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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 emitters and the enhancement of light outcoupling remain
challenges for further device improvements. Here, we
review the working principles of OLEDs and highlight
ongoing efforts to improve their efficiency, in particular
by coupling out more light.
Photograph of 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.
Copyright line will be provided by the publisher

1 Introduction The availability of artificial light has
been a seminal cultural development of mankind. After
open fires for thousands of years, the introduction of electricity 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 to
the need for technologies that convert electricity more efficiently into visible light. Besides fluorescent lamps, which
are already well established in the market, the availability
and progress in white light-emitting diodes, both inorganic
and organic, over the last decade has lead to a new lighting technology called solid-state lighting [1]. Its working
principle, namely the radiative recombination of injected
electron-hole pairs in a solid, a process termed electroluminescence, is fundamentally different from thus far existing techniques and holds the promise for highly efficient,
long-lived and environmentally friendly light sources. In
contrast to their inorganic counterparts, organic light-

emitting diodes (OLEDs) are flat and thin large-area light
sources that could rather lead to complementary luminaires
than competitors to existing technologies.
Historically speaking, electroluminescence in organic
molecular crystals dates back to the early 1960s [2, 3],
however, 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
Cambridge University in 1990 [5] making use of a solution processed conjugated polymer. Inspired by these publications, intense research and development has lead to the
introduction of first commercial products based on OLED
displays in the late 1990s. Since 2000, however, the focus
in many laboratories shifted towards OLEDs for lighting
applications, i.e. to white OLEDs. After steady improvements in efficiency and lifetime over the years, the commercialization of OLEDs for general lighting has just recently started [6].
Copyright line will be provided by the publisher
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Figure 1 Simplified illustration of a three-layer OLED stack.
ETL, EML and HTL denote the electron transport layer, the emission layer(s) and the hole transport layer, respectively. In order to
obtain light emission, a positive voltage must be applied to the
anode, which often consists of optically transparent indium-tin
oxide (ITO).

The scope of this article is to present the working principles of OLEDs and to review ongoing efforts to improve
their efficiency, in particular through enhanced light outcoupling. Thereby we will restrict ourselves to devices fabricated by vacuum deposition of low-molecular weight materials (small molecules). Nevertheless, most of the following discussion is equally valid for polymer OLEDs where
thin films are prepared by solution processing of large
macromolecules. For an overview of various technical aspects of OLED fabrication and the current state of the art
of white OLEDs for lighting applications see, e.g., Ref. [7–
11].
2 OLED Operation
2.1 OLED Architecture and Stack Layout In prin-

ciple, an OLED can consist of only one organic layer sandwiched between two electrodes, i.e. the anode and the cathode [5]. However, a multilayer OLED made of several different functional organic layers is superior in terms of efficiency and lifetime because the properties of the individual layers can be tuned through the proper choice of
materials. A typical stack layout of such an OLED is displayed in Fig. 1. The positively biased anode is required
in order to inject holes into the hole transport layer (HTL).
Similarly, electrons are injected from the cathode into the
electron transport layer (ETL). The emission layer (EML)
comprises one or more dyes emitting light in different regions of the visible spectrum. High-efficiency OLEDs often contain several additional layers like separate blocking
and injection layers.
The most common substrate material is glass, but it is
also possible to employ other materials, like polymer or
metal foils or semiconductor substrates. One of the two
metallic or metallic-conducting electrodes must be semitransparent so that the produced light can leave the device
either to the substrate side (bottom emission) or through
the upper electrode (top emission). Frequently, the anode
of an OLED consists of indium-tin oxide (ITO), which is
Copyright line will be provided by the publisher

highly transparent and shows a good electrical conductivity. In general, anode materials need a high work function
which also makes metals like gold a suitable choice. For
the cathode, low work function metals like calcium or magnesium are often used in combination with highly reflective
and less reactive metals like aluminum or silver.
Since many organic materials and low work function
metals are not stable under ambient conditions [12], i.e.
they react with oxygen and moisture, it is necessary to protect the materials with an encapsulation. The most common
method utilizes a cover glass that is glued to the substrate,
thus creating a cavity filled with inert gas or a desiccant
acting as a getter to absorb small amounts of oxygen and
water that penetrate through the encapsulation in the course
of time. The active area of the OLED is defined as the overlap 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 typical dimensions of a few mm2 . In industrial prototypes the
active area of the OLEDs has already been scaled-up to
sizes in the range 0.1 - 1 square meters. The thickness of
the organic layers is typically in the range between 10 and
a few hundred nanometers.
2.2 Working Principles of OLEDs The basic processes
in an OLED under operation are illustrated in Fig. 2 for
a device with three organic layers. An external voltage
source of typically a few volts is applied to the device
so that the two types of charge carriers are injected from
the opposite electrodes, i.e. electrons from the cathode
and holes from the anode, and drift towards each other.
When the initially free electrons and holes meet, they form
strongly bound electron-hole pairs (excitons) in the emission layer, which then may decay radiatively and emit
photons. In detail, the whole process can be separated into
four fundamental steps as denominated in Fig. 2:
(1)Injection of electrons and holes at the electrodes
(2)Transport of charge carriers through the organic layers
(3)Formation of bound electron-hole pairs (excitons)
(4)Radiative exciton decay and emission of light
One distinct difference between OLEDs based on
molecular materials and polymer OLEDs is the extend
and location of the recombination zone inside the device.
While in the latter case the emission zone is spread over a
sizeable fraction of the light-emitting polymer layer (depending of course on the detailed material properties) [17],
in small molecule OLEDs the generation of light can be
confined by a proper choice of materials with suitable energy levels and layer thicknesses to a relatively narrow
zone sandwiched between HTL and ETL. Moreover, if
doped hole and electron injection layers are used [18],
this region can be placed at almost arbitrary distance away
from the electrodes. This is favorable because recombination near the electrodes usually causes quenching and
therefore a reduction in efficiency. Further on, as will be
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-

lustrating the basic processes of electroluminescence. Electrons
are injected from the cathode into the lowest unoccupied molecular orbital (LUMO) of the ETL, holes from the anode into the
highest occupied molecular orbital (HOMO) of the HTL. Since
the anode and cathode have different work functions ΦA and ΦC ,
respectively, a built-in voltage ΦBI exists in the device, which
has to be overcome by an external voltage V before current can
flow through the device. If materials are properly chosen, recombination of electrons and holes will be confined to the EML and
the flow of excess carriers not recombining will be minimized. It
should be noted that owing to disorder the energy levels of all involved states are not discrete but distributed in energy, thus leading to important consequences for charge carrier transport and recombination. (For further details on this aspect, we refer to the literature, e.g. [13, 14].) In addition, the possibility of trap-assisted
recombination (e.g. [15]) is not included in this diagram. Furthermore, vacuum level shifts and other effects occurring at interfaces
between different materials (see e.g. [16]) are not taken into account.

dom is a handle to improve OLEDs with respect to light
outcoupling by making use of optical interference effects.
2.3 OLED Materials The development of OLEDs has
been enabled by and will continue to rely on the availability of tailor-made functional organic materials that can be
applied to well-controlled thin films. Thereby the requirements to the materials are manifold: starting from processibility and film formation, via electrical transport to optical
properties. The key factor is obviously the availability of
efficient and stable light emitters in the full visible spectral range. In this respect one has to distinguish between
fluorescent and phosphorescent materials. A seminal step
was the introduction and further development of emitters
based on heavy-metal centred metal-organic complexes, as
shown in Fig. 3. In these compounds strong spin-orbit coupling mixes singlet and triplet states much more than in
pure hydrocarbons, so that phosphorescence becomes an
allowed transition [19]. In the meantime, impressive efficiency data have been published for OLEDs based on these
materials [11, 20, 21], however, the bottleneck is still the
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Figure 3 Selection of organic materials used for OLEDs that

are discussed in this article. TPD, α-NPD and S-TAD are hole
transport materials. Alq3 , BCP and BPhen are electron transport materials, with Alq3 often being used as green fluorescent emitter material, too. CBP serves as matrix material for
the green phosphorescent emitter Ir(ppy)3 or the two blue fluorescent emitters BDASBi and PEBA. The red phosphorescent
emitter Ir(MDQ)2 (acac) is doped into an α-NPD host layer. PEDOT:PSS is a conducting polymer that can be used as hole injection layer, because it effectively increases the work function of
ITO and serves as a planarization layer.

limited availability and stability of deep-blue phosphorescent emitters.
A selection of common organic materials that were
used for fabricating OLEDs in our group are displayed in
Fig. 3. Fig. 4 shows electroluminescence characteristics of
two prototypical OLEDs, one with the fluorescent emitter
Alq3 and the other one with the phosphorescent material
Ir(ppy)3 . Both will serve as reference devices throughout
this article.
2.4 White OLEDs One of the peculiarities of organic
emitters is their intrinsically broad luminescence spectrum.
By the combination of several organic emitters with different emission colour it is possible to generate light spreading over the whole visible spectral range, thus having an
excellent colour rendering index (CRI), i.e. the ability to
reproduce the colour of illuminated objects. There are several methods in order to create such white OLEDs. The first
report dates back to 1994, when a Japanese group combined red, green and blue (RGB) laser dyes in a common
matrix and achieved light emission over a broad spectral
range [22]. Despite its simplicity in preparation, achieving
white light emission with good and stable colour quality in
this way is not that straightforward, because charge recomCopyright line will be provided by the publisher
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Figure 4 Layer structures of two prototypical OLEDs with Alq3

as fluorescent and Ir(ppy)3 as phosphorescent green emitters, respectively. Also shown are their current-voltage-luminance characteristics as well as their electroluminescence emission spectra
and their efficiency.

bination and energy transfer processes between the different dyes need to be well controlled. Thus it is nowadays
more common to employ distinct emission layers for RGB
that can either be directly stacked on top of each other in
one OLED (see Fig. 1) or in three separated OLEDs - one
for each colour - that are in turn vertically stacked by optically transparent electrical interconnecting units. In addition, white light from OLEDs may be produced similar to
inorganic LEDs, i.e. by combining a blue OLED with either red and green or yellow colour conversion layers [23].
Depending on the method and the choice of materials it is
thus possible to cover a large variety of colours and colour
temperatures within the CIE 1931 colour space (Commission internationale de l’éclairage). Further details about
different concepts of white OLEDs and the current state of
the art can be found in Refs. [8–11].
3 Electroluminescence Quantum Efficiency
3.1 Factors Determining the EQE Apart from its

spectral characteristics, the most important parameter characterizing an OLED is the external electroluminescence
quantum efficiency (EQE) that describes the ratio between
the number of emitted photons and injected charge carriers
[24]:
ηEQE = γ · ηS/T · qeff · ηout .
(1)
Therein γ is the charge carrier balance factor, describing
whether or not equal amounts of electrons and holes are
injected and what fraction of them recombines to form
an exciton. The second factor ηS/T gives the fraction of
excitons that is allowed to decay radiatively by spin statistics. The third factor qeff indicates how many of the
spin-allowed excitons actually do decay by emitting a
photon (instead of dissipating the excitation energy nonradiatively to their environment). Finally, the last factor
ηout determines which fraction of the generated photons
are in the end able to leave the device to the outside world.
Hence the external quantum efficiency can be split into an
Copyright line will be provided by the publisher

internal quantum efficiency ηIQE = γ · ηS/T · qeff times the
outcoupling factor ηout .
In detail (see Fig. 2), the charge carrier balance γ depends on the numbers of electrons and holes that are injected and the fraction of them, which is consumed by recombination:
jR
γ=
,
(2)
jtot
with jtot = jh + je0 = je + jh0 being the total current
density and jR = jh − jh0 = je − je0 the recombination
current density. Therein jh,e are the injected hole and electron currents, respectively, and the primed quantities are
the corresponding fractions of carriers leaving the device at
the opposite electrode without recombination. Under ideal
conditions the latter will be zero and consequently γ = 1.
However, if there is an imbalance of the numbers of injected electrons and holes or if recombination is not complete then there is excess of charge carriers that does not
contribute to the production of light, and the efficiency of
the OLED is reduced. In small molecule multilayer OLEDs
the charge carrier balance can be brought close to unity by
using doped transport layers and additional selective carrier and exciton blocking layers [18, 25].
The so-called singlet/triplet factor ηS/T describes the
probability for the formation of an exciton that is allowed
to decay radiatively according to the spin selection rules.
Under electrical operation, singlet and triplet excitons are
formed by recombination of electrons and holes, each of
them carrying spin 21 . The probability of forming a triplet
exciton with total spin S = 1 is statistically three times
higher than the probability of forming a singlet exciton
with S = 0, because the spin orientations of the injected
electrons and holes are random and every triplet state is
threefold degenerate. Therefore, ηS/T is believed to have a
value of 25 % for fluorescent emitters which only make use
of singlet excitons, while it can be 100% for phosphorescent emitters, where both singlets and triplets contribute to
light emission [26, 27].
We note that even for singlet emitters ηS/T might be
enhanced beyond 25% by triplet-triplet annihilation (TTA)
[28–31] as well as thermally activated triplet-to-singlet
up-conversion [32, 33] in certain material systems. In the
context of conjugated polymer systems, there has been
a debate whether ηS/T might intrinsically be larger than
25 % (even in the absence of TTA) [34–36], however,
recent results indicate that this is probably not the case
[37]. As will be discussed below, an unambiguous assignment requires a careful efficiency analysis including
effects of non-isotropic orientation of the light-emitting
chromophores. All in all, a significant efficiency enhancement can be obtained by using phosphorescent materials,
hence ηS/T can be raised to 1 [19, 38].
The effective radiative quantum efficiency qeff is derived from the intrinsic radiative quantum efficiency q
of the emitter material, which is obtained if the emitting
species is surrounded by an unbounded medium in the
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limit of very low excitation densities. Usually the photoluminescence quantum efficiency measured by using a thin
film of the emitter embedded in the same matrix as in the
OLED comes close to this value. Per definition q is given
as
Γr
q=
,
(3)
Γr + Γnr
where Γr is the radiative decay rate of the excited state and
Γnr is the sum of all competing non-radiative decay rates.
It is apparent that every non-radiative contribution to the
exciton decay reduces the radiative quantum efficiency. In
addition, in an OLED environment the presence of stratified media with different refractive indices as well as the
vicinity to metallic electrodes lead to a modification of the
radiative decay rate of an exciton via the Purcell effect:
Γr → Γr∗ = F · Γr (with F being the Purcell factor) [39–
41]. By contrast, the non-radiative decay rates, e.g. the dissipation of excitation energy into heat, are not affected by
the cavity environment [42]. Thus, the effective radiative
quantum efficiency qeff can be defined as

Surface plasmons
Cathode
Waveguided
modes

Emitter

f

Organic layers
Anode

Emission to
substrate

Substrate
Glass prism

Emission to air

Figure 5 Schematic illustration of an OLED showing different

optical loss channels. Without outcoupling enhancement, only a
small fraction of light is directly emitted to air as shown in the left
part of the figure. By applying a macro-extractor, e.g. an indexmatched glass hemisphere, also the substrate emission can be extracted (cf. the right half of the figure).
Surface plasmons: 43.7 %
Waveguide modes: 11.0 %

qeff

Γ∗
F · Γr
= ∗ r
=
.
Γr + Γnr
F · Γr + Γnr

(4)
Absorption: 5.7 %

Depending on the details of the layer stack, the cavity effect can either increase or reduce qeff with respect to the
intrinsic value q. Consequently, the optimization of the
OLED cavity is very important not only in terms of the
light outcoupling efficiency, as will be discussed below,
but also to enhance the radiative decay processes in cases
where the emitter does not a priori have q = 1. And even
if q is close to 1, one has to be aware that in an operating device the radiative quantum efficiency can be significantly reduced by bimolecular quenching of excitons or
interactions with charge carriers at high current densities
[43]. This is especially relevant for long-lived triplet excitons (triplet-triplet quenching, triplet-polaron quenching)
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 if
non-radiative exciton quenching processes are suppressed
[25]. Nevertheless, only a fraction of the light will in the
end be able to leave the device to the outside world. The
reason is that light is generated in a region of the OLED
stack with higher refractive index than the glass substrate
and, obviously, ambient air. In a simple model based on ray
optics the light outcoupling efficiency is given by [44]:
ηout =

1
,
2n2

(5)

where n denotes the (average) refractive index of the organic layer stack. With typical values of n = 1.6 − 1.8 one
immediately finds that only between 15 and 20% of the optical power is actually extracted from an OLED. However,

Emission to substrate: 24.3 %

Emission to air: 15.3 %

Figure 6 Amount of power coupled to different optical chan-

nels in the prototypical Alq3 OLED from Fig. 4. The numbers
are obtained by integrating each region in the power dissipation
spectrum shown in Fig. 8(a). In this diagram, a radiative quantum
efficiency of q = 1 is assumed. The influence of q-values below
unity are discussed in the text.

this should only be taken as a rough estimation; a more sophisticated analysis has to take the coupling of the excited
molecules to the modes of the OLED cavity into account,
as will be discussed in detail in the next section.
4 Fundamentals of Light Outcoupling in OLEDs
4.1 Optical Loss Channels As already mentioned

above, a ray optical model can only give a rough estimate of the light extraction efficiency ηout of an OLED.
For a more accurate treatment wave optical methods are
required, which will be addressed in this section. An excited molecule can couple to different optical modes in
such a thin film structure (see Fig. 5). Viewed from the
emitter position the light escape cone has an opening angle of some 30◦ with respect to the surface normal and
the energy contained in it typically amounts to less than
20% of the total energy. This is followed by the contribution of substrate modes, where total internal reflection at
the glass-air interface is the limiting process. This contribution is comparable in energy also at around 20%. For
higher emission angles the light can not even reach the
glass substrate, but is wave-guided in the organic layers
(including the transparent indium-tin oxide electrode) and
Copyright line will be provided by the publisher
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in the end lost by residual absorption or edge emission.
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. Quantitative calculations, treating the emitting molecules as classical 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 Alq3 OLED stack discussed before in Fig. 4. Note that this chart is obtained with
a radiative quantum efficiency q = 1. It thus describes the
maximum light outcoupling of the stack under ideal conditions. The given numbers are valid regardless if the emitter
is fluorescent (e.g. Alq3 ) or phosphorescent (e.g. Ir(ppy)3 ),
as long as the layer stack has comparable thicknesses and
refractive indices and the emission spectra are not too different. Given the low number of directly emitted light, it is
therefore not surprising that developing new concepts for
improving light extraction efficiency has been a major issue over recent years (for an overview see, e.g. Ref. [47]).
Some of these approaches (including our own results) will
be presented in section 5.
4.2 Optical Modeling of OLEDs Fluorescence and
phosphorescence of excited molecules are not intrinsic
properties of a material, but are modified by the optical
environment of the emitting species. Originally discovered for magnetic resonance, this so-called Purcell effect
[48] has been found to be relevant also in experiments
with fluorescent molecules near interfaces [49,50]. After
its experimental demonstration Chance, Prock and Silbey
(CPS) developed a theoretical framework by applying the
classical theory of an oscillating electrical dipole near a
dielectric interface to the problem of molecules fluorescing near a surface [51,52]. Thereby they made use of the
fact that the probability for the emission of a photon by
an excited molecule via a dipole transition is equivalent
to the power radiated by a classical dipole antenna. The
formalism has later on been extended to structures where
the emitter is embedded in a layer stack with multiple
interfaces [53] and to microcavity structures [54,55].

Here we follow the approach by Wasey and Barnes
[56], where the problem of an incoherent ensemble of dipole emitters being embedded in a planar thin-film structure is solved by a plane wave expansion of the electric field with appropriate consideration of the electromagnetic boundary conditions (see Fig. 7). Formally the whole
OLED stack is split into an upper and a lower half with
respect to the emitter position and the propagation of radiation in both directions is calculated by taking into account the Fresnel reflection and transmission coefficients
at the involved interfaces. Key parameters entering into the
model are the position (z) of the emitter with respect to interfaces (in particular the highly reflective cathode in bottom emitting structures), the emitter orientation (Θ), the
thicknesses (d) and optical constants (refractive index n,
Copyright line will be provided by the publisher
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Figure 7 Schematic illustration of an oscillating electrical dipole

embedded in a dielectric layer, which is sandwiched between two
interfaces. The upper material is assumed to be a metal, so that
surface plasmon polaritons are supported at this interface. The
other parameters are the layer thickness d, the distance z of the
dipole to the metal, its relative orientation Θ to the surface normal, the wave vector k and its in-plane component kk . The quantum mechanical analogue is a two-level system consisting of the
energy levels of the excited state of the molecule and the ground
state with radiative and non-radiative decay rates between them,
leading to a finite lifetime of the excited state. Note that if the
dipole is embedded in a cavity, the radiative rate will be modified
to become Γr∗ = F · Γr (with F being the Purcell factor, see text)
and the excited state lifetime accordingly τ = (Γr∗ + Γnr )−1 .

extinction coefficient κ) of all involved layers and the intrinsic radiative quantum efficiency (q) of the emitter (often
embedded in a matrix material). The presence of the OLED
cavity now has a twofold effect on the properties of light
emission with respect to the case when the emitter resides
in an infinite medium with the same index of refraction:
It will modify the radiative decay rate of the emitter (thus
leading to an effective radiative quantum efficiency qeff in
Eq. 1) and it will redistribute the optical power between
different channels (thus determining the light outcoupling
factor ηout ).
According to Ref. [56] the relative decay rate (Γ/Γ0 )
of an ensemble of isotropically oriented and mutually incoherent dipoles emitting at a single wavelength λ takes the
following form:
Z ∞
Γ
P̃ =
= (1 − q) + q ·
P (kk , λ, z) dkk .
(6)
Γ0
0
Therein Γ = Γr∗ + Γnr is the decay rate of the emitter
modified by the presence of the cavity, Γ0 = Γr + Γnr is
the original decay rate without a cavity, q is the intrinsic
radiative quantum efficiency (again for the emitter in a homogeneous unbounded medium) and P is the layer specific
power dissipation function depending on the in-plane wave
vector kk , the wavelength λ and the emitter position within
the layer stack denoted by z. For the sake of simplicity we
will always use a discrete emitter position, i.e. an infinitely
sharp recombination zone inside the OLED. This assumption is not so far from reality for small molecule OLEDs,
where the exciton formation zone is confined by using a
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According to Eq. 6 this power dissipation spectrum can
now be used to calculate the total relative decay rate by
integrating over all relevant wavelengths (between λ1 =
400 nm and λ2 = 800 nm) and in-plane wave vectors:
Z λ2
Z ∞
P̃tot = (1 − q) + q ·
S(λ)
P (kk , λ, z) dkk dλ
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Figure 8 (a) Simulation of the total dissipated optical power for

the Alq3 OLED shown in Fig. 4. The emitter position is assumed
at the interface between Alq3 and S-TAD. The result is shown for
an isotropic dipole orientation. Red and yellow areas indicate a
high amount of dissipated power. The dashed white lines divide
the graph into four regions: (1) emission into air, (2) emission
into substrate, (3) waveguide modes and (4) coupling to surface
plasmons. (b) Cross section of (a) at a wavelength of 510 nm, i.e.
at the emission maximum. The upper axis shows the normalized
in-plane wave vector with respect to the vacuum wave vector at a
wavelength of 510 nm. (See also Ref. [40]).

thin dye-doped emission layer surrounded by selective carrier blocking layers. It is, however, quite straightforward
to extend the formalism to an extended emission zone by
introducing some distribution function in z and averaging
over all emitter positions (see e.g. [17,57]). The same holds
for the emitter orientation. The calculation is actually performed for the three fundamentally different dipole orientations:
–P⊥,TM : dipoles oriented perpendicular to the substrate
plane (vertical), which emit p-polarized (transverse
magnetic (TM)) light
–Pk,TM : dipoles oriented parallel to the substrate plane
(horizontal), which emit p-polarized (transverse magnetic (TM)) light
–Pk,TE : dipoles oriented parallel to the substrate plane
(horizontal), which emit s-polarized (transverse electric (TE)) light
For symmetry reasons, the contributions of the two horizontal dipole components are equal, so that in the case of
a random distribution of dipole orientations P is given as
P(iso) = 13 P⊥ + 32 Pk . If not otherwise stated, we will in the
following assume isotropic emitter orientation. The effect
of non-isotropic orientation on the light outcoupling efficiency will be discussed separately at the end of section 5.
Fig. 8 shows the power dissipation spectrum corresponding to the prototypical OLED stack shown in Fig. 4,
where the emission is assumed to take place in Alq3 directly at the interface to the HTL. Furthermore we have
used a hypothetical radiative quantum efficiency q = 1 and
weighted the simulation results for different wavelengths
between 400 and 800 nm with the normalized photoluminescence spectrum S(λ) of the emitter. Also shown in the
figure is a cross section at a wavelength of 510 nm, where
the different optical loss channels can be clearly identified.

0

≡ (1 − q) + q · F.

(7)

The latter equivalence follows from the definition of the
decay rates in free space Γ0 = Γr + Γnr and inside the
cavity Γ = Γr∗ +Γnr = F ·Γr +Γnr . Thus the integral of the
spectrally weighted power dissipation directly yields the
Purcell factor F . With that the effective radiative quantum
efficiency of the emitter in the OLED cavity is given by:
qeff
F · (Γr + Γnr )
Γ0
F
=
=F·
=
. (8)
q
F · Γr + Γnr
Γ
(1 − q) + q · F
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
orientations (x, y being parallel to the substrate plane, and
z being perpendicular to it) and by taking deviations from
randomness into account via an orientation anisotropy factor θ so that F in the previous expression is replaced by
F (θ) (for details see Ref. [58]):
F (θ) ≡

1−θ
· (Fx + Fy ) + θ · Fz .
2

(9)

Thereby θ denotes the fraction of vertical dipoles: θ = 1/3
for isotropic orientation, θ = 0 for completely horizontal (x-y-plane) orientation and θ = 1 for fully vertical (zdirection) emitter orientation, respectively.
We note that in this terminology the coupling of the
excited molecules to modes of the cavity that do a priori
not radiate into the far-field, such as waveguide modes or
surface plasmons, are radiative processes, since they contribute to F and thus change the radiative decay rate Γr .
(Also note that in practice the integration over kk is only
carried out up to a finite cutoff value, where the contribution of surface plasmons has dropped to sufficiently small
values (in most cases at around 4 × 107 m−1 )).
The simulated power dissipation spectrum can furthermore be used to calculate the fraction of power of the dipole that goes into different optical channels as discussed
in the previous section:
Z λ2
Z ku
P̃mode = q ·
S(λ)
P (kk , λ, z) dkk dλ, (10)
λ1

kl

with suitable lower (kl ) and upper (ku ) integration limits
for each channel. For this purpose the spectrum shown in
Fig. 8 has to be subdivided into different regions according to the allowed range of the in-plane wave vector of
the radiation to be able to couple to distinct optical modes.
E.g. for direct emission into air (P̃air ) the in-plane wave
Copyright line will be provided by the publisher
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4.3 Simulation-based Optimization of OLED
Layer Stacks The real benefit of optical simulations

is to study and optimize OLED stacks without the need
for elaborate and time-consuming experiments. In this section, the prototypical Alq3 OLED introduced in Sec. 2
will be investigated in terms of thickness variations of the
electron transport layer (ETL) and hole transport layer
(HTL). This basically corresponds to a variation of the distance between the emitter position and the interfaces to the
metallic electrode and the glass substrate. Thus, the cavity
will be strongly modified, which results in changes of the

(b)
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p-pol. without prism

Angle

Wavelength (nm)
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800
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(e)
Measurement
750 Measurement
s-pol. without prism
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650
600
550
500
450
400
0° 15° 30° 45° 60° 75° 90° 0° 15° 30° 45° 60° 75° 90°

(11)

from which the outcoupling factor (for direct emission to
air) is easily obtained, if qeff is known from Eq. 8.
As an example, Fig. 6 shows a pie chart of the different fractions of power to which the emitting molecules in
a prototypical OLED dissipate their excitation energy. Obviously, the afore mentioned 1/(2n2 ) estimation based on
ray optics is not that far from the calculated value of about
15% for the air mode. However, this is due to the fact that
the distance of the emitter to the cathode was chosen not
too far from the values favorable for light outcoupling (see
also Fig. 12). As will be shown below, this number can vary
strongly if the spacing between the emitter and a metallic electrode is varied. It is further evident from this chart
that the amount of light that is accessible directly and via
substrate light extraction is limited to about 40% in this
particular OLED stack. The biggest loss is the coupling to
surface plasmons, amounting to more than 40% of the total
power.
In order to verify simulation results with experimental
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. 1 ηEQE is a product of four factors
so that additional assumptions are necessary. On the other
hand one can also use angular and polarization dependent emission spectra containing much more information.
Figs. 9 and 10 show a comparison of measured and simulated spectra where all observed features (in particular
the appearance of an s-polarized substrate mode) are well
reproduced. Moreover, a detailed analysis of the angular
emission spectra allows to recalibrate the layer thicknesses
of the OLED stack (as shown in Fig. 10) and to determine
the spatial extend of the emission profile as well as the orientational distribution of the transition dipole moments being particularly important in polymer OLEDs [17, 57, 59,
60].
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Figure 9 Simulation (upper row, a-d) and measurement (lower

row, e-h) of the spectrally resolved angular dependent emission
of the Alq3 OLED in the case of s- and p-polarized light. Left
half is data for the planar OLED, right half shows the results for
an index-matched fused silica half-cylinder prism attached as a
macro-extractor to the glass substrate. (See also Ref. [40].)
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vector must satisfy the condition 0 ≤ kk ≤ (nair · k0 )
with k0 = 2π/λ being the vacuum wave vector at a given
wavelength λ. 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:
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Figure 10 Cross section at a wavelength of 510 nm of the s-

and p-polarized angular dependent measurement and simulation
of Fig. 9. (a) Direct emission to air, (b) emission with attached
macro-extractor. Best agreement is obtained with layer thicknesses of 60 nm for Alq3 and 77 nm for S-TAD as given in Fig. 4.

outcoupling efficiency into air and into the substrate. We
will assume a radiative quantum efficiency of q = 1 in this
example. Thus, variations of the cavity environment will
only affect the light outcoupling factor ηout ; the effect on
q will be discussed separately in the next section.
Fig. 11 shows how the fraction of power that is dissipated into different optical modes varies as a function of
the ETL thickness in the prototypical Alq3 OLED. Oscillations are clearly observable for direct emission into air and
substrate emission. As the distance increases, the strength
of the oscillations decreases because the intensity of the dipole radiation field weakens with increasing distance from
the dipole, thus the strength of the reflected field will also
be decreased [55]. It is noteworthy that the optimum for
extraction to air is not in the first cavity maximum at about
75 nm ETL thickness but in the second antinode at about
220 nm (in agreement with similar results by Lin et al.
[61]). However, if the contribution of both the direct and
the substrate emission are considered, i.e. if substrate light
extraction enhancement tools are used, then the optimum
ETL thickness will be at about 90 nm.
Power dissipation to waveguide modes and surface
plasmons shows a quite different progression. Coupling
to waveguides is very low for small ETL thicknesses, but
it is strongly enhanced with increasing thickness. This
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Figure 11 Amount of power coupled to different optical chan-

nels for the Alq3 OLED as depicted in Fig. 4 in dependence of
the electron transport layer (Alq3 ) thickness assuming a radiative quantum efficiency of q = 1. The simulation was performed
polychromatically according to the emission spectrum of Alq3 .
(See also Ref. [40].)
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Figure 12 Optical power coupled directly into air (a) and into the
glass substrate for an applied macro-extractor (b) in dependence
of the electron and hole transport layer thicknesses. The stack
consists of a glass substrate, 140 nm ITO, 30 nm PEDOT:PSS,
varying thicknesses of S-TAD (HTL) and Alq3 (ETL), 10 nm Ca
and 100 nm Al. The position of the prototypical OLED stack used
in this work (cf. Fig. 4) is marked by a cross in the diagram. The
simulations were performed at a single wavelength of 510 nm,
i.e. close to the emission maximum of Alq3 . The ETL and HTL
thicknesses were varied in steps of 5 nm and 10 nm, respectively.
A radiative quantum efficiency of q = 1 was assumed.

can be explained by the fact that there is a lower limit
for the thickness of an asymmetric waveguide before a
waveguide mode can exist. Above this limit an increasing number of modes are supported for larger thicknesses.
By contrast, power dissipation to SPPs is strongest for a
small ETL thickness, i.e. if the emitter is positioned close
to the metallic cathode. This is obvious, because SPPs
are evanescent waves which are only excited if the dipole
couples to the metal in the near-field. This contribution is
reduced with increasing distance of the dipole to the metal.
It should be noted that the simulation does not differentiate
between coupling to surface plasmons and non-radiative

Figure 13 Variation of qeff with the distance of the emitting

dipoles to the cathode in the prototypical OLED given in Fig. 4.
The emission layer is assumed to be an infinitely thin sheet of
Alq3 molecules with q = 0.2 residing immediately at the Alq3 /STAD interface. (See also Ref. [40].)

energy transfer to lossy surface waves, i.e. luminescence
quenching at the metal, which especially dominates for
very small distances below about 25 nm and significantly
reduces the efficiency [41, 55, 62].
Further optimization of the OLED layer stack is possible if both the ETL and HTL are systematically varied in
thickness as shown in Fig. 12. For the sake of simplicity,
these simulations have been carried out at a single wavelength of 510 nm only (in the emission maximum of Alq3 ).
It is again found that changing the ETL thickness has the
strongest impact on EQE as the distance to the cathode is
the main determining factor for interference effects. Moreover, reducing the HTL thickness (or in practice the ITO
thickness) will lead to a further improvement of the efficiency [63].
As a result, modifying the cavity environment of the
emitting molecules allows for optimizing the light outcoupling of an OLED. Nevertheless, coupling to both surface
plasmons and waveguide modes causes combined losses of
around 50 % of the total available power - almost independent of the chosen thickness. Therefore, it is inevitable to
either reduce coupling to these unfavorable loss channels
or at least to partially recover some of the dissipated energy
in order to develop highly efficient OLEDs. For this reason,
we will later on present several promising approaches.
4.4 Influence of the Emitter Quantum Efficiency

In the discussion so far, we have assumed that the intrinsic radiative quantum efficiency q of the emitter material
is equal to one. In real OLEDs, however, and in particular in the considered prototypical Alq3 OLED, this quantity is often significantly less than unity. According to the
above said the cavity environment will then not only modify the light outcoupling factor ηout but also the overall
decay rate and thus lead to an effective radiative quantum
Copyright line will be provided by the publisher
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4.5 Comprehensive Efficiency Analysis of OLEDs

As outlined in the previous section, the knowledge of the
intrinsic radiative quantum efficiency is of paramount importance for OLED optimization, in particular for designing the optimum layer stack. In many cases, however, this
information is not available or the value of q is taken from
photoluminescence measurements performed on films fabCopyright line will be provided by the publisher
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Figure 15 Green phosphorescent OLED stack with Ir(ppy)3 as

emitter, where the ETL thickness is systematically varied. Simulated 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 affected. (See also Ref. [65]).

1.1

Relative lifetime t/t0

efficiency qeff (see Eq. 8). Figure 13 shows the effect on
qeff of the distance of Alq3 emitter molecules with q = 0.2
to the cathode in the prototypical OLED given in Fig. 4 (cf.
Ref. [40]). It is found that qeff oscillates around the value
of q and reaches the true value only asymptotically for
very large distances. For small distances (less than about
120 nm), however, qeff strongly increases due to constructive interference but most importantly due to coupling to
SPPs at the metal-organic interface. We note that for distances less than about 25 nm the radiative quantum efficiency should strongly decrease again due to non-radiative
energy transfer to the metal and subsequent quenching of
the excitation [52,55,62], which is not distinguished for
SPPs in our analysis.
The consequences for the efficiency of OLEDs with
emitters having q  1 are manifest. Due to the enhancement of qeff for smaller distances to the metal cathode, the
first cavity maximum will gain in power relative to the second one, where the cavity effect on the radiative rate is
much weaker. This is directly observable in Fig. 14, where
the dissipation of power to different optical channels is
shown for the same prototypical Alq3 OLED stack as before (Fig. 11), but now with a realistic value of q = 0.2
[46]. As expected, the biggest loss is now due to intrinsic
non-radiative exciton decay, however, for both direct emission to air and emission to substrate the optimum thickness is at the first cavity maximum below 100 nm distance
to the cathode. And it is also worth noting that the fraction of power which can be coupled out of the device is
significantly more than what would be expected by taking
the simulation for q = 1 and simply multiplying with the
lower q-value 0.2. Thus the correct value of qeff is essential
for making reliable OLED efficiency predictions according
to Eq. 1.

40

Substrate

Figure 14 Amount of power coupled to different optical channels

as in Fig. 11 in dependence of the electron transport layer (Alq3 )
thickness assuming a radiative quantum efficiency of q = 0.2.
Also shown is a pie-chart of the different fractions of power for
an Alq3 thickness of 60 nm. (See also Ref. [46].)
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Figure 16 Experimentally determined phosphorescence lifetimes

of Ir(ppy)3 in OLED stacks with different ETL thickness as
shown in Fig. 15. The lines are simulations for the given stacks
with different values of the intrinsic radiative quantum efficiency
q. (See also Ref. [65]).

ricated under quite different conditions than an OLED.
Furthermore, in an operating OLED the excitation profile
is usually different than in an optical experiment and excitons can be quenched at interfaces or due to interactions
with other excited molecules or charge carriers residing in
the emission layer. Thus, a method for the determination of
q applicable directly in an OLED environment or even in
an operating OLED will give the most direct information
on the value of the radiative quantum efficiency [64]. We
have recently shown that the above described variation of
the distance between the emitter and a metal electrode,
which changes the optical environment most significantly,
can be performed in real OLEDs without changing the
electrical properties, provided that a doped electron transport layer is used [39, 65].
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Figure 17 Experimentally determined external quantum efficien-

cies of OLED stacks with different ETL thicknesses as shown in
Fig. 15 (left: direct emission to air; right: values obtained with a
macro-extractor). The lines are simulations for the given stacks
with different values of the intrinsic radiative quantum efficiency
q. (See also Ref. [65]).
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Figure 18 Dependence of the extracted radiative quantum efficiency from Fig. 17 as a function of the driving current of the
OLEDs. The horizontal dashed line corresponds to a q-value of
0.5 determined from photoluminescence measurements; the vertical shaded area indicates the typical drive conditions for OLEDs
in lighting applications. (See also Ref. [65]).

In order to prove the feasibility of this approach, a
green phosphorescent OLED based on Ir(ppy)3 as emitter was chosen (see Fig. 15, for details we refer to
Ref. [65]). Photoluminescence lifetime measurements
were performed on a variety of OLED stacks with different ETL thickness. As shown in Fig. 16, the phosphorescence lifetime of Ir(ppy)3 is not constant but varies
with the ETL thickness. This directly reflects the influence of the optical cavity on the radiative decay rate of
the emitter. With the above presented optical modeling a
quantitative analysis is now possible. Recall that the measured PL lifetime τ in the presence of a cavity is given
by τ = Γ −1 = (Γr∗ + Γnr )−1 and in the absence of the
cavity by τ0 = Γ0−1 = (Γr + Γnr )−1 . Thus, according to
Eq. 7 the ratio between these two values only depends on

the cavity enhancement factor F and the intrinsic radiative
quantum efficiency of the emitter q, but is independent of
the light outcoupling factor:
τ
Γ0
−1
=
= [(1 − q) + q · F ] .
τ0
Γ

(12)

As F is obtained independently from simulation for each
of the used OLED stacks with different ETL thicknesses,
the two free parameters q and τ0 are easily determined by
comparing measured lifetime data with simulation results.
As shown in Fig. 16, the best agreement is obtained with
q(P L) = 0.5 ± 0.1 and an intrinsic phosphorescence lifetime τ0 ≈ 700 ns. Remarkably, the value of the quantum efficiency is significantly less than unity. Thus, care
should be taken when published IQE values for the emitter
Ir(ppy)3 [66] are generalized to other OLED stacks containing this emitter. q should rather be considered as an
OLED stack specific quantity, depending, e.g., on the type
of matrix material for the emitting dye or the materials in
the immediate vicinity of the emission layer. Other factors
could be concentration quenching and/or the effect of dye
aggregation.
The same series of OLEDs with systematic variation of
the ETL thickness can now be used for the determination
of the radiative quantum efficiency q(EL) under electrical
operation, which need not necessarily be identical to q(P L)
as will be seen below. For this purpose the EQE of the
complete series of OLEDs was measured in an integrating
sphere, once without any substrate modification and once
with an index-matched hemispherical lens attached to the
glass substrate to extract all of the substrate modes. Both
measurements were performed for various current densities to investigate possible effects of exciton quenching
with increasing currents. Again, the experimental results
can nicely be reproduced by optical simulation as shown
in Fig. 17 with q being the only free parameter. As demonstrated in Ref. [65], the charge balance factor γ can thereby
be assumed to be close to unity. The analysis now allows
extracting the radiative quantum efficiency q(EL) at each
current density as shown in Fig. 18. It is evident that only
in the limit of very small currents q(P L) and q(EL) take
roughly the same value of 0.5, however, with increasing
current density q(EL) rapidly decreases and may only be
some 20% in the range where OLEDs are typically operated for lighting applications. Thus one has to conclude
that for simulation based optimization of OLEDs, i.e. for
example the question whether the emitter should be placed
in the first or second cavity maximum, not only has the radiative quantum efficiency q in the limit of low excitation
densities to be known, but also its value under realistic operating conditions.
Finally, a comprehensive efficiency analysis of OLEDs
has to include the investigation of the radiation pattern,
i.e. the angular and polarization dependent emission spectra as mentioned before, to obtain information about the
emitter orientation [59, 60] and the spatial extend of the
Copyright line will be provided by the publisher

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

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

12

W. Brütting et al.: Device Efficiency of OLEDs

1.0

Fraction of power

Absorption

0.8

Plasmon

0.6
Emission to substrate

0.4
0.2
0.0

Emission to air

50

100

150

200

250

300

350

400

ETL thickness (nm)
Figure 19 Amount of power coupled to different optical channels in dependence of the electron transport layer thickness for
the Alq3 OLED as depicted in Fig. 4, but now with a high-index
substrate (SF6 glass with n = 1.82). The simulation was performed polychromatically according to the emission spectrum of
Alq3 , and a radiative quantum efficiency of q = 1 was assumed.

emission zone [17,57]. We have performed this analysis
for the series of Ir(ppy)3 OLEDs and found no evidence
for a non-isotropic emitter orientation of Ir(ppy)3 as well
as good agreement with the assumption of a sharply localized emission zone in the middle of the only 10 nm
wide EML [65]. We will later on come back to the issue of non-isotropic emitter orientation when rod-like dyes
(e.g. BDASBi [67]) or asymmetrically substituted metalorganic complexes (e.g. Ir(MDQ)2 (acac) [58,68]) are used
as emitters.
5 Approaches to Improved Light Outcoupling
5.1 Overview of Different Techniques As shown

above, in planar bottom-emitting OLEDs typically around
50% of the generated light is trapped in waveguided and
surface plasmon modes and only a fraction of about 20%
of it is directly radiated into air. In the previous section we
have already made use of the fact that light captured in the
glass substrate can be fully extracted if an index-matched
macroscopic lens is used and if the active pixel area is not
too large. However, if the unique form factor (thin and flat)
is to be preserved, this method is not practicable in large
area devices. Thus, the development of new concepts for
improving light extraction efficiency has been a major issue over recent years (for reviews see e.g. Refs. [47, 69]).
The different approaches can roughly be distinguished
into techniques staying with planar structures and others
utilizing scattering methods [70,71]. Among the former
ones are approaches towards further optimization of the
OLED cavity, i.e. modifications of the layer stack with
respect to thicknesses, refractive indices or reflectivity. A
relatively simple method is to place the emission zone in
Copyright line will be provided by the publisher

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 enhancement of its radiative rate when placed in the first cavity 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 enhanced waveguiding [46].
Another way of boosting the direct emission to air is
the use of microcavity structures, i.e. OLEDs with two
(partially) reflecting electrodes, where the radiation is directed more towards small angles with respect to the surface normal. This can be achieved, e.g., by (aperiodic) dielectric Bragg reflectors placed underneath the ITO electrode [73] or in top-emitting devices with a highly reflective anode on glass and a semitransparent metallic cathode, often followed by a dielectric capping layer as antireflection coating [74–76]. Though very high EQE values
close to 30% have recently been published for a red phosphorescent top-emitting OLED [77], these structures usually have a non-Lambertian emission characteristics with
non-negligible spectral shifts as a function of the viewing
angle. We also want to note that in case of the particular red
phosphorescent dye Ir(MDQ)2 (acac) used in Ref. [77] nonisotropic emitter orientation might at least partially contribute to the high EQE values as will be discussed at the
end of this article [58, 68].
A third method where the planar layer structure is preserved lies in matching the refractive indices of the emission layer, where the light is generated, and the outside
world, either by bringing the refractive index of the EML
down to one or by using a high-index (HI) substrate. Simulations show that if the refractive index of the EML could
be reduced to n = 1, a theoretical limit of almost 70% direct emission to air would be possible [78]. An experimental realization might be difficult simply because no such
materials are available, but lowering nEML below the value
of glass already would bring an enormous boost in EQE.
The use of glass substrates with higher refractive index
than the organic layers (including ITO) is possible [79, 80].
Simulations for the prototypical Alq3 OLED demonstrate
(see Fig. 19) that in this way all the light from waveguided
modes goes into the HI glass substrate from where it can
be extracted more easily. Combining HI substrates with
a macro-extractor (an index-matched lens), record EQEs
in excess of 40% have been achieved in this way [20, 81].
Nevertheless, one has to be aware that HI glass substrates
would increase the overall cost of OLEDs considerably.
Thus for practicable devices thin-film solutions have to be
applied.
A fundamentally different approach to extract trapped
light in OLEDs is the use of scattering structures. Here one
has to distinguish between periodic and non-periodic (ran-
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Grating

Figure 20 (a) Schematic illustration of substrate mode extraction by a microlens array. Light paths indicated in red correspond
to radiation that would normally not be able to leave the device
due to total internal reflection at the glass/air interface. Multiple
reflections inside the stack reduce the efficiency due to absorption in the organic layers and in ITO as well as due to reflection
losses at the cathode. (b) Concept of light outcoupling by scattering particles in a film applied to the backside of the substrate.
(c) Realization of an internal scattering structure by a periodic
grating placed between the glass substrate and the thin film stack.

dom) structures on the one hand and internal or external
scattering on the other hand (see Fig. 20). The latter realization is quite straight-forward and can be any modification of the backside of the glass substrate that serves to
scatter out light rays that would otherwise suffer from total
internal reflection at the glass/air interface. Examples are
ordered micro-lens arrays [82,83], scattering particles [84]
or mechanical roughening of the glass substrate [85]. In the
meantime light scattering foils are commercially available,
but in contrast to a macro-extractor these techniques typically extract only part of the light trapped in the substrate
and the reflecting appearance of the OLED in the off-state
changes to a milky, non-reflecting one.
If one wants to get access to waveguided modes, an
internal scattering structure, e.g. placed between the glass
substrate and the ITO layer, has to be used. Thereby both
periodic gratings (photonic crystals) or random scattering
structures are possible. The effectiveness of this approach
relies on the spatial overlap of the waveguide modes with
such features; in other words, they have to be employed
close to the emission zone of the OLED [86]. In general,
photonic crystal structures with periodicities on a length
scale comparable to optical wavelengths have the disadvantages that they require elaborate fabrication techniques
and that they induce a wavelength and angular dependent scattering efficiency. Other interesting approaches are
therefore the use of so-called low-index grids with periods
on the micron scale [87] or random structures fabricated by
morphological instabilities of thin film structures [88]. The
above said is also true for the extraction of surface plasmons by scattering structures which consequently need to
be in the vicinity of the metal cathode [89]. This boundary condition is even more challenging since many of the
established patterning techniques are not compatible with
OLED technology as they would damage or destroy the
underlying organic films.
5.2 Reduction of Surface Plasmon Losses
5.2.1 Basic Properties of SPPs Before presenting

our own results on the reduction of surface plasmon losses
some general properties of SPPs will be discussed (for de-
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Figure 21 Dispersion relation of surface plasmon polaritons at

metal/air interfaces for three different metals in the visible spectral range. The dashed line is the light-line in air following the
relation ω = c · kk .

tails we refer to Refs. [90–92]). Surface plasmon polaritons are longitudinal, p-polarized waves traveling at the interface between a metal and a dielectric with evanescent
fields decaying exponentially into both adjacent media. For
semi-infinite layers their dispersion relation is given by:
s
r
1 · 2
ω
1 (ω) · 2 (ω)
kSPP (ω) = k0
(13)
=
1 + 2
c 1 (ω) + 2 (ω)
with 1,2 (ω) being the complex dielectric functions of the
metal and the adjacent dielectric layer, respectively, and k0
the vacuum wave vector. This relation is shown in Fig. 21
for three different metal surfaces adjacent to air as dielectric for the range of frequencies and in-plane wave vectors
relevant in this context. It is obvious that the SPP dispersion curve and the light-line in air do not intersect for finite
frequencies, thus energy and momentum conservation can
not be fulfilled simultaneously and as a consequence SPPs
can not couple to far-field radiation. The application to
OLEDs, however, requires an important modification due
to the fact that the involved layers are not thick enough to
be treated as bulk material. Thus, the evanescent field of
the SPP can extend through an adjacent thin organic layer
and sense an effective refractive index and, if the metal is
thin enough, SPPs can exist on both sides of the metal layer
and couple with each other [93].
5.2.2 Scattering Approaches There are well established methods how SPPs can be excited by far-field radiation, most importantly by grating coupling or prism coupling [90, 91]. Making use of reciprocity in optics it is
quite straightforward to transfer these techniques to lightemitting structures [89, 96]. The first approach uses a periodic grating with period λg to scatter SPPs so that they gain
0
an extra momentum kSPP
= kSPP ± m · (2π/λg ) (with an
integer number m, see Fig. 22). This scattering approach
relies on the fact that there is sufficient overlap between
the SPP mode and a periodic modulation of the refractive
Copyright line will be provided by the publisher
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Figure 22 Simplified layer structure to demonstrate the principle

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
being located within the glass light-cone (b), so that light from
SPPs can be coupled out. (See also Ref. [94]).

citation of SPPs by light from the far field in the so-called
Kretschmann configuration. (b) Inverse Kretschmann configuration to extract SPPs that are excited by near-field coupling from a
luminescent organic film. (c) The dispersion relation of the SPP
travelling at the interface to air overlaps with the light-cone for
the attached glass prism. (See also Ref. [94]).
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Figure 23 (a) Experimentally measured angular dependent p-

polarized emission spectra after photoluminescence excitation of
a 30 nm thick Alq3 film adjacent to a silver layer, both deposited
on an 833 nm periodic line grating that was nanoimprinted into a
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
sample layout used in the experiment; both excitation and detection are through the glass prism. Excitation is made by a 375 nm
laser diode incident at a fixed angle of 45◦ , detection is performed
by a fibre optical spectrometer through a linear polarizer in front
of which the sample is rotated on a motorized turn table. (See also
Ref. [95]).

index, which implies that the grating has to be placed next
to the metal layer (or there has to be a height modulation
reaching through the complete layer stack including the
cathode). The fabrication of OLEDs fulfilling this condition is still challenging [97], as not only the optical properties have to be tuned but also the electrical functioning
has to be ensured. For that reason we have investigated this
coupling approach only in simplified structures comprising
a luminescent film adjacent to a metal layer [94,95].
Fig. 23 shows experimentally measured angular dependent p-polarized emission spectra for photoluminescence
excitation of a 30 nm thick Alq3 film adjacent to a silver
layer, both deposited on a line grating that was nanoimprinted into a PMMA layer. One can clearly see that SPPs,
Copyright line will be provided by the publisher

Figure 25 Concept of the effective refractive index of the adja-

cent dielectric medium that is probed by an SPP for a thick metal
layer (a, b) and for a thin metal layer (c, d). Also shown is the
simulated angular dispersion of the modes that can be extracted
through a fused silica prism as a function of the organic layer
thickness: (e) p-polarized, (f) s-polarized. (See also Refs. [94,
99]).

which are excited by fluorescent Alq3 molecules via nearfield coupling, are scattered back into the substrate up to
the fifth diffraction order. There is excellent agreement
between the measured angular dispersion and the simulated curves using the above described methods. One can
also readily show that waveguided modes which will become relevant for thicker organic layers are equally well
scattered out in this way. Furthermore, we have demonstrated that even structures containing some randomness,
produced e.g. by an ordinary DVD stamp, can be used [95].
Nevertheless, one has to be aware that periodic structures
will induce a pronounced angular dependence of the perceived colour of the OLED [98]. Thus, for white OLEDs
with colour coordinates independent of the viewing angle
random scattering structures have to be used [88].
5.2.3 Index Coupling Fig. 24 shows the principle of
index (or prism) coupling utilizing the so-called inverse
Kretschmann configuration [100]. This technique makes
use of the fact that the in-plane wave vector within the
prism is stretched by a factor given by the refractive index of the prism, so that energy and momentum conservation are fulfilled. If the refractive indices are properly
chosen, it is thus possible to extract SPPs that are evanes-
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cent modes at the metal/organic interface (the bottom-side
in Fig. 24) to become radiative modes at the opposite side
of the metal layer (here the top-side). To realize this concept, however, some prerequisites have to be fulfilled. First,
the metal film obviously has to be semitransparent. Since
there are two counteracting processes, namely an enhanced
coupling of the emitting dipoles to SPPs with an increasing
metal thickness on the one hand and a concomitant reduced
optical transmission on the other hand, there is typically an
optimum thickness at around 50 nm [94,101]. More importantly, the refractive index on the extraction side of the
metal has to be larger than on the other side in order to
match the dispersion relation of the plasmon (traveling at
the bottom side) with the far-field light-line in the prism at
the top side. Due to the evanescent nature of SPPs this condition not only depends on the bulk values of the organic
material and the prism, but in particular on the thickness of
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
probes an extended vertical distance to the metal surface.
In order to account for this feature we have introduced an
effective refractive index that has to be entered in Eq. 13 to
calculate the correct SPP dispersion relation. This concept
of the effective index of SPPs and its dependence on the
thickness of the organic layer for a one-sided SPP (thick
metal) and a two-sided SPP configuration (thin metal) is
shown in Fig. 25. Without going into the details (see e.g.
Ref. [99]), it is clear from the figure that only for thin Alq3
layers (up to about 50 nm) ordinary glass can be used to
extract SPPs. For larger organic layer thickness, and in particular for the thicknesses typically used in OLEDs, the extraction of SPPs (in addition to waveguided modes that can
also be extracted by this method) requires a medium on the
top-side of the metal that has a significantly higher refractive index.
Figure 26 shows exemplarily the calculated angular
dispersion of p-polarized modes that can be extracted if a
high index glass (SF6, n = 1.82) or a LiNbO3 (n = 2.28)
prism are used. In the former case SPP modes can now be
extracted up to an organic layer thickness of about 100 nm,
while in the latter case the index is so high that there is no
limit any more and all modes, regardless of the thickness
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Figure 26 Simulated angular dispersion of the p-polarized modes
extracted through a high index SF6 glass prism (a) and a LiNbO3
prism (b) as a function of the organic layer thickness. (See also
Ref. [99]).
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Figure 27 Sample layout (a) and photograph (b) of a white

OLED with direct emission towards the bottom and extraction of
all other modes to the top-side using an SF6 prism with n = 1.82.
The simulations in (c) show the angular dispersion of the modes
extracted through the high-index glass prism and in (d) the angle
integrated contribution of the different modes as a function of the
refractive index of the prism. Note that these simulations were
performed at a single wavelength of 600 nm and a semi-infinite
glass substrate was assumed to avoid back reflected light from the
glass-air interface appearing as top emission. (See also Refs. [99,
102]).

of the organic film, can be extracted under an angle of not
more than 60◦ .
The application of this concept to a white bottomemitting OLED with a thin semi-transparent Ag topcontact is presented in Fig. 27. The photograph clearly
shows that only the air mode is emitted to the bottom side,
whereas all other modes (including substrate, waveguide
and SPP modes) are emitted in characteristic angular
ranges to the top side. We note that the index of the used
SF6 prism was not high enough to extract the SPP completely, so that only the red part of the SPP branch is seen
under large angles close to 90◦ . Furthermore, the used
index matching fluid was strongly absorbing in the short
wavelength range so that the substrate light has a brownish
appearance. As the simulations in (c, d) show, the extraction of a major fraction of the energy contained in SPPs
requires a medium with nHI > 2.0. Nevertheless, this is
a clear demonstration that the concept of high-index coupling is not only applicable to extract wave-guided modes
in bottom-emitting OLEDs, as was demonstrated before
by different authors [20, 80], but moreover to get access to
all trapped modes – including surface plasmons [99].
It should be noted, however, that these results can only
serve as a proof of principle, because using a high-index
Copyright line will be provided by the publisher
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Figure 28 Simulation of power dissipation for the prototypical

Alq3 OLED (structure shown in Fig. 4) for the three orthogonal dipole orientations separately (x, y in the substrate plane, z
perpendicular to the substrate plane). In all cases the radiative
quantum efficiency was set to q = 1. The dashed lines separate
the power dissipation spectra into different regions as denoted in
Fig. 8. (See also Ref. [46]).

prism is not practicable in OLED applications. It would
therefore be necessary to develop thin-film solutions to get
rid of the viewing angle dependent colour shift. In that context it should be noted that top-emitting OLEDs with highindex capping layers have been known for many years [74,
75], however, the connection to SPPs was not made. Only
recently has it been shown that including a fluorescent dye
in such a capping layer can allow to extract energy from
SPPs in top-emitting OLEDs [103].
5.2.4 Emitter Orientation Instead of developing
tools to extract energy from surface plasmons, one can
also consider means to reduce their excitation in OLEDs.
Apart from the already mentioned distance dependent coupling between a radiating dipole and SPPs there is also a
characteristic dependence on the orientation of the dipole
[51, 55]. Thus another way to avoid the excitation of surface plasmons, even if the emitter is rather close to the
metal, is to control the orientation of the emitting molecules and thus of their transition dipole moments. Keeping
the radiation pattern of a classical electrical dipole in mind
(cf. Fig. 7) and considering that surface plasmons are transverse magnetic modes, one readily concludes that perfectly
horizontally oriented dipoles would only very weakly couple to SPPs [45]. This effect has been known for many
years in polymeric OLEDs [104], only very recently, however, we have been able to show that orientation effects
also play a role in small molecule OLEDs fabricated by
vacuum evaporation, where the fluorescent or phosphorescent dyes are embedded with only a few percent content in
a matrix material [58,67,68].
To demonstrate the potential of controlling the emitter
orientation for efficiency enhancement in OLEDs, Fig. 28
shows simulated power dissipation spectra separately for
each of the three orthogonal dipole orientations in the prototypical Alq3 OLED (structure shown in Fig. 4). From this
plot one can clearly see that horizontal dipoles (px and py )
couple to various optical channels, whereas vertical (pz )
dipoles dissipate their energy almost exclusively to SPPs,
which makes it difficult to detect them in OLEDs, e.g.
from angular dependent emission spectra of OLEDs. As a
workaround we have therefore developed a method which
Copyright line will be provided by the publisher
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Figure 29 Simulation of power dissipation for exclusively hor-

izontal (a) or vertical dipole orientation (b) in the prototypical
Alq3 OLED (structure shown in Fig. 4) as a function of the ETL
thickness. In both cases the radiative quantum efficiency was set
to q = 1. (Compare to Fig. 11 for the isotropic case.)

is based on photoluminescence excitation of layer stacks
that contain the same EML as the corresponding OLED but
no metal layer [105]. It is thus possible to quantitatively
determine the orientational distribution from angular and
polarization dependent photoluminescence spectra.
It is furthermore instructive to look at the power dissipation of both dipole orientations into different optical
channels as a function of the distance to the cathode, as
displayed in Fig. 29 (cf. Fig. 11 for the isotropic case). It is
obvious from these simulations that the light outcoupling
efficiency (be it only direct emission or including substrate
emission) can be enhanced by about a factor of 1.5 with
respect to the case of random emitter orientation, which
is mostly due to the strongly reduced coupling to SPPs, if
vertical dipoles are absent. Thus, from the point of view of
efficiency, the vertical dipole orientation should be avoided
in OLEDs. It is also interesting to note in this context, that
vertical dipoles exhibit markedly different distance dependent coupling to the various optical channels as compared
to horizontal ones, which is due to different interference
conditions. First, the coupling of vertical dipoles to SPPs
has a longer range than in the horizontal case (as predicted
already in Ref. [106] for energy transfer of dyes to a metal
surface). Second, for vertical dipoles the maximum outcoupling efficiency to air is achieved for an ETL thickness
of about 135 nm, exactly where the outcoupling from horizontal ones has an interference node. This property can be
used for the determination of the amount of vertical dipoles
in an OLED with non-isotropic emitter orientation by intentionally fabricating a non-optimized layer stack [60].
To realize this concept one needs emitter molecules
that show non-isotropic orientation in a small molecule
OLED environment, where the emission layer is usually
a thin dye-doped layer prepared by co-evaporation on top
of other – usually amorphous – layers. Good candidates are
rod-like chromophores with a large shape anisotropy, such
as the blue fluorescent dye BDASBi shown in Fig. 3. This
material has already been known to exhibit non-isotropic
orientation in neat evaporated films [107], but interestingly
it preserves this feature even when it is doped into a CBP
matrix [105].
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Figure 30 Angular dependent p-polarized photoluminescence intensity of simplified layer stacks on glass substrates with two
different phosphorescent dyes: (a) Ir(ppy)3 embedded in a CBP
matrix (wavelength 510 nm) and (b) Ir(MDQ)2 (acac) in an αNPD matrix (wavelength 610 nm). (For details of the experiment
see Ref. [105]). The comparison to simulations for exclusively
horizontal and fully random emitter orientation reveals isotropic
emitter orientation in case (a), while case (b) shows a predominantly horizontal orientation with a ratio of 2:(0.6 ± 0.1) parallel
(px + py ) vs. perpendicular (pz ) emitters, in good agreement with
Ref. [68].
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Figure 31 (a) Structure of the red phosphorescent OLED stack
containing Ir(MDQ)2 (acac) in an α-NPD matrix as EML, (b)
an example of a phosphorescence lifetime measurement for an
ETL thickness of 249 nm and (c) the electroluminescence spectrum used for simulation. (d) Measured phosphorescence lifetimes normalized to the intrinsic value τ0 = 1.37 µs together
with simulated curves for different emitter orientation: isotropic
with q = 0.8 and mainly horizontally oriented with an anisotropy
parameter θ = 0.63/2.63 = 0.24 and q = 0.7. (e) Measured
EQE values without and with a macro-extractor at a current density of j = 1 mA/cm2 are compared to optical simulations for
both situations, clearly confirming the non-isotropic orientation
of this emitter system. (For details see Ref. [58]).

As described in detail in Ref. [67], we have compared
OLEDs incorporating two blue emitting fluorescent dyes
(BDASBi and PEBA, see Fig. 3) exhibiting different emitter orientation with respect to their external quantum efficiency. In the actual OLEDs investigated by us the emitter orientation is not perfectly horizontal and the emitter
quantum efficiency is less than unity. Nevertheless, the ex-

perimentally observed increase in EQE with respect to the
isotropic reference OLED can consistently be explained
by the preferentially horizontal emitter orientation in case
of the rod-like BDASBi molecule as emitting dye. Meanwhile, other groups have also found evidence for a possible
contribution of non-isotropic emitter orientation in fluorescent OLEDs with efficiencies beyond the spin-statistical
limit [30, 31].
Recently, we have extended these studies towards
highly efficient phosphorescent emitters. As expected,
symmetrically substituted metal-organic emitter complexes such as Ir(ppy)3 have random emitter orientation
when doped in a CBP matrix (see Fig. 30(a)), however,
in the case of complexes with different ligands there is
evidence for non-isotropic emitter orientation. For example, the well-known red phosphorescent emitter system
Ir(MDQ)2 (acac) doped into an α-NPD matrix also exhibits 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 efficiency analysis combining phosphorescence lifetime and
EQE measurements as function of the ETL thickness, as
described before in section 4.5 for an Ir(ppy)3 based green
OLED. Both data sets show that a consistent description
can only be obtained, if non-isotropic emitter orientation is
taken into account. Moreover, optical simulations clearly
reveal that horizontally oriented phosphorescent emitters
with internal radiative quantum efficiencies close to unity
have the potential to achieve EQE values exceeding 30%
for direct emission to air and up to 70%, if all of the
substrate emission can be extracted [58, 110].
6 Summary and Outlook In conclusion, we have
shown that optical modelling is an indispensable tool not
only for optimization of OLED light outcoupling, but also
for a comprehensive efficiency analysis. In the latter case,
simulations have to be combined with systematic parameter variation of the OLED layer stack, e.g. the distance of
the emission zone to the highly reflecting cathode. In this
way it is possible to separate microcavity effects on the
radiative rate, determining the effective radiative quantum
efficiency qeff , from a redistribution of energy between different optical channels, affecting the light outcoupling term
ηout . We find a significant reduction of qeff under typical
OLED operating conditions, which has to be considered in
the stack design.
Furthermore, we have presented approaches for enhancing ηout , with special emphasis on the reduction of
the surface plasmon loss channel. Beside scattering approaches and high-index coupling, the control of the emitter orientation has been identified as a particularly powerful handle to obtain this goal. Remarkably, even dye-doped
Copyright line will be provided by the publisher

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

18

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

W. Brütting et al.: Device Efficiency of OLEDs

small-molecule phosphorescent emitter systems prepared
by vacuum deposition can exhibit pronounced anisotropic
orientation distributions of their optical transition dipole
moments.
Thus, after more than 20 years of research on OLEDs
the microscopic understanding of the underlying processes
has progressed substantially. With respect to the expression
for the external quantum efficiency (Eq. 1) put forward by
Tsutsui in 1997 [24] we now have a sound understanding
of all four factors allowing for quantitative calculations of
OLED efficiencies and predictions towards the potential in
improvement of it by newly developed OLED materials,
structures and concepts. Moreover, these methods are the
basis for a reliable experimental determination of the relevant factors for the OLED efficiency. Nevertheless, the
development is ongoing and important new physical concepts, such as the importance and the implications of disorder, are still being elucidated and integrated into OLED
modelling.
By now, commercially available white OLEDs are
specified with luminous efficacies of about 25 lm/W [6],
i.e. they are comparable to the best halogen lamps. However, several laboratories have reported values exceeding
60 lm/W for devices with good colour compliance being currently under development [10]. Of course there is
room for improvement regarding the impressive numbers
obtained with inorganic LEDs reaching more than 100
lm/W. But as already mentioned, the comparison to them
is of limited relevance. A strong benefit of OLEDs is their
unique form factor, with the light being distributed homogeneously over large area and thus being glare-free. Hence,
(almost) no additional fixtures are needed: the OLED already is the luminaire!
Beyond general lighting, the compatibility of organic
materials with various kinds of substrates and the ease of
processing could open possibilities for new appliances in
other fields as well. In particular the topics relevant for
light extraction could have fruitful overlap with other fields
of optics, e.g. cavity physics, photonic crystals, and plasmonics — and we are still waiting to see the electrically
pumped organic laser diode.
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Michaelis, Christian Mayr, Norbert Danz, and Wolfgang
Copyright line will be provided by the publisher

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

22

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

W. Brütting et al.: Device Efficiency of OLEDs

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

Copyright line will be provided by the publisher

