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Organic light-emitting diodes (OLEDs) are efficient
large-area light sources facing their market entry. Still,
the development of stable and more efficient blue emit
ters and the enhancement of light outcoupling remai
challenges for further device improvements. Here, we
review the working principles of OLEDs and highlight
ongoing efforts to improve their efficiency) particular
by coupling out more light.

Photographof a white light emitting OLED showing direct
light-emission to the bottom side, as well as light emission
from trapped modes to the top side.
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1 Introduction The availability of artificial light has  emitting diodes(OLEDS) are flat and thin large-area light
been a seminal cultural development of mankind. Aftersources that could rather lead to complementary luminaires
open fires for thousands of years, the introduction of electhan competitors to existing technologies.
tricity together with the invention of the light bulb in the
second half of the 19th century has revolutionized our daily
life. Having dominated the lighting market for more than
100 years, however, the light bulb faces its decline due t
the need for technologies that convert electricity more effi-
ciently into visible light. Besides fluorescent lamps, which

are already well established in the market, the availabilityCambridge University in 1990 [5] making use of a solu-

and progress in white light-emitting diodes, both inorganic X >
and organic, over the last decade has lead to a new Iightlt—Ion processed conjugated polymer. Inspired by these pub-

ing technology called solid-state lighting [1]. Its working 'ictati((j)nsé'intel}sfg rtesearch ar)dldevgloptmgnt hgs IeaOsté)[t)he
principle, namely the radiative recombination of injected introduction orirst commercial products based on

electron-hole pairs in a solid, a process termed electroludiSPIays in the late 1990s. Since 2000, however, the focus

minescence, is fundamentally different from thus far exist-" n:_any_ Iaboratories ﬁhiﬁ%jl_?garisf OLEDs dfo_r lighting
ing techniques and holds the promise for highly efficient, app 'Ca.t'onfsf: .e. tow c;tle'f LEUS. te;]r steady |rﬂprove-
long-lived and environmentally friendly light sources. In MeNts In efficiency and litetime over the years, the com-

contrast to their inorganic counterpartsrganic light- mercialization of OLEDs for general lighting has just re-
' cently started [6].

Historically speaking, electroluminescence in organic
molecular crystals dates back to the early 1960s [2,3],
CJﬁowever, the important step towards applicable devices
was the demonstration of thin film organic light-emitting
diodes by researchers at Eastman Kodak in 1987 [4] using
vacuum deposited molecular materials and by a group at
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Encapsulation . . .
/ highly transparent and shows a good electrical conductiv-
Cathode ity. In general, anode materials need a high work function
Electron transport layer (ETL) which also makes metals like gold a suitable choice. For
Emission layer (EML) the cathode, low work function metals like calcium or mag-
nesium are often used in combination with highly reflective
and less reactive metals like aluminum or silver.

Since many organic materials and low work function

Hole transport layer (HTL)

Voltage T

Anode (ITO)

Glass substrate

U metals are not stable under ambient conditions [12], i.e.
they react with oxygen and moisture, it is necessary to pro-
Light emission tect the materials with an encapsulation. The most common

) L , method utilizes a cover glass that is glued to the substrate,
Figure 1 Simplified illustration of a three-layer OLED stack. . L L -

ETL, EML and HTL denote the electron transport layer, the emis-thu.s creating a cavity filled with inert gas or a desiccant
sion layer(s) and the hole transport layer, respectively. In order toaCtIng as a getter to absorb small amoums_ of Ooxygen and
obtain light emission, a positive voltage must be applied to thewa';er that penejcrate through the encqpsulatlon in the course
anode, which often consists of optically transparent indium-tin of time. The active area of the OLED is defined as thg over-
oxide (ITO). lap of the two electrodes. Hence, OLEDs can in principle
have any shape and size and they are therefore suited for a
wide range of applications. Laboratory OLEDs have typi-

The scope of this article is to present the working prin- €& dimensions of a fewnm?. In industrial prototypes the
ciples of OLEDs and to review ongoing efforts to improve active area of the OLEDs has already been scaled-up to
their efficiency, in particular through enhanced light out- SZ€Sin the range 0.1-1 square meteThe thickness of
coupling. Thereby we will restrict ourselves to devices fab- € organic layers is typically in the range between 10 and
ricated by vacuum deposition of low-molecular weight ma- & few hundred nanometers. .
terials (small molecules). Nevertheless, most of the follow- 2.2 Working Principles of OLEDs  The basic processes
ing discussion is equally valid for polymer OLEDs where in an OLED under operation are illustrated in Fig. 2 for
thin films are prepared by solution processing of large@ device with three organic layers. An external voltage
macromolecules. For an overview of various technical asSource of typically a few volts is applied to the device
pects of OLED fabrication and the current state of the artSO that the two types of charge carriers are injected from

of white OLEDs for lighting applications see, e.g., Ref. [7— the opposite electrodes, i.e. electrons from the cathode
11]. and holes from the anode, and drift towards each other.

When the initially free electrons and holes meet, they form
2 OLED Operation strongly bound electron-hole pairs (excitons) in the emis-

2.1 OLED Architecture and Stack Layout  In prin- S'r?n layer, ‘(’th'C.T trr:en rr]n?y decay rad|akt)|vely and ed”?'t
ciple, an OLED can consist of only one organic layer sand-P ot?ns. In etall, the whole process can e.sepfarate Into
wiched between two electrodes, i.e. the anode and the Caﬂ{QUF undamental steps as denominated in Fig. 2:
ode [5]. However, a multilayer OLED made of several dif- (1)Injection of electrons and holes at the electrodes
ferent functional organic layers is superior in terms of ef- (2)Transport of charge carriers through the organic layers
f|p|ency and lifetime because the properties of the_|nd|- (3)Formation of bound electron-hole pairs (excitons)
vidual layers can be tuned through the proper choice of (4)Radiative exciton decay and emission of light
materials. A typical stack layout of such an OLED is dis-
played in Fig. 1. The positively biased anode is required  One distinct difference between OLEDs based on
in order to inject holes into the hole transport layer (HTL). molecular materials and polymer OLEDs is the extend
Similarly, electrons are injected from the cathode into theand location of the recombination zone inside the device.
electron transport layer (ETL). The emission layer (EML) While in the latter case the emission zone is spread over a
comprises one or more dyes emitting light in different re- sizeable fraction of the light-emitting polymer layer (de-
gions of the visible spectrum. High-efficiency OLEDs of- pending of course on the detailed material properties) [17],
ten contain several additional layers like separate blockingn small molecule OLEDs the generation of light can be
and injection layers. confined by a proper choice of materials with suitable en-

The most common substrate material is glass, but it isergy levels and layer thicknesses to a relatively narrow
also possible to employ other materials, like polymer orzone sandwiched between HTL and ETL. Moreover, if
metal foils or semiconductor substrates. One of the twodoped hole and electron injection layers are used [18],
metallic or metallic-conducting electrodes must be semi-this region can be placed at almost arbitrary distance away
transparent so that the produced light can leave the devickom the electrodes. This is favorable because recombi-
either to the substrate side (bottom emission) or throughation near the electrodes usually causes quenching and
the upper electrode (top emission). Frequently, the anodénherefore a reduction in efficiency. Further on, as will be
of an OLED consists of indium-tin oxide (ITO), which is discussed later in this article, this additional degree of free-
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Figure 2 Schematic energy diagram of a three-layer OLED il- cep Ir(PPy)s Ir(MDQ),(acac)
lustrating the basic processes of electroluminescence. Electrons
are injected from the cathode into the lowest unoccupied molec- Q Q s
ular orbital (LUMO) of the ETL, holes from the anode into the d O O~ o p O O {l’ﬁ} %
highest occupied molecular orbital (HOMO) of the HTL. Since @ @ &) R
the anode and cathode have different work functiéasand ¢c, BDASE PEBA PEDOT PSS
respectively, a built-in voltag@g; exists in the device, which
has to be overcome by an external voltdgdefore current can  Figure 3 Selection of organic materials used for OLEDs that
flow through the device. If materials are properly chosen, recom-are discussed in this article. TPR;NPD and S-TAD are hole
bination of electrons and holes will be confined to the EML and transport materials. Alg BCP and BPhen are electron trans-
the flow of excess carriers not recombining will be minimized. It port materials, with Alg often being used as green fluores-
should be noted that owing to disorder the energy levels of all in-cent emitter material, too. CBP serves as matrix material for
volved states are not discrete but distributed in energy, thus leadthe green phosphorescent emitter Ir(ppg) the two blue flu-
ing to important consequences for charge carrier transport and resrescent emitters BDASBi and PEBA. The red phosphorescent
combination. (For further details on this aspect, we refer to the lit-emitter Ir(MDQ)(acac) is doped into an-NPD host layer. PE-
erature, e.g. [13,14].) In addition, the possibility of trap-assistedDOT:PSS is a conducting polymer that can be used as hole injec-
recombination (e.g. [15]) is not included in this diagram. Further- tion layer, because it effectively increases the work function of
more, vacuum level shifts and other effects occurring at interfacedTO and serves as a planarization layer.
between different materials (see e.g. [16]) are not taken into ac-
count.
limited availability and stability of deep-blue phosphores-
cent emitters.

) . . ) A selection of common organic materials that were
dom is a handle to improve OLEDs with respect 10 light ,seq for fabricating OLEDs in our group are displayed in
outcoupling by making use of optical interference effects. rig 3. Fig. 4 shows electroluminescence characteristics of

2.3 OLED Materials The development of OLEDs has two prototypical OLEDs, one with the fluorescent emitter
been enabled by and will continue to rely on the availabil-Algs and the other one with the phosphorescent material
ity of tailor-made functional organic materials that can be Ir(ppy)s. Both will serve as reference devices throughout
applied to well-controlled thin films. Thereby the require- this article.
ments to the materials are manifold: starting from processi- 2.4 White OLEDs One of the peculiarities of organic
bility and film formation, via electrical transport to optical emitters is their intrinsically broad luminescence spectrum.
properties. The key factor is obviously the availability of By the combination of several organic emitters with differ-
efficient and stable light emitters in the full visible spec- ent emission colour it is possible to generate light spread-
tral range. In this respect one has to distinguish betweeling over the whole visible spectral range, thus having an
fluorescent and phosphorescent materials. A seminal stegxcellent colour rendering index (CRI), i.e. the ability to
was the introduction and further development of emittersreproduce the colour of illuminated objects. There are sev-
based on heavy-metal centred metal-organic complexes, ayal methods in order to create such white OLEDSs. The first
shown in Fig. 3. In these compounds strong spin-orbit cou+eport dates back to 1994, when a Japanese group com-
pling mixes singlet and triplet states much more than inbined red, green and blue (RGB) laser dyes in a common
pure hydrocarbons, so that phosphorescence becomes amatrix and achieved light emission over a broad spectral
allowed transition [19]. In the meantime, impressive effi- range [22]. Despite its simplicity in preparation, achieving
ciency data have been published for OLEDs based on thesghite light emission with good and stable colour quality in
materials [11,20,21], however, the bottleneck is still the this way is not that straightforward, because charge recom-
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with jiot = Jjn + J. = Jje + ji being the total current
density andjr = jn — ji, = Jje — j. the recombination
e current density. Thereip, . are the injected hole and elec-
) . . tron currents, respectively, and the primed quantities are
Figure 4 Layer structures of two prototypical OLEDs with Alg y0 o rresponding fractions of carriers leaving the device at
as fluorescent and Ir(ppyjs phosphorescent green emitters, re- the opposite electrode without recombination. Under ideal
spectively. Also shown are their current-voltage-luminance char- diti the latt ilb d ' e 1
acteristics as well as their electroluminescence emission spectr onarions the fatter will be zero an consequently- 1. .
and their efficiency. owever, if there is an imbalance of the numbers of in-
jected electrons and holes or if recombination is not com-
plete then there is excess of charge carriers that does not

bination and energy transfer processes between the diffe€ontribute to the production of light, and the efficiency of
ent dyes need to be well controlled. Thus it is nowadaysthe OLED is reduced. In small molecule multilayer OLEDs
more common to employ distinct emission layers for RGB the charge carrier balance can be brought close to unity by
that can either be directly stacked on top of each other ir'Sing doped transport layers and additional selective car-
one OLED (see Fig. 1) or in three separated OLEDs - ondi€r and exciton blocking layers [18,25].

for each colour - that are in turn vertically stacked by op- ~ The so-called singlet/triplet factojs,~ describes the
tically transparent electrical interconnecting units. In addi- Probability for the formation of an exciton that is allowed
tion, white light from OLEDs may be produced similar to 0 decay radiatively according to the spin selection rules.
inorganic LEDs, i.e. by combining a blue OLED with ei- Under electrical operation, singlet and triplet excitons are
ther red and green or yellow colour conversion layers [23].formed by recombination of electrons and holes, each of
Depending on the method and the choice of materials it ighem carrying spirg. The probability of forming a triplet
thus possible to cover a large variety of colours and colou€Xciton with total spinS' = 1 is statistically three times
temperatures within the CIE 1931 colour space (Commishigher than the probability of forming a singlet exciton
sion internationale de &clairage). Further details about With S = 0, because the spin orientations of the injected
different concepts of white OLEDs and the current state ofélectrons and holes are random and every triplet state is

Glass

the art can be found in Refs. [8-11]. threefold degenerate. Thereforg,t is believed to have a
value of 25 % for fluorescent emitters which only make use
3 Electroluminescence Quantum Efficiency of singlet excitons, while it can be 100% for phosphores-

3.1 Factors Determining the EQE ~ Apart from its  C€nt emitters, where both singlets and triplets contribute to

spectral characteristics, the mostimportant parameter chafight emission [26,27]. _ _ _
acterizing an OLED is the external electroluminescence e note that even for singlet emittens, - might be
quantum efficiency (EQE) that describes the ratio betweerghhanced beyond 25% by triplet-triplet annihilation (TTA)

the number of emitted photons and injected charge carrierl28—31] as well as thermally activated triplet-to-singlet
[24]: up-conversion [32,33] in certain material systems. In the

) context of conjugated polymer systems, there has been
a debate whethers,r might intrinsically be larger than
Therein~ is the charge carrier balance factor, describing25% (even in the absence of TTA) [34-36], however,
whether or not equal amounts of electrons and holes areecent results indicate that this is probably not the case
injected and what fraction of them recombines to form [37]. As will be discussed below, an unambiguous as-
an exciton. The second factgg,r gives the fraction of ~ signment requires a careful efficiency analysis including
excitons that is allowed to decay radiatively by spin sta-effects of non-isotropic orientation of the light-emitting
tistics. The third factorg.g indicates how many of the chromophores. All in all, a significant efficiency enhance-
spin-allowed excitons actually do decay by emitting ament can be obtained by using phosphorescent materials,
photon (instead of dissipating the excitation energy non-henceng,r can be raised to 1 [19, 38].
radiatively to their environment). Finally, the last factor The effective radiative quantum efficienqyg is de-
Nout determines which fraction of the generated photonsrived from the intrinsic radiative quantum efficiengy
are in the end able to leave the device to the outside worldof the emitter material, which is obtained if the emitting
Hence the external qguantum efficiency can be split into arspecies is surrounded by an unbounded medium in the

NEQE = 7 " 1IS/T * Qeff * Tout-
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Surface plasmons

limit of very low excitation densities. Usually the photolu- Cathode
minescence quantum efficiency measured by using a thin e
film of the emitter embedded in the same matrix as in the Wavegued | - P | Oroenictavers
OLED comes close to this value. Per definitipis given N %/%( Anode
as Emission to

I substrate | / \ Substrate

q= m» (3) Glass prism

wherelr is the radiative decay rate of the excited state and
I, is the sum of all competing non-radiative decay rates. Emission to air
It is apparent that every non-radiative contribution to the v

exciton decay reduces the radiative quantum efficiency. In

addition, in an OLED environment the presence of strati-Figure 5 Schematic illustration of an OLED showing different
fied media with different refractive indices as well as the optical loss channels. Without outcoupling enhancement, only a
vicinity to metallic electrodes lead to a modification of the small fraction of light is directly emitted to air as shown in the left
radiative decay rate of an exciton via the Purcell effect:part of the figure. By applying a macro-extractor, e.g. an index-
I, — I'* = F - I, (with F being the Purcell factor) [39— Matched glass hemisphere, also the substrate emission can be ex-

41]. By contrast, the non-radiative decay rates, e.g. the distracted (cf. the right half of the figure).
sipation of excitation energy into heat, are not affected by
the cavity environment [42]. Thus, the effective radiative Surface plasmons: 43.7 %

quantum efficiency.qs can be defined as
Waveguide modes: 11.0%

r* F-I
Geft = . - = - . (4)
Iy + 1Ty, F-I.+ 1 Absorption: 5.7 %
Dependingon the details of the layer stack, the cavity ef- Emission to substrate: 24.3% Emission to air: 15.3%

fect can either increase or redugg: with respect to the

intrinsic valueg. Consequently, the optimization of the Figure 6 Amount of power coupled to different optical chan-
OLED cavity is very important not only in terms of the nels in the prototypical Alg OLED from Fig. 4. The numbers
light outcoupling efficiency, as will be discussed below, are obtained by integrating each region in the power dissipation
but also to enhance the radiative decay processes in casg@ectrum shown in Fig. 8(a). In this diagram, a radiative quantum
where the emitter does natpriori haveq = 1. And even effl_mency qu =1lis assumed. The influence gfvalues below

if ¢ is close to 1, one has to be aware that in an operatUnity are discussed in the text.

ing device the radiative quantum efficiency can be signif-

icantly reduced by bimolecular guenching of excitons 9" this should only be taken as a rough estimation; a more so-
interactions with charge carriers at high current densities y 9 '

[43]. This is especially relevant for long-lived triplet exci- phisticated analysis has to take the coupling of the excited

tons (triplet-triplet quenching, triplet-polaron quenching) ;nso\lltvaiﬁutl)zs dtics)(:tggszci)?negec:;ﬁr]iﬁ gtiﬁxﬁa}s\ggigo account,
as will be shown later on. :

With the above said, the internal quantum efficiency
of OLEDs can be brought up towards the theoretical limit
of 100%, if charge carrier injection and recombination are
well balanced, if phosphorescent emitters are used and

non-radiative exciton quenching processes are suppress te treat t tical thod
[25]. Nevertheless, only a fraction of the light will in the ~OF & MOre accurate treatment wave optical methods are

end be able to leave the device to the outside world. Théeqmred’ which will be addressed in this s_ection. An ex-
reason is that light is generated in a region of the OLEDC'ted molecule can couple to different optical modes in

stack with higher refractive index than the glass substrat&Uch @ thin film structure (see Fig. 5). Viewed from the

and, obviously, ambient air. In a simple model based on rayemitter position th_e light escape cone has an opening an-
optics the light outcoupling efficiency is given by [44]: gle of some 30 with respect to the surface normal and

the energy contained in it typically amounts to less than
1 20% of the total energy. This is followed by the contribu-
Mout = 55 ©) tion of substrate modes, where total internal reflection at
the glass-air interface is the limiting process. This contri-
wheren denoteshe (average) refractive index of the or- bution is comparable in energy also at around 20%. For
ganic layer stack. With typical valuesof= 1.6 — 1.8 one  higher emission angles the light can not even reach the
immediately finds that only between 15 and 20% of the op-glass substrate, but is wave-guided in the organic layers
tical power is actually extracted from an OLED. However, (including the transparent indium-tin oxide electrode) and

4 Fundamentals of Light Outcoupling in OLEDs

4.1 Optical Loss Channels As already mentioned
ﬁlbove, a ray optical model can only give a rough esti-

te of the light extraction efficiency,,; of an OLED.
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in the end lost by residual absorption or edge emissionf
Finally, the emitter can couple to the evanescent field of
surface plasmon polaritons (SPP) travelling at the interface
between the metal electrode and the organic layers. Quant
tative calculations, treating the emitting molecules as clas:
sical electrical dipoles (for details see below), reveal that
in planar OLED stacks typically around 50% of the light
is trapped in waveguided and plasmon modes [40,45,46]
As an example, Fig. 6 shows the contribution of different
optical channels for the prototypical AlPLED stack dis-
cussed before in Fig. 4. Note that this chart is obtained with

a radiative quantum efficienay= 1. It thus describes the Figure 7 Schematic illustration of an oscillating electrical dipole
maximum light outcoupling of the stack under ideal condi- embedded in a dielectric layer, which is sandwiched between two
tions. The given numbers are valid regardless if the emitteinterfaces. The upper material is assumed to be a metal, so that
is fluorescent (e.g. Al or phosphorescent (e.g. Ir(pgy) surface plasmon polaritons are supported at this interface. The
as long as the layer stack has comparable thicknesses af¢her parameters are the layer thicknésthe distance: of the
refractive indices and the emission spectra are not too difdipole to the metal, its relative orientatién to the surface nor-
ferent. Given the low number of directly emitted light, itis Mal. the wave vectdk and its in-plane componekj. The quan-
therefore not surprising that developing new concepts foftlum mechanical analogL_Je is a two-level system consisting of the
improving light extraction efficiency has been a major is- energy .Ievels .of.the excited statg qf the molecule and the ground
sue over recent years (for an overview see, e.g. Ref. [47])state with radiative and non-radiative decay rates between them,

. . -feading to a finite lifetime of the excited state. Note that if the
Some of thes‘? apprqaches (including our own resuits) WIIIdipole is embedded in a cavity, the radiative rate will be modified
be presented in section 5.

to becomd = F'- I} (with F' being the Purcell factor, see text)
4.2 Optical Modeling of OLEDs  Fluorescence and and the excited state lifetime accordingly= (I + I..) "
phosphorescence of excited molecules are not intrinsic
properties of a material, but are modified by the optical = | . ) .
environment of the emitting species. Originally discov- €xtinction coefficient:) of all involved layers and the in-
ered for magnetic resonance, this so-called Purcell effectrinsic radiative quantum efficiency)of the emitter (often
[48] has been found to be relevant also in experimentmbedded in a matrix material). The presence of the OLED
with fluorescent molecules near interfaces [49,50]. Aftercavity now has a twofold effect on the properties of light
its experimental demonstration Chance, Prock and Silbeggmission with respect to the case when the emitter resides
(CPS) developed a theoretical framework by applying theln @n infinite medium with the same index of refraction:
classical theory of an oscillating electrical dipole near a!t will modify the radiative decay rate of the emitter (thus
dielectric interface to the problem of molecules fluoresc-!€ading to an effective radiative quantum efficiergy in
ing near a surface [51,52]. Thereby they made use of th&d- 1) and it will redistribute the optical power between
fact that the probability for the emission of a photon by different channels (thus determining the light outcoupling
an excited molecule via a dipole transition is equivalentfactornout). .
to the power radiated by a classical dipole antenna. The According to Ref. [56] the relative decay rate (Ig)I”
formalism has later on been extended to structures wher@f an ensemble of isotropically oriented and mutually inco-
the emitter is embedded in a layer stack with multiple herent dipoles emitting at a single wavelengttakes the
interfaces [53] and to microcavity structures [54, 55]. following form:

Excited state 1, = (I, +T,)"

}
Ground state

Here we follow the approach by Wasey and Barnes . T &0

[56], where the problem of an incoherent ensemble of di- £ = = (1-q) +q'/ P(ky, A, 2) dky.— (6)
. X . L 0 0

pole emitters being embedded in a planar thin-film struc-
ture is solved by a plane wave expansion of the elec-ThereinI’ = I + I, is the decay rate of the emitter
tric field with appropriate consideration of the electromag- modified by the presence of the cavifyy = I} + I, is
netic boundary conditions (see Fig. 7). Formally the wholethe original decay rate without a cavity,is the intrinsic
OLED stack is split into an upper and a lower half with radiative quantum efficiency (again for the emitter in a ho-
respect to the emitter position and the propagation of ramogeneous unbounded medium) dnis the layer specific
diation in both directions is calculated by taking into ac- power dissipation function depending on the in-plane wave
count the Fresnel reflection and transmission coefficientsectork, the wavelengthk and the emitter position within
at the involved interfaces. Key parameters entering into thehe layer stack denoted hy For the sake of simplicity we
model are the position Jxof the emitter with respect to in-  will always use a discrete emitter position, i.e. an infinitely
terfaces (in particular the highly reflective cathode in bot-sharp recombination zone inside the OLED. This assump-
tom emitting structures), the emitter orientation)(@éhe  tion is not so far from reality for small molecule OLEDSs,
thicknesses (d) and optical constants (refractive index where the exciton formation zone is confined by using a

Copyright line will be provided by the publisher
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(b)  Normalized in-plane wave vector

00 05 10 15 20 25 3.0 According to Eq. 6 this power dissipation spectrum can
fmensty o T now be used to calculate the total relative decay rate by

08 5 08p 1 integrating over all relevant wavelengths (betwegn=

_g;g ey 1 400 nm and A, = 800 nm) and in-plane wave vectors:
W oo | 5ol ] X 5
} S th Piot = (1—7q) +q~/ S(A)/ P(ky, A, 2) dky dX
1x10” 2x107 3x10 4x10" "o 1x10°  2x10"  3x10°  4x10" A1 0
In-plane wave vector (m™) In-plane wave vector (m'W) = (1 — q) + q- F (7)

Figure 8 (a) Simulation of the total dissipated optical power for 1N€ latter equivalence follows from the definition of the

the Algs OLED shown in Fig. 4. The emitter position is assumed decay rates in free spad® = I + I, and inside the
at the interface between Ajgnd S-TAD. The resultis shown for ~ Cavity I = I+ 1, = F-I+1I},. Thus the integral of the
an isotropic dipole orientation. Red and yellow areas indicate aspectrally weighted power dissipation directly yields the
high amount of dissipated power. The dashed white lines dividePurcell factorF’. With that the effective radiative quantum
the graph into four regions: (1) emission into air, (2) emission efficiency of the emitter in the OLED cavity is given by:
into substrate, (3) waveguide modes and (4) coupling to surface

plasmons. (b) Cross section of (a) at a wavelength of 510 nm, i.e. deff __ F (I + Tyy) —F. & _ F 8)

at the emission maximum. The upper axis shows the normalized ¢ ~ F -1, + Ih r (1-gq) +gq-F’
in-plane wave vector with respect to the vacuum wave vector at a

wavelength of 510 nm. (See also Ref. [40]). Of course, this concept is equally valid for non-isotropic

emitter orientation, if the calculation of the Purcell factor
is performed separately for each of the three orthogonal
thin dye-doped emission layer surrounded by selective carerientations (zy being parallel to the substrate plane, and
rier blocking layers. It is, however, quite straightforward z being perpendicular to it) and by taking deviations from
to extend the formalism to an extended emission zone byandomness into account via an orientation anisotropy fac-
introducing some distribution function inand averaging tor 6 so thatF in the previous expression is replaced by
over all emitter positions (see e.qg. [17,57]). The same holdg”'(#) (for details see Ref. [58]):
for the emitter orientation. The calculation is actually per-
formed for the three fundamentally different dipole orien- F() = 1%9 (Fy+F,))+0-F.. 9)
tations: '

—P,_ry: dipoles oriented perpendicular to the substrate nereby denotes the fraction of vertical dipoles:= 1/3
plane (vertical), which emit p-polarized (transverse for isotropic orientationf = 0 for completely horizon-
magnetic (TM)) light tal (z-y-plane) orientation and = 1 for fully vertical (z-

—P; o dipoles oriented parallel to the substrate planedirection) emitter orientation, respectively.

(horizontal), which emit p-polarized (transverse mag- e note that in this terminology the coupling of the
netic (TM)) light excited molecules to modes of the cavity thatadpriori

—P, rx: dipoles oriented parallel to the substrate planenot radiate into the far-field, such as waveguide modes or
(horizontal), which emit s-polarized (transverse elec-Surface plasmons, are radiative processes, since they con-
tric (TE)) light tribute to " and thus change the radiative decay rhfe

(Also note that in practice the integration over is only

For symmetry reasons, the contributions of the two hori-carried out up to a finite cutoff value, where the contribu-
zontal dipole components are equal, so that in the case dfon of surface plasmons has dropped to sufficiently small
a random distribution of dipole orientatiosis given as  values (in most cases at aroufick 107 m—1)).
Plisoy = %PL + %P”. If not otherwise stated, we will in the The simulated power dissipation spectrum can further-
following assume isotropic emitter orientation. The effect more be used to calculate the fraction of power of the di-
of non-isotropic orientation on the light outcoupling effi- pole that goes into different optical channels as discussed
ciency will be discussed separately at the end of section 5in the previous section:

Fig. 8 shows the power dissipation spectrum corre- \ .
sponding to the prototypical OLED stack shown in Fig. 4, 5 _ / 2 / “

g . i B Pmode—Q' S()‘)

where the emission is assumed to take place in; Alig N k
rectly at the interface to the HTL. Furthermore we have
used a hypothetical radiative quantum efficiepey 1and  Wwith suitable lower (k) and upper (§) integration limits
weighted the simulation results for different wavelengthsfor each channel. For this purpose the spectrum shown in
between 400 and 800 nm with the normalized photolumi-Fig. 8 has to be subdivided into different regions accord-
nescence spectrusi\) of the emitter. Also shown in the ing to the allowed range of the in-plane wave vector of
figure is a cross section at a wavelength of 510 nm, wherdhe radiation to be able to couple to distinct optical modes.
the different optical loss channels can be clearly identified E.g. for direct emission into airH,;,) the in-plane wave

P(k‘H ; /\, Z) dk‘H d/\, (10)

1
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vector must satisfy the condition < kj < (nair - ko) £
with ko = 27/ being the vacuum wave vector at a given %
wavelength). In addition, in this case also transmission £
losses are included in the calculation. Finally, by dividing
the power contribution of the air mode by the total power £
dissipation one arrives at: g

Wavelength (nm)

~ g
q n P)air
eff * Tlout = =
Ptot

(11) O e T e O e T e
Figure 9 Simulation (upper row, a-d) and measurement (lower

from which the outcoupling factor (for direct emission to row, e-h) of the spectrally resolved angular dependent emission
air) is easily obtained, if.g is known from Eq. 8. of the Algg OLED in the case of s- and p-polarized light. Left

As an example, Fig. 6 shows a pie chart of the differ- half is data for the planar OLED, right half shows the results for
ent fractions of power to which the emitting molecules in an index-matched fused silica half-cylinder prism attached as a
a prototypical OLED dissipate their excitation energy. Ob- macro-extractor to the glass substrate. (See also Ref. [40].)
viously, the afore mentioneti/ (2n?) estimation based on
ray optics is not that far from the calculated value of about )

— (b)
15% for the air mode. However, this is due to the fact that _ ", 1 Ot

the distance of the emitter to the cathode was chosen nof °°f "%, Pt N N

too far from the values favorable for light outcoupling (see z °°1 T E T,

also Fig. 12). As will be shown below, this number canvary & 4[| 25 frves | 8 04| I Ctea|
strongly if the spacing between the emitter and a metal- 02[| " F¥e Teaaes 1 i sogomi B LY
lic electrode is varied. It is further evident from this chart %55 25 o0 75 o0 00 e 30 as 8o 7o sor
that the amount of light that is accessible directly and via Angle Angle

substrate light extraction is limited to about 40% in this _ )
Figure 10 Cross section at a wavelength of 510 nm of the s-

particular OLED stack. The biggest loss is the coupling to ; _ i
nd p-polarized angular dependent measurement and simulation
f

surface plasmons, amounting to more than 40% of the totaf"% X L . L i
power P 9 0 of Fig. 9. (a) Direct emission to air, (b) emission with attached

In order to verify simulation results with experimental macro-extractor. Best agreement is obtained with layer thick-
nesses of 60 nm for Aljgand 77 nm for S-TAD as given in Fig. 4.
data one can on the one hand use measured EQE values
(without and with a macro-extractor attached to the glass
substrate), which is an angle integrated quantity. However, ) . ) . )
as expressed in Eq. dgqg is a product of four factors ogtcoupllng efncn_en(_:y into air and into the subgtratg. We
so that additional assumptions are necessary. On the oth¥fill assume a radiative quantum efficiencygof 1 in this
hand one can also use angular and polarization depergxample. Thus,_ variations of the cavity environment will
dent emission spectra containing much more informationOnly affect the light outcoupling factof..; the effect on
Figs. 9 and 10 show a comparison of measured and sim? will be discussed separately in the next section.
ulated spectra where all observed features (in particular Fig. 11 shows how the fraction of power that is dis-
the appearance of an s-polarized substrate mode) are wedipated into different optical modes varies as a function of
reproduced. Moreover, a detailed analysis of the angulathe ETL thickness in the prototypical AJ@OLED. Oscilla-
emission spectra allows to recalibrate the layer thicknessetions are clearly observable for direct emission into air and
of the OLED stack (as shown in Fig. 10) and to determinesubstrate emission. As the distance increases, the strength
the spatial extend of the emission profile as well as the ori-0f the oscillations decreases because the intensity of the di-
entational distribution of the transition dipole moments be-pole radiation field weakens with increasing distance from
ing particularly important in polymer OLEDs [17,57,59, the dipole, thus the strength of the reflected field will also
60]. be decreased [55]. It is noteworthy that the optimum for
4.3 Simulation-based Optimization of OLED extraction to air is not in the first cavity maximum at about
Layer Stacks The real benefit of optical simulations 75 nm ETL thickness but in the second antinode at about
is to study and optimize OLED stacks without the need220 nm (in agreement with similar results by Lin et al.
for elaborate and time-consuming experiments. In this secf61]). However, if the contribution of both the direct and
tion, the prototypical Alg OLED introduced in Sec. 2 the substrate emission are considered, i.e. if substrate light
will be investigated in terms of thickness variations of the €xtraction enhancement tools are used, then the optimum
electron transport layer (ETL) and hole transport layerETL thickness will be at about 90 nm.
(HTL). This basically corresponds to a variation of the dis-  Power dissipation to waveguide modes and surface
tance between the emitter position and the interfaces to thplasmons shows a quite different progression. Coupling
metallic electrode and the glass substrate. Thus, the cavitip waveguides is very low for small ETL thicknesses, but
will be strongly modified, which results in changes of the it is strongly enhanced with increasing thickness. This
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Figure 11 Amount of power coupled to different optical chan- S?gu;e 13 ;}/ariatian dOf,qeffhWith the Qistlacheng the e.mi't:t@ng 4
nels for the Alg OLED as depicted in Fig. 4 in dependence of Ipoles to the cathode In the prototypica givenin Fig. 4.

the electron transport layer (AJjj thickness assuming a radia- The emission Iay_er Is assumgd_ to _be an _infinitely thin sheet of
tive quantum efficiency of = 1. The simulation was performed Algs molecules withy = 0.2 residing immediately at the AS-

polychromatically according to the emission spectrum ofsAlq TAD interface. (See also Ref. [40].)
(See also Ref. [40].)

energy transfer to lossy surface waves, i.e. luminescence

(@) 400 rctonar (1) 400 guenching at the metal, which especially dominates for
_ 1 oz 2 v _— very small distances below about 25 nm and significantly
£ P i % reduces the efficiency [41,55,62].
£ ! | mos i i Further optimization of the OLED layer stack is possi-
2 o ] 2 0 ble if both the ETL and HTL are systematically varied in
sof F ] sof thickness as shown in Fig. 12. For the sake of simplicity,
050700 150 200 250 300 350 400 050 100 150 200 250300 350 400 these simulations have been carried out at a single wave-
ETL mckness (om) T mckness (om) length of 510 nm only (in the emission maximum of 4)g

Figure 12 Optical power coupled directly into air (a) and into the It is agaln_found that changing the_ ETL thickness has the.
glass substrate for an applied macro-extractor (b) in dependencatfongest impact on EQE as the distance to the cathode is
of the electron and hole transport layer thicknesses. The stack® Main determining factor for interference effects. More-
consists of a glass substrate, 140 nm ITO, 30nm PEDOT:PsSQVer, reducing the HTL thickness (or in practice the ITO
varying thicknesses of S-TAD (HTL) and AI{ETL), 10nm Ca  thickness) will lead to a further improvement of the effi-
and 100 nm Al. The position of the prototypical OLED stack used ciency [63].
in this work (cf. Fig. 4) is marked by a cross in the diagram. The ~ As a result, modifying the cavity environment of the
simulations were performed at a single wavelength of 510 nm,emitting molecules allows for optimizing the light outcou-
i.e. close to the emission maximum of AlqThe ETL and HTL ~ pling of an OLED. Nevertheless, coupling to both surface
thicknesses were varied in steps of 5nm and 10 nm, respectivelyplasmons and waveguide modes causes combined losses of
A radiative quantum efficiency af = 1 was assumed. around 50 % of the total available power - almost indepen-
dent of the chosen thickness. Therefore, it is inevitable to
either reduce coupling to these unfavorable loss channels
can be explained by the fact that there is a lower limitor at least to partially recover some of the dissipated energy
for the thickness of an asymmetric waveguide before an order to develop highly efficient OLEDs. For this reason,
waveguide mode can exist. Above this limit an increas-we will later on present several promising approaches.
ing number of modes are supported for larger thicknesses. 4.4 Influence of the Emitter Quantum Efficiency
By contrast, power dissipation to SPPs is strongest for dn the discussion so far, we have assumed that the intrin-
small ETL thickness, i.e. if the emitter is positioned close sic radiative quantum efficienay of the emitter material
to the metallic cathode. This is obvious, because SPPs equal to one. In real OLEDs, however, and in particu-
are evanescent waves which are only excited if the dipoldar in the considered prototypical AJQOLED, this quan-
couples to the metal in the near-field. This contribution istity is often significantly less than unity. According to the
reduced with increasing distance of the dipole to the metalabove said the cavity environment will then not only mod-
It should be noted that the simulation does not differentiateify the light outcoupling factom,.,; but also the overall
between coupling to surface plasmons and non-radiativelecay rate and thus lead to an effective radiative quantum
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(a) 1.0 (b) Intrinsic loss: 71.2% 60
5 0.5 [ Al-Cathode (200nm) 501
g 04
2 ETL (VARIED) —
S g3 Emission to air: 4.4% E 40
5 \ X Emission to substrate: 7.0% HBL (10nm) S
B Waveguide modes: 3.2% . >
E 02 Plasmon Surface plasmons: 12.6 % i< r(ppy), (ORI > 30
o Absorption: 1.6% EBL (10nm) g
’ Emission to substrate HTL (94nm) £ 20t
0.0 Emission to air
50 100 150 200 250 300 350 400 ITO (129nm) o
ETL thickness (nm) - i
] ) ] 0 AR =i BT 5 o
Figure 14 Amount of power coupled to different optical channels 450 500 S50 GO0 650 700 750

as in Fig. 11 in dependence of the electron transport layerjAlq Wavelength (nm)

thickness assuming a radiative quantum efficiency 6t 0.2.
Also shown is a pie-chart of the different fractions of power for
an Algs thickness of 60 nm. (See also Ref. [46].)

Figure 15 Green phosphorescent OLED stack with Ir(ppsis
emitter, where the ETL thickness is systematically varied. Sim-
ulated emission spectra show both spectral as well as intensity
changes, indicating strong effects of the variation of the optical
cavity, while the electrical characteristics (not shown) are not af-
efficiency g (see Eq. 8). Figure 13 shows the effect on fected. (See also Ref. [65]).

gegt Of the distance of Alg emitter molecules witly = 0.2

to the cathode in the prototypical OLED given in Fig. 4 (cf.

Ref. [40]). It is found thaty.q oscillates around the value . . . . .
of ¢ and reaches the true value only asymptotically for 1.1}
very large distances. For small distances (less than about

120 nm), howeverg.q strongly increases due to construc- & 1| _FATEER -
tive interference but most importantly due to coupling to o el i
SPPs at the metal-organic interface. We note that for disg o9k 7.

tances less than about 25 nm the radiative quantum effi@ R

ciency should strongly decrease again due to non-radiativey s Simulation with:

energy transfer to the metal and subsequent quenching é¢ %8 ,” _223):2 ]

the excitation [52,55,62], which is not distinguished for © S q=06 ——q=0.5

SPPs in our analysis. A (04 ad o
The consequences for the efficiency of OLEDs with !

emitters having; < 1 are manifest. Due to the enhance- 06| ® measurement .

ment ofg.g for smaller distances to the metal cathode, the
first cavity maximum will gain in power relative to the sec-
ond one, where the cavity effect on the radiative rate is

muchlwr-_zak(_er. This is directly o_bservable In Fig. 14, Whe_reFigure 16 Experimentally determined phosphorescence lifetimes
the dissipation of power to Q|ﬁerent optical channels is Ir(ppy)s in OLED stacks with different ETL thickness as
shown for the same prototypical AILED stack as be-  ghown in Fig. 15. The lines are simulations for the given stacks

fore (Fig. 11), but now with a realistic value of = 0.2 it different values of the intrinsic radiative quantum efficiency
[46]. As expected, the biggest loss is now due to intrinsic,, (See also Ref. [65]).

non-radiative exciton decay, however, for both direct emis-
sion to air and emission to substrate the optimum thick-
ness is at the first cavity maximum below 100 nm distancericated under quite different conditions than an OLED.
to the cathode. And it is also worth noting that the frac- Furthermore, in an operating OLED the excitation profile
tion of power which can be coupled out of the device isis usually different than in an optical experiment and ex-
significantly more than what would be expected by takingcitons can be quenched at interfaces or due to interactions
the simulation forg = 1 and simply multiplying with the  \ith other excited molecules or charge carriers residing in
lower g-value 0.2. Thus the correct valueqf; is essential  the emission layer. Thus, a method for the determination of
for making reliable OLED efficiency predictions according q applicable directly in an OLED environment or even in
to Eq. 1. an operating OLED will give the most direct information
4.5 Comprehensive Efficiency Analysis of OLEDs on the value of the radiative quantum efficiency [64]. We
As outlined in the previous section, the knowledge of thehave recently shown that the above described variation of
intrinsic radiative quantum efficiency is of paramount im- the distance between the emitter and a metal electrode,
portance for OLED optimization, in particular for design- which changes the optical environment most significantly,
ing the optimum layer stack. In many cases, however, thiscan be performed in real OLEDs without changing the
information is not available or the value @fs taken from  electrical properties, provided that a doped electron trans-
photoluminescence measurements performed on films falport layer is used [39, 65].

100 150 200 250 300
ETL thickness (nm)

o
)]
o
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025 direct emission direct + substrate emission

T the cavity enhancement factérand the intrinsic radiative
U guantum efficiency of the emitter, but is independent of
1 the light outcoupling factor:

1 o4t

4 03f

External quantum efficiency
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: 50 100 150 200 250 300 O 50 100 150 200 250 300 As F' is obtained mdependently from simulation for each

ETL thickness (nm) ETL thickness (nm)

of the used OLED stacks with different ETL thicknesses,
Figure 17 Experimentally determined external quantum efficien- the two free parametersandr, are easily determined by
cies of OLED stacks with different ETL thicknesses as shown incomparing measured lifetime data with simulation results.
Fig. 15 (left: direct emission to air; right: values obtained with a AS shown in Fig. 16, the best agreement is obtained with
macro-extractor). The lines are simulations for the given stacksy(pz) = 0.5 = 0.1 and an intrinsic phosphorescence life-
with different values of the intrinsic radiative quantum efficiency time 7, ~ 700 ns. Remarkably, the value of the quan-
q. (See also Ref. [65]). tum efficiency is significantly less than unity. Thus, care
should be taken when published IQE values for the emitter
Ir(ppy)s [66] are generalized to other OLED stacks con-

80 T T T T taining this emitterg should rather be considered as an
2 OLED stack specific quantity, depending, e.g., on the type
> 50 of matrix material for the emitting dye or the materials in
S the immediate vicinity of the emission layéither factors
© 4ol could be concentration quenching and/or the effect of dye
5 aggregation.
g 30l The same series of OLEDs with systematic variation of
= the ETL thickness can now be used for the determination
g of the radiative quantum efficienay xy under electrical
o 2r operation, which need not necessarily be identical 9,
= as will be seen below. For this purpose the EQE of the
S 10t complete series of OLEDs was measured in an integrating
& sphere, once without any substrate modification and once
0 L 1 1 ! L with an index-matched hemispherical lens attached to the
10" 10° 10’ 10° 10° glass substrate to extract all of the substrate modes. Both
Current density (mA/cm?) measurements were performed for various current densi-

ties to investigate possible effects of exciton quenching
Figure 18 Dependence of the extracted radiative quantum effi-With increasing currents. Again, the experimental results
ciency from Fig. 17 as a function of the driving current of the can nicely be reproduced by optical simulation as shown
OLEDs. The horizontal dashed line corresponds tevalue of  in Fig. 17 withg being the only free parameter. As demon-
0.5 determined from photoluminescence measurements; the vestrated in Ref. [65], the charge balance faetaan thereby
tical shaded area indicates the typical drive conditions for OLEDsbe assumed to be close to unity. The analysis now allows
in lighting applications. (See also Ref. [65]). extracting the radiative quantum efficiengyz;, at each

current density as shown in Fig. 18. It is evident that only

in the limit of very small currentgp;) and ¢z take

In order to prove the feasibility of this approach, a roughly the same value of 0.5, however, with increasing

green phosphorescent OLED based on Ir(pm9 emit-  current densityy ) rapidly decreases and may only be
ter was chosen (see Fig. 15, for details we refer tosome 20% in the range where OLEDs are typically oper-
Ref. [65]). Photoluminescence lifetime measurementsated for lighting applications. Thus one has to conclude
were performed on a variety of OLED stacks with dif- that for simulation based optimization of OLEDs, i.e. for
ferent ETL thickness. As shown in Fig. 16, the phospho-example the question whether the emitter should be placed
rescence lifetime of Ir(ppy)is not constant but varies in the first or second cavity maximum, not only has the ra-
with the ETL thickness. This directly reflects the influ- diative quantum efficiency in the limit of low excitation
ence of the optical cavity on the radiative decay rate ofdensities to be known, but also its value under realistic op-
the emitter. With the above presented optical modeling aerating conditions.
guantitative analysis is now possible. Recall that the mea-  Finally, a comprehensive efficiency analysis of OLEDs
sured PL lifetimer in the presence of a cavity is given has to include the investigation of the radiation pattern,
by r = I'"' = (I + I',;)~* and in the absence of the i.e. the angular and polarization dependent emission spec-
cavity by y = Fo‘l = (I + I',y) . Thus, according to  tra as mentioned before, to obtain information about the
Eq. 7 the ratio between these two values only depends oemitter orientation [59,60] and the spatial extend of the
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e the second antinode of the interference pattern relative to
the cathode [61] and thus reduce the coupling to SPPs.
As discussed before, however, this will only be beneficial
if the radiative quantum efficiency of the emitter is very
high; otherwise the emitter will experience a stronger en-
hancement of its radiative rate when placed in the first cav-
ity maximum. Alternatively, the excitation of SPPs can be
completely avoided if metal-free OLEDs are used [72], but
there is usually no overall gain in light outcoupling since
the reduction of SPP losses is mostly at the expense of en-
hanced waveguiding [46].

Another way of boosting the direct emission to air is

Plasmon

Fraction of power

the use of microcavity structures, i.e. OLEDs with two
50 100 150 200 250 300 350 400 (partially) reflecting electrodes, where the radiation is di-
ETL thickness (nm) rected more towards small angles with respect to the sur-

face normal. This can be achieved, e.g., by (aperiodic) di-

Figure 19 Amount of power coupled to different optical chan- €lectric Bragg reflectors placed underneath the ITO elec-
nels in dependence of the electron transport layer thickness fofrode [73] or in top-emitting devices with a highly reflec-
the Algs OLED as depicted in Fig. 4, but now with a high-index tive anode on glass and a semitransparent metallic cath-
substrate (SF6 glass with = 1.82). The simulation was per- 0de, often followed by a dielectric capping layer as anti-
formed polychromatically according to the emission spectrum ofreflection coating [74—76]. Though very high EQE values
Alg,, and a radiative quantum efficiency pf= 1 was assumed.  close to 30% have recently been published for a red phos-
phorescent top-emitting OLED [77], these structures usu-
ally have a non-Lambertian emission characteristics with
emission zone [17,57]. We have performed this analysigion-negligible spectral shifts as a function of the viewing
for the series of Ir(ppy) OLEDs and found no evidence angle. We also want to note that in case of the particular red
for a non-isotropic emitter orientation of Ir(ppyls well ~ phosphorescent dye Ir(MD&acac) used in Ref. [77] non-
as good agreement with the assumption of a sharply loisotropic emitter orientation might at least partially con-
calized emission zone in the middle of the only 10 nm tribute to the high EQE values as will be discussed at the
wide EML [65]. We will later on come back to the is- €nd of this article [58, 68].
sue of non-isotropic emitter orientation when rod-like dyes A third method where the planar layer structure is pre-
(e.g. BDASBI [67]) or asymmetrically substituted metal- served lies in matching the refractive indices of the emis-
organic complexes (e.g. I(MD@(acac) [58,68]) are used sion layer, where the light is generated, and the outside

as emitters. world, either by bringing the refractive index of the EML
down to one or by using a high-index (HI) substrate. Sim-
5 Approaches to Improved Light Outcoupling ulations show that if the refractive index of the EML could

5.1 Overview of Different Techniques As shown Dereduced ta = 1, a theoretical limit of almost 70% di-

above, in planar bottom-emitting OLEDs typically around '€Ct émission to air would be possible [78]. An experimen-
50% of the generated light is trapped in waveguided andal realization might be difficult simply because no such
surface plasmon modes and only a fraction of about 20v4naterials are available, but lowering;, below the value
of it is directly radiated into air. In the previous section we ©Of glass already would bring an enormous boost in EQE.
have already made use of the fact that light captured inthe The use of glass substrates with higher refractive index
glass substrate can be fully extracted if an index-matchedhan the organic layers (including ITO) is possible [79, 80].
macroscopic lens is used and if the active pixel area is noBimulations for the prototypical AlgOLED demonstrate
too large. However, if the unique form factor (thin and flat) (see Fig. 19) that in this way all the light from waveguided
is to be preserved, this method is not practicable in larggmodes goes into the HI glass substrate from where it can
area devices. Thus, the development of new concepts fdpe extracted more easily. Combining HI substrates with
improving light extraction efficiency has been a major is- a macro-extractor (an index-matched lens), record EQEs
sue over recent years (for reviews see e.g. Refs. [47,69]).in excess of 40% have been achieved in this way [20, 81].
The different approaches can roughly be distinguished\levertheless, one has to be aware that HI glass .substrates
into techniques staying with planar structures and othergvould increase the overall cost of OLEDs considerably.
utilizing scattering methods [70,71]. Among the former Thus for practicable devices thin-film solutions have to be
ones are approaches towards further optimization of thexpplied.
OLED cavity, i.e. modifications of the layer stack with A fundamentally different approach to extract trapped
respect to thicknesses, refractive indices or reflectivity. Alightin OLEDs is the use of scattering structures. Here one
relatively simple method is to place the emission zone inhas to distinguish between periodic and non-periodic (ran-
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Figure 20 (a) Schematic illustration of substrate mode extrac- g L 800 <4
tion by a microlens array. Light paths indicated in red correspond 5 210" | — Silver %
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due to total internal reflection at the glass/air interface. Multiple % T — Gold 11600 =
reflections inside the stack reduce the efficiency due to absorp2 e
tion in the organic layers and in ITO as well as due to reflection < 0 ) ) ) )
losses at the cathode. (b) Concept of light outcoupling by scat- 0 110 25107
tering particles in a film applied to the backside of the substrate. 4
(c) Realization of an internal scattering structure by a periodic In-plane wave vector (m")

grating placed between the glass substrate and the thin film stack.. ) ) ) )
Figure 21 Dispersion relation of surface plasmon polaritons at

metal/air interfaces for three different metals in the visible spec-
al range. The dashed line is the light-line in air following the

dom) structures on the one hand and internal or external, .. """ " K.

scattering on the other hand (see Fig. 20). The latter re-
alization is quite straight-forward and can be any modifi-

cation of the backside of the glass substrate that serves i@ijis we refer to Refs. [90-92]). Surface plasmon polari-
scatter out light rays that would otherwise suffer from total tons are longitudinal, p-polarized waves traveling at the in-
internal reflection at the glass/air interface. Examples argerface between a metal and a dielectric with evanescent
ordered micro-lens arrays [82,83], scattering particles [84ie|ds decaying exponentially into both adjacent media. For

or mechanical roughening of the glass substrate [85]. In theiemi-infinite layers their dispersion relation is given by:
meantime light scattering foils are commercially available,

but in contrast to a macro-extractor these techniques typi- e w [eaw)-ew)
cally extract only part of the light trapped in the substrate  kspp(w) = ko atae c\awraw (13)
and the reflecting appearance of the OLED in the off-state L2 ! 2

changes to a milky, non-reflecting one. with ¢; »(w) being the complex dielectric functions of the
_If one wants to get access to waveguided modes, amnetal and the adjacent dielectric layer, respectively,iand
internal scattering structure, e.g. placed between the glasg,e vacuum wave vector. This relation is shown in Fig. 21
substrate and the ITO layer, has to be used. Thereby botfy, three different metal surfaces adjacent to air as dielec-
periodic gratings (photonic crystals) or random scatteringric for the range of frequencies and in-plane wave vectors
structures are possible. The effectiveness of this approacfsievant in this context. It is obvious that the SPP disper-
relies on the spatial overlap of the waveguide modes withsion curve and the light-line in air do not intersect for finite
such features; in other words, they have to be employegrequencies, thus energy and momentum conservation can
close to the emission zone of the OLED [86]. In general, ot be fulfilled simultaneously and as a consequence SPPs
photonic crystal structures with periodicities on a length can not couple to far-field radiation. The application to
scale comparable to optical wavelengths have the disado| Eps, however, requires an important modification due
vantages that they require elaborate fabrication techniqueg, the fact that the involved layers are not thick enough to
and that they induce a wavelength and angular depenpe treated as bulk material. Thus, the evanescent field of
dent scattering efficiency. Other interesting approaches arghe SPP can extend through an adjacent thin organic layer
therefore the use of so-called low-index grids with periodsang sense aeffectiverefractive index and, if the metal is

on the micron scale [87] or random structures fabricated bythin enough, SPPs can exist on both sides of the metal layer
morphological instabilities of thin film structures [88]. The anq couple with each other [93].

above said is also true for the extraction of surface plas- 55 o Scattering Approaches  There are well estab-
mons by scattering structures which consequently need tfsheq methods how SPPs can be excited by far-field radia-
be in the. vicinity of the metal cathqde [39]. This bound- tion, most importantly by grating coupling or prism cou-
ary co_ndltlon is even more challenglng since many of th_ep"ng [90,91]. Making use of reciprocity in optics it is
established patterning techniques are not compatible withyite straightforward to transfer these techniques to light-
OLED technology as they would damage or destroy thegmitting structures [89, 96]. The first approach uses a peri-
underlying organic films. odic grating with period\, to scatter SPPs so that they gain
5.2 Reduction of Surface Plasmon Losses an extra momenturhlpp = kspp &= m - (2m/),) (with an
5.2.1 Basic Properties of SPPs  Before presenting integer numbern, see Fig. 22). This scattering approach
our own results on the reduction of surface plasmon lossegelies on the fact that there is sufficient overlap between
some general properties of SPPs will be discussed (for dethe SPP mode and a periodic modulation of the refractive
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(a) Angular frequency w (b) Angular frequency w (a) . (b) (c) Angular frequency
Incident B Laser E%&Q’
excitation T @ V9
X' emssonsom Satcs lsmon
Surface plasmon Surface plasmon T
vﬁo In-plane
wave vector
Rotation stage
In-plane -4k, -3k, -2k, -k, k, 2k, 3k, 4k, In-plane
wave vector k, wave vector k,
A Figure 24 Principle of SPP index coupling: (a) shows the ex-
Metal film JlEce plasiicy Metal film . . . . .
o,;ammme, O,g‘amme, citation of SPPs py Ilg_ht from the far field in the so-ca_llled
Gessswswae | /\ | Glass substate Kretschmann configuration. (b) Inverse Kretschmann configura-
Emssionton tion to extract SPPs that are excited by near-field coupling from a
prectemisson prectemisson luminescent organic film. (c) The dispersion relation of the SPP

Figure 22 Simplified layer structure to demonstrate the principle avelling at the interface to air overlaps with the light-cone for
the attached glass prism. (See also Ref. [94]).

of SPP grating coupling. The SPP dispersion relation, lying below
the glass light-cone in planar layered structures (a), is scattered by
multiples of the grating wave vector to result in several branches © @ g

being located within the glass light-cone (b), so that light from ¢| . i | S / B
SPPs can be coupled out. (See also Ref. [94]). sl me | (|t °'“f::l N ) riner  § o0 0
£ sPP Agaonm | spps  E 1o ™ 00
Ag Ag & 100
‘ Glass < Sg SPP_
(a) 750 Intensity (b) 0 15° 30’;:;:0" 75° 90°
(a.u.)
700 | 1.0 % % (bj 18} Alg, (dj 18} A, apssasases s (2 s PR mensty
—_ 0.8 D )_>$ g g o E 400 Mo
E g50| .m=- 5 o6 225 Laser ' 515// 2 3 08
= ) 0.4 3 8% excitation %4 5 qal O L 2 =0 e/ o8
E’ 600 gg 130 g2 _,-" R j,-" g 1§§ e
o , ! ] &
& 5501 833nm s we w0 w0 o 80 00 180 200 o5 a0 a5 607 75 000
= period Alg, thickness (nm) Alg thickness (nm) Angle
500 - \—y
. SR N , Figure 25 Concept of the effective refractive index of the adja-
450900 50" P > 0 Rotation stage . ) i . .
- - . cent dielectric medium that is probed by an SPP for a thick metal

Angle layer (a, b) and for a thin metal layer (c, d). Also shown is the

Figure 23 (a) Experimentally measured angular dependent p_simulated angular_disper_sion of the moc_jes that can be gxtracted
polarized emission spectra after photoluminescence excitation offough a fused silica prism as a function of the organic layer
a 30 nm thick Alg film adjacent to a silver layer, both deposited thickness: (€) p-polarized, (f) s-polarized. (See also Refs. [94,
on an 833 nm periodic line grating that was nanoimprinted into a1/
PMMA layer. The dotted lines show simulated SPP dispersions of
the corresponding planar structure, where the curves were shifted ) )
by integer multiples of the grating wave vector. (b) Schematic Which are excited by fluorescent Algnolecules via near-
sample layout used in the experiment; both excitation and detecfield coupling, are scattered back into the substrate up to
tion are through the glass prism. Excitation is made by a 375 nnthe fifth diffraction order. There is excellent agreement
laser diode incident at a fixed angle of48etection is performed  between the measured angular dispersion and the simu-
by a fibre optical spectrometer through a linear polarizer in frontlated curves using the above described methods. One can
of which the sample is rotated on a motorized turn table. (See als@lso readily show that waveguided modes which will be-
Ref. [95]). come relevant for thicker organic layers are equally well
scattered out in this way. Furthermore, we have demon-
strated that even structures containing some randomness,
index, which implies that the grating has to be placed nextproduced e.g. by an ordinary DVD stamp, can be used [95].
to the metal layer (or there has to be a height modulatiorNevertheless, one has to be aware that periodic structures
reaching through the complete layer stack including thewill induce a pronounced angular dependence of the per-
cathode). The fabrication of OLEDs fulfilling this condi- ceived colour of the OLED [98]. Thus, for white OLEDs
tion is still challenging [97], as not only the optical prop- with colour coordinates independent of the viewing angle
erties have to be tuned but also the electrical functioningrandom scattering structures have to be used [88].
has to be ensured. For that reason we have investigated this 5.2.3 Index Coupling Fig. 24 shows the principle of
coupling approach only in simplified structures comprisingindex (or prism) coupling utilizing the so-called inverse
a luminescent film adjacent to a metal layer [94, 95]. Kretschmann configuration [100]. This technique makes
Fig. 23 shows experimentally measured angular depenuse of the fact that the in-plane wave vector within the
dent p-polarized emission spectra for photoluminescenc@rism is stretched by a factor given by the refractive in-
excitation of a 30 nm thick Alg film adjacent to a silver dex of the prism, so that energy and momentum conser-
layer, both deposited on a line grating that was nanoim-vation are fulfilled. If the refractive indices are properly
printed into a PMMA layer. One can clearly see that SPPschosen, it is thus possible to extract SPPs that are evanes-
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of the metal layer (here the top-side). To realize this con- £ sf =
cept, however, some prerequisites have to be fuffilled. First, °[r=e ] 00
the metal film obviously has to be semitransparent. Since ~ © ™ 3 * & 7 oy e Bl 2828
there are two counteracting processes, namely an enhanced ¢ "
COUpIing of the emlttlng dipOIeS to SPPs with an ianeaSingFigure 27 Sample layout (a) and photograph (b) of a white
metal thickness on the one hand and a concomitant reducedLED with direct emission towards the bottom and extraction of
optical transmission on the other hand, there is typically arall other modes to the top-side using an SF6 prism with 1.82.
optimum thickness at around 50 nm [94,101]. More im- The simulations in (c) show the angular dispersion of the modes
portantly, the refractive index on the extraction side of theextracted through the high-index glass prism and in (d) the angle
metal has to be larger than on the other side in order tdntegrated contribution of the different modes as a function of the
match the dispersion relation of the plasmon (traveling atrefractive index of the prism. Note that these simulations were
the bottom side) with the far-field light-line in the prism at performed at a single wavelength of 600 nm and a semi-infinite
the top side. Due to the evanescent nature of SPPs this cop@lass substrate was assumed to avoid back reflected light from the
dition not only depends on the bulk values of the Organicglass-air interface appearing as top emission. (See also Refs. [99,
material and the prism, but in particular on the thickness 0f102)).
the organic layer. Since the decay length of the SPP field
amplitude perpendicular to the metal/dielectric interface is
typically of the order of half a wavelength, the SPP field of the organic film, can be extracted under an angle of not
probes an extended vertical distance to the metal surfacdnore than 660.
In order to account for this feature we have introduced an  The application of this concept to a white bottom-
effective refractive index that has to be entered in Eq. 13 toemitting OLED with a thin semi-transparent Ag top-
calculate the correct SPP dispersion relation. This conceptontact is presented in Fig. 27. The photograph clearly
of the effective index of SPPs and its dependence on thehows that only the air mode is emitted to the bottom side,
thickness of the organic layer for a one-sided SPP (thickwhereas all other modes (including substrate, waveguide
metal) and a two-sided SPP configuration (thin metal) isand SPP modes) are emitted in characteristic angular
shown in Fig. 25. Without going into the details (see e.g.ranges to the top side. We note that the index of the used
Ref. [99]), it is clear from the figure that only for thin AjJg  SF6 prism was not high enough to extract the SPP com-
layers (up to about 50 nm) ordinary glass can be used tletely, so that only the red part of the SPP branch is seen
extract SPPs. For larger organic layer thickness, and in patdnder large angles close to 9Q0Furthermore, the used
ticular for the thicknesses typically used in OLEDs, the ex-index matching fluid was strongly absorbing in the short
traction of SPPs (in addition to waveguided modes that carwavelength range so that the substrate light has a brownish
also be extracted by this method) requires a medium on thappearance. As the simulations in (c, d) show, the extrac-
top-side of the metal that has a significantly higher refrac-tion of a major fraction of the energy contained in SPPs
tive index. requires a medium witheg; > 2.0. Nevertheless, this is
Figure 26 shows exemplarily the calculated angulara clear demonstration that the concept of high-index cou-
dispersion of p-polarized modes that can be extracted if #ling is not only applicable to extract wave-guided modes
high index glass (SF6; = 1.82) or a LiNbO; (n = 2.28) in bottom-emitting OLEDs, as was demonstrated before
prism are used. In the former case SPP modes can now by different authors [20, 80], but moreover to get access to
extracted up to an organic layer thickness of about 100 nmall trapped modes — including surface plasmons [99].
while in the latter case the index is so high that there is no It should be noted, however, that these results can only
limit any more and all modes, regardless of the thicknessserve as a proof of principle, because using a high-index

o
N}
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A P | o AR OLED
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Angle Angle substrate v
Figure 26 Simulated a}ngglar dispersion ofthe p-polarized modes Direct emission M. ol
extracted through a high index SF6 glass prism (a) and a LiNbO it
prism (b) as a function of the organic layer thickness. (See also
Ref. [99]).
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Figure 28 Simulation of power dissipation for the prototypical ETL thickness (nm) ETL thickness (nm)

Algs OLED (structure shown in Fig. 4) for the three orthogo- ) ) o )
nal dipole orientations separately (zjn the substrate plane, Figure 29 Simulation of power dissipation for exclusively hor-

perpendicular to the substrate plane). In all cases the radiativézontal (a) or vertical dipole orientation (b) in the prototypical
guantum efficiency was set o= 1. The dashed lines separate Algs OLED (structure shown in Fig. 4) as a function of the ETL

the power dissipation spectra into different regions as denoted ifhickness. In both cases the radiative quantum efficiency was set
Fig. 8. (See also Ref. [46]). to ¢ = 1. (Compare to Fig. 11 for the isotropic case.)

prism is not practicable in OLED applications. It would is based on photoluminescence excitation of layer stacks
therefore be necessary to develop thin-film solutions to gethat contain the same EML as the corresponding OLED but
rid of the viewing angle dependent colour shift. In that con-no metal layer [105]. It is thus possible to quantitatively
text it should be noted that top-emitting OLEDs with high- determine the orientational distribution from angular and
index capping layers have been known for many years [74polarization dependent photoluminescence spectra.

75], however, the connection to SPPs was not made. Only It is furthermore instructive to look at the power dis-
recently has it been shown that including a fluorescent dysipation of both dipole orientations into different optical
in such a capping layer can allow to extract energy fromchannels as a function of the distance to the cathode, as
SPPs in top-emitting OLEDs [103]. displayed in Fig. 29 (cf. Fig. 11 for the isotropic case). It is

5.2.4 Emitter Orientation Instead of developing obvious from these simulations that the light outcoupling
tools to extract energy from surface plasmons, one carefficiency (be it only direct emission or including substrate
also consider means to reduce their excitation in OLEDsemission) can be enhanced by about a factor of 1.5 with
Apart from the already mentioned distance dependent courespect to the case of random emitter orientation, which
pling between a radiating dipole and SPPs there is also & mostly due to the strongly reduced coupling to SPPs, if
characteristic dependence on the orientation of the dipoleertical dipoles are absent. Thus, from the point of view of
[51,55]. Thus another way to avoid the excitation of sur- efficiency, the vertical dipole orientation should be avoided
face plasmons, even if the emitter is rather close to thén OLEDSs. It is also interesting to note in this context, that
metal, is to control the orientation of the emitting mole- vertical dipoles exhibit markedly different distance depen-
cules and thus of their transition dipole moments. Keepingdent coupling to the various optical channels as compared
the radiation pattern of a classical electrical dipole in mindto horizontal ones, which is due to different interference
(cf. Fig. 7) and considering that surface plasmons are transsonditions. First, the coupling of vertical dipoles to SPPs
verse magnetic modes, one readily concludes that perfectljas a longer range than in the horizontal case (as predicted
horizontally oriented dipoles would only very weakly cou- already in Ref. [106] for energy transfer of dyes to a metal
ple to SPPs [45]. This effect has been known for manysurface). Second, for vertical dipoles the maximum out-
years in polymeric OLEDs [104], only very recently, how- coupling efficiency to air is achieved for an ETL thickness
ever, we have been able to show that orientation effect®f about 135 nm, exactly where the outcoupling from hori-
also play a role in small molecule OLEDs fabricated by zontal ones has an interference node. This property can be
vacuum evaporation, where the fluorescent or phosphoresssed for the determination of the amount of vertical dipoles
cent dyes are embedded with only a few percent content inn an OLED with non-isotropic emitter orientation by in-

a matrix material [58,67,68]. tentionally fabricating a non-optimized layer stack [60].

To demonstrate the potential of controlling the emitter ~ To realize this concept one needs emitter molecules
orientation for efficiency enhancement in OLEDs, Fig. 28 that show non-isotropic orientation in a small molecule
shows simulated power dissipation spectra separately foOLED environment, where the emission layer is usually
each of the three orthogonal dipole orientations in the pro-a thin dye-doped layer prepared by co-evaporation on top
totypical Algs OLED (structure shown in Fig. 4). From this of other — usually amorphous — layers. Good candidates are
plot one can clearly see that horizontal dipoles &ndp,) rod-like chromophores with a large shape anisotropy, such
couple to various optical channels, whereas vertica) (p as the blue fluorescent dye BDASBI shown in Fig. 3. This
dipoles dissipate their energy almost exclusively to SPPsinaterial has already been known to exhibit non-isotropic
which makes it difficult to detect them in OLEDs, e.g. orientation in neat evaporated films [107], but interestingly
from angular dependent emission spectra of OLEDs. As at preserves this feature even when it is doped into a CBP
workaround we have therefore developed a method whichmatrix [105].
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© "y oo, car % | © o ey perimentally observed increase in EQE with respect to the
= os S 08 isotropic reference OLED can consistently be explained
$ 06 S 06 r\\ by the preferentially horizontal emitter orientation in case

2 04l . e 2 04l o vesenen N A of the rod-like BDASBI molecule as emitting dye. Mean-
E gl S E gyl e\ while, other groups have also found evidence for a possible

I e contribution of non-isotropic emitter orientation in fluores-

0° 10° 20° 30° 40° 50° 60° 70° 80° 90° 0° 10° 20° 30° 40° 50° 60° 70° 80° 90° . .. . . e e
Angle Angle cent OLEDs with efficiencies beyond the spin-statistical
limit [30, 31].

Figure 30 Angulardependent p-polarized photoluminescence in-
tensity of simplified layer stacks on glass substrates with two
different phosphorescent dyes: (a) Ir(ppgmbedded in a CBP
matrix (wavelength 510 nm) and (b) Ir(MDQpacac) in anc-

Recently, we have extended these studies towards
highly efficient phosphorescent emitters. As expected,
symmetrically substituted metal-organic emitter com-
NPD matrix (wavelength 610 nm). (For details of the experimentplexeS such as Ir(ppy)have .random ?m'“er onentation
see Ref. [105]). The comparison to simulations for exclusivelywh(:"n doped in a CBP matr'.x (Sge Fig. 3,0(3))’ hOWeVQr’

in the case of complexes with different ligands there is

horizontal and fully random emitter orientation reveals isotropic " . i . . ;
emitter orientation in case (a), while case (b) shows a predomi_ewdence for non-isotropic emitter orientation. For exam-

nantly horizontal orientation with a ratio of 2:(0460.1) parallel ~ Ple, the well-known red phosphorescent emitter system

(p» +py) vs. perpendicular (3) emitters, in good agreement with  I((MDQ)2(acac) doped into am-NPD matrix also ex-
Ref. [68]. hibits predominantly horizontal orientation of the emitting
dipoles (see Fig. 30(b) and Ref. [68]). If this circumstance
is ignored, efficiency analysis based on the assumption of
isotropic emitter orientation will lead to an overestimation
/” of the radiative quantum efficiency [108,109], as has been
worked out in detail in Ref. [58]. Fig. 31 shows the OLED
/ stack, on which we have performed a comprehensive effi-
= / ciency analysis combining phosphorescence lifetime and
T P eenghom) EQE measurements as function of the ETL thickness, as
e)oso described before in section 4.5 for an Ir(pphpsed green
N sz ™" OLED. Both data sets show that a consistent description
/4\Ly can only be obtained, if non-isotropic emitter orientation is
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taken into account. Moreover, optical simulations clearly
reveal that horizontally oriented phosphorescent emitters
RN with internal radiative quantum efficiencies close to unity
S S arstamissin | have the potential to achieve EQE values exceeding 30%
O A for direct emission to air and up to 70%, if all of the

substrate emission can be extracted [58,110].
Figure 31 (a) Structure of the red phosphorescent OLED stack
containing Ir(MDQ}(acac) in ana-NI?D .matrlx as EML, (b) 6 Summary and Outlook In conclusion, we have
an example of a phosphorescence lifetime measurement for an . S -

shown that optical modelling is an indispensable tool not

ETL thickness of 249 nm and (c) the electroluminescence spec-

trum used for simulation. (d) Measured phosphorescence Iife-Only for optimization of OLED light outcoupling, but also

times normalized to the intrinsic value — 1.37 us together for a comprehensive efficiency analysis. In the latter case,

with simulated curves for different emitter orientation: isotropic Simulations have to be combined with systematic parame-
with ¢ = 0.8 and mainly horizontally oriented with an anisotropy (€r Variation of the OLED layer stack, e.g. the distance of
paramete¥ = 0.63/2.63 = 0.24 andq = 0.7. (€) Measured the emission zone to the highly reflecting cathode. In this
EQE values without and with a macro-extractor at a current denWay it is possible to separate microcavity effects on the
sity of j = 1 mA/cm? are compared to optical simulations for radiative rate, determining the effective radiative quantum
both situations, clearly confirming the non-isotropic orientation efficiencyqg.q, from a redistribution of energy between dif-
of this emitter system. (For details see Ref. [58]). ferent optical channels, affecting the light outcoupling term
Nout- We find a significant reduction af.g under typical
OLED operating conditions, which has to be considered in

As described in detail in Ref. [67], we have compared the stack design.
OLEDs incorporating two blue emitting fluorescent dyes  Furthermore,we have presented approaches for en-
(BDASBI and PEBA, see Fig. 3) exhibiting different emit- hancingn,.., with special emphasis on the reduction of
ter orientation with respect to their external quantum effi-the surface plasmon loss channel. Beside scattering ap-
ciency. In the actual OLEDs investigated by us the emit-proaches and high-index coupling, the control of the emit-
ter orientation is not perfectly horizontal and the emitter ter orientation has been identified as a particularly power-
quantum efficiency is less than unity. Nevertheless, the exful handle to obtain this goal. Remarkably, even dye-doped
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small-moleculephosphorescent emitter systems prepared 2008), 33:459-470, 2008.

by vacuum deposition can exhibit pronounced anisotropic [2] M. Pope, H. P. Kallmann, and P. Magnante. Electrolumi-
orientation distributions of their optical transition dipole nescence in organic crystald. Chem. Phys., 38(8):2042—
moments. 2043, 1963.

Thus, after more than 20 years of research on OLEDs [3] W. Helfrich and W. G. Schneider. Recombination radia-
the microscopic understanding of the underlying processes  tionin anthracene crystalBhys. Rev. Lett., 14(7):229-231,
has progressed substantially. With respect to the expression ~ 1965.
for the external quantum efficiency (Eq. 1) put forward by [4]1C. W. Tang and S. A. VanSlyke. Organic electrolumines-
Tsutsui in 1997 [24] we now have a sound understanding __ centdiodesAppl. Phys. Lett,, 51(12):913-915, 1987.
of all four factors allowing for quantitative calculations of ~ [5]J-H. Burroughes, D.D.C. Bradley, A.R. Brown, R.N.
OLED efficiencies and predictions towards the potentialin ~ Marks, K. Mackay, R.H. Friend, P.L. Burns, and A.B.
improvement of it by newly developed OLED materials, Holmes. nght-emlttlng diodes based on conjugated poly-
structures and concepts. Moreover, these methods are the[G] gserr;r'nNZ;‘g%rﬁﬁzsg’géﬁggdal white OLEDS are offered
basis for a reliable experimental determination of the rel- since 2010. E 'Osram and Philips (see www.osram.com
evant factors for the OLED efficiency. Nevertheless, the and wwwli’gh't?ﬁg )E)hilips com) P : '
development is Ongoing and important new physical con- [7] B.W. D'A.ndrade .and SR Fo.rrest. White organic light-
cepts, such as the importance and the implications of dis-

. . . X . emitting devices for solid-state lightind\dvanced Materi-
order, are still being elucidated and integrated into OLED als 16?18):1585_1595 2004. ghtingh

modelling. ) ) ) [8] Gregor Schwartz, Sebastian Reineke, Thomas Conrad
By now, commercially available white OLEDs are Rosenow, Karsten Walzer, and Karl Leo. Triplet harvesting
specified with luminous efficacies of about 25 Im/W [6], in hybrid white organic light-emitting diodesAdvanced

i.e. they are comparable to the best halogen lamps. How-  Functional Materials, 19(9):1319-1333, 20009.
ever, several laboratories have reported values exceeding[9] Malte C. Gather, Anne Khnen, and Klaus Meerholz.
60 Im/W for devices with good colour compliance be- White organic light-emitting diodesAdvanced Materials,
ing currently under development [10]. Of course there is 23(2):233-248, 2011.
room for improvement regarding the impressive numbers [10] Yuan-Sheng Tyan. Organic light-emitting-diode lighting
obtained with inorganic LEDs reaching more than 100 overview.J. Photon. Energy, 1:011009, 2011.
Im/W. But as already mentioned, the comparison to them [11] Lixin Xiao, Zhijian Chen, Bo Qu, Jiaxiu Luo, Sheng Kong,
is of limited relevance. A strong benefit of OLEDs is their Qihuang Gong, and Junji Kido. Recent progresses on ma-
unique form factor, with the light being distributed homo- terials for electrophosphorescent organic light-emitting de-
geneously over large area and thus being glare-free. Hence,  vices.Advanced Materials, 23(8):926-952, 2011.
(almost) no additional fixtures are needed: the OLED al- [12] L. S. Hung, C. W. Tang, and M. G. Mason. Enhanced elec-
ready is the luminaire! tron injection in organic electroluminescence devices us-
Beyond general lighting, the compatibility of organic ing an Al/LiF electrode Appl. Phys. Lett., 70(2):152-154,
materials with various kinds of substrates and the ease of 1997 )
processing could open possibilities for new appliances in [13] R- Coehoorn and S. L. M. van Mensfoort. Effects of disor-
other fields as well. In particular the topics relevant for der on the current density and recombination profile in or-
light extraction could have fruitful overlap with other fields ganic light-emitting diodes?hys. Rev. B, 80:085302, 2009.

of optics, e.g. cavity physics, photonic crystals, and plas- 14 J: Cottaar, R. Coehoorn, and P.A. Bobbert. Modeling of
monics — and we are still waiting to see the electrically Cohrgggneictréﬁﬁgrt]ii(s:rolzs(f)'?gge_r%ig r%%?; heterojunctions.
pumped organic laser diode. [15] M. Kuik, L. J. A. Koster, G. A. H. Wetzelaer, and P. W. M.

Acknowledgements  The authors thank the German Min- Blom. Trap-assisted recombination in disordered organic

istry of Education and Research (BMBF) for funding within the semiconductorsPhys. Rev. Lett., 107:256805, 2011.
TOPAS project (FKZ 13N10474). J.F. acknowledges financial [16] N Koch. Organic electronic devices and their functional
support by the Elite Network of Bavaria through the graduate interfaces.ChemPhysChem, 8:1438, 2007.
school Materials Science of Complex Interfaces (Compint) and [17] S. L. M. van Mensfoort, M. Carvelli, M. Megens, D. We-
C.M. by the Bayerische Forschungsstiftung. henkel, M. Bartyzel, H. Greiner, R. A. J. Janssen, and
We are grateful to colleagues from Osram Opto Semiconduc- R. Coehoorn. Measuring the light emission profile in or-
tors (Regensburg, Germany) and Fraunhofer Institute for Applied ganic light-emitting diodes with nanometre spatial resolu-
Optics and Precision Engineering (Jena, Germany) as wellasthe  tion. Nature Photonics 4, 329 - 335 (2010), 4:329-335,
groups of P. Lugli (TU Munich, Germany), C. Adachi (Kyushu 2010.

University, Japan) and D. Yokoyama (now at Yamagata Univer- [1g) v pfeiffer, S.R. Forrest, K. Leo, and M.E. Thompson.
sity, Japan) for their contributions to parts of this work. Electrophosphorescent pin organic light-emitting devices
for very-high-efficiency flat-panel displays.dvanced Ma-

References terials, 14(22):1633-1636, 2002.
[1] Colin J. Humphreys. Solid-state lightingIRS Bulletin, [19] M. A. Baldo, D. F. O'Brien, Y. You, A. Shoustikov, S. Sib-
Special Issue "Harnessing Materials for Energy” (April ley, M. E. Thompson, and S. R. Forrest. Highly efficient

Copyright line will be provided by the publisher



physica status solidi (a), 210 (2013) 44-65

pss header will be provided by the publisher

https://doi.org/10.1002/pssa.201228320

19

phosphorescergmission from organic electroluminescent
devices.Nature, 395(6698):151-154, 1998.

[20] Sebastian Reineke, Frank Lindner, Gregor Schwartz, Nico

Seidler, Karsten Walzer, Bjn Lissem, and Karl Leo.
White organic light-emitting diodes with fluorescent tube
efficiency. Nature, 459(7244):234-238, 2009.

[21] . B. Wang, M. G. Helander, J. Qiu, D. P. Puzzo, M. T.
Greiner, Z. M. Hudson, S. Wang, Z. W. Liu, and Z. H.
Lu. Unlocking the full potential of organic light-emitting
diodes on flexible plastic.Nature Photonics, 5:753-757,
2011.

[22] J. Kido, H. Hayase, K. Hongawa, K. Nagai, and
K. Okuyama. Bright red light-emitting organic electrolumi-

nescent devices having a europium complex as an emitter.

Appl. Phys. Lett., 65:2124, 1994.
[23] Franky So, Benjamin Krummacher, Mathew K. Mathai,
Dmitry Poplavskyy, Stelios A. Choulis, and Vi-En Choong.

Recent progress in solution processable organic light emit-

ting devices.J. Appl. Phys., 102(9):091101-21, 2007.
[24] T. Tsutsui, E. Aminaka, C. P. Lin, and D. U. Kim. Ex-

tended molecular design concept of molecular materials

for electroluminescence: sublimed-dye films, molecularly
doped polymers and polymers with chromophoré&xil.
Trans. R. Soc. Lond. A, 355(1725):801-814, 1997.

[25] Chihaya Adachi, Marc A. Baldo, Mark E. Thompson, and

[33] Kenichi Goushi, Kou Yoshida, Keigo Sato, and Chihaya

Adachi. Organic light-emitting diodes employing efficient
reverse intersystem crossing for triplet-to-singlet state con-
version.Nature Photonics, 6:253258, 2012.

[34] M. Wohlgenannt, Kunj Tandon, S. Mazumdar, S. Ramase-

sha, and Z. V. Vardeny. Formation cross-sections of sin-
glet and triplet excitons im-conjugated polymers\ature,
409(6819):494-497, 2001.

[35] Z. Shuai, D. Beljonne, R. J. Silbey, and J. L&8as. Sin-

glet and triplet exciton formation rates in conjugated poly-
mer light-emitting diodesPhys. Rev. Lett., 84(1):131-134,
2000.

[36] C. Rothe, S. M. King, and A. P. Monkman. Direct mea-

surement of the singlet generation yield in polymer light-
emitting diodesPhys. Rev. Lett., 97(7):076602—4, 2006.

[37] S. L. M. van Mensfoort, J. Billen, M. Carvelli, S. I. E.

\Vulto, R. A. J. Janssen, and R. Coehoorn. Predictive mod-
eling of the current density and radiative recombination in
blue polymer-based light-emitting dioded. Appl. Phys.,
109:064502, 2011.

[38]J. S. Wilson, A. S. Dhoot, A. J. A. B. Seeley, M. S.
Khan, A. Kohler, and R. H. Friend. Spin-dependent
exciton formation inw-conjugated compounds.Nature,
413(6858):828-831, 2001.

Stephen R. Forrest. Nearly 100% internal phosphorescence[39] Benjamin C. Krummacher, Stefan Nowyirg Frischeisen,

efficiency in an organic light-emitting deviceJ. Appl.
Phys., 90(10):5048-5051, 2001.

[26] M. A. Baldo, D. F. O'Brien, M. E. Thompson, and S. R.
Forrest. Excitonic singlet-triplet ratio in a semiconducting
organic thin film.Phys. Rev. B, 60(20):14422—-14428, 1999.

[27] M. Segal, M. A. Baldo, R. J. Holmes, S. R. Forrest, and
Z. G. Soos. Excitonic singlet-triplet ratios in molecular and
polymeric organic materials?hys. Rev. B, 68(7):075211—
14, 2003.

[28] D. Y. Kondakov, T. D. Pawlik, T. K. Hatwar, and J. P.
Spindler. Triplet annihilation exceeding spin statistical
limit in highly efficient fluorescent organic light-emitting
diodes.J. Appl. Phys., 106(12):124510-7, 2009.

[29] Yichun Luo and Hany Aziz. Correlation between triplet-
triplet annihilation and electroluminescence efficiency in
doped fluorescent organic light-emitting devicesAdv.
Funct. Mater., 20(8):1285-1293, 2010.

[30] Daisuke Yokoyama, Youngil Park, Beomjin Kim, Sookang
Kim, Yong-Jin Pu, Junji Kido, and Jongwook Park. Dual

efficiency enhancement by delayed fluorescence and di-

pole orientation in high-efficiency fluorescent organic light-
emitting diodes. Applied Physics Letters, 99(12):123303,
2011.

[31] Yong-Jin Pu, Go Nakata, Fumiya Satoh, Hisahiro Sasabe,

Daisuke Yokoyama, , and Junji Kido. Optimizing the

Markus Klein, and Wolfgang Ritting. Efficiency analysis
of organic light-emitting diodes based on optical simula-
tion. Org. Electron., 10(3):478-485, 2009.

[40] Stefan Nowy, Benjamin C. Krummachedrd Frischeisen,
Nils A. Reinke, and Wolfgang Ritting. Light extrac-
tion and optical loss mechanisms in organic light-emitting
diodes: Influence of the emitter quantum efficienkyAppl.
Phys., 104(12):123109-9, 2008.

[41] H. Becker, S. E. Burns, and R. H. Friend. Effect of metal
films on the photoluminescence and electroluminescence
of conjugated polymersPhys. Rev. B, 56(4):1893-1905,
1997.

[42] 3. A. E. Wasey, A. Safonov, I. D. W. Samuel, and W. L.
Barnes. Efficiency of radiative emission from thin films
of a light-emitting conjugated polymer.Phys. Rev. B,
64(20):205201-9, 2001.

[43] N. C. Giebink and S. R. Forrest. Quantum efficiency roll-
off at high brightness in fluorescent and phosphorescent or-
ganic light emitting diodesPhysical Review B, 77:235215,
2008.

[44] Neil C. Greenham, Richard H. Friend, and Donal D. C.
Bradley. Angular dependence of the emission from a con-
jugated polymer light-emitting diode: Implications for effi-
ciency calculationsAdv. Mater., 6(6):491-494, 1994.

charge balance of fluorescent organic light-emitting devices [45] L. H. Smith, J. A. E. Wasey, I. D. W. Samuel, and W. L.

to achieve high external quantum efficiency beyond the

conventional upper limit. Advanced Materials, 24:1765—
1770, 2012.

[32] Ayataka Endo, Keigo Sato, Kazuaki Yoshimura, Takahiro

Kai, Atsushi Kawada, Hiroshi Miyazaki, and Chihaya
Adachi. Efficient up-conversion of triplet excitons into a
singlet state and its application for organic light emitting
diodes.Applied Physics Letters, 98(8):083302, 2011.

Barnes. Light out-coupling efficiencies of organic light-
emitting diode structures and the effect of photolumines-
cence quantum yield.Adv. Funct. Mater., 15(11):1839—
1844, 2005.

[46] Stefan Nowy, drg Frischeisen, and Wolfgang @ting.
Simulation based optimization of light-outcoupling in or-
ganic light-emitting diodesProc. SPIE, 7415(1):74151C—
9, 2009.

Copyright line will be provided by the publisher



physica status solidi (a), 210 (2013) 44-65

20

https://doi.org/10.1002/pssa.201228320

W. Briitting et al.: Device Efficiency of OLEDs

[47] KanchanSaxena, V.K. Jain, and Dalip Singh Mehta. A re-
view on the light extraction techniques in organic electro-
luminescent deviceOpt. Mater., 32(1):221 — 233, 2009.

[48] E.M. Purcell. Spontaneous emission probabilities at radio
frequenciesPhys. Rev., 69:681, 1946.

[49] K. H. Drexhage. Influence of a dielectric interface on fluo-
rescence decay timd. Lumin., 1-2:693-701, 1970.

[50] K. H. Drexhage. Interaction of light with monomolecular
dye layers.Prog. Optics, 12:165, 1974.

[51] R. R. Chance, A. Prock, and R. Silbey. Lifetime of an emit-
ting molecule near a partially reflecting surfack.Chem.
Phys., 60(7):2744-2748, 1974.

[52] R. R. Chance, A. Prock, and R. Silbey. Molecular fluo-
rescence and energy transfer near interfacsdv. Chem.
Phys., 37:1-65, 1978.

[53] W. Lukosz. Light emission by multipole sources in thin
layers. i. radiation patterns of electric and magnetic dipoles.
J. Opt. Soc. Am, 71:744-754, 1981.

[54] K. A. Neyts. Simulation of light emission from thin-film
microcavities.J. Opt. Soc. Am. A, 15:962-971, 1998.

[55] W. L. Barnes. Fluorescence near interfaces: The role of
photonic mode densityl. Mod. Opt., 45(4):661-699, 1998.

[56] J. A. E. Wasey and W. Barnes. Efficiency of spontaneous
emission from planar microcavitied. Mod. Opt., 47:725—
741, 2000.

[57] Malte C. Gather, Michael Bmmich, Norbert Danz, Dirk
Michaelis, and Klaus Meerholz. Measuring the profile
of the emission zone in polymeric organic light-emitting
diodes.Appl. Phys. Lett., 94(26):263301, 2009.

[58] T. D. Schmidt, D. S. Setz, M. Bmmich, J. Frischeisen,
D. Michaelis, B. Krummacher, N. Danz, and W.{Bting.
Evidence for non-isotropic emitter orientation in a red
phosphorescent organic light-emitting diode and its impli-
cations for determining the emitter’s radiative quantum ef-
ficiency. Appl. Phys. Lett., 99:163302, 2011.

[59] Michael FBmmich, Malte C. Gather, Norbert Danz, Dirk
Michaelis, Andreas H. Braeuer, Klaus Meerholz, and An-
dreas Tuennermann. Orientation of emissive dipoles in
OLEDs: Quantitative in situ analysi€rganic Electronics,
11(6):1039-1046, 2010.

[60] Michael FEmmich, Dirk Michaelis, and Norbert Danz. Ac-
cessing oled emitter properties by radiation pattern analy-
ses.Organic Electronics, 12(1):83-91, 2011.

[61] Chun-Liang Lin, Ting-Yi Cho, Chih-Hao Chang, and
Chung-Chih Wu. Enhancing light outcoupling of organic
light-emitting devices by locating emitters around the sec-
ond antinode of the reflective metal electrodgpl. Phys.
Lett., 88(8):081114-3, 2006.

[62] K. Celebi, T. D. Heidel, and M. A. Baldo. Simplified calcu-
lation of dipole energy transport in a multilayer stack using
dyadic Green’s functionsOpt. Express, 15(4):1762-1772,
2007.

[63] S.-Y Kim and J.-J. Kim. Outcoupling effciency of organic
light emitting diodes and the effect of ito thicknes®r-
ganic Electronics, 11:1010-1015, 2010.

[64] M. Flammich, M. C. Gather, N. Danz, D. Michaelis, and
K. Meerholz. In situ measurement of the internal lumines-
cence quantum efficiency in organic light-emitting diodes.
Applied Physics Letters, 95:263306, 2009.

Copyright line will be provided by the publisher

[65] DanielS. Setz, Tobias D. Schmidt, Michaelfhmich, Ste-
fan Nowy, drg Frischeisen, Benjamin C. Krummacher,
Thomas Dobbertin, Karsten Heuser, Dirk Michaelis,
Norbert Danz, Wolfgang Ritting, and Albrecht Win-
nacker. Comprehensive efficiency analysis of organic light-
emitting devicesJ. Photon. Energy, 1(1):011006, 2011.

[66] M. A. Baldo, S. Lamansky, P. E. Burrows, M. E. Thomp-
son, and S. R. Forrest. Very high-efficiency green or-
ganic light-emitting devices based on electrophosphores-
cence.Appl. Phys. Lett., 75(1):4—6, 1999.

[67] Jorg Frischeisen, Daisuke Yokoyama, Ayataka Endo, Chi-
haya Adachi, and Wolfgang Btting. Increased light out-
coupling efficiency in dye-doped small molecule organic
light-emitting diodes with horizontally oriented emitters.
Organic Electronics, 12(5):809-817, 2011.

[68] Michael Fmmich, &rg Frischeisen, Daniel S. Setz, Dirk
Michaelis, Benjamin C. Krummacher, Tobias D. Schmidt,
Wolfgang Biitting, and Norbert Danz. Oriented phos-
phorescent emitters boost oled efficien&rg. Electron.,
12:1663, 2011.

[69] K. Meerholz and D. C. Nller. Outsmarting waveguide
losses in thin-film light-emitting diodes. Adv. Funct.
Mater., 11(4):251-253, 2001.

[70] H. Greiner. Light extraction from organic light emitting
diode substrates: simulation and experimelun. J. Appl.
Phys., 46:4125-4137, 2007.

[71] H. Greiner. Light extraction from OLED®LED100 Sum-
mer School (Krutyn, June 2010, unpublished).

[72] Jens Meyer, Thomas Winkler, Sami Hamwi, Stephan
Schmale, Hans-Hermann Johannes, Thomas Weimann, Pe-
ter Hinze, Wolfgang Kowalsky, and Thomas Riedl. Trans-
parent inverted organic light-emitting diodes with a tung-
sten oxide buffer layer. Adv. Mater., 20(20):3839-3843,
2008.

[73] Mukul Agrawal, Yiru Sun, Stephen R. Forrest, and Pe-
ter Peumans. Enhanced outcoupling from organic light-
emitting diodes using aperiodic dielectric mirroré\ppl.
Phys. Lett., 90(24):241112, 2007.

[74] H. Riel, S. Karg, T. Beierlein, B. Ruhstaller, and W. Riel3.
Phosphorescent top-emitting organic light-emitting devices
with improved light outcoupling. Appl. Phys. Lett.,
82(3):466-468, 2003.

[75] H. Riel, S. Karg, T. Beierlein, W. Riess, and K. Neyts.
Tuning the emission characteristics of top-emitting organic
light-emitting devices by means of a dielectric capping
layer: An experimental and theoretical studyAppl. Phys.,
94(8):5290-5296, 2003.

[76] Michael Thomschke, Robert Nitsche, Mauro Furno, and
Karl Leo. Optimized efficiency and angular emission char-
acteristics of white top-emitting organic electroluminescent
diodes.Appl. Phys. Lett., 94(8):083303, 2009.

[77] Simone Hofmann, Michael Thomschke, Patricia Freitag,
Mauro Furno, Bprn Liissem, and Karl Leo. Top-emitting
organic light-emitting diodes: Influence of cavity design.
Appl. Phys. Lett., 97(25):253308, 2010.

[78] L.H. Smith and W.L. Barnes. Using a low-index host layer
to increase emission from organic light-emitting diode
structures Org. Electron., 7(6):490-494, 2006.

[79] T. Nakamura, N. Tsutsumi, N. Juni, and H. Fuijii. Thin-film
waveguiding mode light extraction in organic electrolumi-



physica status solidi (a), 210 (2013) 44-65 https://doi.org/10.1002/pssa.201228320

pss header will be provided by the publisher 21
nescentevice using high refractive index substrajeur- [96] W. L. Barnes. Electromagnetic crystals for surface plasmon
nal of Applied Physics, 97:054505, 2005. polaritons and the extraction of light from emissive devices.

[80] Georg Gaertner and Horst Greiner. Light extraction from J. Lightwave Technology, 17:2170-2182, 1999.
OLEDs with (high) index matched glass substratesoc. [97] S. Wedge, A. Giannattasio, and W.L. Barnes. Surface
SPIE, 6999(1):69992T-11, 2008. plasmon-polariton mediated emission of light from top-
[81] Saso Mladenovski, Kristiaan Neyts, Domagoj Pavicic, emitting organic light-emitting diode type structure3rg.

Ansgar Werner, and Carsten Rothe. Exceptionally efficient Electron., 8(2-3):136—-147, 2007.
organic light emitting devices using high refractive index 98] Julian Hauss, Boris Riedel, Sebastian Gleiss, UIf Geyer, Uli

substratesOpt. Express, 17(9):7562—7570, 2009. Lemmer, and Martina Gerken. Periodic nanostructuring for
[82] C. F. Madigan, M.-H. Lu, and J. C. Sturm. Improve- guided mode extraction in organic light-emitting diodas.
ment of output coupling efficiency of organic light-emitting Photon. Energy, 1(1):011012, 2011.

fie?t(tje$6t())1/3t))i%k58(i)di655u2bszt:)egg modificatioppl. Phys. [99] B. J. Scholz, J. Frischeisen, A. Jaeger, D. S. Setz, T. Reusch,
[83] S. Moller and S. R. Forrest. Improved light out-coupling in ggglc\/\lllgﬁ:] (tet::i%t.ing;E)c(iti:)a(le;I;?/i:fhisgurf?rlc deeflssg;)?irr]:g)ﬁt or
organic light emitting diodes employing ordered microlens Express, 20:A205, 2012.

arrays.J. Appl. Phys., 91(5):3324-3327, 2002. . . . .
[84] Takashi Yamasaki, Kazuhiro Sumioka, and Tetsuo Tsutsui.[lool Erwin Kretschmann. Die Bestimmung optischer
Konstanten von Metallen durch Anregung von

Organic light-emitting device with an ordered monolayer berfichenol hwi hvsi .
of silica microspheres as a scattering mediukppl. Phys. OberfachenplasmaschwingungenZ. Physik 241:313-

Lett., 76(10):1243-1245, 2000. 324,1971. o _

[85] Boris Riedel, Inga Kaiser, Julian Hauss, Uli Lemmer, and [101] G. Winter and W. L. Barnes. Emission of light through
Martina Gerken. Improving the outcoupling efficiency thin silver films via near-field coupling to surface plasmon
of indium-tin-oxide-free organic light-emitting diodes via polaritons.Appl. Phys. Lett., 88(5):051109-3, 2006.
rough internal interfaces Optics Express, 18(23):A631— [102] W. Briltting, J. Frischeisen, B. J. Scholz, and T. D. Schmidt.
A639, 2010. More light from organic light-emitting diode&urophysics

[86] John M. Lupton, Benjamin J. Matterson, Ifor D. W. Samuel, News, 42 (4):20, 2011.

Michael J. Jory, and William L. Barnes. Bragg scatter- [103] Kun-Cheng Tien, Ming-Shiang Lin, You-Heng Lin, Chih-
ing from periodically microstructured light emitting diodes. Hung Tsai, Ming-Hung Shiu, Ming-Chi Wei, Hsing-Chieh
Appl. Phys. Lett., 77(21):3340-3342, 2000. Cheng, Chun-Liang Lin, Hao-Wu Lin, and Chung-Chih

[87] Yiru Sun and Stephen R. Forrest. Enhanced light out- Wu. Utilizing surface plasmon polariton mediated energy
coupling of organic light-emitting devices using embedded transfer for tunable double-emitting organic light-emitting
low-index grids.Nature Photon., 2(8):483—-487, 2008. devices.Org. Electron., 11(3):397 — 406, 2010.

[88] Won Hoe Koo, Soon Moon Jeong, Fumito Araoka, Ken [104] Ji-Seon Kim, Peter K. H. Ho, Neil C. Greenham, and
Ishikawa, Suzushi Nishimura, Takehiro Toyooka, and Richard H. Friend. Electroluminescence emission pattern
Hideo Takezoe. Light extraction from organic light- of organic light-emitting diodes: Implications for device
emitting diodes enhanced by spontaneously formed buck- efficiency calculations.J. Appl. Phys., 88(2):1073-1081,
les. Nature Photon., 4(4):222-226, 2010. 2000.

[89] S. Wedge, I. R. Hooper, |. Sage, and W. L. Barnes. Light[105] Jorg Frischeisen, Daisuke Yokoyama, Chihaya Adachi,
emission through a corrugated mete}l film: The role of and Wolfgang Biitting. Determination of molecular di-
cross-coupled surface plasmon polaritorhys. Rev. B, pole orientation in doped fluorescent organic thin films
69(24):245418-8, 2004. by photoluminescence measuremensppl. Phys. Lett.,

[90] Heinz Raether.Surfac_e Plasmc_)ns on Smooth and Rough 96(7):073302, 2010.
Surfaces and on Gratings. Springer, 1988.

[91] Stefan Alexander MaierPlasmonics: Fundamentals an
Applications.Springer, 2007.

[92] Harry A. Atwater. The promise of plasmonic&cientific
American, 296(4):56-63, 2007.

[93] P. Andrew and W. L. Barnes. Energy transfer across a
metal film mediated by surface plasmon polaritorfci-

d [106] W. H. Weber and C. F. Eagen. Energy transfer from an
excited dye molecule to the surface plasmons of an adjacent
metal. Optics Letters, 4:236—238, 1979.

[107] Daisuke Yokoyama, Akio Sakaguchi, Michio Suzuki, and
Chihaya Adachi. Horizontal orientation of linear-shaped
organic molecules having bulky substituents in neat and

ence, 306(5698):1002-1005, 2004. doped vacuum-deposited amorphous fill@sg. Electron.,
[94] Jorg Frischeisen, Bert J. Scholz, Benedikt J. Arndt, To- 10(1):127 - 137, 2009.

bias D. Schmidt, Robert Gehlhaar, Chihaya Adachi, and[108] Rico Meerheim, Mauro Furno, Simone Hofmannpij

Wolfgang Bititting. Strategies for light extraction from sur- Lussem, and Karl Leo. Quantification of energy loss mech-

face plasmons in organic light-emitting diodek.Photon. anisms in organic light-emitting diode#ppl. Phys. Lett.,

Energy, 1(1):011004, 2011. 97(25):253305, 2010.

[95] Jorg Frischeisen, Quan Niu, Alaa Abdellabrd B. Kinzel, [109] Mauro Furno, Rico Meerheim, Simone Hofmannpi®y
Robert Gehlhaar, Giuseppe Scarpa, Chihaya Adachi, Paolo Liissem, and Karl Leo. Efficiency and rate of spontaneous

Lugli, and Wolfgang Biitting. Light extraction from sur- emission in organic electroluminescent devidekys. Rev.
face plasmons and waveguide modes in an organic light- B, 85:115205, 2012.

emitting layer by nanoimprinted gratingsOpt. Express, [110] Tobias D. Schmidt, Michael &nmich, Bert J. Scholz, Dirk
19(S1):A7-A19, 2011. Michaelis, Christian Mayr, Norbert Danz, and Wolfgang

Copyright line will be provided by the publisher



physica status solidi (a), 210 (2013) 44-65 https://doi.org/10.1002/pssa.201228320

22 W. Briitting et al.: Device Efficiency of OLEDs

Briitting. Non-isotropic emitter orientation and its im-
plications for efficiency analysis of organic light-emitting
diodes.Proc. SPIE, 8435:843513, 2012.

Copyright line will be provided by the publisher





