing the density of states inside the extraction cone
increases the extraction efficiency. We however can find a direct relation
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between density of states and the electromagnetic field. [10] Thus, from
here on, we describe the extraction efficiency in function of the angular
emission.

The interference layers we use in this chapter give a RCLED and a
RC?LED, figures 4.1(a) and (b). The interference layers of the RCLED
form a Bragg mirror. The layer structure of the RC2LED is given by figure
4.1(b). Here, two Bragg mirror enclose a cavity. Again, the organic layers
and one Bragg mirror form the first cavity, the two Bragg mirrors and cavity
form the second cavity.

The next subsection, subsection 4.1.2 repeats the main mathematical
principles to calculate the angular emission. For sake of completeness, sub-
section 4.1.3 shows how the reflectivity of the interference layers change in
function of parameters such as thickness.

4.1.2 Eigenmode expansion to calculate the angular
emission of an OLED

In this subsection, we repeat how the numerical model of section 3.2.2 calcu-
lates the angular emission. Special focus is placed on how we mathematically
describe the optical behavior of the interference layers.

We model a substrate emitting OLED by a monochromatic dipole which
radiates in a stack of layers. The angular radiant flux requires a decompo-
sition of the dipole field in free space in a continuum of eigenmodes. Note
that these eigenmodes always are plane waves or evanescent waves if we
have planar interfaces. The second step propagates each of these eigen-
modes throughout the structure. The third and final step sums the upward
and downward propagating plane waves to get the total radiant flux in a
specific direction. This derivation gave us equation 3.2:

Ado = Tbot (I - Rbothop>_1(Ado,O + RtopAup,O) (41)

Now, the far field pattern follows from Ag4,. To calculate this amplitude
for a specific direction, we have to consider the excitation of two plane waves
by the source. Both a plane wave propagating downwards and a plane wave
propagating the opposite direction are excited. For sake of argument, we
assume that the amplitude of these plane waves at the location of the dipole
is given by respectively Ago 0 and Aypo. The complex values Ryor and Ryop
fully describe the optical behavior of the respectively lower and upper stack
of layers.

To illustrate how R, and Ry, depend on the dipole location and the
reflectivity at both sides, we look at the angular emission in the perpendic-
ular direction of a simplified OLED. The simplified OLED has a perfectly
reflecting cathode, organic layers with a refractive index n,., and a sub-
strate. For one plane wave, we assume that the angle between the normal
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to the emissive region and its propagation direction is 6. Also, the thickness
between cathode and dipole is z., the distance from the cathode and the
total thickness of the organic layers is ¢or4. This gives:

27N
Ripp = —exp (—j2 ™ gzecos(ﬁ))
o 2T Ngrg
Rbot = Rorg/sub exp .72 Y torg COS(G) (42)

In this equation, the amplitude reflectivity between organic layers and
substrate is given by R,,.q/sup- The perfect reflector at the cathode gives a
phase shift of 7. For a maximal extraction efficiency in the perpendicular
direction, two conditions have to be satisfied. First, the nominator - Ag, 0+
Aup,0Rpot,0 - should be maximal. Second, the numerator I — Ryor Rtop should
be minimal. As already was described in section 2.4.3, this happens for
positive interference between down and up propagating plane waves, as

Zeorg }+ n
A 42

ttotnorg 3 n

—_— -+ = IN 4.
\ 1 + 50 M € (4.3)

In conclusion, the angular emission of an OLED follows from a decom-
position of the dipole in plane waves. Then, the angular emission follows
from equation 4.1. In this equation, the optical behavior of the interference
layers is fully described by Rpot-

4.1.3 Reflectivity of the interference layers of a RCLED
and a RC?’LED

The goal of this subsection is to give some extra information on Rp.; of
equation 4.1 for the interference layers of figure 4.2. Having some feel for
this term can be interesting for the next section, section 4.2.

Let us begin by looking at the reflectivity of the two interference layers.
Figure 4.2 and table 4.1 give the parameters of the interference layers of a
RCLED and a RC?LED. Figure 4.3 gives the power reflection.

The main resemblance between the two structures are the Bragg mirrors.
These Bragg mirrors reflect perpendicular incident light. The wavelength
of this reflection depends on \,..s. The bandwidth over which this reflection
happens depends on number of layers and refractive index difference. This
will be discussed in the remainder of this section.

The main difference between the two structures is the optical cavity
in the RC?LED. For the resonance wavelength .., a spectrally narrow
peak has a very high transmission. You could describe the interlayers of a
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Figure 4.2: The stack of a RCLED are quarter wavelength layers which
form a mirror. However, the cavity in the stack of a RC2LED allows per-
pendicular incident plane waves to pass. More details are in table 4.1.
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Figure 4.3: The reflection of a RCLED and a RC2LED are very similar,
except at the location of the resonance wavelength, A..s. This figure uses
the setup of figure 4.2 with the parameters of table 4.1



82 THE RC?LED FOR INCREASED LIGHT EXTRACTION

refractive index incident plane 1.7

refractive index of the high index layer, n; 2.3

refractive index of the low index layer, no 1.5
resonance wavelength A\..s 550 nm

Table 4.1: Default parameters for the structure of figure 4.2. All figures of
this section use these parameters, unless indicated otherwise

RC?LED as an anti-reflection coating for the resonance wavelength. This
resonance wavelength in the RC?LED gives an extra degree of freedom with
which we can optimize the extraction efficiency.

Figure 4.4 gives both magnitude as phase of the amplitude reflection
in function of angle for a given wavelength. Both RCLED and RC?LEDs
interference layers have been investigated for different incident angles. The
RCLED interference layers are a Bragg mirror at the resonance wavelength.
Thus, we see very high reflection for perpendicular incident plane waves.
However, reflection of the RC2LED interference layers is minimal for a per-
pendicular incident angle!

As a rule of thumb, more number of layers for the Bragg mirror will
make the angular emission much more resembling a block function. In-
creasing the refractive index contrast will make the ’'block’ for which we
have high reflection will stretch over a larger region of angles. Also, in-
creasing the refractive index will make sure that the reflection will be over
a wider wavelength range. [91]

4.2 Optimization of the extraction efficiency
of a RC’LED

4.2.1 Introduction

The main focus of this section is the extraction efficiency in function of the
wavelength for both a reference OLED and a RC2LED. These OLEDs will
also be discussed in the next section on experiment, section 4.3. The only
difference between the reference OLED and the RC?’LED will be interference
layers between ITO and the substrate. The thickness of these interference
layers will be used to optimize the extraction efficiency of the RC2LED.
Both OLEDs use the same stack of organic layers.

The organic layer stacks of the OLEDs are given by table 4.2. Of these
two, the extraction efficiency of the reference OLED already has been opti-
mized. As we will see later on, its extraction efficiency is around 20% for all
visible wavelengths. To optimize the RC?LED, we have performed a brute
force scan over two parameters: (tnp0,,tsi0,). Note that this can result
in a different resonance wavelength for organic layer stack (Aresorg and the
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Figure 4.4: The amplitude reflection of the RCLED and the RC? LED differ
both in magnitude and phase. These plots have been calculated in function
of the incident angle of figure 4.2. The parameter values are in table 4.1.
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refractive index reference

: 2
Material (@550 nm) OLED RC“LED
Aluminium 0.96 - 6.69j 150 nm 150 nm
ETL 1.66 80 nm 20 nm
Emissive
Layer* 1.66 40 nm 40 nm, Apes,org 7430 nm
HTL 1.81 20 nm 80 nm
ITO 1.82 - 0.01j 50 nm 50 nm
45 nm
NbO, 2.38 N.A. Ayesce 2 430 nm
. 146nm
8102 1.46 N.A. )\res7RC2 ~ 430 nm
NbO,, 2.38 N.A. 45 nm
glass 1.53 N.A. N.A.
air 1.0 N.A. N.A.

Table 4.2: The layer stack of the RC?LED and the reference OLED only
differ in the three additional layers. (*The emission takes place in the middle
of the emissive layer. N.A.: not applicable)

RC? interference layers (Ares,rc2). The OLED we use for the experiments
has one layer with a green dye. Therefore, as optimization criterium we
have used the extraction efficiency around 550 nm.

Because the organic stack has been optimized for the reference OLED,
the relative improvement of the RC2LED might even be higher if both the
stack of organic layers and the interference layers are optimized at the same
time.

The next subsection, subsection 4.2.2 gives the extraction efficiency in
function of wavelength. Also, we discuss the influence of some deviations
from this design. So, this shows how robust our design is. To explain
the wavelength dependent behavior, we look at the angular emission in
subsection 4.2.3.

4.2.2 Extraction efficiency in function of the wavelength

In this section, we describe the extraction efficiency in function of the wave-
length for both the reference OLED and the RC?LED. An analysis has to
wait until subsection 4.2.3. Note that the extraction efficiency usually refers
to the extraction efficiency to air. As stated before, this parameter gives
the fraction of photons which can go from emissive region to air. However,
in this section we will also look at the extraction efficiency to the substrate.
This extraction efficiency to the substrate is the fraction of photons which
can escape from the organic layers to the substrate. Also, we look how



4.2. OPTIMIZATION OF THE EXTRACTION EFFICIENCY OF A
RC?LED 85

— reference — reference
-- RC’LED

o4

o
o
w

o
)

substrate extraction
o
-

extraction efficiency

o

0'2.)0 500 550 600 650 0'2\)0 500 550 600 650
A [nm] A [nm]

(a) fraction of generated photons which (b) fraction of generated photons which
can escape to the substrate(!) can escape to air

Figure 4.5: Extraction efficiency in function of wavelength, A.. (structure:
table 4.2)

robust our design is.

Figure 4.5(b) gives the extraction efficiency to air for both the reference
OLED and the RC?LED in function of the wavelength. From this figure it
is clear that the extraction efficiency of the reference OLED is 20% over the
full visible wavelength range. Not so for the RC?LED. The RC?LED has a
maximal extraction efficiency of 40%. At other wavelengths, the RC2LED
has a much lower extraction efficiency than the reference OLED.

If we look in figure 4.5(a) at the extraction efficiency to the substrate,
we see a different story. Between 500 and 600 nm, the reference OLED
and RC?LED have almost the same extraction efficiency to the substrate.
However, the extraction efficiency to the substrate of the RC2LED rapidly
decreases outside this wavelength range.

To investigate how robust our design is, we vary three parameters. First,
so far, we have used a dipole in the middle of the emissive zone. However,
figure 4.6(a) shows that an off-set of the location of the emissive region
does not change the location of the peak. Nevertheless, an off-set changes
the magnitude of the extraction efficiency. The second parameter is the
thickness of the emissive layer, figure 4.6(b). If we define the wavelength
with the maximal extraction efficiency to air as Apeq, then we find following
equation: Apeqr/tior = C°. If we consider that fabrication tolerances are
well within these large variations, we expect a good agreement between
simulation and experiment.

4.2.3 Angular emission for different wavelengths

The wavelength dependent extraction efficiency of the reference OLED and
the RC?LED,figure 4.5(b) can be explained with the angular radiant flux
per solid angle for both OLEDs. Here, this will be done for two wavelengths:
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Figure 4.6: Extraction efficiency in air as a function of the wavelength for
a variation of the parameters of table 4.2.

525 nm and 600 nm.

To explain the wavelength dependent extraction efficiency of figure 4.5(b),
we use the angular radiant flux of figure 4.7. The angular radiant flux is
given in glass. Thus, we have Total Internal Reflection (TTR) for all light
which is incident under an angle more oblique than 41°. First, the angu-
lar emission of the reference OLED does not change much in function of
the wavelength. However, the angular radiant flux of the RC2LED is more
directional. This can be beneficial. Indeed, if the peak of radiant flux lies
within the extraction cone, we have a high extraction efficiency. However,
if the wavelength shifts, the peak of the radiant flux may shift outside the
extraction cone. Conclusion, the highly directional radiation profile of the
RC2LED causes the wavelength dependent behavior of the extraction effi-
ciency.

Remark: the highest extraction efficiency occurs for the angle of the
radiant flux which is as oblique as possible while being smaller than the
angle of TIR, O77r. Indeed, to calculate the extraction efficiency, we need
to integrate the radiant flux P(0) over the solid angle, see equation 3.44.
In this equation, more oblique angles have more impact due to the higher
weight factor of the solid angle dO.

To conclude, the wavelength dependent behavior of both the reference
OLED and the RC?LED can be explained with the angular radiant flux per
solid angle for both OLEDs.
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Figure 4.7: Angular radiant flux per solid angle P(0) in glass for a reference
OLED and an RC2LED at 525 nm and 600nm. Total Internal reflection
occurs for emission at angles larger than 41°. (structure: table 4.2)

4.2.4 Conclusion

This section has tried to explain the wavelength dependent behavior of the
RC?LED. Although a relative improvement by a factor of two is possible,
this improvement is only in a limited wavelength range. Another disad-
vantage might be the strong angular dependency. However, this might be
solved by using a layer on top of glass, which scatters some of the incident
light.

4.3 Experimental verification

4.3.1 Introduction

This section shows how measurements verify the simulations of the previ-
ous section, section 4.2. For the measurements, two sets of two OLEDs
have been fabricated. Each set contains a reference OLED and a RC?LED
with the design parameters of 4.2. Thus, each set has been fabricated in a
different run. However, each set contains the same two OLEDs by design.

For each set, the same organic layer stack has been deposited on two
types of substrates. The first substrate is a normal glass substrate, which
gives after deposition reference OLEDs. The second substrate however has 3
additional layers which gives after deposition RC?LEDs. Fabrication of the
3 layers and the organic layer stack was done respectively by Philips Eind-
hoven and by Philips Research Aachen. As we will see, these devices have
a relatively low voltage which is because the doping of the transport layers
with dopants from NOVALED. Finally, the measurements of these devices
has been done in collaboration with the ’'Liquid Crystals and Photonics’-
group of the Ghent University.

The remainder of this section is as follows: first, subsection 4.3.2 shows
how to compare simulation and experimental results. Also, the way of mea-
surement is explained and a short overview of the measurements results
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is given. Then, for completeness, subsection 4.3.3 shows the influence of
microlenses on top of the OLEDs. Using a microcavity OLEDs and mi-
crolenses is not unique, as was demonstrated in the literature overview of
subsection 2.4.7. Finally, we conclude in subsection 4.3.4.

4.3.2 Comparison of simulations and measurements

A direct comparison of simulations and measurements would require ab-
solute measurements. On the one hand, simulations give the wavelength
dependent extraction efficiency. On the other hand, measurements of an
OLED give its spectrum. Therefore, we have opted for a more indirect ap-
proach. Here, we eliminate the need for absolute measurement by using the
relative improvement of the RC2LED to the reference OLED. Both OLEDs
have been fabricated in the same run. Thus, though we start with abso-
lute measurements, we assume the stack of both OLEDs to be sufficiently
reproduceable for our measurements. Thus, from now on, we compare the
relative improvement of simulations and measurements.

To find the relative improvement of the simulated RC2LED to the simu-
lated reference OLED, their respective extraction efficiencies, n. re2rEp(A)
and 7e reference OLED () are divided:

A
relative improvementg  uiations (A) = Ne.re2 gD (V) (4.4)

Tle, reference OLED ()‘)

To find the relative improvement of the measured RC?LED to the mea-
sured reference OLED, their respective spectral emission, F. gpo2rep())
and Ee,reference OLED ()\) are divided:

Ec re2rep(N)
A\ = (4.5)
Ee,reference OLED (A)

relative improvement, .. . ements (

This last equation is illustrated by the simulation result of figure 4.8.
The electroluminescence spectrum of the organic layers is given by ¢gr ().
Then, the actual emission of both the reference OLED and the RC?LED
comes from the product of ¢g1,(A\) and their respective extraction efficiency:
Ne,rc2LED(A)s Me reference OLED(A).  Thus dividing the spectral emission,
cancels out the spectral behavior of the emitter from figure 4.8(a).

Strictly speaking, using equations 4.4 and 4.5 means that we implicitly
have assumed that light generation in the organic layer is not influenced
by the cavity. Let us first show how light generation can be influenced.
For example, the Purcell effect tells us that the lifetime of the exciton can
be influenced by the cavity. Now, suppose that the RC?LED increases the
lifetime of the exciton compared to the lifetime of the exciton in the reference
OLED. This does not make a difference if there all decays are radiative.
However, if excitons can decay non-radiatively, then more excitons in the
RC?LED would decay by non-radiative processes. This would mean that
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(a) (b)

Figure 4.9: (a)The OLEDs emit green light. (b) Using a foil with an array
of microlenses can easily be applied. (c) Measurements can be done with
an (optional) cover screen. (OLEDs and plastic foil with microlenses have
been fabricated by Philips Aachen)

equations 4.4 and 4.5 would no longer be valid. However, the microcavity
presented in this work is sufficiently weak to neglect the Purcell effect.

So far, we have discussed our way of comparing measurements with
simulations. Now, let us focus on the actual fabrication and measurements
of the OLEDs, which would have been impossible without the institutes
mentioned in the introduction.

Figure 4.10 gives the measured spectrum of the second set of devices
of figure 4.9(a). As stated before, the same stack of organic layers has
been deposited on two substrates. The first substrate is a normal glass
substrate on which the reference OLED is deposited. The second substrate
however has 3 additional layers. These substrates have a size of 5 cm by 5
cm on which the organic layers have a size of 4 cm by 4 cm. Figure 4.8(a)
shows that emission of the organic layer stack is focused in the visible green.
Variations on the thicknesses of the organic layers is around 5%. Thus,
roughly speaking, two consecutive fabrication runs of the same layer stack
result in an emission with a relative deviation of up to 5%. The wavelength
for which the cavity has been optimized wavelength turned out to be slightly
different from the electroluminescent peak.

The actual measurements have been done with an integrating sphere
of which the light is coupled to a monochromator. The integrating sphere
of Bentham has a diameter of 15 cm, the monochromator is a DK 240
Digikrém 1/4 m monochromator. The OLEDs were driven with a Keithley
220 programmable current source of which the driving current was 5.5 mA.
The voltages of table 4.3 were measured with a standard multimeter. As
can be seen from figure 4.10, the spectrum of interest is between 480 nm
and 620 nm. Outside this range, measurement errors are too high. The
wavelength step between each measurement point is either 10 nm or 20 nm.

Now, figure 4.11 gives an overview of the relative improvement for both
simulations and experiments, respectively figure 4.5 and 4.10. In this fig-
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set 1, I = 5.5 mA
set 2, I = 5.5 mA

reference OLED RC2LED

6.2V
58V

54V
6.0V

Table 4.3: Driving current and measured voltage of the different OLEDs in
set 1 and set 2.
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Figure 4.10: Absolute emission in air of the second fabricated set of OLEDs,
both the RC? LED and the reference OLED. (Dots and Crosses indicate
measurement points, lines are interpolated values.)
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Figure 4.11: A good agreement of the relative improvement for two different
sets of fabricated samples and the simulation results has been demonstrated.

ure, the peak of the simulated relative improvement differs by 10 nm from
the experimental data. This could be caused by fabric deviation of layer
thicknesses which can be 5%. Apart from this, both a good quantative and
qualitative agreement is between simulations and experimental data. More-
over, a relative improvement of almost a factor of 2 for a limited wavelength
range has been demonstrated with the RC2LED.

4.3.3 Addition of microlenses on the OLED surface

To conclude this section, we also give the relative improvement of the device
of set 1 with and without microlenses in figure 4.12. Both the reference
OLED and the RC?LED are used, the microlenses are shown in figure 4.9.

Microlenses can be used to increase light extraction from the glass sub-
strate. Adding such a foil of microlenses is done by applying a refractive
index matching gel between the substrate of the OLED and the planar side
of the foil with an array of microlenses. Figure 4.12 clearly shows that the
extraction efficiency of the reference OLED increases by 30% by applying a
microlens foil. Also, this relative improvement is quite wavelength indepen-
dent. Not so for the RC?LED! A microlens foil does not improve extraction
efficiency at 600 nm. However, at other wavelengths, we see an improvement
up to a factor of 2.5. To explain, take figure 4.11. The maximal relative
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Figure 4.12: Using an array of microlenses on top of either a reference
OLED or a RC2LED can increase the amount of power measured. This
figure shows the relative improvement between a device with microlenses
and one without microlenses.

improvement of the RC2LED to reference OLED is at 600 nm.

Here, the RC2LED already extracts a large amount of the light in the
substrate. Thus, the improvement that can be gained with microlenses
is minimal. At off-resonances where the RC2LED is not effective, more
light remains trapped in the substrate. This light can be extracted with
microlenses. Thus, at non-resonance wavelengths, this microlens foil has a
higher relative extraction than the microlens foil on a reference OLED.

It is safe to say that microlenses mitigate the wavelength dependence of
the RC?LED somewhat. We come back on these results in the simulation
results of section 5.2.4.

In conclusion, a microlens foil improves the extraction efficiency of both
the reference OLED and the RC?LED. However, the actual improvement
is almost negligible for the RC2LED at the wavelength with its highest
extraction efficiency. The microlens foil however gives a small compensation
of the lower light extraction of the RC?LED at non resonance wavelengths.

4.3.4 Conclusion

In conclusion, the experiments qualitatively verify the simulations of RC?LED.
We find a peak of the extraction efficiency around 600 nm. Nevertheless, a
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small deviation of the location of the peak was found between simulations
and experiments. The quantitative results have quite good agreement. Ex-
periments give a relative improvement between a factor of 2-2.5. The sim-
ulations give a relative improvement of slightly less than 2.

Adding a foil of microlenses does not increase light extraction at the
resonance wavelength of the RC2LED. The microlens foil however gives a
small compensation of the lower light extraction of the RC2LED at non
resonance wavelengths.
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Gratings in OLEDs to increase light extraction

This chapter shows how gratings in an OLED can increase light extraction.
The location of the grating can be on either side of the substrate. Thus, the
grating is either between active stack and substrate or between substrate
and air. Simulation results by using the the numerical model of chapter 3
are given. Also, some experimental results on a grating between substrate
and air are presented. During the optimization of the grating, we highlight
the necessity to model multiple round trips in the substrate to correctly
model the extraction efficiency.
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5.1 Introduction

Placing a grating at an interface with TIR can increase the extraction effi-
ciency, see chapter 2. First, we give a more rigorous definition of a grating.
Then, we define two different figures of merit, one for each interface, to
quantify ’how good’ a grating is.

First, a grating is a structure which is composed by a motif which repeats
periodically in two dimensions. For example, figure 5.1 gives four gratings.
The first three examples, figures 5.1(a), (b) and (c), use motifs which repeat
on a rectangular lattice. The last example, figure 5.1, has a motif on a
hexagonal grid.

The first location where we can place a grating is the interface between
substrate and air, section 5.2. Now, we can determine the relative im-
provement of an OLED with grating and that same OLED without grat-
ing. This proves to be a directly measurable quantity. How? We first
measure the spectrum of an OLED. Afterward, we can measure that same
OLED with a grating, which has been attached with a refractive index
matching gel. This way of working assumes that the grating is not fabri-
cated in the same glass plate supporting the organic layers. Of course, the
planar OLED already should already be optimized for a high extraction ef-
ficiency. There is no point in increasing light extraction of an OLED which
has a badly located emissive region. In conclusion, results of gratings at
this interface will be expressed in terms of relative improvement.

The second location where we can place a grating is between the active
region and substrate, section 5.4. As active region, we define the stack with
cathode, organic layers and ITO. The quantity we are interested in, is the
extraction efficiency. This extraction efficiency gives the ratio of photons
in air to the total emitted photons. Note there are at least two reasons for
not using relative improvement as quantity to express our results. First,
compared to a grating between substrate and air, the relative improvement
in this setup is much more difficult to measure. Second, it is difficult to
discern the relative improvement which is caused by microcavity effects and
the relative improvement which is caused by the grating. Thus, results
of gratings at this interface will be expressed in terms of the extraction
efficiency.

5.2 Grating at the substrate-air interface: sim-
ulations

5.2.1 Introduction

A grating at the interface between substrate and air helps us to extract light
which would normally be trapped in the substrate. Another corrugation at
this interface is an array of microlenses. As stated in chapter 2, publications
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Rectangular lattice

(a) Pillars (perspective and top view of an elementary cell)

(b) Holes (perspective and top view of an elementary cell)

b

A

(c) Chess-board (perspective and top view of an elementary cell)

Hexagonal lattice

=

(d) Pillar (perspective and top view of an elementary cell)

A

Figure 5.1: We distinguish 3 types of gratings on a rectangular lattice and
one type of grating on a hexagonal grating.
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show an increase of 50-100% by microlenses. Note that neither corrugation,
grating or microlenses, extracts light from the stack of organic layers. Thus,
measurements give the increase of light which is extracted from the glass
substrate.

Our discussion on the simulation results of a grating at the substrate-air
interface is spread out over the next three subsections. In subsection 5.2.2,
we will determine the optimal parameters for several gratings. Because
the focus of this work is the white OLED, special attention is given to the
wavelength dependency. Then, subsection 5.2.3 uses the optimized grating
to show the influence of round trips in the substrate. This work is similar
to the work of subsection 3.6. Because multiple round trips in the substrate
prove to be very important, we will also look at the influence of the organic
layer stack on multiple reflections in section 5.2.4.

The next section, section 5.3 gives an overview of a few experimental
results. This section also includes a comparison between gratings and mi-
crolenses.

5.2.2 Parameter optimization

To optimize the gratings, we start from the layer stack of table 5.1. The
extraction efficiency of a planar OLED with this stack is given by figure
5.2. This stack will also be used for the experiments of subsection 5.3.
Moreover, we investigate the gratings of figure 5.1. We can already see that
each grating on a square lattice has 5 parameters. Indeed, the parameters
of figures 5.1 (a)-(c) are: Ag, Ay, tz, t, and the height of the corrugation.

To find an optimum, we have performed a local optimization. Meaning,
the optimum of the first parameter is found by brute force. At the same
time, the other four parameters are kept constant. Then, the optimum of
the second parameter is found by brute force. And so on, until the optimum
of the last parameter is found. In our experience, this local optimization
already gives a good indication for the global optimum. In the param-
eter range around the local optimum, each grating parameter influences
the extraction efficiency largely independently. Thus, best performance is
achieved for symmetrical structures, i.e. period and fill factor are equal in
both direction of figures 5.1(a) to (c).

Let us now discuss each parameter.

Both depth and period show saturations in figure 5.3. The relative
improvement flattens. Here, the minimal depth is 500 nm, the minimal
period is 1400 nm. Although figure 5.3 shows the saturation of the relative
improvement of a grating of pillars - figure 5.1(a) - , the depth should be
at least 500 nm for the other gratings of figure 5.1. Important: the optimal
parameters are roughly independent from the wavelength. Of course, this
does not mean that the relative improvement is wavelength independent.
Only, the value for the optimal parameter is wavelength independent.
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material refractive index thickness

Al 1.0-6.9j 150 nm
Electron Transport 1.66 55 nm
Layer
Emissive layer 1.66 0 nm
Hole Transport 1.80 45 nm
Layer
ITO 1.80 - 0.01j 120 nm
SiON 1.62 100 nm
glass 1.52

Table 5.1: Layer structure which has been used in section 5.2.2 to optimize
a grating at the substrate air interface

o
o

0.175

extraction efficiency

o
—
o

500 600 700
wavelength [nm]

Figure 5.2: Extraction efficiency in function of the wavelength for the OLED
defined by table 5.1. This OLED has a maximal emission at 550 nm.

According to figure 5.4, the fill factor is the only parameter which gives
a different optimum depending on which grating of figure 5.1 you use. With
the notation of figure 5.1, the fill factor is given by:

bty

fill factor, fill factor, = AA
z Ry

(5.1)

With this definition, figure 5.4 gives the parameter sweep of this param-
eter. Again, the optimal fill factor is the same for all three wavelengths.

In conclusion, we have found optimal values for each parameter. The
depth and period have to be at least respectively 0.5 and 1.4 pum. The
fill factor depends on the motif. See figure 5.4 for the optimal fill factor.
Moreover, these optimal values prove to be wavelength independent. Note
that the maximal improvement is about 1.5. However, the actual relative
improvement is dependent on the wavelength.
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Figure 5.5: The relative improvement of the grating has been calculated for
both direct transmission as well as for multiple round trips.

5.2.3 Direct transmission versus multiple round trips

This section highlights the importance of modeling multiple round trips in
the substrate. These results are similar to the ones of section 3.6.

To look into the effect of multiple round trips, we again use the rela-
tive improvement. This relative improvement is the ratio of the extraction
efficiency of the OLED with the grating to the extraction efficiency of the
OLED without grating. The extraction efficiency of the OLED without
grating takes into account multiple round trips. Note, a fraction of the light
inside the extraction cone requires multiple round trips before extraction.
The Fresnel reflections reflect part of light. However, after one round trip,
this light has another chance to escape. The extraction efficiency of the
OLED with grating can be either with or without multiple round trips.
The OLED stack is given by table 5.1. The grating are the symmetrical
pillars of figure 5.1(a) with a height of 600 nm. The period of the grating
is 1.0 pm and the fill factor is 70%.

Figure 5.5 indeed shows that the relative improvement is exclusively due
to the multiple round trips. This result was to be expected due to the con-
servation of etendue, see section 2.4.4. Because the size of the corrugation
is the same as the size of the active area, roughly only 1.0/1.52 of the light
can escape by direct transmission.

5.2.4 Relative improvement of a grating on a RC2LED

In this subsection, we will discuss the relative improvement of a RC?LED
with a grating. This subsection is in close relation with the experimental
measurements of a RC?LED with microlenses, see figure 4.12 of section



102 GRATINGS IN OLEDS TO INCREASE LIGHT EXTRACTION

4.3.3.

The specifications of these stacks are given by table 4.2. Figure 5.6(a)
shows the relative improvement for both the reference OLED and the RC?LED.
Here, the reference OLED has a relative improvement of about 80%. Note,
this relative improvement is higher than the one of subsection 5.2.3. The
reason is the thinner ITO layer of this OLED. Indeed, the thinner the ITO
is, the less absorption happens after each round trip.

Now, let us focus on the relative improvement of the RC2LED. There is
almost no relative improvement for the wavelength range around 600 nm.
This can be explained with figure 5.6. This figure shows the extraction
efficiency of a planar reference OLED and of a planar RC2LED. Though
the RC2LED has a much higher extraction efficiency around 600 nm, the
total amount of radiant flux to the substrate is almost the same for both
OLED Thus, the RC2LED already extracts a lot of light around 600 nm
whereas the reference OLED has more room for improvement.

To conclude, at wavelengths with the highest extraction efficiency for
the RC?’LED, the grating can not improve the extraction efficiency.

5.3 Grating at the substrate-air interface: ex-
perimental results

5.3.1 Introduction

To experimentally verify the influence of a grating, several gratings have
been fabricated. Then, measurements have been done in collaboration with
the 'Liquid Crystals and Photonics’-group of Ghent University. Note that
most of this work has been done in the context of the master thesis of Carl
Van Buggenhout.

We take the ratio of the spectral emission of a reference OLED with
grating to the spectral emission of that same OLED without a grating. To
avoid Total Internal Reflection (TIR) at the interface between the substrates
of the reference OLED and the grating, we use a refractive index matching
gel. Since we have used a separate substrate to fabricate the grating in,
adding a grating is as simple as attaching the substrate of a planar OLED
to a planar substrate with a grating. A similar procedure has been used to
measure that reference OLED with microlenses.

The remainder of this section is divided in the three parts. First, we
describe the grating fabrication in subsection 5.3.2. The second part is
about the measurem

5.3.2 Fabrication of the gratings

In this subsection, we list the steps to fabricate a grating on a glass sub-
strate. We have used interference lithography to define the pattern. Com-
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Figure 5.6: The extraction efficiency depends on the reflectance of the
stack of organic layers. These figures use either the reference OLED or
the RC2LED of table 4.2: (a) relative improvement of the extraction effi-
ciency by using a grating (b) extraction efficiency without grating (c) with
grating .
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pared to e-beam lithography, interference lithography can pattern an entire
area in one step.

To fabricate a grating in a planar glass substrate by interference litho-
graphy, we have three steps: (I) deposition of a SiO,-layer on top of the
glass, (IT) making a pattern in resist on top of the SiO, layer and (III) etch-
ing the pattern in the resist in the SiO,-layer. Generation of the pattern in
the resist is done by using a Lloyd mirror setup with an Argon laser. [10]

Table 5.2 gives a detailed overview of all the fabrication steps.

Because of the limitations of our interference lithography setup, the
maximal width of the grating W, is given by:

A
Wmax = Wmirror LASER (52)

AA% — A\ xser

In our setup, we use an Argon laser with a wavelength of Apasgr =
363.8nm. The width of the mirror is Wirror = 5 mm. Depending on the
period of the grating, which is defined by A, we find a maximal size of a
grating in the order of a few millimeter. For a square grating, this means
a maximal area of a few millimeters by a few millimeters. Also, the filling
factor of our gratings is limited to 50%. If we look at the simulation result
of figure 5.4(a), this fill factor gives a slightly lower relative improvement
than the optimal value.

After fabrication, some electron microscope pictures, such as figure 5.7(a),
show nicely fabricated gratings.

5.3.3 Measurement results

In this subsection, we will discuss the measurements of one OLED on which
we attach different gratings. Thus, each measurement always uses the same
planar OLED on which we attach a different grating with a refractive index
matching fluid. Each of these setups has been measured in an integrating
sphere. For each grating, we measure the relative improvement.

The measurements have been done with a reference OLED with an emit-
ting area of 9 mm?. Fabrication of this green OLED was done by Philips
Research Aachen. PRA has deposited a organic layer stack, which is similar
to the one of table 5.1. Note, the size of the OLED is in the same range
as the size of our fabricated gratings. The actual measurements have been
done with an integrating sphere of which the light is coupled to a monochro-
mator. The integrating sphere of Bentham has a diameter of 15 cm, the
monochromator is a DK 240 Digikrém 1/4 m monochromator. The OLEDs
were driven by a Keithley 220 programmable current source to ensure re-
produceable measurements.

Figure 5.8(a) shows the two measurements we perform to quantify each
grating. First, we measure the ’reference’ OLED without grating. Then,
the reference OLED is measured with grating. Because of the small size of
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Deposition a SiO,-layer on top of glass.

This layer is roughly 500 nm thick.

Making a pattern in photo resist (6 sub-steps)

Deposition of layers
Deposition of anti-reflection coating
XHRIiC anti reflection coating is spincoated by 3000
rpm to get a thickness of 200 nm.
Baking of the ARC is for 60 s at 175°C on a hot
plate.
Deposition of the positive resist
A7 MiR 701 is spincoated by 3000 rpm to get a thick-
ness of 1.0 um.
Baking of the resist is for 60 s at 90 © C on a hot
plate.
Interference lithography
Use a Lloyd’s mirror setup to generate the pattern.
To get a square lattice, the sample has to be rotated
over 90°.
Post-exposure baking for 60 s at 110 °C.
Development
Place the exposed sample in AZ 726 MIF develop-
ment fluid for 30 s.
Clean afterward with Deionized water and dry with
No.

(II0)

Dry Etching (4 sub-steps)

e

Reactive Ion Etching of the Anti-reflection Coating
Inductively Coupled Plasma etches the pattern of the
positive resist in SiOx.

Remove remaining resist with aceton

Reactive Ion Etching of the remaining Anti-reflection
Coating

Table 5.2: Detailed overview of the different steps to create a grating in a
SiO,- layer in glass.
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(a) Grating fabricated with interfer- (b) The grating is placed on a small 3
ence lithography, round pillars by 3 mm green reference OLED. (fab-
ricated by Philips Research Aachen).
Note: the grating is only slightly big-
ger than the green area of the OLED.

Figure 5.7: Fabrication and measurements have been performed on a green
OLED on which we attach a grating with refractive index matching gel

the OLED, the noise on these absolute measurements is around 0.1 [a.u.].
Dividing the spectrum gives the spectral relative improvement. This proce-
dure is repeated for different gratings.

Figure 5.8(b) shows that a grating with a depth of 450 nm outperforms a
grating with a depth of 125 nm. We see a qualitative agreement between the
experimental relative improvement and the simulated relative improvement
of figure 5.3(b). However, we only find a maximum relative improvement of
about 25%, whereas simulations show a relative improvement of over 50%.
Different reasons may be found to explain this difference. First, the organic
layer stack might be more absorbing than we have assumed. This can lower
the relative improvement. Another reason is that we were limited to a fill
factor of 50% whereas the optimal value is 70%.. Thus, we see a qualitative
but no quantitative agreement between simulations and measurements.

Figure 5.8(c) shows that a grating with a period of 1200 nm outperforms
a grating with a period of 600 nm. However, we do not find a qualitative
agreement between the experimental relative improvement and the simu-
lated relative improvement of figure 5.3(a). One possible reason might be
the fabrication deviation.

In conclusion, several gratings have been fabricated and measured. The
experimental relative improvement is limited to 25%, whereas simulations
predict an improvement of 50%.
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Figure 5.8: Experimental results for fabricated gratings. All measurements
have used the same OLED on which we attach a grating with a refractive
index matching gel.
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Figure 5.9: Relative improvement in function of the wavelength. The OLED
has either a grating or microlenses attached.

5.3.4 Comparison of an OLED with grating to an OLED
with microlenses

In this subsection, we compare gratings to microlenses with respect to the
extraction efficiency. These experiments follow from the question: do grat-
ings give a sufficiently higher relative improvement than microlenses to jus-
tify the extra fabrication effort? With the same measurement setup as the
previous paragraphs, figure 5.3.4 shows both the relative improvement of a
grating and of a substrate with microlenses.

We should remark that both setups had deviations from an ideal setup.
For the microlenses, we can not guarantee that all light can travel from the
OLED substrate to grating substrate. Indeed, the microlenses have been
fabricated on PMMA by Philips Research Aachen. Because, the refractive
index of this PMMA is npymvia &~ 1.48, some reflection occurs at the inter-
face between OLED and grating. To estimate the amount of light which can
pass this interface, we can use the assumption of random emission in glass.
Then, by using a similar reasoning as in subsection 2.4.1, you can estimate
that about over 85% of all light can go from glass to PMMA. Note that the
refractive index of the refractive index matching gel is higher than glass.
Thus, there will be no angles for which TIR happens. For the gratings,
our fabrication setup is incapable to fabricate gratings with the optimal
theoretical value. However, though the fill factor was limited to 50%, this
grating had an optimal depth of 450 nm and a optimal period of 2.0 um.
Anyhow, for both setups, these fabrication imperfections can underestimate
the relative improvement by about 15-20%

However, we still can state that in our measurements we see no distinc-
tive advantage for either grating or microlenses with respect to the relative
improvement.
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5.4 Grating at the active region-substrate in-
terface: simulations

5.4.1 Introduction

This section is about gratings which are placed between the active region
and the substrate. By active region, the stack cathode/organic layers/ITO
is meant. The aim of a corrugation at this interface is to extract light
which is trapped in the active region. As has been stated in section 2.4.8,
a few publications present experimental verification of increased extraction
efficiency by using such a grating. In this work, we will focus on numerical
results to gain insight and to find optimal parameters of such a grating.

To quantify the simulation results, most figures give the extraction ef-
ficiency in function of the wavelength. Using the extraction efficiency as
key parameter has two reasons. First, it is impossible to determine whether
a relative improvement comes from the scattering effect of the grating or
from microcavities. Therefore, we use a parameter which takes into account
both. Second, in contrast to the previous section (2.4.8), it is difficult to
find an experimental setup to compare absolute measurements of an OLED
without grating and that same OLED with a grating. Thus, the extraction
efficiency will be used to express the results.

Similar to section 5.2, the discussion is spread out over different sub-
sections. First, subsection 5.4.2 gives the optimal parameters for different
types of gratings. Special care is given to the wavelength dependent behav-
ior. Then, subsection 5.4.3 compares two different motifs. One motif has
round holes, the other has square holes. Next, subsection 5.4.4 discusses
the angular emission. This subsection will lay the foundation for the the
comparison between hexagonal lattices versus square lattices in subsection
5.4.5. Subsection 5.4.6 uses one optimized grating to show the influence of
round trips in the substrate. Here, we also show how well in the presence of
a grating light extraction from the active region is increased. To conclude
this section, we will look at the absorption of the electrode in 5.4.8.

5.4.2 Optimization of the grating parameters

To optimize the grating, we first have to define the organic layer stack and
which type of grating we use. The organic layer stack is defined in table
5.3. For the grating, we analyze both the pillars or the holes of respectively
figure 5.1(a) and figure 5.1(b). Then, we need to optimize 5 parameters:
Az, Ay, ta, ty and the height of the corrugation.

The optimization procedure for the grating is similar to the one of sub-
section 5.2.2. Again, we have performed a local optimization for each pa-
rameter while keeping the other parameters constant. In steps, we first find
the optimum of the first parameter by brute force. At the same time, the
other four parameters are kept constant. This procedure is repeated for the
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refractive index

material @550 nm thickness
Al 1.0-6.7j 150 nm
Electron Transport 1.76 75 nm
Layer
Emissive layer
emission in the middle 179 20 nm
Hole Transport 1.66 10 nm
Layer
ITO 1.82 - 0.01j 100 nm
Planarisation 1.93 700 nm
layer
Grating 300 nm
glass 1.52 N.A.

Grating
This symmetric grating has a period A of 400 nm. Pil-
lars of glass with a width of 275 nm have been sur-
rounded by material of the planarisation layer.

Table 5.3: This layer stack has been used to the gratings of figure 5.1(a)-(b)
at the interface between active region and substrate. This table also gives
the default parameters used for the grating.

other 4 parameters. This local optimization already gives a good indication
for the global optimum. Indeed, a parameter sweep over two parameters
shows that these two parameter change the extraction efficiency largely in-
dependently. Also, this implies that a symmetric grating gives the highest
extraction efficiency.

Figure 5.10 shows the extraction efficiency in function of corrugation
height and period. Optimum parameters are: corrugation height > 300
nm, period > 350 nm and fill factor &~ 60%. Then, figure 5.11 gives the
optimal value for the fill factor. Similar to figure 5.4, the optimal value
depends on the motif of the grating.

In conclusion, an OLED with a grating of optimal parameters gives an
extraction efficiency of 30% as compared to the 20% of an OLED without
grating.

5.4.3 Circular pillars versus square pillars on a square
lattice

This subsection shows which extraction efficiency we might expect if we
have round pillars instead of rectangular pillars. Using rectangular pillars
is easier to implement and these give a faster simulation time, whereas
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Figure 5.11: The optimal value of the fill factor is wavelength independent.
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also figure 5.1
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round pillars will be more realistic. Indeed, fabrication of gratings usually
gives more rounded edges. Now, we compare the extraction efficiency of a
rectangular pillar and a round pillar.

To simulate a round structure with our implementation, we subdivide a
circle in different rectangular stacks. Of course, the coarser the subdivision,
the worse the approximation of a circle. The approximation of figure 5.12
uses a subdivision of rectangles of 10 nm. This corresponds to 1/40th of
the period.

Figure 5.12 gives the extraction of both rectangular pillars and round
pillars. There only is a small difference between the results obtained with
square holes and round pillars. So, a square pillar with a width of 275 nm
gives almost equal results as a circular pillar with a diameter of 275 nm.

5.4.4 Angular emission of an OLED with grating

This subsection shows how to analyze the angular emission in glass of an
OLED which has a grating with a square lattice. For this purpose, we will
introduce Wave Vector Diagrams (WVDs) and the reciprocal lattices to an-
alyze the angular emission. Then, these concepts will be used in subsection
5.4.5 where we compare between OLEDs with a grating on a square lattice
and OLEDs with a grating on a hexagonal lattice.

In this subsection, we show how the radiant intensity in glass depends on
the angle. Note that the unit of the radiant intensity is power per unit solid
angle. Moreover, most papers we refer to in 2.4.1 use the radiant intensity
to quantify the angular emission. In practice, to measure this parameter, a
big lens can be attached to the surface to avoid multiple round trips.

Let us start by discussing the Wave Vector Diagram (WVD), which gives
us the radiant intensity for all propagating waves. To identify a propagating
wave, we use the part of the wave vector in the plane of the emissive layer:
k;. Let us illustrate with an example. Figure 5.13(a) and figure 5.13(b)
give the WVD for two different gratings. The axes of these figures use k;
= (ks,ky). Any propagating wave lies within a circle with the length of
the total wave vector of that medium. Thus, for a glass substrate with a
refractive index Ngiags, we have || k|| < [|27nglass /Al

After looking at how to interpret the WVD, we now discuss how to
determine the angles with higher radiant intensity. The advantage of the
WVD is the easy way to visualize the Bragg condition. How? Because
any direction is expressed as a wave vector in a WVD, summation of wave
vectors is quite easy. Then, let us recapitulate equation 3.9, which gives the
Bragg condition for a square lattice:

2

kamky = kx,0+iA

2
aky,0+in7iaje EZ (53)
Yy

Now, figures 5.13 (¢) and (d) show how to combine the WVD and the
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Figure 5.12: Calculations with the structure of table 5.3 have been done
with two gratings on a square lattice. Either the grating has (a) square
pillars or (b) round pillars. Figure (c) shows a relative difference of at most
2% between both types.
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(c) A =550nm, Ay e = 200 nm, see a. (d) A =550nm, Ay, = 250 nm, see b.

Figure 5.13: Figures (a) and (b) show how the angular dependency of the
radiant intensity changes in function of the grating period. The bigger the
grating period is, the smaller (kg, k) are for which the first diffraction order
gives a higher radiant intensity. The dotted lines of figures are merely to
show how the angles of higher radiant intensity shift. Figures (c¢) and (d)
show how to use the addition of wavevectors to check this conclusion with
the Bragg condition in the WVD. The OLEDs of table 5.4 Some details on
the grating: the symmetric rectangular grating has holes in SiN,, which
have been filled with Spin on Glass. Fill factor is 60% and ng;y, = 1.93,
nsog = 1.28.
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. refractive index .
material @550 nm thickness
Al 0.86 - 6.5j 150 nm
Electron Trarﬁs;;(;it 174 60 nm
Emissive layer
emission in the middle 1.7 20 nm
Hole Tranls‘z;g 1.79 65 nm
ITO 1.8 150 nm
Grating 300 nm
glass 1.5 N.A.

Table 5.4: The organic layer stack has been used for the figures of subsection
5.4.4.

Bragg condition. Take all wavevectors with a length of |k¢||. Next, the
first orders under diffraction are found by a translation over either 27w /A,
or 2m/A,.

The last question is: which || k¢||-values gives the angles of higher radiant
intensity? As a rule of thumb, we find that they occur in:

2w 27
7nglass § ||kt|| S Tncmissivc layer (54)

A
Light under these angles would have been trapped by Total Internal Reflection
(TIR) without grating. With a grating, this light now gives a higher radi-
ant intensity. The hot spots on figure 5.13 are the overlapping points of the
circles.

To generalize this way of working to other lattices, we can use the recip-
rocal lattices of figure 5.14. Indeed, equation 5.3 is completely equivalent
to adding the in plane wave vector k¢ with a vector from the reciprocal
lattice!

In this section, we have shown that WVD help to visualize the angular
emission in glass. To generalize the Bragg condition, we can use reciprocal
lattices. With these, a quick estimate of the angles with higher radiant
intensity can be done.

5.4.5 Hexagonal lattice versus a square lattice

In this subsection, we compare between gratings with a square lattice and
gratings with a hexagonal lattice. To start, we explain how a hexagonal
lattice can be transformed in a square lattice. This step is necessary for our
numerical model, which is based on a square lattice. Then, this subsection
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Figure 5.14: The Bragg condition can be visualized using the reciprocal lat-
tice. Any incident plane wave with in plane wave vector kg ¢ is diffracted.
To find these diffracted orders, sum k¢ o with the vectors of the reciprocical
lattice! (a)-(b): rectangular lattice. (a) Any of the vertices of the rectan-
gular lattice are a linear combination of two perpendicular vectors. (b) The
corresponding reciprical lattice of (a). (c)-(d): hexagonal lattice (c) Any
of the vertices of the hexagonal lattice are a linear combination of two
perpendicular vectors. (d) The reciprocical lattice of (c) is also hexagonal,
but rotated over 30°.
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Figure 5.15: Radiant intensity for a hexagonal lattice. See figure 5.16 on
how to interpret. The WVD of (a) indicates how the radiant intensity of
(c) looks like. Note: the dotted lines are merely to show the curvature
of the k-vectors with the highest radiant intensity. Some more details on
the simulation: OLED-stack is in table 5.4. The grating is made from
holes in SiN,, which have been filled with Spin on Glass, ng;n, = 1.93,
ngoq = 1.28., A = 550nm, Ag = 165nm

investigates the angular dependency of both lattices. Also, the extraction
efficiency of an OLED with these lattices will be investigated.

Figure 5.16 shows the relation between a hexagonal lattice and a larger
square lattice. Using this method, simulation results for a hexagonal lattice
have been obtained.

The WVD of an OLED with a square lattice and the WVD of an OLED
with a hexagonal lattice are given by respectively figure 5.13(a)&(b) and
figure 5.15(b). The radiant flux of the OLED with a hexagonal lattice,
figure 5.15(b), is more symmetrical than that of an OLED with a square
lattice, figure 5.13(b). This can be understood with their reciprocal lattices
figure 5.14.

So far, we only have looked at the reciprocal lattice of a square lattice.
Now, a grating with a hexagonal lattice of figure 5.14(c) has a reciprocal
lattice of figure 5.14(d). The reciprocical lattice of a hexagonal lattice again
is a hexagonal lattice, but rotated over 30° with respect to the original
lattice, figure 5.14(d).

Now, we see that the hexagonal reciprocical lattice is more symmetrical
than the square reciprocal lattice. Also, we can use the technique described
in the previous subsection. With these two statements, we can also state
that the WVD of a hexagonal lattice is much more symmetrical than that
of a square lattice.
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Figure 5.16: To simulate a grating with a hexagonal unit cell, we can make
a grating with square cells. Note that: A, = 3A¢ and Ay = V34

We will now give two comments on these figures.

The angular dependence is wavelength dependent. Thus, the color will
also shift. The question will be: how do the 'hot spots’ shift in function
of the wavelength? This question also has been addressed in [101]. The
shift between one order to another order only depends on the period of the
grating, equation 5.3 and figures 5.13(c)&(d). However, the in plane wave
vector of a mode k; depends on the wavelength. The actual color shift
depends on the order you are investigating.

To have maximum extraction efficiency, we need a period of at least 400
nm. Here, we only use a period of A, , = 200nm or a period of Ag = 165nm.
These periods have been chosen to clarify how to use the WVDs. Only first
order diffraction orders are considered. However, with a period of 400 nm,
we have up to the third order diffraction orders. Therefore, the hot spots
of figures 5.13(a)&(b) and figure 5.15(b) will be much more spread out.
Thus, the higher symmetry of a hexagonal lattice will be less pronounced
for higher periods.

The extraction efficiency of an OLED with a hexagonal lattice does not
differ from the extraction efficiency of an OLED with a rectangular lattice.
Both have been optimized according to the method described in subsection
5.4.2. The optimum values for period and depth of the hexagonal lattice
are similar to the one of the rectangular lattice. The fill factor however is
60%, similar to the fill factor of figure 5.4(d). In both cases, we have found
an extraction efficiency of 30%.

For small periods, a hexagonal grating has a higher symmetry than a
rectangular grating. However, the previous sections also have shown that
maximal extraction efficiency requires much larger periods. Then, higher
order diffraction orders will play an important role, which limits the ease of
the quick analysis by the WVD. Also, the extraction efficiency of an OLED
with a hexagonal lattice does not differ from the extraction efficiency of an
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OLED with a rectangular lattice. Thus, the hexagonal lattice does not offer
any benefit over a square lattice for this application.

5.4.6 Direct transmission versus multiple round trips

Similar to subsection 5.2.3, we wish to highlight the importance of multiple
round trips in the substrate for a grating at the interface between active
region /substrate.

As stated before, direct transmission and multiple round trips need to
be considered when calculating the relative improvement. However, most
papers which are mentioned in section 2.4.8 neglect multiple round trips
in the substrate. The reasoning to neglect is as follows: if light is incident
on the interface glass/air under an angle which is too oblique, this light
is considered to be lost because of Total Internal Reflection (TIR). This
assumption neglects that light travels back up, can be scattered at the grat-
ing and have a second chance of escaping. This assumption is mostly done
because of the difficulty to model optically thick substrates by a method
such as FDTD.

So, this subsection will address two questions. First, how important are
multiple round trips? Second, does the increase of the extraction efficiency
come from light of the active region or from light of the substrate?

To answer the first question, look at figure 5.17(a). This figure already
shows the difference between an approach which includes multiple round
trips and one that does not. This figure gives the extraction efficiency in
function of the grating depth for the structure of 5.3. If we only consider
direct transmission, the increase of the extraction efficiency is completely
negligible for using a deeper grating. However, considering multiple round
trips gives an increase of the extraction efficiency from 20% to 30%. Thus,
multiple round trips play a key role.

To answer the second question, we use figure 5.17(b). This figure shows
the fraction of photons which can go from the active region to the substrate.
Indeed, we see an increase. However, the fraction only goes from 50% to
about 56%. So, this means that the increase of the extraction efficiency from
20% to 30% does not come from the increase of light of the active region.
So, the main mechanism to increase light with a grating at the interface
between glass and the active region are multiple round trips.

In conclusion, multiple round trips are necessary to determine the extrac-
tion efficiency. Moreover, the main mechanism to increase light extraction
are the multiple round trips. Thus, though the main idea of using a grating
is to increase light extraction from the active region, this effect only plays
a minor role in the overall extraction efficiency increase.
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Figure 5.17: This figure gives the fraction of the generated photons which
get to air or to the substrate. Figure (a) gives the extraction efficiency;
the fraction of generated photons which get to air. Figure (b) shows that
adding a grating does not change much the fraction of photons which can
escape from the organic layers to the substrate.

5.4.7 Orientation of the dipole

In this section, we will address the influence of the orientation of the dipole.
Though small molecule OLED (sm-OLED) have a random dipole orienta-
tion, the dipole orientation in polymer OLEDs can be changed by stretching
the long molecules. [47] For example, this stretching may come from spin
casting from solution. Thus, we investigate if tuning dipole orientation
might be interesting for polymer OLEDs.

To investigate the influence of the dipole, we will look at the fraction of
photons which go to the substrate and which go to air. This has been done
for both a planar OLED and for an OLED with grating at the substrate-air
side. To find the extraction efficiency, we use the following equation:

fPair7 par + (1 - f)Pair7 per
Ne = P (5.5)
tot, par + (]- - f)Ptot, per
This equation gives the extraction efficiency 7, in function of the fraction
of dipoles which are parallel to the emissive region. We call the orientation
of these dipoles in-plane. Also, this equation requires both total emitted
power as well as the power in air by parallel dipoles and perpendicular
dipoles with respect to the emissive region. To find the extraction efficiency
of a randomly orientated dipole, we simply need to fill in f = 2/3.
Additional remark: microcavity effects may cause Porg, par to be different
from Porg, ver- Therefore, we use equation 5.5 instead of a weighted average
of the extraction efficiency.
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Figure 5.18: Extraction to either substrate or air depends on the orientation
of the dipole. Parallel is parallel to the emissive layer. Some paper refer to
this orientation as in-plane. As can be expected from figure 3.7, the parallel
dipoles have the highest extraction.

Figure 5.18 shows that both devices would have the highest efficiency if
only in-plane dipoles are used. Also, figure 5.18(b) shows that the extrac-
tion efficiency of perpendicular dipoles benefits the most from the grating.
Without grating, almost no light of the perpendicular dipoles is extracted.
With grating, 10% of the light of these dipoles is extracted. However, the
highest extraction efficiency always comes from in-plane dipoles, as could be
expected from figure 3.7. Thus, in absolute terms, the more light of parallel
dipoles, the better.

In conclusion, an OLED with only dipoles which are parallel to the
emissive region show the highest extraction efficiency. Using only parallel
dipoles instead of random dipoles gives about an relative improvement of
50% for the extraction efficiency, with or without grating.

5.4.8 Extraction efficiency for different electrodes

This section shows the influence of the anode absorption on the extraction
efficiency. Special focus goes to the multiple round trips in an OLED with
grating. Indeed, the previous section 5.4.6 has shown the impact of multiple
round trips. Therefore, a minimal loss of light after one round trip will
certainly increase the extraction efficiency.

One key dissipation mechanism is the cathode which absorbs 10% to 20%
of all incident light. However, the anode is also lossy compared to the rest
of the organic layers. Section 2.4.2 gives different anodes for OLEDs. This
section looks at the extraction efficiency of planar OLEDs and OLEDs with
a grating at the interface between active region and substrate in function
of two anodes ITO and PEDOT:PSS™formulation Baytron PH500 from
H.C. Starck. Its commercial name is Clevios™. This last anode will here
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Material refractive index @ 550 nm  thickness

Al 1.0-6.7j 150 nm
Electron Transport 1.77 75 nm
Layer
Emissive region 1.78 0 nm
Electron Blocking 1.66 10 nm
Layer
Hole Transport 1.75 135 nm
Layer
anode Nanode telectrode

A 150 nm thick square grating with holes in glass which have a
period of 450 nm.The holes have been filled by AIN, na)n = 2.1
glass 1.52 N.A.

Table 5.5: The anode of this layer structure can be either ITO or PE-
DOT:PSS formulation Baytron PH500 from H.C. Starck. This structure
is used to look at the influence of the loss of the anode on the extraction
efficiency in section 5.4.8.

after be referred to as PH500.

Figure 5.19 gives the extraction efficiency in function of the thickness
of both electrodes for the OLED of table 5.5. Note that a thickness of 100
nm is quite common. Figure 5.19(a) shows an extraction efficiency of about
20% for the planar OLED with a nominal thick ITO. Except for the small
increase for a thickness of 70 nm which is caused by micro cavity effects, this
extraction efficiency is quite constant. If we look at the extraction efficiency
of the OLED with grating at the active region-substrate interface, we see
that the extraction efficiency slightly decreases for thicker electrodes.

A similar reasoning can be held for the OLEDs with PH500 anode of
figure 5.19(b) . However, we also see the impact of the low refractive index
of the anode. The anode of low refractive index is placed between organic
layers and the grating, which both have a high refractive index. Thus, a
thicker anode of low refractive index decreases the light which ’feels’ the
grating. However, we are also interested in the impact of the loss of the
anode on the extraction efficiency of an OLED with grating. Then, the
more lossy PH500 influences the extraction efficiency much more negative
than ITO, especially for the corrugated structure.

In conclusion, a lossy anode negatively impacts the extraction efficiency.
This is especially so for an OLED with a corrugation, because of the multiple
round trips.
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5.5 Conclusion

This chapter has given an overview of the simulations which have been
performed for a grating at either side of the substrate.

For a grating at the substrate-air interface, simulations give wavelength
independent optimal values for the design of the grating. These values
are a minimal depth of 500 nm and a minimal period of about 1.4 pm.
The fill factor is a parameter which depends on the motif, which can be
pillars, holes or chess board. The optimal wavelength independent fill factors
are respectively 70%, 60% and 35%. For each motif, we find a theoretical
relative improvement of 50%. We also saw that the relative improvement
depends on the organic layer stack. Experiments have been performed on
gratings at the interface substrate-air. Here, the relative improvement is
about 25%. Also, the relative improvement of an OLED with grating does
not differ from the relative improvement of an OLED with microlenses.

For a grating at the organic layers-substrate interface, we also have
looked for gratings which give the maximal absolute extraction efficiency.
Thus, here the figure of merit is the extraction efficiency. Our simulations
give wavelength independent optimal values for the design of the grating:
a minimal depth of 300 nm, a minimal period of about 350 nm and a fill
factor of about 60%. This last parameter is less dependent from the motif
as the grating at substrate-air interface. The increase of the extraction effi-
ciency again is 50%. We also have used the Wave Vector Diagram (WVD)
to explain the highly angular dependent emission of our simulation results.
Again, we saw the importance of multiple round trips in the substrate.

The grating does not increase much the fraction of light which can be
extracted from the organic layers. Thus, the increase of the extraction
efficiency comes from light which would normally have been trapped in the
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substrate.



Of course it is happening inside your head, Harry, but why on earth
should that mean it is not real?

Dumbledore, Harry Potter and the Deadly Hallows

Optimization of the luminous power efficiency

The focus of this chapter is the luminous power efficiency. This parameter
consists of two questions. The first question is: how efficient is the conver-
sion of electrical power to optical power? The second question is: how does
the eye react to the light? In other words, is the generated light effective?
So far, the focus of this work has been the extraction efficiency. Thus, we
have only considered the first question. However, how the eye reacts is also
important to quantify a light source. For example, we will see that two
equally efficient OLEDs with the same color can still have a different lumi-
nous power efficiency. So, in the next chapter we will start with a numerical
model to calculate the luminous power efficiency. With this model, we will
make three statements on the luminous power efficiency to illustrate the
trade off between efficiency and efficacy.

Overview
6.1 Introduction ... ... ... ... 126
6.2 A numerical model to calculate the luminous
power efficiency of a 3 color WOLED . .. .. 127

6.3 A spectrum which looks like the spectrum of
the MacAdam limit has the highest luminous
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ter outperforms a WOLED with a more effi-
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6.5 The extraction efficiency has to match the spec-
trum to get a higher luminous power efficiency 141
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Figure 6.1: The relation between luminous efficacy and luminous power
efficiency is given by this figure, as well as the relation with the other pa-
rameters of this chapter.

6.1 Introduction

To quantify a light source, the luminous power efficiency has a central role.
The luminous power efficiency (np, [lm/W))is the ratio of luminous flux
(F, [Im]) to the electrical power (Pq, [W]). [64] For a given light source
with given chromaticity, we want this parameter to be as high as possible.
Thus, the light source has to be as bright as possible with minimal input of
electrical power. A small introduction on color related properties such as
luminous flux and chromaticity are in Appendix A. In this section, we look
at the upper limit of the luminous power efficiency of a perfect light source.
Thus, what is the maximal luminous flux [lm] for one Watt of radiant flux?
Then, we briefly introduce the other sections, which look at more realistic
white OLEDs

Let us first stress the difference between two parameters: the luminous
power efficiency and the luminous efficacy, figure 6.1. The luminous efficacy
(nv, [lm/W]) is the ratio of luminous flux to the radiant flux (Popt, [W]).
To calculate this last parameter, only the spectrum is needed. So, we can
see that luminous power efficiency and luminous efficacy are related by the
wall plug efficiency (9w /w, [W/W]). This last parameter gives the efficiency
at which electrical power is converted to radiant flux. So, the remainder of
this section uses the luminous efficacy. Important: the upper limit of the
luminous efficacy for one chromaticity automatically is the upper limit for
the luminous power efficiency of any light source.

To find the maximal luminous efficacy, we use two properties of the in-
teraction between visible light and the human eye. First, many spectra can
have the same chromaticity. This is called metamerism. Different spectra
however have a different luminous efficacy. Second, only one spectrum can
give the highest luminous efficacy. This highest luminous power efficiency
is the MacAdam limit. [15] Thus, the MacAdam limit gives the highest lu-
minous power efficiency achievable for one color point. Figure 6.2 gives this
limit for all chromaticities. For example, the MacAdam limit for ’illuminant
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Figure 6.2: (a) This figure shows the maximal luminous efficacy of any color
point in CIE 1931 xy color space. (b) For example, the given spectrum for
color point illuminant A achieves 512 Im/W. (Source: [15])

A’ is 512 lm/W. The corresponding spectrum has 15% of its radiant flux
emitted at 450 nm and 85% at 579.5 nm! Note that the spectra of most
WOLEDs do not look like this spectrum. Subsection 6.3 comes back to this
statement. Even more, the luminous efficacy of most OLEDSs’ spectra is at
most 350 lm/W.

So far, we only have used a ’perfect’ light source. Indeed, we have used
the luminous efficacy which only considers the spectrum. However, in the
remainder of this chapter we wish to model the luminous power efficiency
of a more realistic OLED. Therefore, the remainder of this chapter is as
follows. First, section 6.2 describes a numerical model to calculate the
luminous power efficiency. Subsection 6.2 up to subsection 6.4 prove three
statements on OLED properties which limit the luminous power efficiency.

6.2 A numerical model to calculate the lumi-
nous power efficiency of a 3 color WOLED

The goal of this chapter is optimize the luminous power efficiency. For this
purpose, this section gives a numerical model of a 3 color WOLED. This
model and some small variations of this model will be used in the remainder
of this chapter.
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As stated before, the luminous power efficiency (np, [%]) is defined as
the ratio of luminous flux (F, [lm]) to electrical power (P, [W]). Now, to
calculate the luminous power efficiency, we use a generic model of a 3 color

WOLED which requires 4 parameters.

The four parameters are: the internal quantum efficiency which gives the
conversion of excitons to photons (7;,:,;), the extraction efficiency of these
photons (7. ;) and the radiant flux of the emitters (E¢; ;(\)). See also figure
6.1. One last relevant parameter is the driving voltage of the OLED. The
index i of each of the 3 emitters is either b(lue), r(ed) or g(reen). Typical
values of 7;,; and the voltage are in respectively subsections 2.3.4 and 2.3.5.
The extraction efficiency was discussed in section 2.4. For the spectra of
the emitters, most articles mention emitters with a bandwidth of about 100
nm. Except Europium: Europium emitters emit in red with wavelength
bandwidth of one fourth of the usual width. [102]

The model of subsection 6.2.1 and its small adapta

6.2.1 A 3 color white OLED with 3 emitters

In this subsection, we show how to calculate the luminous power efficiency of
a White OLED with 3 emitters in one organic stack. The luminous power
efficiency is calculated with the luminous flux (F;) and electrical power
(Pey;) of each of the 3 emitters.

Zi:b,g,r Fi

np = Ssher (6.1)
Zi:b,g,r Pel,i

For a given chromaticity of the White OLED (WOLED), the contri-
bution of each emitter automatically is fixed. Thus, the first step needs
to determine the spectrum which corresponds with the given chromaticity.
Also, the spectrum then gives the luminous flux. The emitted spectrum in
air of each of the emitters is given by:

Eopi(A) = Eer,ilA)ne,i(A) (6.2)
Ep(N) = Y AiEoi()) (6.3)
i=b,g,r

Each of these spectra corresponds to tristimulus values in the CIE color
space of 1931, Appendix A or [14]:
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X, = / oy s(VF(V)dA
Y, — / Eop i (\T(A)dA (6.4)

Zi = [ EupaVzax

Given the addition properties of the color coordinates, the color coordi-
nate of the WOLED, (X,,, Y, Z) has to satisfy:

Xy = Y AX
i=b,g,r

Y, = Z AY; (6.5)
i=b,g,r

Zy = > AiZ
i=b,g,r

To get a certain chromaticity, equation 6.5 tell us how to chose the
prefactors A;. The prefactors (Ap, Ay, A,) determine the mutual ratio of
radiant flux inside the organic layers. We assume that we can change these
prefractors A; without changing any other property or parameter of the
OLED!

The luminous flux of one emitter then is given by:

Fo— 6830 / AEoy sV () (6.6)

Here, V() is the eye sensitivity curve. Calculating the denominator of
equation 6.1 is the next step. This equation is a function of the internal
quantum efficiency and the power injected in the organic layers.

L aVAoy (6.7)

Nint,i he

P, = /AiEel,i(A)

The parameter ﬁ gives the amount of excitons needed to create one

photon. The ratio )Zﬁ/ gives the relation between the optical power of

the photon and the energy of the creating exciton. [6] As stated in the
introduction, one can use doped layers to minimize P;; by minimizing the
required voltage V.

6.2.2 A blue/green OLED with a down conversion layer

White light can be generated by the setup of figure 6.3. An OLED which
generates blue or green light can have a layer which downconverts a fraction
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Figure 6.3: Downconversion of blue and green light to red light can result
in white light

of this light to red light. For example, this concept is also used in fluorescent
tubes. Materials for this downconversion can be found in [103].

To calculate the overall luminous efficacy of this structure, we will have
to adapt equations 6.3 and 6.7 of subsection 6.2.1. A wavelength dependent
absorption Aby,(A) and an emission of the photons of the down conversion
E.p pc(A) have to be introduced in the total emitted spectrum E,:

EOP()‘) = AbEOPJ?(/\) + AgEong(/\) - Abop,DC()‘) + Eop,DC()\) (6~8)

The relation between the absorption Ab,, pc(A) and the Emission E,, pe
of the downconversion layer is completely determined by the material of this
layer. Because the 3 equations 6.5 have to be satisfied, three variables are
required. Put otherwise, we need 3 variables to get the chromaticity we
want. These variables are the radiant flux of the blue and green emitter
(Ap, Ay) and the absorption (Ab,p,). Again, we assume a fixed relation
between absorption Aby, pc(A) and emission E,p, pe.

We model the absorption of the downconversion layer with a probability
of absorption. The thicker the layer, the more chance a photon is absorbed.
Then, the thickness Tpc of the downconversion layer is a free parameter
which we can use to tune the color point.

One way to model the change of the probability that a photon with a
certain wavelength () after a distance T, is absorbed is using an expo-
nential dependence. The expression (1-exp(-7a»(A)Tpc)) then indicates the
probability of absorption after a distance of Tpc. We now get from equation
6.3:

EOP(/\) = (Aonp,b(A) + AgEop,gO‘)) (1= (1 —exp(=7a6(N)Tpc))
+Eop,DC()\) (69)
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Note, this equation neglects the angle under which light is incident. The
electrical power used by the OLED now only is given by the blue and green
emitter:

1
P, = Z/AiEel,i()\)i%dA (6.10)

i=b,g nznt,z

As already mentioned, the relation between E,, pc and the absorption
of the downconversion layer is given by material constants. Equation 6.5
now can be solved by finding the correct values of (Ay, Ay, Tpc). This model
will be used in subsection 6.3.2.

6.2.3 A 3 color White OLED of 3 monochrome OLEDs

White light can be generated with 3 monochrome OLEDs. This differs
from the approach of subsection 6.2.1 where the three emitters are placed
in the same organic layer stack. Generating white light with three distinct
monochrome OLEDs has the advantage that each of the 3 emitters can
be optimized independently. This principle is also known as a horizontally
stacked WOLED. [34]

To calculate the luminous power efficiency, we use the spectra and the
wall plug efficiency (nw/w,;) of each of the 3 emitters. This wall plug ef-
ficiency of an emitter can be calculated if its spectrum and its luminous
power efficiency (np;) are known.

To calculate the luminous power efficiency of the complete WOLED, we
first calculate the overall wall plug efficiency (nw,w):

Zi*bg rAi
nwiwo = = A (6.11)
/ E A

i
i=b,9," nw, w,s

Note, the fraction of radiant flux of each emitter (4;) is directly given
by equation 6.5.
The luminous power efficiency finally is given by:

npe = nviw/w
683 [ Eop(A)V(N)dA
T Eopd ww

(6.12)

The optical spectrum of the WOLED E,, is determined by the spectrum
of each of the emitters (E,, ;) and their relative fraction (A;). Here, V/(A)
is the eye sensitivity curve. This model is used in subsection 6.4.
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6.3 A spectrum which looks like the spectrum
of the MacAdam limit has the highest lu-
minous power efficiency

The first subsection, subsection 6.3.1 gives more details on the MacAdam
limit. Here we prove the following statement: to have a high luminous power
efficiency, the spectrum of a light source has to look like the spectrum of
the MacAdam limit. As stated before, the MacAdam limit is the upper
limit of the luminous power efficiency which any light source can achieve.
Also, we compare the spectrum of the MacAdam limit to spectra of real
WOLEDs. One important property of a light source we also introduce is
the color reproducibility.

The second subsection, subsection 6.3.2 shows one possible design to
get a spectrum which resembles the spectrum of the MacAdam limit, while
having a sufficiently high color reproducibility. We do this placing a red
down conversion layer on top of a blue/green OLED.

6.3.1 Comparing the spectrum of the MacAdam limit
with spectra of WOLEDs

In this section, we compare the luminous efficacy of the MacAdam limit with
the luminous efficacy of WOLEDs. Also, we introduce color reproducibil-
ity by calculating the Color Rendering Index (CRI). Color reproducibility
shows how good we can distinguish colors under a light source. As we will
see, we need to make a trade-off between luminous efficacy and color re-
producibility. In this discussion, we make a link with the luminous power
efficiency. Thus, we use the luminous power efficiency of some OLEDs cal-
culated with the model of subsection 6.2.1.

The luminous efficacy of the chromaticity ’illuminant A’ is 512 lm/W.
This is also the maximum luminous power efficiency. The corresponding
spectrum has 15% of its radiant flux emitted by a monochromatic source
at 450 nm and 85% by a monochromatic source at 579.5 nm. For more
details and a derivation, we refer to figure 6.2 and [15]. On the other hand,
a spectrum of a typical White OLED (WOLED) with this chromaticity is
given by figure 6.4(a). The luminous efficacy of this spectrum is only 305
lm/W. Thus, this also is the upper limit of the luminous power efficiency.
Figure 6.4(b) and table 6.1 give the luminous efficacy if we replace the red
emitter of this last spectrum by a monochromatic emitter of 585 nm. The
luminous efficacy of the WOLED becomes 454 lm/W! Here, a comparison
between figure 6.4(b) and figure 6.2 shows that trying to match a spectrum
to the MacAdam limit is beneficial for the luminous efficacy.

Another important parameter of a light source besides its luminous
power efficiency is its color reproducibility. Therefore, we will now discuss
the trade-off between luminous power efficiency and color reproducibility.
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Figure 6.4: The total spectrum of the 3 emitters gives the chromaticity
'illuminant A’. (a) Spiro-DPVBI, Ir(ppy)3 in TCTA and Ir(MDQ)(acac) in
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Figure 6.4(a) Figure 6.4(b)

ny  3051m/W 454 lm/W
(1,1.,1)  39lm/W 66 lm/W
25, 1., 1)

np for (nint,by Nint,g» nint,r)
= (0.25, 1., 30 Im/W 42 Im/W

np for (Nint,b, Mint,g> Mint,r) = (0

Table 6.1: The luminous efficacy (F/Popt) and the luminous power efficiency
(np) for the spectra of figure 6.4 has been calculated for different internal
quantum efficiencies. The driving voltage is 3.075V, the extraction efficiency
is 20% for all wavelengths and all emitters.
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Figure 6.5: ( Shifting (a) and stretching (b) of the spectrum of the blue
emitter are given by respectively equation 6.13 and 6.14.

To measure the quality of a light source and to measure how good colors
are reproduced when illuminated with that source, the Color Rendering
Index (CRI) is often used, see appendix A. Recently, visual experience has
shown that the current CRI based ranking of a set of light sources containing
white LED light sources contradicts the visual ranking. [104]. Spectral
narrow LEDs can have good light quality, but a low CRI. Nevertheless,
because the CRI is widespread, we will classify a CRI of higher than 80 as
good, even for a light source with a spectrum with narrow peaks. Note that
the CRI of the WOLED with the monochromatic yellow emitter of table 6.1
is well below 80. It should be mentioned that a CRI of 80 is greater than
that of the majority of fluorescent lamps.

Now, we want a spectrum which has a higher luminous power efficiency
than the ’default’ spectrum, but with a sufficiently high CRI. To achieve
this, we vary the spectrum of one of the emitters. Two possible methods to
change a spectrum of an emitter are shifting its peak position or narrowing
this spectrum. The shift of a spectrum is given by figure 6.5(a) and equation
6.13, the narrowing of spectrum is given by figure 6.5(b) and equation 6.14.

(6.13)

A — Anax
i o : .14
10} ()\) — ¢ <)\ + narrowing factor) (6 )

¢i(A) = d(A—Xo)

The spectrum of an emitter is given by ¢(\), a shift by A\g. A narrowing-
factor of 0.5 means that the spectrum is half as wide in wavelength as the
default spectrum.

Let us now define the parameters, we use in the equations of section 6.2
to calculate the luminous power efficiency (np) and the CRI. We choose an
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extraction eificiency of 207 and a driving voltage of 3.075 V, which 1s close

to the thermodynamical limit to emit deep blue. Moreover, the green and
red emitters have an internal quantum efficiency of 1t ¢ = Nine,r= 100%.
Because no phosphorescent deep blue emitters with long lifetime are known,
we make a distinction between a WOLED with a blue fluorescent emitter
(Mint,b = 25%) and a blue phosphorescent emitter (7, = 100%).

With the previous values, figure 6.6 shows the different luminous power
efficiencies of the WOLED for the chromaticity ’illuminant A’ (CIE xy 1931:
0.4475, 0.4074). In this figure, the variations of the blue and red emitter are
shown. Because the luminous power efficiency and the CRI of the WOLED
are almost independent on variations of the green emitter, these variations
are not shown. Moreover, variations of the green spectrum are only signifi-
cant when the shift is large enough to overlap with the spectrum of either
blue or red emitter.

Varying the blue emitter is especially interesting for the WOLED with
the blue fluorescent emitter. Indeed, a variation of the blue phosphorescent
emitter of the WOLED with a blue phosphorescent emitter does not change
the luminous power efficiency. The increase of the overall luminous efficacy
is caused by a decrease of the amount of light emitted by the blue emitter,
which is the least efficient emitter. This effect is discussed in more detail in
section 6.4.

Varying the red emitter has the largest influence on the luminous efficacy
and the luminous power efficiency, when compared with variations of the
other emitters. The reason is the 'warm’ chromaticity of the WOLED. We
now compare two WOLEDs with a CRI above 80. These WOLEDs are the
red emitter with its peak at 600 nm, and with a narrowing factor of 0.5
and the default red emitter. The narrower red emitter in the WOLED still
gives a satisfying CRI of 80, but increases the luminous power efficiency
(np = 47lm /W) for a WOLED with a blue phosphorescent emitter. The
default red emitter in a WOLED gives a CRI of 90. However, the luminous
power efficiency is only 39 lm/W (phosphorescent blue), see also table 6.1.
Although the improvement is smaller in a WOLED with a blue fluorescent
emitter, we also see here a relative improvement. Again, a spectrum which
resembles the MacAdam limit is beneficial for the luminous power efficiency.

In conclusion, the MacAdam limit plays an important role in this hypo-
thetical WOLED. The maximal luminous power efficiency has been found
by replacing the red emitter by a monochrome red emitter. The downside is
the low CRI of a WOLED with monochromatic red. However, we find that
we still can increase the luminous power efficiency by 15% and at the same
we can have a CRI above 80 by using a red/orange emitter. The bandwith
of this emitter, 50 nm, is less than most of the red emitters in literature.
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Figure 6.6: Variation of the spectral intensity of the blue and red emitter of
figure 6.4(a). A white OLED with a more narrow red emitter with it’s peak
at 615 nm can still increase the luminous power efficiency by about 50%
and with a CRI of 90. The variations are defined by figure 6.5. Varying
the red or blue emitters affects the luminous efficacy, the Color Rendering
Index and the luminous power efficiency of the white OLED.
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6.3.2 Placing a red downconversion layer on top of a
blue/green OLED

Subsection 6.3.1 has shown the importance of a spectrum which resembles
the MacAdam limit. Another way to achieve this, is by placing a downcon-
version layer on top of an OLED with blue and green emitters to generate
white light with the desired spectrum.

Figure 6.7 shows how the downconversion layer changes some fraction
of the blue and green light in red light. A downconversion layer is already
been adopted by fluorescent tubes and more recently in white LEDs. The
phosphors which are commonly used in these devices usually convert ultra-
violet or blue light in orange or red light. [105] Here, we propose a blue and
green hypothetical OLED which has a spectrally broad absorption in the
green region and a spectrally narrow emission in the red.

This approach has two direct advantages. First, an emission in the blue
and green has a smaller bandwidth. Thus, this spectrum might be easier
to extract than one which spans the entire visible spectrum. For example,
if you try to increase light extraction at one wavelength with microcavity
effects, the light extraction at other wavelengths decreases. Second, using a
spectrally narrow red emitter is beneficial because of the MacAdam limit,
as described in the previous subsection.

Remark: in our model, we also could have used an OLED with only
a blue emitter. Then, we simply can use the phosphors which have been
developed for blue LEDs. However, at present, most deep blue phosphores-
cent emitter are not stable enough. Therefore, our hypothetical OLED uses
downconversion of green light, so we can use more stable fluorescent blue
emitters. Note, blue fluorescent emitters can be used in combination with
green phosphorescent emitters to achieve 100% internal quantum efficiency.
[42]

Now, to quantify this design, we will compare it with the luminous power
efficiency of the default OLED of figure 6.4(a) or table 6.2. To calculate the
luminous power efficiency, we again use the numerical model of subsection
6.2.1. Both OLEDs, the default OLED and the one with downconversion
layer, have an extraction efficiency of 20% and a driving voltage of 3.1V. For
completeness, we again compare the luminous power efficiency of WOLEDs
with a blue fluorescent or a blue phosphorescent emitter were calculated,
because at present no stable deep blue phosphorescent emitter is known.

To calculate the absorption and emission of the downconversion layer are
given by the following equations. First, the absorption (v44())) of equation
6.9 is modeled by the following equation:

(A —Xo)?

—ae Vo) (6.15)

exp(—7ap(A)Tpc) = exp(—exp(—

Again, the parameter to tune the color point is Tpc. To calculate the
emission, we also need a relation between absorption and emission. We’ll
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Figure 6.7: The absorption of green light is converted in red (almost)
monochromatic light to create white light with the structure of figure 6.3.
(a) The OLED emits blue and green light. (b) Mostly green light is ab-
sorbed. (c) Full white spectrum

assume that 100% of all absorbed photons are converted to a monochromatic
red with wavelength A.,,. This also implies that a photon with wavelength
A only keeps ﬁ of power. Thus, the total amount of power which will be
emitted by the red monochromatic emitter is:

/ (ApEop,b(A) + AgEopg(A)) (1 = (1 — exp(—va(A)Tpc)) )\/\ dX (6.16)

em

The actual spectrum for chromaticity ’illuminant A’ then is given by
figure 6.7. This figure illustrates how most of the green light is absorbed
and downconverted. In the end, we keep a blue emission and a yellow/red
peak which resembles the spectrum of the MacAdam limit. In table 6.2, we
see that the increase of the luminous power efficiency as compared to the
default WOLED is at least 60%. This conclusion holds for both a WOLED
with a blue fluorescent emitter and a WOLED with a blue phosphorescent
emitter.

In conclusion, this section has given one possible design to achieve a
spectrum which resembles the spectrum of the MacAdam limit. We use a
red downconversion layer on top of a blue/green OLED. Using a downcon-
version layer has two advantages. First, light extraction of only blue/green
light might be easier than to extract over a white spectrum. Second, we
want to have a spectrum which resembles the spectrum of the MacAdam
limit. In table 6.2, we indeed see an increase of the luminous power efficiency
of at least 60% with this hypothetical design.
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Pf - 3051m/W 464 lm/W
;1) 431m/W 84 lm/W
;1) 30Im/W 49 lm/W

np for (nznt by Nint,gs Mint, 7) = (
np for (nmt,banznt,ganznt,r) ( 2

Table 6.2: Comparison between the ’default’” WOLED of figure 6.4(a) and
the WOLED with a downconversion layer of figure 6.7(c). In both cases,
we use an extraction efficiency of 20% and a driving voltage of 3.1V.

6.4 A WOLED with a less efficient deep blue
emitter outperforms a WOLED with a
more efficient light blue emitter

In this section, we look at the relation between the internal quantum effi-
ciency and the luminous power efficiency of a 3 color White OLED (WOLED).
This internal quantum efficiency gives the conversion efficiency of an emitter
of electron-hole pairs to photons by that emitter. We will prove that we may
not automatically assume that increasing the internal quantum efficiency of
one emitter automatically increases the luminous power efficiency.

To see a relation between internal quantum efficiency and luminous
power efficiency, we use the following setup. We compare two almost identi-
cal WOLEDs. The only difference is the blue emitter. The fluorescent deep
blue emitter of the first WOLED has an internal quantum efficiency which
is two times less than the internal quantum efficiency of the phosphorescent
light blue emitter of the second WOLED. The main conclusion will be: the
luminous power efficiency of both WOLEDs is the same!

For this setup, we will use a hypothetical WOLED which combines 3
distinct monochrome OLEDs found in literature. To calculate the luminous
power efficiency, we will use the equations of subsection 6.2.3. So, we start
by calculating the wall plug efficiencies of the monochrome OLEDs. To
do this, we divide the luminous power efficiency and the luminous efficacy.
The luminous efficacy directly follows from the spectrum. Note that these
OLEDs have driving voltages which are larger than 6V. Thus, lowering
the driving voltage in these OLED, could already increase the wall plug
efficiency by a factor of 2. Anyhow, figure 6.8 and table 6.3 gives the
properties of the emitters we use in this section.

Note that this section makes conclusions based on a WOLED of 3 distinct
monochrome OLEDs. However, we simply can replace in our reasoning the
wall plug efficiency by the internal quantum efficiency. Thus, the conclusions
of this section can easily be extended to a WOLED with one stack with 3
emitters.

Now, let us calculate the luminous power efficiency of the hypothetical
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Figure 6.8: This figure shows the color points of monochrome emitters,
which we find in literature. The color coordinates are placed on a CIE
xy 1931 chromaticity diagram. The luminous power efficiencies of these

emitters is also given.

by bys brrr g r
undoped doped MADN
MADN with BD1 PhOLED

Color coordinates in the CIE 1931 color space

(0.15, 0.66) (0.14, 0.13) (0.17, 0.35)  (0.25, 0.66) (0.62, 0.38)
Luminous Power Efficiency 771{1[%]
1.2 3.9 14 63.5 15.9
Wall plug efficiency nw,/w,:
0.01 0.03 0.05 0.13 0.06

Table 6.3: This table gives the properties of the emitters of figure 6.8.
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Different blue emitters in a WOLED with the
same green and red emitter, see table 6.3

br brr brrr
very deep blue deep blue light blue
Wall plug efficiency ny w of the WOLED
0.050 0.060 0.066
Luminous Power Efficiency (np) of the WOLED
22.3 i 26.6 1 26.7 i

Relative fraction of the emitters
to create ’illuminant A’ (A, 44, Ar)
(0.11, 0.27, 0.62)  (0.125, 0.255, 0.62)  (0.26, 0.13, 0.61)

Table 6.4: A White OLED (WOLED) with the color point ’illuminant A’
can be created by combining a blue, green and red emitter. This table gives
the luminous power efficiency of the three WOLEDs. These WOLEDs have
the same green and red emitter of table 6.3. However, in each WOLED we
use one of the three blue emitters of table 6.3.

WOLED with equations 6.11 and 6.12. Table 6.4 gives the results for the
WOLEDs with either by, by or byyg.

Though the wallplug efficiency of the phosphorescent byyy is almost twice
that of fluorescent byy, the luminous power efficiencies of the WOLED are
equal. This mainly is caused by the lower fraction of blue which we need
for a deep blue. It should be noted that a WOLED with a more efficient
blue phosphorescent, such as recently presented in [106], would outperform
both the WOLEDs of this section. Nevertheless, an increase of 1.66 in wall
plug efficiency, 3% versus 5%, is compensated because of the lower fraction
of the blue emitter in the radiant flux.

So, in conclusion, replacing one emitter with an emitter with higher
internal quantum efficiency does not automatically give a higher luminous
power efficiency. We have demonstrated that a deep blue fluorescent emitter
outperforms a light blue phosphorescent emitter.

6.5 The extraction efficiency has to match the
spectrum to get a higher luminous power
efficiency

This last section shows the relation between the extraction efficiency and
the luminous power efficiency. This sounds straightforward. For example,
increasing the extraction efficiency by 50% for all wavelengths automatically
increases the luminous power efficiency by 50%. However, the extraction
efficiency is mostly wavelength dependent. Also, the internal quantum effi-
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material refractive index @ 550nm  thickness

Al 0.96-6.69j 100 nm

NET5 1.76 tNETS

ETL 1.75-0.0092j 10 nm

blue emitter 1.80 10 nm
interlayer 1.78 5 nm
green emitter 1.78 3 nm

red emitter 1.80 10 nm

HTL 1.75-0.0092j 10 nm

NHT5 1.75-0.0092j tNHTS

ITO 1.82-0.0113j 90 nm

begin optional interference layers

SiO9 1.46 tiow
NbyO5 2.38 thigh
SiOq 1.46 tiow

end optional interference layers
glass 1.52 mm
air 1.0

Table 6.5: Typical stack of a 3 color White OLED. Each color is generated
in a distinct layer. The electron and hole transport layer are respectively
NET5, NHT5. The optional layers give a stronger wavelength dependent
extraction efficiency than the basic stack. This basic stack simply does have
no interference layers.

ciency plays a role. Indeed, we might have a trade-off. We could increase the
extraction efficiency of a less efficient emitter at the expense of the extrac-
tion efficiency of a more efficient emitter. Thus, to increase the luminous
power efficiency, the extraction efficiency has to match the other properties
of the WOLED.

In section 2.4, we have mentioned different techniques to increase the
extraction efficiency. However, most of these papers only discuss this in-
crease for one wavelength or over a small wavelength range. However, any
WOLED emits over 450 nm to 700 nm. This section’s focus is matching a
strong wavelength dependent extraction efficiency with the other properties
of a WOLED. To get a strong wavelength dependent extraction efficiency,
we will use a RC?LED. More information on the RC2LED and ways to
calculate it can be found in chapter 4. The RC2LED is defined by table 6.5.

To show the influence of the extraction efficiency and the internal quan-

tum efficiency on the luminous power efficiency, we will compare four dif-
ferent WOLEDs. Two ’basic’ WOLED have no interference layers between
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ITO and glass, the other two WOLED have additional interlayers. The
difference between the two ’'basic’ WOLED is their blue emitter, which
is either a phosphorescent emitter (7i,,, = 1.0) or a fluorescent emitter
(Mint,y = 0.25). The green and red emitters in both devices are phospho-
rescent emitters (Mint,y = Nint,r = 1.0). So, we compare the WOLEDs
two by two. The ’basic’ WOLED with fluorescent blue is compared to the
RC?LED with fluorescent blue. The ’basic’ WOLED with phosphorescent
blue is compared to the RC?’LED with phosphorescent blue.

How to optimize the two "basic’ OLEDs and the two RC2LEDs? Because
both 'basic’ WOLED and both RC2LEDs have different electrical properties,
their optimization has to be done separately.

The global optimization of the two ’'basic’ WOLED is a brute force
method where we simply scan for the highest luminous power efficiency in
a two dimensional parameter space: (¢NgTs, tnaTs). Note, the calculation
of the extraction efficiency of one OLED for one wavelength takes a few
seconds on a system with an AMD Opteron Processor of 2 Ghz. Thus, a
complete scan of the two dimensional parameter space takes at least one
day.

To optimize the two RCLEDs, we have four parameters:

(tNETS, ENHTS: tlow, thigh)- Thus, a global optimization of four parameters
would take too long. So, the two RC?LEDs are only locally optimized.
We start from the optimal thicknesses (¢xgTs, EvmaTs) of the basic OLEDs.
For example, for the RC2LED with blue fluorescent emitter, we take the
optimal thicknesses of the basic OLED with blue fluorescent emitter. Then,
we search for the optimal parameters of the interference layers (tiow, thigh)
by brute force. Finally, the results of the optimization of all four WOLEDs
is given by table 6.6 and figure 6.9.

The main conclusion of table 6.6 is the following: adding interference
layers on a basic WOLED increases the overall luminous power efficiency by
at most 10%. This is true for both sets: the OLED and RC?LED with fluo-
rescent blue emitter and the OLED and the RC2LED with phosphorescent
blue emitter.

Let us now look in more detail at the extraction efficiency for the WOLEDs
with the blue phosphorescent emitter. Figure 6.9(a) gives the "basic’ WOLED,
figure 6.9(c) gives the RC2LED and table 6.6 gives the luminous power ef-
ficiency. Though the difference of the luminous power efficiency is only
10%, the extraction efficiency is quite different. For some wavelengths, the
relative change of the extraction efficiency is around 50%! The extraction
efficiency for blue is decreased, but the extraction efficiency for red is in-
creased.

Again, the increase of the luminous power efficiency is partly due to the
large fraction of red for this warm ’chromaticity’. Important: if we would
have designed the RC?LED to have its maximal extraction efficiency at 500
nm, the luminous power efficiency would have been around 33 lm/W, a
decrease of 30%. So, though the RC2LED has only an increase of 10% for
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Basic White OLEDs
Nint,bs Nint,gs Nint,r = INETs, INaTs = np = 48Im/W
1.0, 1.0, 1.0 48 nm, 60 nm
figure 6.9 (a)
Nint,b, Mint,gs Nint,r = INETS, tNgTs = np = 32lm/W
0.25, 1.0, 1.0 45 nm, 30 nm
figure 6.9 (b)

Basic White OLEDs with interference layers
Nint,bs Nint,gs Nint,r = tiow, thigh - np = 531m/W
1.0, 1.0, 1.0 125 nm, 90 nm
figure 6.9 (c)
Nint,bs Nint,g> Nint,r = tiow, thigh = np = 35lm/W
0.25, 1.0, 1.0 190 nm, 80 nm
figure 6.9 (d)

Table 6.6: Additional layers between ITO and glass increase the luminous
power efficiency compared to the ’default’ White OLED. The thicknesses
and the overall luminous power efficiencies are given for two WOLEDs with
different emitter’s internal quantum efficiencies. The corresponding extrac-
tion efficiencies are given by figure 6.9.
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Figure 6.9: Wavelength dependent extraction efficiency corresponding with
the values of tables 6.5 and 6.6 and for different stack configurations. Fig-
ures (a) and (b) give the basic WOLED, respectively with a blue phospho-
rescent emitter and a blue fluorescent emitter. Figures (c¢) and (d) give
these WOLEDs with additional interference layers, respectively with a blue
phosphosrescent and a fluorescent emitter. The green and red emitters are
always phosphorescent emitters.

the luminous power efficiency compared to the basic OLED, the wavelength
dependent extraction efficiency changes much. Also, a wrong design of the
extraction would lead to a strong decrease of the luminous power efficiency.

We can also look at the extraction efficiency of the WOLEDs with the
blue fluorescent emitter. Figure 6.9(b) gives the 'basic’ WOLED, Figure
6.9(d) gives the RC2LED Again, the RC2LED has an increase of the lumi-
nous power efficiency by 10% compared to the basic WOLED. We also see
that the much less efficient blue emitter requires an increase of extraction
efficiency of the blue emitter.

In conclusion, we have shown the importance of tuning the extraction
efficiency to some parameters of a WOLED. Indeed, we see an increase
of 10% for the luminous power efficiency by using the RC2LED. However,
the extraction efficiency of a RC2LED at some wavelengths is more than
50% compared to a extraction efficiency of the ’default’ OLED. Placing this
peak of maximal extraction efficiency at another wavelength can decrease
the luminous power efficiency by 30%. Also, these conclusions have been
made for RC?LEDs.

Nevertheless, any technique of which the increase of the extraction ef-
ficiency is wavelength dependent, should be tuned to match the spectrum
and the electrical properties.
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6.6 Conclusion

We have shown the relation of the luminous power efficiency and the elec-
trical and optical properties of a 3 color White substrate emitting OLED
(WOLED). This luminous power efficiency is the main parameter to mea-
sure how efficient and effective a light source is.

We have started by introducing the MacAdam limit. This limit gives
the maximum luminous power efficiency of any light source for a given
chromaticity. We also saw that the spectrum of most WOLEDs does not
look like the spectrum of this limit.

Therefore, to investigate the relation between efficiency and efficacy of
a light source, we have made a numerical model to calculate the luminous
power efficiency. This model uses optical and electrical properties. The
optical parameters are the spectra and extraction efficiencies of the emitters,
the electrical parameters are the driving voltage and the internal quantum
efficiencies of the emitters. Then, we can prove three statements.

First, we have looked at variations of the spectrum. By changing the
spectrum of an WOLED to look like the spectrum of the MacAdam limit,
we can increase the luminous efficacy. So, the luminous power efficiency of
the WOLED is increased by 30% while retaining a sufficiently high CRI of
80. Also, we have shown how we can make a WOLED with such a spectrum
by using a blue/green OLED with a red downconversion layer.

The second statement is demonstrated by a comparison of two WOLED
which generate white light with 3 distinct monochrome OLEDs. The WOLEDs
are almost identical. The green and red emitter of both WOLEDs are phos-
phorescent emitters. The only difference is the blue emitter. The fluorescent
deep blue emitter of the first WOLED has an internal quantum efficiency
which is two times less than the internal quantum efficiency of the phospho-
rescent deep blue emitter of the second WOLED. The main conclusion will
be: the luminous power efficiency of both WOLEDs is the same! Using a
deep blue color requires less radiant flux from the blue emitter, while still
getting the same chromaticity. This lower fraction compensates the lower
efficiency of the deep blue emitter.

Thirdly, tuning the extraction efficiency with respect to the other param-
eters of a WOLED is needed to increase the luminous power efficiency. To
demonstrate this, you can compare two WOLEDs: a basic 3 color WOLED
and a RC?LED. This RC?LED has the same organic layers as the basic
WOLED, but the additional interference layers give a strong dependency
of the extraction efficiency on the wavelength. Conclusion, although the
relative increase of the overall luminous power efficiency is limited to 10%,
the increase of the extraction efficiency at some wavelengths is more than
50%. Placing this peak of the extraction efficiency at the wrong wavelength,
can decrease the overall luminous efficacy by 35%. Although this example
is limited to one method to increase extraction efficiency, it clearly shows
the importance of tuning the extraction efficiency to the other parameters
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of the WOLED.
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The Complex Jacobi Method

This chapter discusses several extensions we have made to the Complex Ja-
cobi Method (CJ). This technique numerically integrates Maxwell’s equa-
tions for one frequency. Although the original idea was to use this technique
as an alternative to the technique of chapter 3, the former proved to be less
suited than the latter. With one extension it is possible to numerically
simulate a few devices which include Kerr non linear materials.

Because this chapter is out of phase with the rest of this work, section
7.1 first explains when to use Kerr non linear materials. In the last three
subsections, we discuss three examples, one in 1D, one in 2D and one in 3D.

Overview
7.1 Introduction ..............0.00.0... 150
7.2 The Helmholtz equation & The Complex Ja-
cobi Method . ................... 151
7.3 Extensions of the Complex Jacobi Method . . 154
7.4 Comparison with eigenmode expansion . ... 158

7.5 Spatial Soliton in a non linear Kerr-material . 163
7.6 An OLED withagrating . . ... ........ 163
7.7 Conclusion ............. ..., 165
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7.1 Introduction

In this chapter, the main goal is an extension of the Complex Jacobi Method
(CJ) to simulate optical components with materials which have the almost
instantaneous non linear Kerr effect. In these materials, the refractive index
linearly depends on the intensity. This change happens within ps. Thus,
the state of such a component depends on the intensity. Moreover, by using
feedback of optical resonators, the state of an optical device can become
dependent on the previous history. An example of this is an optical flip-
flop, a system of which the state depends on its history. Let us first explain
the rationale to study these components. Then, this introduction gives an
overview of other popular techniques to study components with this effect.

Present day telecom networks rely on lasers pulses which travel through
optical fibers to transfer data from user to user. The start of this technology
has been around since the seventies. [107] [108] [109] Only optical fibers
have sufficiently high bandwidth to satisfy the ever growing need for higher
bandwidth. The high bandwidth comes from modulating the optical signals
at ever higher speeds and sending multiple signals on different wavelengths
through one optical waveguide. [110]

Using optical flip flops might simplify the process of directing signals
through the network. Indeed, in every node of the backbone of this optical
network, optical signals are analyzed and redirected to ultimately reach the
signal’s destination node. Now, optical signals are converted to electrical
signals which can be handled by ICs. Thus, handling of these signals costs
energy and limits bandwidth. Therefore, a dream is an all optical network,
where all routing happens in the optical domain.

To have all optical routing, we need optical components which change in
function of the incident light. Moreover, switching has to be done as fast as
possible. An optical effect with these properties is the almost instantaneous
Kerr effect. Now, the refractive index of such a material (n) changes in
function of the intensity (I) of the signal: n = ng + nal. Also, because part
of the dielectric field (D) changes by the third power of the electric field
(E), we also refer to these materials as third order non linear materials.
The time scale is a few femtoseconds (fs). One disadvantage of this effect
is its small magnitude (ny = 10713 — 10~ %em?/W). Although materials
in combination with nanoparticles give higher values for this value, a high
intensity still is required to have sufficient high change of the refractive
index.

During the last few years, high intensity has been made possible. The
components with high intensity are advanced dielectric structures, e.g. pho-
tonic crystals and photonic wires. These small waveguides guide light
through a waveguide with a cross section of half a micrometer by a quarter
of a micrometer. The fabrication of these structures has been made possible
by recent advanced mass fabrication production techniques, normally used
by CMOS. [111]
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To numerically model such structures, the following techniques have
been used: Finite Differences in Time Domain (FDTD), [112] [113], Beam
Propagation Method (BPM), [114] and Eigenmode Expansion (EME), [115].
These techniques have been shown to simulate a wide variety of non-linear
dielectric wavelength scale components. FDTD gives insight in the time-
evolution of the fields by numerically integrating Maxwell’s equations in the
time domain. A steady state solution however requires all transient field ef-
fects to be extinct. The extinction rate of these transient field effects is
completely dependent on the reflections in the structure. BPM only gives
an accurate solution for the steady state fields if reflections are negligible.
The lack of bidirectionality is a limiting assumption. EME is a bidirectional
frequency domain method. Its main application area are dielectric struc-
tures which consist of a few z-invariant sections. Now, the technique of this
chapter simulates structures in the frequency domain. Also, the technique
is bid

The remainder of this chapter is as follows: we first discuss the lin-
ear CJ of [116] in section 7.2. The original paper discusses an iteration
process which solves the Helmholtz equation if the fields at the simula-
tion area’s boundaries are given. This Helmholtz equation is the equivalent
of Maxwell’s equations in the frequency domain. To solve optical compo-
nents with non linear Kerr materials, we however have added the three
extensions of section 7.3 . The first extension is a field source based on
Total Field/Scattered Field (TFSF) formalism, which is commonly used in
FDTD. [112]. The second extension adds good absorption at the edge of
the simulation by using Perfectly Matched Layers (PMLs). [117] These two
extensions are also useful for linear optical components. The last extension
is for materials with the non-linear Kerr effect.

The next three sections describe three components which have been
analysed by these methods. Section 7.4 is a non linear optical cavity in 1D.
A comparison with EME validates our results. Then, section 7.5 gives a
soliton in 2D. Thirdly, section 7.6 is a OLED in 3D.

7.2 The Helmholtz equation & The Complex
Jacobi Method

This section contains two topics on solving the Helmholtz equation. First
topic, subsection 7.2.1 shows the discrete Helmholtz equation. Due to com-
putational limitations, one usually has to make approximations. Here, we
only solve the fields in a space with discrete points. Second topic, subsection
7.2.2 shows how to solve this discrete Helmholtz equation with the Complex
Jacobi Method of [116].
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Figure 7.1: The complex Jacobi calculates the fields for points on an equidis-
tant grid.

7.2.1 Discrete version of the Helmholtz equation

The Complex Jacobi Method solves the Helmholtz equation on a mesh. This
is similar to Finite Differences in Time Domain (FDTD). In both cases, only
the fields on equidistant points are calculated. Moreover, all derivations are
replaced by central differences.

Before we give a short overview of the derivation of this technique, let us
first discuss the Helmholtz equation. The Helmholtz equation is equivalent
to Maxwell’s equations, if we want to integrate for one frequency. [94] Some
papers call these fields time harmonic fields. The Helmholtz equation is:

1
e(r)V x (—)V x H(r) + w?e(r)uH(r) = 0 (7.1)
e(r
Integration of this equation gives a complex field: H(r). This form has
no time parameter. To show variations in time, we can use the following
relation:

h(r,t) = R(H(r)el“?) (7.2)

Here, Maxwell’s equations give a real time variant vector h for each
point r and for every moment. The time harmonic factor has a positive sign
by convention. Instead of e/t we could also have chosen e=7“!. Remark:
if your time dependence is e/“?, lossy materials will have Je < 0.

Now, let us look at the discrete variant of equation 7.1. First, simplify
the equation 7.1 by only using 2D. Then, instead of a vector field E(r), we
only need to numerically integrate two independent eigenvalue problems:
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e(r)V x %V x H(r) 4+ w’e(r)pH(r) = 0 (7.3)
V2E(r) + w?e(r)uE(r) = 0 (7.4)

In these equations E and H are scalar fields and the coordinate r is in
2 dimensions. The first equation -7.3- gives the transversal magnetic field
(TM), the second equation -7.4- is transversal electric field (TE).

Numerical integration of the Helmholtz equation by the complex Jacobi
method now makes the assumption that you only look at the field points
on a equidistant mesh. So, for the electric field coordinates on a 2D mesh,
these are the points e; ; of figure 7.1. The derivatives of equation 7.4 then
are replaced by finite differences:

1o}
%e(x,y) = 0z€i
€it1j — €i 1
32
%e($7y) = 5262‘4
€it1,5 — 2€; 5 +€i—1
ey = —i—g— (7.5)

Thus, difference operators, which use the notation % are replaced by

finite differences, which use the notation ¢,. The field e; ; is located at the
point (iAz,jAy), ¢ and j are integers, Az and Ay are the discretization
steps in x and y directions. This gives us the following scalar Helmholtz
equation for a discrete mesh:

Citl,j — 2€i5+€im1,j | Cij1 — 2€i5 + €ij1

2 2 _
VZeij+kiei; = N + Ay
+(koni ;) ?es,j
0 (7.6)
n,; = n(iAz, jAy)
2m
ko = L
0 o

(7.7)

The wavelength in free space is Ao, n;,; is the position dependent refractive
index.

In conclusion, integration of Maxwell’s equations for one frequency is
equivalent to the integration of the Helmholtz equation. Also, we use the
discrete Helmholtz equation instead of the continuous Helmholtz equation
for numerical integration. Thus, the difference operators are replaced by
finite differences.
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7.2.2 The Complex Jacobi Method

Here, we briefly give the technique to numerically integrate the discrete
Helmholtz equation of subsection 7.2.1. A derivation is outside the scope of
this work, but can be found in literature. [110]

To solve the field on the points of this discrete mesh, one uses an iterative
process. Thus, one starts with an estimate of the field. Then, every iteration
this estimate is refined until a certain accuracy is achieved. Because of
convergence issues, we use a two step iteration process. This two step
iteration process refines the fields with a correction factor which depends
on the previously found values:

. . 1 1\t 2
61-};—1 = 61»7]- + (2a1(ALIJ2 + Ay2)> ((53 + 5; + ()\Tli7j)2)6i,j> (78)

The superscript n is the iteration step. The iteration process consists of
repeatedly updating the fields with this equation, first with a4, then with
Q9.

Note that this iteration process is performed for all mesh points, except
the boundary points. Indeed, the values at these boundary points need
to be known a priori to numerically integrate the Helmholtz equation. In
section 7.3.1, we come back on this disadvantage.

Using exp(jwt) for the time phase factor results in the following optimal
constants: a; = V3 + 15 and ay = —at. For exp(—jwt), you get o =
V3 —1j and ap = —aj . Derivation of these optimal values for a; and as
can be found in the original paper. [116]

7.3 Extensions of the Complex Jacobi Method

7.3.1 Introduction

In this section we show three extensions to the Complex Jacobi Method
(CJ). To begin this introduction, why do we need these extensions?

The previous section, section 7.2 has shown how to numerically integrate
the Helmholtz equation. Also, subsection 7.2.2 has shown the field had to
be known on the boundary points. However, these points are usually the
unknowns. Indeed, most numerical models have a source which has been
placed somewhere in the simulation domain. Then, the field is calculated
for these points. Thus, the first two extensions remove this disadvantage.

The first two extensions aim to include sources. These extensions are
illustrated by figure 7.2. The first extension is a ’transparent’ source field,
subsection 7.3.2 . This transparent field source is very similar to Total
Field/Scattered Field (TFSF), which is well known in FDTD. [112] Through
this interface, we can inject any field. Also, reflections which occur in the
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Scattered field Total field region
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< Scattered field/total field
interface

PML boundary

=

Figure 7.2: A simulation box with *Total Field/Scattered Field’ as field
source and PMLs as absorbing boundary conditions.

ei’-1 ,Scatt ei’, tot

Figure 7.3: Interface between scattered field - total field.

right side of the figure can pass this interface without scattering. To absorb
the radiation of this source, we use perfectly matched layers at the bound-
aries, subsection 7.3.3. In theory, any radiation is absorbed, regardless of
angle of incidence or polarisation. [117]

Now, to numerically integrate components with the Kerr non linear ef-
fect, we need another extension, subsection 7.3.4. This last extension is an
extra iteration step of the iteration process.

In conclusion, this section gives three extensions. The first two exten-
sions remove the requirement of knowing the fields at the boundaries a
priori. Then, the third extension adds Kerr non linear materials.

7.3.2 Total Field/Scattered Field

Total Field/Scattered Field (TFSF) helps to numerically model the injection
of any desired wave in the simulation domain. Now, figure 7.2 shows how.
First, notice that the interface divides the simulation domain in three areas:
scattered field region, interface and total field region. Let us assume that
the structure of interest is placed in the total field region. Now, through
the interface, we can inject a propagating electromagnetic field which goes
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from left to right. Then, after numerical integration, the total field region
gives the scattered field and the injected field. The left side only gives the
field which scatters back from the field.

Remark: this interface is called a transparent field source. See figure 7.9
for an illustration of this behavior. If we would have implemented a hard
source, we set the field at the location of this hard source to a fixed value,
which causes parasitic reflections. The remainder of this subsection shows
how to implement this transparent field source.

Now, we first show how to calculate the field at either side of the interface
of figure 7.2. Then, we will show how to calculate the fields at the interface.

At either side of the interface, equation 7.8 calculates e“m . In the total
field domain, we have e”m), +o+ Which is the sum of source field and scattered
field. In the scattered éeld region, we have e&j),scatt. Thus, the scattered
field region has no source field. We do not need to numerically integrate the
total field in the scattered field region, as long as we assume two conditions.
First, the injected propagating field satisfies the Helmholtz equation. Then,
superposition means that the scattered field also satisfies the Helmholtz
equation. Second, superposition implies that non-linear materials have to
be located in the total field region.

Now, we need to combine the fields 'e?i,j),scattv e?i,j),tot_ at either side of
the interface. The calculation of an amplitude at the interface between the
regions is illustrated by figure 7.3.

n — n — . .
€' —1,5),scatt = E(i—1,5),tot — €(i'~1,5),s0urce
e(i’,j),tot - e(i’,j),scatt + e(l/’J)aSOU’"CE’vn7VJ (79)

The injected field amplitudes e _1 ;) source a0d €(i7 j) source are the am-
plitudes of the exciting wave at respectively positions (i' — 1, ) and (¢, j).
Substituting equation 7.9 in the update equation 7.8 in order to calculate
er and el ives the required updat ti The follow-
(i —1,),scatt (i 4).tot 8 q pdate equations. The follow
ing equations have omitted the j-index of the y-direction for simplicity.

n+1 _ n
ei’—l,scatt - ei’—l,scatt +
n . n _ n
C €7 tot — Esource,i’ + €' —2 scatt 26i'—17scatt k2en
( A2 = RT€i 1 scatt
n+1 o n
€ittot = Citot T
n n . — n
€41 tot T €i'—1 scatt T Csource,i’—1 26i’,tot 2 n
C( — K7€}l 4or)
Asz s
—1
1 1
C = 20(—— + — 7.10
(X2 Ayg) (

In conclusion, at either side of the interface, we use equation 7.8 to
calculate the field. To calculate the field at the interface, where we inject

)

)
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our field, we use equation 7.10. Then, the total field region shows how a
structure scatters the field we have injected through the interface. Also,
only in the total field region we may use non linear materials.

7.3.3 Absorbing Boundaries based on PML

Elimination of reflections at the boundaries of a finite simulation box is
necessary to achieve physical simulation results. Every wave incident on
these boundaries should be absorbed for any polarization and incident angle,
without any spurious reflections. Here, we show how to implement Perfectly
Matched Layers (PMLs).

One of the most efficient absorbing boundaries is the PML. Here, we
show how we have extended the Complex Jacobi Method with a PML based
on Complex Coordinate Stretching. Using Complex Coordinate Stretching
to achieve PMLs has been around since 1994. [117] We use use this imple-
mentation of PML, because Complex Coordinate Stretching results in the
easiest implementation of PML for the Complex Jacobi Method.

To implement Complex Coordinate stretching, the difference operators
of equation 7.1 are adjusted as follows:

10 (190 10 /190
2, 52
(0o +0)e = Sy 0T (sw 8306) sy Oy (sy (‘3y6> (7.11)

For s, = 1.0, the previous formulae reduce to the classical Helmholtz
equation. However, a complex function s, gives absorption in the x-direction,
a complex function s, gives absorption in the y-direction!

A finite difference equivalent of equation 7.11 is:

e 1(01\o 18
2¢ = Sg \ OT 84 axe sgaﬁe

11
_ 1 Sz,itl Sz i1 €i+1 — €i—1
53, 2Ax 2Ax

_’_L €ir1+ €1 — 2¢;
52 Ax?

T,

(7.12)

In our experience, optimal absorption was achieved with linearly increas-
ing PML from s, = 1.0 to s, = 1.0 — 0.755 over 30 grid-points. Note, these
complex coordinates implicitly assume the time dependent phase factor of
the amplitudes is exp(jwt). For exp(—jwt), we would need to use a linearly
increasing PML from s, = 1.0 to s, = 1.0 4+ 0.755 over 30 grid-points.

7.3.4 An extra iteration step for Kerr non-linearities

Simulating structures with the instantaneous Kerr effect is quite straight
forward. The basic idea is an extra update step of the refractive index
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Figure 7.4: The non linear extension for the Complex Iteration Method is
one extra step.

after each iteration step. Then, the instantaneous Kerr effect is modeled by
n = nyn + n2|E|?. As stated before, the Complex Jacobi Method (CJ) is a
two step iteration. So, we use equation 7.8 with «y, then we use equation
7.8 with ap. After these two steps, we use:

2
eif! = (nigin +nijoleigl?) (7.13)

The extra step of equation 7.13 is also illustrated by figure 7.4.
In conclusion, after each second iteration step, the field at a certain
location results in an adjusted refractive index.

7.4 Comparison with non-linear eigenmode ex-
pansion

7.4.1 Introduction

In this section, we compare the Complex Jacobi Method (CJ) with exten-
sions of the non linear Eigenmode Expansion (EME). [115]

To compare, we use the 1D structure of figure 7.5. Here, we will in-
troduce the linear behavior of the structure. Then, subsection 7.4.2 gives
the comparison between the simulations results of CJ and EME. Both the
linear and non linear behavior are discussed. To conclude, subsection 7.4.3
discusses the influence of the discretization step of the mesh.

To begin, look at the structure of figure 7.5. A complete study of this
structure can be found in [118]. Moreover, experimental validation of a sim-
ilar structure has been done. [119] The structure basically is a cavity which
has been encapsulated by two Bragg mirrors. The cavity has a thickness
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Figure 7.5: Two Bragg mirrors encapsulate a cavity. (Aresonance = 1.56um)
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Figure 7.6: Power Transmission and Reflection, see structure in figure 7.5.
For a similar behavior, you can also look at the structure of subsection 4.1.3.

of half the effective wavelength: Aresonance/2np. The Bragg mirrors are a
stack of alternating layers. Each layer has a thickness of one quarter the
effective wavelength: Aresonance/4na and Aresonance/4Mp-

The linear behavior of this structure is especially interesting for waves
with a wavelength around Aycsonance. Figure 7.6 shows the reflection in
function of the wavelength. Almost all plane waves with a wavelength be-
tween 1.48 um and 1.64 pum are blocked. The large wavelength range over
which we block light is sometimes referred as an optical band gap. . The
only exception are plane waves with a wavelength which is around 1.56 pm.
These have full transmission, due to the cavity.

So, we use a structure which blocks all light, except around the small
wavelength range of 1.56 pm. Note that this only is the linear behavior.
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Figure 7.7: Power transmission for linear and non-linear cavity. (Axz =
15nm)

7.4.2 Comparison between Complex Jacobi Method and
Eigenmode Expansion

This subsection compares the results of Complex Jacobi Method (CJ) with
extensions to the results of non linear EME. First, let us check if the sim-
ulation results agree. Later on, we will address convergence and simulation
time.

The parameters we have used for figure 7.5 are the following: n, =
2'67 ny = 2.36, dq = Arcsonance/4na7 dy = Aresonance/4nband dcavity =
Aresonance/2np. To illustrate the non linear behavior, we need two extra
parameters to quantify the refractive index change. First, the incoming
plane wave has an amplitude e = 1%. Second, if we use no of equation
7.13, the non-linear cavity has ny = 5.10*37"}—;.

Now, figure 7.7 shows a good agreement between the results of EME
and the results of CJ. Both linear and non linear behavior are the same.

The shift of the peak can be explained by considering the interference
condition at maximum transmission. Here, one round trip in the cavity will
be one ’effective’ wavelength: A/n. Increasing the power means a higher
refractive index. To satisfy this condition, the peak should be located at
higher wavelength.

Before we discuss the differences between the simulation time, we give
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some background on non linear EME. Non linear EME uses a lot of princi-
ples of linear EME. Linear EME -subsection 3.2.5- divides a structure in a
stack of z-invariant layers. Then, non linear EME uses an iterative process
for the non-linear sections. Each iteration, the refractive indices of the non-
linear sections are refined until convergence. Thus, simulation time of EME
depends on the size of the non-linear sections. Indeed, the linear sections
only need to be calculated once. On the other hand, CJ also calculates the
linear sections for each iteration step. Thus, EME has an advantage if large
sections of the simulation space can be modeled as linear.

Convergence of our method is guaranteed even for a large non-linearity
of ng = 0.025"’}—2 with the previously described simulation parameters. This
results in an increase of refractive index of approximately An =~ 0.6. For
higher non linearities, we however saw divergence of the fields. Thus, this
numerical model is not unconditionally stable. Moreover, so far, it is not
clear why some setups diverges. Note that this conclusion is also applicable
to other setups, 1D and 2D. However, for this setup, if we had convergence,
we did notice a significant decrease of convergence rate for these large non-
linearities in this setup.

To finish, some small comparison with FDTD and BPM. Simulating the
steady state solution of the previous problem with a time domain simulation
method - e.g. FDTD - would require extremely long simulation times. This
is especially the case for a structure with many reflections, as is the case for
this example. So, CJ only gives the steady state solution. BPM can quickly
be ruled out because of the bidirectionality of the component.

Therefore, our proposed extension to CJ is very well suited for struc-
tures where the non-linearity is present in a large portion of the simulation
domain. In such a situation EME would not be very efficient.

7.4.3 Influence of discretization step

Using finite differences instead of derivatives always introduces numerical
errors. This is true for FDTD, this is true for Complex Jacobi Method (CJ).
Equation 7.5 already showed that finite differences depend on a discretiza-
tion step. Here, we look at the errors we might expect.

Figure 7.8 gives the shift of the resonance peak in function of the dis-
cretization step. Remark, we only look at the linear setup of figure 7.6.
Although in theory the peak should not change, CJ gives a different reso-
nance wavelength. A coarser grid causes a resonance peak shift to higher
wavelengths.

To explain this behavior, we can use numerical dispersion. Numerical
dispersion shows that the speed of light in a dispersionless medium depends
on its frequency. In a dispersionless medium, substitution of a plane wave
(e7*t=7kT) in equation 7.4 gives:
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Figure 7.8: Resonance peak -cfr. figure 7.5- shifts in function of the dis-
cretization step. (The analytical dispersion model uses equation 7.15 to
adjust n, and n; in the calculated structure.)

kon = = (7.14)
c
Here, ko is the amplitude of the wavevector in vacuum, n is the refractive
index, c is the speed of light in vacuum and w is the angular frequency.
However, substitution of e/“!~%* in equations 7.4 and 7.5 gives:tion of
eI@t=ke in equations 7.4 and 7.5 gives:

4sin2(7k°ne£fAz) B w?
Ax? 2
: konAx
arcsin(2e22L)
Neff = —fag— (7.15)
2

The effective refractive index -neppr = “,:—5—, felt’ by a plane wave in a
discrete simulation space is different than the actual refractive index.

Now, we can analytically calculate the peak of the structure with the
new refractive indices: ncfsq and nerrp. This peak is given in figure 7.8 by
the ’analytical dispersion model’.

In conclusion, we have seen that the peak of the linear component shifts
in function of the discretization step. This numerical error can be explained
by numerical dispersion. Also, a small value A, in 7.15 reduces n.sy to
Neff =M.
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Figure 7.9: Injection of a gaussian field profile in a linear and non-linear
medium. ( (a): diffraction in linear medium, (b): soliton in non-linear
medium)

7.5 Spatial Soliton in a non linear Kerr-material

Here, we will validate our extension by simulating the self-focusing of a
gaussian beam in non-linear space.
In linear space, the injection of a gaussian field profile with Total Field /Scattered
Field (TFSF) gives diffraction, figure 7.9(a). The gaussian field profile is
2

described by e = 1.0e z70.252 2 The refractive index is n = 3.6.

m”

The situation changes for Kerr non linear materials. Now, the increase
of the refractive index gives a self focusing effect in the middle, figure 7.9(b).

The parameters are the same as for the linear case, but with ny = 0.2’{’}—2.

Now, non linear Eigenmode Expansion (EME) requires a large amount
of eigenmodes to simulate the same straight forward simulation setup. The
lack of linear regions, which should only be calculated once, takes away the
main advantage of non linear EME.

7.6 An OLED with a grating

In this section, we show how to simulate an OLED with grating in 3D. All
materials are assumed to be linear. Also, we compare the simulation time
with the simulation time of the numerical model of chapter 3.

To simulate a corrugated OLED in 3 dimensions we need to numerically
integrate equation 7.1, the vectorial Helmholtz equation. Thus, in 3D, each
coordinate has 3 field components which need to be numerically integrated.
To have an absorbing boundary condition, each of these three components
has to satisfy equation 7.12.

Figure 7.10 gives the numerical integration of a simple corrugated OLED.
The layer structure of this figure is as follows: Aluminium,n = 1.0-3.0j, t =
500nm / ETL, n = 1.66, t = 60 nm / emissive region / HTL, n = 1.807, t
=45nm / ITO, n = 1.806 - 0.01j, t = 120 nm / SiON, n = 1.622, t = 100
nm / a square with a grating of pillars of SiON in air. The period of the
grating is 800 nm. These pillars are made from SiON with a fill factor of
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Figure 7.10: A 3d simulation of a corrugated OLED for which the horizontal
dipole (p = (1.,1.,1.)) emits at 550 nm is done in a simulation box with
discrete steps of 15nm*45nm*45nm.In this figure R(H,) is given.

60%, t = 400 nm./ air. To determine the discretization step, we use a rule
of thumb which commonly is used in FDTD. We use at least 10 points per
effective wavelength. Thus, the setup of figure 7.10 has 166*65*65 points.

The simulation time for 20000 iterations is about 1 day on a opteron
2Ghz system for each wavelength, for each polarisation and each position
of the dipole. This is much longer than the few minutes which are needed
by the numerical model of chapter 3.

One additional remark concerning stability and convergence rate. Al-
though this particular structure gave convergence, convergence is not au-
tomatically guaranteed. A simulation where we use a metal with a large
complex part of the refractive index (Je > 8)gave divergence. Also, the
convergence rate is not known a priori! Figure 7.11 shows how the error
decreases in function of the iteration step. So far, it has not been possible to
predict the actual convergence rate. This is in contrast with FDTD. With
FDTD, you can estimate how much time steps the simulation requires. As
a rule of thumb, you might state that if you increase reflections or decrease
losses, the convergence decreases. Thus, it is impossible to anticipate the
duration of a simulation.

In conclusion, although the algorithm can be used for 3D setups, the
simulation method of chapter 3 proved to be better suited for the goals we
initially anticipated. Also, convergence is not always guaranteed for highly
lossy materials. Also, even if you have convergence, the convergence rate
is unpredictable. Thus, before starting a simulation, it is quite difficult to
anticipate when the simulation finishes.
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Figure 7.11: This figure shows the average relative error in function of the
iteration step. (The relative error is the relative deviation from the field at
iteration step 40000, which is the end of the simulation.)

7.7 Conclusion

Our extensions to the recently introduced complex Jacobi method allow
the simulation of some 2D-components with Kerr-based materials in the
frequency domain. Our proposed extension to the complex Jacobi method
is very suited for structures where the non-linearity is present in a large
portion of the simulation domain. We also have demonstrated simulations
of a 3D structure.

To finish, we give some remarks on stability and convergence rate. First,
stability is still an issue. The numerical model is not unconditionally stable.
For large non linearities or very lossy materials, stability is not guaranteed.
Second, estimating the simulation time beforehand is impossible. Only by
running a simulation over several iterations, the convergence rate can be es-
timated. These two requirements should be addressed before this technique
can be considered for device simulation.






Panel member: If you were to meet these Vegans, and were permitted
only one question to ask of them, what would it be?

Ellie Arroway: Well, I suppose it would be, how did you do it? How
did you evolve, how did you survive this technological adolescence
without destroying yourself?

Contact, 1997

Conclusions and Perspectives

8.1 Conclusions

The goal of this work has been to improve the optical performance of White
Organic LEDs for general illumination. Here, we give the main conclusions
of this work.

Generally speaking, to achieve a better optical performance, two ques-
tions can be asked. The first question is: how can you increase the ex-
traction efficiency? Increasing the extraction efficiency is key for efficient
OLEDs. Thus, we have investigated designs which increase the fractions of
photons which can escape to air. Also, numerical methods, simulations and
experiments are addressed. The second question is: is the most efficient
OLED automatically the most effective OLED? Here, we look at the rela-
tion between properties of the OLED and the eye sensitivity curves. The
two questions are in respectively subsections 8.1.1 and 8.1.2.

8.1.1 How to increase the extraction efficiency?

Normally, an OLED has an extraction efficiency of 20% for the entire visible
range from 350 nm up to 700 nm. The main reason for this low extraction
efficiency is Total Internal Reflection. Oblique light can never go from a
high refractive index material to a low refractive index material. In this
work we have numerically analyzed three substrate emitting OLED designs
which might increase the extraction efficiency. The first and second designs
have also been fabricated and measured.

To numerically analyze these designs, we have developed a 3d numerical
model for substrate emitting OLEDs, chapter 3. The interfaces between
some of its layers can be either planar or a grating. Development of this
numerical model is based on two other numerical techniques: eigenmode
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expansion and rigorous coupled wave analysis. The main novelty of the nu-
merical model is the way light propagation in the substrate of an OLED is
modeled. The model includes multiple round trips in the substrate. After
comparing the extraction efficiency with multiple round trips and the ex-
traction efficiency without multiple round trips, the relative difference could
be up to 75%.

Note that we originally planned to use a different numerical model, which
was based on Complex Jacobi Method (CJ), chapter 7. Though this nu-
merical model proved to be less useful for OLEDs, we have shown how to
model optical components with non linear materials.

Now, let us look at the three OLED designs.

One conclusion which is valid for all three OLED designs relates to the
orientation of the dipoles in the active region. A parallel orientation of the
dipoles with respect to the emissive layer gives a much higher extraction
efficiency than a vertical orientation of the dipoles.

The first OLED design is the RC?LED. This design has three additional
interference layers between the active region and the glass substrate. These
additional interference layers have subsequently a high refractive index, low
refractive index and a high refractive index. Both simulations and experi-
ments show that our design increases light extraction by a factor of 2. The
wavelength range for which the relative increase of the light extraction still
is higher than 75% is 75 nm. Increasing the wavelength range will decrease
the maximal extraction efficiency.

The second and third OLED designs have a grating at respectively the
substrate-air interface and the active region-substrate interface. In both
cases, we see a relative increase of light extraction by 50% for a wavelength
range which spans the visible spectrum. Let us now focus on the conclusions
specific for each approach.

The second design is an OLED with a grating at the interface between
substrate and air. Here, we have locally optimized the grating parameters
for one wavelength. For the depth and period, we found that the param-
eters had to be larger than respectively 200 nm and 800 nm. The other
parameters depend on the motif of the grating. For pillars and holes, we
can define a fill factor. The optimal values are respectively 70% and 55%.
Also, small variations of these parameters show that these parameters are
extremely robust. Also, the optimal parameters appear to be the optimal
parameters over the entire visible wavelength range.

For the second design, we now can compare the extraction of a reference
OLED without grating and that same OLED with grating. By reference
OLED, we mean an OLED which has an extraction efficiency of about 20%
over the entire wavelength range. Then, the simulated relative improvement
is roughly 50%-80% for all wavelengths. Our experimental conclusions are
largely qualitative, but we see a good qualitative agreement. The most
important conclusion relates to the relative improvement by using gratings
or microlenses. This relative improvement is roughly the same.
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We conclude the second design with a more complicated layer structure.
Here, the relative improvement is more wavelength dependent. For example,
you can use a RC2LED which already has an extraction efficiency of 40%
for one wavelength. Then, the grating does not increase light extraction of
specific wavelengths.

The third design is an OLED with a grating at the interface between
active region and substrate and air. Again, we have locally optimized the
grating parameters for one wavelength. For the depth and period, we found
that the parameters had to be larger than respectively 200 nm and 600 nm.
The other parameters depend on the motif of the grating. For pillars and
holes, we can defined a fill factor. The optimal values are in both cases 60%.
Note, small variations of these parameters show that these parameters are
extremely robust. Also, the optimal parameters appear to be the optimal
parameters over the entire range. We saw a relative improvement of the
extraction efficiency of 50%.

To finish, we have tested three statements with the third design. First,
multiple round trips are an important effect to determine the extraction
efficiency. We stress this statement because most articles in literature do
not consider this effect. To validate this statement, we can compare the
extraction efficiency for which only direct transmission is considered and
the extraction efficiency for which multiple round trips in the substrate are
considered. The relative difference of the extraction efficiency is around
50%. Second, an electrode with high absorption severely limits the extrac-
tion efficiency. Indeed, if multiple round trips are important, reflection is
important. We have shown that an OLED with ITO outperforms an OLED
with Clevios™ a conductive polymer. The main reason is the higher ab-
sorption of Clevios™. Third, the grating helps to extract light from the
substrate, not from the organic layers! Indeed, the amount of light which
can go from the organic layers to glass only increases by 10%. However,
because of multiple round trips and scattering in the substrate, the light
extraction increases by 50%. Thus, the increase of light extraction comes
from the light which would normally be trapped in the substrate, not from
the light which is trapped in the organic layers.

We can summarize our results in table 8.1. Regardless of which of the
three designs to extract light, the extraction efficiency is limited to about
40%.

8.1.2 Is an efficient OLED automatically an effective
OLED?

Now, we will show that the design of an efficient White OLED (WOLED)
and the design of an effective WOLED do not automatically coincide. The
focus of the previous subsection is how to increase the efficiency. However,
for illumination, the figure of merit is the luminous power efficiency. This
luminous power efficiency shows how efficient light is generated and how
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structure extraction efficiency (simulation)

Planar OLEDs

reference OLED £ 20%, all wavelengths
RC2LED = 40%, wavelength range of £+ 100 nm

Grating at the substrate-air interface

reference OLED with micro lenses  35%-40%, all wavelengths
reference OLED with grating 35%-40%, all wavelengths
RC2LED with grating  35%-40%, all wavelengths

Grating at the organic layers-substrate interface

reference OLED with micro lenses > 25%-30%, all wavelengths

Table 8.1: An overview of all the simulated extraction efficiencies, we find
for this work.

effective that light is. Thus, to make an OLED more effective, we have to
match properties of the OLED with its spectrum and the eye sensitivity
curves. Three statements have been proved by using three Gedanken ex-
periments. To perform these Gedanken experiments, we have developed a
numerical model.

First statement: if we can change the spectrum of an WOLED to look
like the spectrum of the MacAdam limit, we increase the luminous efficacy.
This luminous efficacy is the maximal luminous power efficiency. So, the
luminous power efficiency of the WOLED is increased by 30% while retain-
ing a sufficiently high CRI of 80. Also, we have shown how we can make
a WOLED with such a spectrum by using a blue/green OLED with a red
downconversion layer.

The second statement is demonstrated by a comparison of two WOLED
which generate white light with 3 distinct monochrome OLEDs. The WOLEDs
are almost identical. The green and red emitter of both WOLEDs are phos-
phorescent emitters. The only difference is the blue emitter. The fluorescent
deep blue emitter of the first WOLED has an internal quantum efficiency
which is two times less than the internal quantum efficiency of the phos-
phorescent light blue emitter of the second WOLED. The main conclusion:
the luminous power efficiency of both WOLEDs is the same!

Third statement: tuning the extraction efficiency with respect to the
other parameters of a WOLED is needed to increase the luminous power
efficiency. To demonstrate this, you can compare two WOLEDs: a basic 3
color WOLED and a RC?LED. This RC?LED has the same organic layers
as the basic WOLED, but the additional interference layers give a strong
dependency of the extraction efficiency on the wavelength. Conclusion,
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although the relative increase of the overall luminous power efficiency is
limited to 10%, the increase of the extraction efficiency at some wavelengths
is more than 50%. Placing this peak of the extraction efficiency at the wrong
wavelength, can decrease the luminous power efficiency by 35%. Although
this example is limited to one method to increase extraction efficiency, it
clearly shows the importance of tuning the extraction efficiency to the other
parameters of the WOLED.

These conclusions illustrate that extraction efficiency is important. How-
ever, in the end, the figure of merit is the luminous power efficiency.

8.2 Perspectives

For now, the best OLEDs already achieve 50 lm/W. If their luminous effi-
cacy can be increased to 100 Im/W, even the most efficient fluorescent tubes
are outperformed. Considering the other advantages, such as long lifetime
and deposition on non planar shapes or even flexible substrates, this tech-
nology indeed might change the way we think about general illumination.






Is it possible that in our basically trichromatic species, a subset of
females become tetrachromatic, enjoying an extra dimension of colour
experience?

John Mollon

Color Properties of a Light Source

A.1 Quantification of Color and Color Ren-
dering

Color is a visual sensation, caused by electromagnetic waves which re-
sult in impulses in the brain. A quantification of color related proper-
ties is necessary to objectively determine the properties of a light source.
This chapter summarizes two publications of Commission Internationale de
IEclairage (CIE), which quantify the color sensations of a ’standard’ person.
[14] [16]

Two properties are important. First, which color should the light source
emit? Warm white or cool white? Second, which colors can I discriminate
when I illuminate an object with a given light source? Think of reading a
map under streetlighting, it is even difficult to discriminate between blue
and red lines. This second property is the Color Rendering Index (CRI).

Section A.2 shows the relationship between the spectrum of electromag-
netic waves and color by introducing the concept of color spaces. Another
way to quantify colors is the Correlated Color Temperature (CCT), section
A.3. Then, section A.4 shows a metric which determines how good you can
discriminate colors when you illuminate an object with a light source.

A.2 Color Spaces

To mathematically quantify a color, we can use its color coordinate in a
given color space. Addition of colors can also be done if you use the correct
addition rules for that specific color space. This section first gives some
general remarks on the dimension of color spaces and the addition rules.
These remarks apply to most color spaces. Then, sections A.2.1 and A.2.3
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give two color spaces of which the first one is used throughout this work.

Each color corresponds with one point in a given color space. If and
only if two colors have the same color coordinate, they are equal. Because
most humans have three receptors with each recepter sensitive in its own
wavelength range, humans are called trichromats. [120] The first color space
which took this into account is the Munsell color space. In general, a color
space of three dimensions suffices to express the stimulation of the three
sets of receptors.

Now let us look at the addition of two colors. To begin, we start by
explaining metamerism. . Two different spectra can give the same stim-
ulation of these receptors, thus two different spectra can give the same color.
However, if two colors A and B are equal and C is another color,
then the combination of color A with color C gives the same color
as the the combination of color B and color C. This is one of Gras-
mann’s laws. However, this law is only valid for well-lit conditions. Under
well-lit conditions, we speak of photopic vision. Under insufficient illumina-
tion, these Grasmann’s laws are no longer valid and we speak of scoptopic
vision. The implication for the addition of color coordinates is the following:
under well lit conditions, adding colors can be described as the addition of
their color coordinates.

A.2.1 The CIE XYZ 1931 color space and the luminous
efficiency function

The XYZ color space has been defined by Commission Internationale de
I'Eclairage (CIE) in 1931 for a standard observer. This standard observer
is based on measurements which have been performed on a cross section of
the population. In this section, we also show at which wavelengths the eye
is most sensitive by introducing the luminous efficacy. This unit is directly
related to this color space As the next subsections will show, most other
color spaces can be derived from this color spaces.

As stated in the introduction, each color is expressed by three coordi-
nates which are the color tristimulus (X,Y,Z):

X

/ T LT

Y

/OWLAA)y(A)dA (A1)
z = /O Le(N)Z(M\)dA

The right side equations are a convolution of the radiance (L.) and the
eye sensitivity curves (Z(A), g(\),Z(A)) of figure A.2.1. These eye sensitivity
curves of the CIE 1931 standard observer give the stimulation of the three
receptors for a 2-degree field of observation. Similar to this color space
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Figure A.1: Eye sensitivity curves (Z(\), g(A),Z(N))

is the CIE 1964 supplementary standard observer. This observer is based
on measurements over a larger field of view (10 degrees) than the CIE
1931 XYZ color space, producing slightly different results. Instead of the
radiance, also the spectral power distribution is commonly used to find the
tristimulus values.

To find the luminous efficacy (F), we simply have to use the 5(X) color
matching function. Indeed, this curve is equal to the photopic luminous ef-
ficiency function V(A) for the *CIE standard photopic observer’ (CIE 1926).
This curve gives the average sensitivity for a given wavelength. The human
eye is more sensitive at 555 nm (green) than for lower (blue) or higher (red)
wavelengths. Then

F = 683 / Ooy()\)J()\)d)\ (A.2)
0

In conclusion, both the color coordinate (XYZ) as the luminous efficacy
(F) follow from the CIE XYZ color space.

A.2.2 The CIE xy 1931 color space

To make a representation of the 3d CIE XYZ 1931 color space in 2d, one
possible way is to remove the luminance information. Indeed, a color has
a chromaticity and a luminance. This can be understood by comparing
grey and white. They both can have a 'white’ chromaticity, but they differ
in brightness or luminance. Very dim white is experienced as grey. Thus,
grey and white are two different colors. This section gives mathematical
equations for the chromaticity. Also, we give the chromaticity diagram
which is a well known way to represent chromaticity.

To go from the tristimilus values (X,Y,Z) to the CIE xy 1931 color space,
we use the following definition:
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These equations give the chromaticity by the values (x,y). Sometimes
the information (x,y,Y) is given where Y is the luminance. Again, two
colors can have the same chromaticity (x,y) , but they differ in bright-
ness/luminance, Y.

To represent this two dimenstional color space, we use the chromaticity
diagram of figure A.2.2. The boundaries of this chromaticity diagram is
given by the spectral locus. To find the spectral locus, we calculate the
color coordinates of monochromatic sources. These monochromatic sources
emit at one wavelength.

As background information, we now give the main disadvantage of the
CIE XYZ 1931 and the CIE xy 1931 color spaces. These color spaces have
no correlation between the distance of two color coordinates and the dis-
cremination of the corresponding colors. Thus, there is no metric in these
color spaces. For example, a person can discreminate two ’blue’ colors
which have a distance of 0.01. However, that person can not discreminate
two ’green’ colors which have a distance of 0.01. The correlation between
color discrimination and color distance can be visualised with MacAdam
Ellipses. A MacAdam ellipse is a region in a chromaticity diagram with
colors which can not be discriminated. Therefore, The MacAdam ellipses
in a color space with an intuitive correlation between color discrimination
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and color relation would have to be circles with equal radius. The shape
and size of these ellipses however varies throughout the entire xy1931 color
space. For that reason, other color spaces have been developed. One color
space where the MacAdam Ellipse are circles of equal radius is the CIE 1976
L*u*v* (CIELUV) colorspace.

A.2.3 uv 19630 color space

The main reason to include this color space is its application in the calcu-
lation of the Color Rendering Index (CRI) of section A.4. Note, except the
calculation of the CRI, this space is no longer used.

This color space is a 2 dimensional color space with chromaticity coor-
dinates (u’,v’) which are given by:

Y - 4X B Az
X +15Y+3Z  —20+412y+3
Y
v = 6 0y (A.4)

X +15Y +3Z —22+12y+3

Note that these (u’,v’) chromaticity coordinates are closely related to
(w,v’) chromaticity coordinates of the CIE 1976 L*u*v* (CIELUV) color
space.

A.3 Correlated Color Temperature

The Correlated Color Temperature (CCT) of a light source gives the tem-
perature of a black body radiator which has the ’closest’ chromaticity to
that of the light source. The spectrum of a black body radiator is fully
determined by its temperature T. There are two applications for the CCT.
First, the chromaticity of a light source is sometimes indicated by its CCT.
Of course, the accuracy of this representation depends on its distance to
the black body curve of figure A.2. The second application of the CCT is
to use it as reference light source in the calculation of the Color Rendering
Index (CRI). We will come back on this in section A.4.

A black body emitter at a temperature of T (Kelvin) has the following
spectral radiation (I(\)):

8mhe 1

I = (A.5)

The wavelength is given by A, h, ¢ and k are respectively Planck’s con-
stant, the speed of light and Boltzmanns constant.

To determine the black body radiator with the ’closest’ chromaticity,
you need to specify your color coordinate system. For the CCT, you use
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the uv 1960 color space of section A.2.3 Then, you minimize the distance
between the color coordinate of your light source and the color coordinate
of a black body radiator by varying T. The metric to determine the distance
(A) between two color coordinates ((u,v)) and (uf,v}]))is the well known
Euclidian distance:

A=\l — )+ (v — vp)? (A.6)

A.4 Color Rendering Index

A light source with a high Color Rendering Index (CRI) means that that
light source can reproduce an object’s color almost as good as a reference
source. This CRI is a scale up to 100, where 100 is the value of the reference
light source. For example, street light has a low CRI. Reading a map under
a street light surely is not an easy task. This scale is defined in a publication
of the CIE. [16]. We will now briefly give the mathematical implementation
of this scale.

The first version of the CRI used the 8 standard samples of which the
reflectance is given by figure A.3(a). These eight samples were both illumi-
nated by a reference light source and by the test source. The color difference
between the color you see under these two illuminations is used to determine
the CRI of that sample. Averaging the CRI of these samples then gives the
averaged CRI. However, 6 additional samples have been added to the CRI
to correctly quantify fluorescent tubes. These tubes could have a high CRI,
but with low color quality. Figure A.3 shows the spectral reflectance of these
14 samples. Although this scale now has been widely adopted to quantify
color quality and color reproducibility of a light source, this scale has been
critized during the last decade. Recently, visual experience has shown that
the current CRI based ranking of a set of light sources containing white
LED light sources contradicts the visual ranking. [104]. Spectral narrow
LEDs can have good light quality, but a low CRI.

Let us know look at the CRI of a test light source (k). To get a color
difference, we need to define one reference light source and a color space.
We let the reference light source (r) of this light source (k) depend on the
Correlated Color Temperature (CCT) of the light source (k). If that tem-
perature is below 5000 K, the reference light source is a Planckian radiator
with the CCT of (k). Above 5000 K, one of a series of SPDs corresponding
to phases of daylight are used. The color space is the W*U*V* 1964 color
space. In this space, we will look at the color coordinates of the samples
illuminated by (k) and (r).

The first step is to determine the chromaticities of both light sources (k)
and (r) in 1960 uv color space, A.2.3. This gives respectively (u},v}) and
ul, vy,
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Figure A.3: The Color Rendering Index uses 8 + 6 samples as reference.
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The second step is the color points of the sample (i) under illumination
by these two light sources, (k) and (r). For the sample under illumination
by the reference light (r) source, we have ufcji, v;“ For the sample under
illumination by the light source (k), additional steps need to be used to

calculate the color coordinate u!. ;, v/ .. These steps are necessary because of

T80 Yret
chromatic adaptation. In a room with yellow illumination, a yellow surface
will look less yellow than when that same surface is illuminated by daylight.
The eye adapts to the chromaticity of the light source.

To find (u!.;, v ), we first calculate the following intermediate results:

4 — u, — 100,
Cp = —
U
1.708v, + 0.404 — 1.481u,.
d, - vt u (A7)
(%3
4— U — 10’Uk
c, = —
Vi
1.708 0.404 — 1.481
dy = Uk ¥ Uk (A.8)
Vi
4 — Uk, — IOUM
Cky = ——
Vk,i
1.708vg ; + 0.404 — 1.481uy ;
dpi = Vi & Uk, (A.9)

Uk,i

Then, the chromaticity under the light source (k) is:

10.872 + 0.404 ¢y, ; — 492d), ;
ukvi = Cr d,
16.518 + 1481 ¢y, ; — S=dy.
, 5.520

v, = A.10
k, 16.518 4+ 1.481 ¢ ¢p, ; — 9=d, . (A.10)
CL s dk s

Background information: if we would have used the equations for chro-
matic adaptation for the reference source (r), this would not have changed

ul ;, vl ;. Indeed, the parameters (cg i, di,;) in the equations A.10 would have

T, Yrae”t
been replaced by (ck,dy). The chromaticity of the light source (uj,v},), af-
ter chromatic adaption is the chromaticity of the reference light source (r):
(ur, V).

Before the calculation of the actual color coordinates in 1964 W*U*V*
color space, we need to determine a relative illuminance for the samples
under illumination. The illuminance corresponding with a color coordinate
is the Y-coordinate of this color point in CIE 1931 color space. Both the
light source (k) and the reference light source (r) will be normalized to 100.0.
The illuminance of the color of the test sample under illumination needs to
be adapted accordingly.



COLOR PROPERTIES OF A LIGHT SOURCE 181

With the previous information, the coordinates in 1960 uv space and
the normalized luminance, the color coordinate of the test sample under
illumination by the test source (k) and the reference source (r) now can be
calculated:

Wy, = 25 (Ym-)% - 17 Wi, = 25 (yk’i)% 17
Un = BWE (urs—wp)  Up, = BWE (g, - u;v) (A.11)
Vyoo= BWr (v —v) Ve = 18WE, (vh, — U;C)

Note that the color coordinate of the light source k, (uj},v},) is equal to
(ur, vy).
Then the difference between these 2 color points is given by:

A = (AU + (A" + (AW ) (A.12)

Finally the special Color Rendering Index, R; of each sample (i) is given
by:

R; = 100.0 — 4.6AE; (A.13)

The general Color rendering Index which refers to an average of the first
eight samples is given by :

R, = Zisltes™ (A.14)
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substraat. Echter, licht dat gaat van de organische lagen
naar glas ondervindt voor schuine hoeken volledige reflectie!
Hetzelfde geldt bij de overgang van glas naar lucht. Hierdoor

kan slechts 20% van het optische vermogen uitgestraald worden.

(a) Extra interfentie-lagen geplaatst tussen anode en glas zor-
gen voor golflengte athankelijke interferentie effecten. (b) Re-
latieve verbetering van de extractie efficientie door interferentie-
lagen tussen ITO en glas, zowel simulatie als metingen van 2
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Beide spectra geven dezelfde witte chromaticiteit. Spectrum
2 komt van een OLED met 3 emitters. [17] Evenwel spectrum
1 heeft een grotere effectiviteit dan spectrum 2: 429 Im/W
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This lamp is based on Organic LEDs. We see a surface which
gives light. (source: OLLA project, [1]) . .. ... ... ...
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(a) Adding extra layers between anode and glass creates in-
terference effects which increase the extraction efficiency. (b)
Relative improvement when using these extra layers. . . . . .

A grating can be used between anode and glass and between
glassand air. . . .. ... Lo Lo

Both spectra have the same chromaticity. Spectrum 2 comes
from an OLED with 3 emitters.[17] However, spectrum 1 has
a much higher efficacy than spectrum 2: 429 lm/W compared
t03051m/W. .. ..o

Earth by night. (source: NASA, 7th November 2000) . . . . .

LEDs and OLEDs have different properties, which can be
applied for different lighting applications, see table 1.2. . . . .

Two important properties of an OLED are its extraction ef-
ficiency and the spectra of its emitters. . . . . . ... ... ..

This perspective and cross section of a substrate emitting
OLED shows that light is generated in the stack of organic
layers. A top view of an OLED gives a large area of more
than 100 square cm. . . . . . . . .. ...

Band diagram of an ideal OLED. Applying a voltage gives
an electrical. In the organic layers, you have electrons in the
Lowest Unoccupied Molecular Orbit and holes in the Highest
Occupied Molecular Orbit. Recombination of electrons and
holes give a photon via an intermediate exciton. . . . . . . . .

The layer structure of a small molecule OLED is more com-
plex than the layer structure of a Polymer OLED. Note that
these figure are not on scale, the substrate thickness is at
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Singlet versus triplet states . . . . .. ... ... .. .. ...

Different device structures to generate white light. (pictures
adapted from [34]) (a) Some of the generated blue light is
downconverted to orange/red. [58] (b) Each color is gener-
ated by a separate OLED-pixel. (¢) White light is generated
in one stack of organic layers. (see also figure 2.6) . . . . . ..

White light is generated in one stack of organic layers. (a)
All dyes in one emissive layer (b) Each dye, its own emissive
layer. (c) Stacking multiple sets of emissive layers allows to
lower the current while keeping the same brightness. . . . . .
An OLED is limited by total internal reflection. . . . . . . . .
A corrugation can be placed at the interface between the or-
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2.9 Interference effects happen because of reflection at two inter-
faces: cathode-organic layers and organic layers-substrate.
These reflections determine the optimal position of the emis-
sive zone and the thickness of the stack of organic layers.
(adaptation of [69]) . . . . . ...

2.10 The extraction efficiency is given in function of the dipole
location with respect to the cathode (z.) and the thickness
of the organic layers (torg). (adaptation of [69]) . . . ... ..

2.11 Conservation of étendue can be used to express the limita-
tions in direct transmission. . . . . . . . ... ... ... L.

2.12 A grating at the interface between organic layers and sub-
strate has two mechanisms to increase light extraction. . . . .

3.1 (a) At each interface, a fraction of the light not escape be-
cause of total internal reflection. Light which is incident at
a too oblique angle is not transmitted. (b) A grating at
the interface between substrate and air increases the fraction
of light which can escape the substrate. Light which is not
transmitted the first time, may have a second chance. (c)-(d)
A grating at the interface between the organic layers and the
substrate increases light extraction by two mechanisms. (c)
The grating increases the amount of light which is extracted
from the organic layers. (d) Light which is incident on the
substrate-air interface at a too oblique angle gets a second
chance by scattering. . . . . ... ... oo

3.2 (a) An OLED can be described as a concatenation of z-
invariant layers. (b) Also, a grating with non straight edges
can be approximated by a grating of z-invariant layers.

3.3 The optical behavior of an OLED can be described in terms
of eigenmodes. For each of these eigenmodes, the extraction
efficiency can be determined. (figure adapted from [9]) . . . .

3.4  The k-vector diagram shows which propagating plane waves
are reflected and transmitted for a given incident plane wave.

The transverse component k, has to satisfy the Bragg-condition

of equation 3.7. The total magnitude of the wave vector k in
a homogeneous medium is given by a circle. . . . . .. .. ..

3.5 This figure gives the axis convention, used in table 3.1. . . . .

3.6 Plane wave which are incident on an interface, can be classi-
fied in two types. The H-component of a p or TM polarised
plane wave is parallel to the interface. The E component of
a s or TE polarised plane wave is parallel to the interface. . .
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3.7 The orientation of the dipole is defined in function of its ori-
entation compared to the interfaces. The polarization of the
resulting plane waves also is defined in function of the inter-
faces. This figure shows the direction at which the angular
radiant flux is maximal. . . . . . .. .. ... ... .. .... 51

3.8 (a) A part of a propagating plane wave incident from medium
1, which goes to medium 3, is either reflected or transmitted.

The calculation of this setup is a combination of three part-
setups. (b) The transmission and reflection at the interface
between medium 1 and medium 2 is calculated by Fresnell’s
equations. (c¢) Plane wave propagation in medium 2 gives an
additional phase to the field amplitude. (d) Similar to (b). . . 52

3.9 Extraction efficiency of a simplified OLED in function of two
parameters. The structure is: cathode: refractive index n =
0.9-6.0j, organic layer: n = 1.7, thickness t;,;, substrate: n =
1.5. Distance between emissive layer and cathode is z... . . . 57

3.10 The propagating plane wave vectors are shown in each of
the layers of an OLED. If we only use the propagating plane
waves of the n,.o-material, some propagating plane waves
of oblique incidence in the n.q;,-material can not be excited
by a propagating plane wave . In (b), the emissive layer
has a high refractive index, so propagating plane waves of
oblique incidence can be excited by evanescent modes. The
propagation vector k of these evanescent mode is imaginary,
thus it is not shown in the n,,g-material of (b). . .. .. .. 58

3.11 The extraction efficiency is plotted in function of the refrac-
tive index of the infinitesimal thin emissive layer. If this layer
has a refractive index similar to the refractive index of the
surrounding layers, the extraction efficiency is underestimated. 60

3.12 The dipole is placed on 3 different locations. For our imple-
mentation, this means that you recalculate the OLED with
a different elementary cell to calculate the generated power. . 64

3.13 This figure defines the notation which is used in equation 3.47
(a) Plane wave decomposition of a dipole is used to calculate
the angular radiant flux to glass. (b) Multiple reflections in
the substrate. . . . . . . . .. Lo 66

3.14 Convergence of the extraction efficiency depends on two pa-
rameters. The number of orders and the amount of discrete
k-vectors in the first Brillouin zone. The structure has been
defined by table 3.2. . . . ... ... L o oo 70

3.15 The k-diagram helps to derive the minimal number of diffrac-
tion orders we require to include all propagating orders. More
details can be found in the derivation of equation 3.48. (ka, =
QM/AX) © 71
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3.16 This figure gives the extraction efficiency in function of the
wavelength. This extraction efficiency can be calculated in
either direct transmission or with multiple round trips. This
figure shows a comparison for three different simulation se-
tups: a planar OLED, an OLED with corrugated substrate
and an OLED with a grating between organic layers and sub-
strate. Table 3.3 gives the specifications of the simulated
structures. . . . ...

4.1 TFigures (a) and (b) respectively give the structure of a RCLED
and the structure of a RC2LED. . . ... ... ........

4.2 The stack of a RCLED are quarter wavelength layers which
form a mirror. However, the cavity in the stack of a RC?LED
allows perpendicular incident plane waves to pass. More de-
tails are in table 4.1. . . . . . .. ... L Lo

4.3 The reflection of a RCLED and a RC2LED are very similar,
except at the location of the resonance wavelength, \,.s. This
figure uses the setup of figure 4.2 with the parameters of table

4.4 The amplitude reflection of the RCLED and the RC? LED
differ both in magnitude and phase. These plots have been
calculated in function of the incident angle of figure 4.2. The
parameter values are in table 4.1. . . . . . ... ... L.

4.5 Extraction efficiency in function of wavelength, A.. (struc-
ture: table 4.2) . . . ... oL

4.6 Extraction efficiency in air as a function of the wavelength
for a variation of the parameters of table 4.2. . . . . ... ..

4.7 Angular radiant flux per solid angle P(f) in glass for a ref-
erence OLED and an RC2LED at 525 nm and 600nm. Total
Internal reflection occurs for emission at angles larger than
41°. (structure: table 4.2) . . ... ... o L

4.8 Multiplying the spectrum of the green emissive layer ¢ ()
in the organic layers and the extraction efficiency of a struc-
ture 7.(\) gives the spectrum of that structure: E(\) =
(,ZSEL(/\)UQ(/\) ...........................

4.9 (a)The OLEDs emit green light. (b) Using a foil with an
array of microlenses can easily be applied. (¢) Measurements
can be done with an (optional) cover screen. (OLEDs and
plastic foil with microlenses have been fabricated by Philips
Aachen) . . . . ...

4.10 Absolute emission in air of the second fabricated set of OLEDs,
both the RC2 LED and the reference OLED. (Dots and Crosses
indicate measurement points, lines are interpolated values.)
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4.11 A good agreement of the relative improvement for two differ-
ent sets of fabricated samples and the simulation results has
been demonstrated. . . . . .. ..o

4.12 Using an array of microlenses on top of either a reference
OLED or a RC2LED can increase the amount of power mea-
sured. This figure shows the relative improvement between a
device with microlenses and one without microlenses.

5.1 We distinguish 3 types of gratings on a rectangular lattice
and one type of grating on a hexagonal grating. . . . . . . . .

5.2  Extraction efficiency in function of the wavelength for the
OLED defined by table 5.1. This OLED has a maximal emis-
sionat 550 nm. . . ...

5.3  Optimal parameters for the period and depth of the pillars of
figure 5.1(a). Similar figures can be found for the chess-board
and the holes of figures 5.1(b) and 5.1(c). . . ... ... ...

5.4 The relative improvement in function of fill factor is given
for different wavelengths for the four gratings of 5.1. The
optimal location of the fill factor is wavelength independent. .

5.5 The relative improvement of the grating has been calculated

93

100

for both direct transmission as well as for multiple round trips.101

5.6 The extraction efficiency depends on the reflectance of the
stack of organic layers. These figures use either the reference
OLED or the RC2LED of table 4.2: (a) relative improvement
of the extraction efficiency by using a grating (b) extraction
efficiency without grating (c¢) with grating . . . . . . ... ..

5.7 Fabrication and measurements have been performed on a
green OLED on which we attach a grating with refractive
index matching gel . . . . . . ... ... ... ... ...

5.8 Experimental results for fabricated gratings. All measure-
ments have used the same OLED on which we attach a grat-
ing with a refractive index matching gel. . . . . . ... .. ..

5.9 Relative improvement in function of the wavelength. The
OLED has either a grating or microlenses attached. . . . . . .

5.10 Optimal parameters of the pillars of figure 5.1(a). The struc-
ture has been defined by table 5.3 . . . . ... ... ... ..

5.11 The optimal value of the fill factor is wavelength independent.
Nevertheless, the optimal value depends on the actual grating
structure, see also figure 5.1 . . . . . .. ... oL 0oL

5.12 Calculations with the structure of table 5.3 have been done
with two gratings on a square lattice. Either the grating has
(a) square pillars or (b) round pillars. Figure (c) shows a
relative difference of at most 2% between both types. . . . . .
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5.13

5.14

5.15

5.16

5.17

5.18

Figures (a) and (b) show how the angular dependency of the
radiant intensity changes in function of the grating period.
The bigger the grating period is, the smaller (k,, k,) are for
which the first diffraction order gives a higher radiant in-
tensity. The dotted lines of figures are merely to show how
the angles of higher radiant intensity shift. Figures (c¢) and
(d) show how to use the addition of wavevectors to check
this conclusion with the Bragg condition in the WVD. The
OLEDs of table 5.4 Some details on the grating: the symmet-
ric rectangular grating has holes in SiN,, which have been
filled with Spin on Glass. Fill factor is 60% and ng;n, = 1.93,

NnsoGg — 1.28. . . .

The Bragg condition can be visualized using the reciprocal
lattice. Any incident plane wave with in plane wave vector
ko is diffracted. To find these diffracted orders, sum k¢
with the vectors of the reciprocical lattice! (a)-(b): rectangu-
lar lattice. (a) Any of the vertices of the rectangular lattice
are a linear combination of two perpendicular vectors. (b)
The corresponding reciprical lattice of (a). (¢)-(d): hexago-
nal lattice (¢) Any of the vertices of the hexagonal lattice
are a linear combination of two perpendicular vectors. (d)
The reciprocical lattice of (c¢) is also hexagonal, but rotated

over 30%. . . L L e e

Radiant intensity for a hexagonal lattice. See figure 5.16 on
how to interpret. The WVD of (a) indicates how the radiant
intensity of (c) looks like. Note: the dotted lines are merely to
show the curvature of the k-vectors with the highest radiant
intensity. Some more details on the simulation: OLED-stack
is in table 5.4. The grating is made from holes in SilN,,
which have been filled with Spin on Glass, ngin, = 1.93,

nsoc = 1.28., A = 550nm, Ag = 165nm . . . . . . ... ...

To simulate a grating with a hexagonal unit cell, we can
make a grating with square cells. Note that: A, = 3Ag and

Ay=vV3Ag . oo

This figure gives the fraction of the generated photons which
get to air or to the substrate. Figure (a) gives the extraction
efficiency; the fraction of generated photons which get to air.
Figure (b) shows that adding a grating does not change much
the fraction of photons which can escape from the organic

layers to the substrate. . . . . . . . ... ... ... ...,

Extraction to either substrate or air depends on the orienta-
tion of the dipole. Parallel is parallel to the emissive layer.
Some paper refer to this orientation as in-plane. As can be
expected from figure 3.7, the parallel dipoles have the highest

extraction. . . . . . . . . . e
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5.19 Extraction efficiency in function of the thickness of the anode

6.1

6.2

6.3

6.4

6.5

6.6

6.7

6.8

6.9

for (a) ITO and (b) PEDOT ™ (commercial name: Clevios™).
The refractive indices are respectively nypo = 1.82-0.01j and
Dpyseoo™ = 1.41-0.04j. . . ... ... o 123

The relation between luminous efficacy and luminous power
efficiency is given by this figure, as well as the relation with
the other parameters of this chapter. . . . . .. ... ... .. 126

(a) This figure shows the maximal luminous efficacy of any
color point in CIE 1931 xy color space. (b) For example,
the given spectrum for color point illuminant A achieves 512

Im/W. (Source: [15]) . . . . . .. 127
Downconversion of blue and green light to red light can result
in white light . . . . ... ... .0 o 130

The total spectrum of the 3 emitters gives the chromatic-
ity ’illuminant A’. (a) Spiro-DPVBI, Ir(ppy)3 in TCTA and
Ir(MDQ)(acac) in a-NPD. (b) The red emitter has been re-

placed by a monochromatic emitter at 585 nm. . . . . . . .. 133
( Shifting (a) and stretching (b) of the spectrum of the blue
emitter are given by respectively equation 6.13 and 6.14. . . . 134

Variation of the spectral intensity of the blue and red emitter
of figure 6.4(a). A white OLED with a more narrow red emit-
ter with it’s peak at 615 nm can still increase the luminous
power efficiency by about 50% and with a CRI of 90. The
variations are defined by figure 6.5. Varying the red or blue
emitters affects the luminous efficacy, the Color Rendering
Index and the luminous power efficiency of the white OLED. 136

The absorption of green light is converted in red (almost)
monochromatic light to create white light with the structure
of figure 6.3. (a) The OLED emits blue and green light. (b)
Mostly green light is absorbed. (c¢) Full white spectrum . . . 138

This figure shows the color points of monochrome emitters,
which we find in literature. The color coordinates are placed
on a CIE xy 1931 chromaticity diagram. The luminous power
efficiencies of these emitters is also given. . . . ... ... .. 140

Wavelength dependent extraction efficiency corresponding with

the values of tables 6.5 and 6.6 and for different stack con-
figurations. Figures (a) and (b) give the basic WOLED, re-
spectively with a blue phosphorescent emitter and a blue flu-
orescent emitter. Figures (c) and (d) give these WOLEDs

with additional interference layers, respectively with a blue
phosphosrescent and a fluorescent emitter. The green and

red emitters are always phosphorescent emitters. . . . . . .. 145
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7.1

7.2

7.3
7.4

7.5

7.6

7.7

7.8

7.9

7.10

7.11

Al
A2
A3

The complex Jacobi calculates the fields for points on an

equidistant grid. . . . . ... oL oL oo 152
A simulation box with "Total Field/Scattered Field’ as field
source and PMLs as absorbing boundary conditions. . . . . . 155
Interface between scattered field - total field. . . ... .. .. 155
The non linear extension for the Complex Iteration Method
isoneextrastep. . . . .. ... L Lo 158

Two Bragg mirrors encapsulate a cavity. (Aresonance = 1.56m)159
Power Transmission and Reflection, see structure in figure
7.5. For a similar behavior, you can also look at the structure

of subsection 4.1.3. . . . . . . .. ... L 159
Power transmission for linear and non-linear cavity. (Az =
15nm) .o 160

Resonance peak -cfr. figure 7.5- shifts in function of the dis-
cretization step. (The analytical dispersion model uses equa-
tion 7.15 to adjust n, and n, in the calculated structure.)

Injection of a gaussian field profile in a linear and non-linear
medium. ( (a): diffraction in linear medium, (b): soliton in
non-linear medium) . . . . . ... Lo Lo 163
A 3d simulation of a corrugated OLED for which the hori-
zontal dipole (p = (1.,1.,1.)) emits at 550 nm is done in a
simulation box with discrete steps of 15nm*45nm*45nm.In
this figure R(H,) is given. . . . .. ... ... ... ... 164
This figure shows the average relative error in function of the
iteration step. (The relative error is the relative deviation
from the field at iteration step 40000, which is the end of the

simulation.) . . . ... Lo L 165
Eye sensitivity curves . . . . .. ..o 175
The chromaticty diagram in CIE 1931 xy color space . . . . . 176

The Color Rendering Index uses 8 4+ 6 samples as reference. . 179






1.1

1.2

2.1

3.1

3.2

3.3

4.1

List of Tables

Properties of some popular light sources. The luminous power
efficiency indicates the efficiency at which visible light is gen-
erated. The power is the amount of power used by one of
these light sources. The luminous flux gives an idea of the
amount of visible light. The Color Rendering Index (CRI)
indicates how good colors can be reproduced with this light
source. A good CRI is from 80 to 100, which is the maximum.
(source: [25]) . . ...
Comparison between state of the art Solid State Lighting
(SSL) devices. Properties come from literature. . . . . . . . .

Fraction of light in each layer . . . . . . .. ... ... ....

The decomposition of a dipole depends on its orientation
and its polarization. The polarization and orientation of the
dipole are defined by figure 3.7. The relation between A’(, ¢)
and A(k,, k,) is given by equation 3.16. (source: [92], [93])
Layer structure which has been used to investigate conver-
gence of the numerical model for A = 520nm, see figure 3.14.
This table gives the structure of three simplified OLEDs. The
extraction efficiency of these OLEDs in function of the wave-
length is given by figure 3.16. Notice that the emission zone is
located a quarter wavelength of the cathode for a wavelength
of B50 mm. . . . ...

Default parameters for the structure of figure 4.2. All figures

50

71

of this section use these parameters, unless indicated otherwise 82
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4.2

4.3

5.1

5.2

5.3

5.4

5.5

6.1

6.2

6.3
6.4

6.5

The layer stack of the RC2LED and the reference OLED only
differ in the three additional layers. (*The emission takes
place in the middle of the emissive layer. N.A.: not applicable) 84

Driving current and measured voltage of the different OLEDs
inset landset 2.. . .. . .. ... oL 91

Layer structure which has been used in section 5.2.2 to opti-
mize a grating at the substrate air interface . . . . . . .. .. 99

Detailed overview of the different steps to create a grating in
a Si0.- layerin glass. . . . .. ... oL 105

This layer stack has been used to the gratings of figure 5.1(a)-
(b) at the interface between active region and substrate. This
table also gives the default parameters used for the grating. 110

The organic layer stack has been used for the figures of sub-
section 5.4.4. . . . L L e 115

The anode of this layer structure can be either ITO or PE-
DOT:PSS formulation Baytron PH500 from H.C. Starck. This
structure is used to look at the influence of the loss of the an-
ode on the extraction efficiency in section 5.4.8. . . . .. .. 122

The luminous efficacy (F/Pgp) and the luminous power effi-
ciency (np) for the spectra of figure 6.4 has been calculated for
different internal quantum efficiencies. The driving voltage
is 3.075V, the extraction efficiency is 20% for all wavelengths
and all emitters. . . ... ... L oL oo 133

Comparison between the 'default’” WOLED of figure 6.4(a)
and the WOLED with a downconversion layer of figure 6.7(c).
In both cases, we use an extraction efficiency of 20% and a
driving voltage of 3.1V. . . . . . . ... Lo 139

This table gives the properties of the emitters of figure 6.8. . 140

A White OLED (WOLED) with the color point ’illuminant
A’ can be created by combining a blue, green and red emitter.
This table gives the luminous power efficiency of the three
WOLEDs. These WOLEDs have the same green and red
emitter of table 6.3. However, in each WOLED we use one
of the three blue emitters of table 6.3. . . . . .. ... .. .. 141

Typical stack of a 3 color White OLED. Each color is gen-
erated in a distinct layer. The electron and hole transport
layer are respectively NET5, NHT5. The optional layers give
a stronger wavelength dependent extraction efficiency than
the basic stack. This basic stack simply does have no inter-
ference layers. . . . . ... o L 142
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6.6 Additional layers between ITO and glass increase the lumi-
nous power efficiency compared to the ’default’ White OLED.
The thicknesses and the overall luminous power efficiencies
are given for two WOLEDs with different emitter’s internal
quantum efficiencies. The corresponding extraction efficien-
cies are given by figure 6.9. . . . .. ... ... L. 144

8.1 An overview of all the simulated extraction efficiencies, we
find for thiswork. . . . ... ... ... ... .. ....... 170
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aero-gel, 32

angular emission, 48, 78, 79
angular momentum, 19
anisotropic, 26

anisotropy, 18

anode, 26

Argon laser, 104

backbone, 150

band diagram, 16

band gap, 159

bandgap, 82

Baytron, 122

Bloch mode, 46

Bragg condition, 46, 68, 112
brightness, 24, 175
Brillouin Zone, 68

Brillouin zone, 68

brute force, 82, 98, 109, 143

cathode, 26

Correlated Color Temperature, see

CCT
CCT, 177
chemistry, 13
chromatic adaptation, 180

chromaticity, 126, 132, 175, 177

Index

Commission Internationale de ’Eclairage,
see CIE

CIE, 174

Complex Jacobi Method, see CJ

CJ, 150

Clevios™, 122

coax, 150

coherent, 8, 65

color, 173-181

color reproducibility, 132

Complex Coordinate Stretching, 157

conductivity, 15, 20

conjugated, 15

conservation of étendue, 29, 31

constructive interference, 28

convergence, 68

corrugation, 96

Color Rendering Index, see CRI

CRI, 3

CRI, 173-181

CRI, 132

critical angle, 24, 29, 40

density of modes, 27
density of states, 78
dielectric grating, 34
differential aging, 22
diffraction, 68
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diffusive lighting, 4

direct transmission, 29, 31, 40, 69,
101, 119

discretization step, 161

doping, 15

downconversion, 129, 137

dye, 19

dyes, 15

effective wavelength, 28

eigenmode, 43, 47

eigenmode expansion, 39, 72

eigenvalue, 55

electrical permittivity, 54

electrode, 121

electroluminescence, 88

electron microscope, 104

Electron Transport Materials, 21

electron-hole pair, 19

evanescent wave, 47

exciton, 19

extraction cone, 78

extraction efficiency, 6, 8, 16, 27, 61,
72, 78, 82, 88, 128

eye, 125

grating, 39, 40, 96

hard source, 155

Helmholtz equation, 54, 152
Hole Transport Materials, 21
holography, 35

Integrated Circuit, see IC

1C, 150

incandescent lamp, see light bulb
incandescent light bulb, see light bulb
incoherent, 8, 40, 65

integrating sphere, 90, 104
interference, 27

interference layers, 32, 77
interference lithography, 104
interlayers, see interference layers
internal quantum efficiency, 128, 139
interpolation, 63

1QE, 19

Internal Quantum Efficiency, see IQE
isotropic, 26

ITO, 26, 35, 122

Lambertian emission, 24

eye sensitivity, see eye sensitivity curve landmark, 15

eye sensitivity curve, 6, 8

FDTD, 40

Fermi’s golden rule, 78
fiber, 150

field source, 154

figure of merit, 96
flip-flop, 150

Floquet theorem, 46
fluorescent, 15
fluorescent emitter, 19
fluorescent tube, 3
fourier transform, 43, 56
fourier transformation, 47
Fresnel, 27

General Electric, 3
global optimum, 143
Grasmann’s laws, 174

lattice, 96, 112

Laurent, 55

LED, 4

lens, 29

light bulb, 2-3, 15

light extraction, 96, 125

light saving bulb, 3

lithography, 35

Lloyd mirror setup, 104

local optimization, 98, 109

luminance, 175

luminous efficacy, 126, 132, 137, 174,
175

luminous flux, 126

luminous power efficiency, 8, 15, 16,
23, 125, 126

MacAdam limit, 126, 137
Maxwell’s equations, 8, 152
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metamerism, 126, 174

micro cavity, 27

microlens, 92, 96, 102
monochromator, 90
multiple-beam interference, 28

nano imprint, 35
NOVALED, 87
numerical dispersion, 161
numerical model, 8, 39

OLED, 21

Ohmic contact, 20
optical resonator, 150
optics, 13

optometry, 13

PH500, 122

phasor, 43

Philips, 3, 87
phosphorescent, 15
phosphorescent emitter, 19
photonic crystal, 2
photopic vision, 174
physics, 13

PIN technology, 20

plane wave, 47

plasmon, 34

Perfectly Matched Layer, see PML
PML, 154, 157

PMMA, 108

Polymer OLED, 15, 17
Purcell effect, 88

radiance, 30

radiant flux, 48, 61, 65, 126, 128

radiant intensity, 24, 112

ray tracing, 40

Rigorous Coupled Wave Analysis, see
RCWA

RCWA, 54

reciprocal lattice, 115

red shift, 115

reference layer, 56, 57

reflectance, 178

refractive index, 23, 26, 54

refractive index matching fluid, 104

refractive index matching gel, 92, 96,
102

relative improvement, 88, 96

reproduceable, 88

round trip, 39, 69, 101, 119

round trips, 65

Schottky contact, 21
scoptopic vision, 174

self focussing, 163
semiconductor, 4

sensation, 173

simulation tool, 8

singlet, 19

sm-OLED, 120

small molecule OLED, see sm-OLED
sm-OLED, 15, 17

solid angle, 48

soliton, 151

solution, 18

Sommerfeld integral, 44
Sommersfeld integration, 56
source field, see field source
spectral locus, 176
spectrum, 6, 8, 88

spin, 19

Spin on Glass, 35

Solid State Lighting, see SSL
SSL, 3-4

stability, 68

symmetry, 44

Transverse Electric, see 47!
telecom, 150

TE, 47

TFSF, 154

time harmonic, 152

timing, 68

Total Internal Reflection (TIR), 6
TIR, 24, 40, 96

Transverse Magnetic, see 47!
T™, 47

transient field, 150
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transparent boundary, 154

triplet, 19
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Tungsten light filament, see light bulb

uniaxial, 26

vacuum deposition, 17, 26
vapor deposition, 15
VITO, 2

voltage, 128

wallplug efficiency, 141

wave vector, 112

wavelength, 6, 82

White OLED, see WOLED
White Organic LED, see WOLED
wide-angle interference, 28
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Wave Vector Diagram, see WVD
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