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Abstract—Organic light-emitting diodes (OLEDs) are promising new large-area light sources on their way to commercialization. However, there is still much room for improvement in
terms of device efficiency and long-term stability under electrical
operation. In this article, we review the current issue of efficiency
analysis based on optical simulations of state-of-the-art OLED
stacks. In detail, we present a method to determine the radiative
quantum efficiency of the emitter, figure out the crucial points
for non-isotropic emitter orientation and discuss the application
of the developed method to analyze degradation effects during
electrical operation.
Index Terms—device efficiency, optical properties, nonisotropic emitter orientation, degradation, organic light-emitting
diodes.

I. I NTRODUCTION
RGANIC light-emitting diodes (OLEDs) offer promising
applications in both display technology as well as in
general lighting. The advantages of OLEDs are numerous, as
it is possible to fabricate low-cost, lightweight, thin large-area
devices, that could even be produced on flexible substrates
such as polymer or metal foils and could achieve a semitransparent character. The thickness of the organic layers
inside the diode comprises only a few 100 nm and thus the
overall device thickness is limited only by the substrate and
the encapsulation materials. The different organic materials are
normally sandwiched between one (semi-)transparent and one
reflecting (metallic) electrode. Applying a voltage of a few
Volts to the electrodes results in charge carrier injection into
and radiative recombination inside the device and therewith
leads to electroluminescence from the emission layer of an
OLED.
In 1963 the first observation of electroluminescence of an organic crystal was presented by Pope et al.[1]. However, several
thousand Volts were needed to detect a clear luminescence
signal from the 5 mm thick anthracene crystal. It took more
than 20 years after these results until Tang and van Slyke
had demonstrated the first efficient, low voltage driven OLED
based on thin films from small organic molecules in 1987[2].
In 1990 the first solution processed polymer based OLED was
developed by Burroughes et al.[3] and therewith the starting
signal for a new, rapidly growing field of research had been
given.
In the following years a huge amount of results has been published in this field of research and the efficiencies of OLEDs
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Fig. 1.
Schematic illustration of the different factors determining the
external quantum efficiency of organic light-emitting diodes. The acronyms
are explained in the text.

could be increased continuously. Recently white OLED efficacies of 87 lm/W could be demonstrated at brightnesses of
≈1000 cd/m2 [4]. This value is close to that of fluorescent tubes
and so the entry of OLEDs into the general lighting sector
is predictable, since the small-area display market (e.g. for
mobile phones) has already been flooded predominantly by
AMOLED (Active Matrix OLED) displays[5].
Keeping in mind that about 1/6th of the total electrical
power is consumed by lighting applications[6], it is crucial to
develop energy-saving, long-lived lighting technologies such
as OLEDs. Although the first commercial products for general
lighting have been introduced by several companies[7] there
is still much room for improvement in efficiency and lifetime.
Furthermore, many physical effects, especially degradation
processes, are not yet fully understood.
The scope of this article is to review optical simulations for
achieving a comprehensive efficiency analysis of state-of-theart OLEDs. In particular we will discuss the importance of
non-isotropic emitter orientations for reliable device analysis
and highlight their potential for efficiency improvement. Furthermore, an innovative approach for degradation analysis will
be presented.
II. E XTERNAL QUANTUM

EFFICIENCY OF

OLED S

In terms of device physics the most important value of an
OLED is its external quantum efficiency (EQE) that is given
by the ratio between actually emitted photons from the device
and the amount of injected charge carriers (see Fig. 1). The
EQE of an OLED can be calculated using[8]
EQE = γ · ηr · qeff (q) · ηout .

(1)
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Therein γ is the so-called charge carrier balance which is
determined by the ratio between formed excitons and injected
charge carriers. This factor can be close to unity if appropriate
blocking layers are used in a multi-layer OLED.[9], [10]
The second factor in this equation, ηr , is the fraction of
excitons that are quantum-mechanically allowed to decay
under radiation of light with respect to spin selection rules.
This factor is 1/4 or 1 for fluorescent or phosphorescent emitters, respectively[11], [12]. Strictly speaking, ηr in fluorescent
materials is not fixed and can be increased by several mechanisms, such as triplet-triplet-annihilation (TTA)[14], [15], [16]
or thermally activated delayed fluorescence (TADF)[17], [18].
However, these phenomena are beyond the scope of this article
and will not be discussed here.
The third factor, qeff is the effective radiative quantum efficiency that is determined by the intrinsic radiative quantum
efficiency (RQE) - denoted as q - of the emitting system in
use and by the cavity effects in an OLED. The RQE of an
emitting system is given by the radiative and the non-radiative
decay rates of the emitting species, Γr and Γnr , respectively:
q=

Γr
Γr + Γnr

(2)

and is only valid for an infinite bulk of the material and low
excitation densities. Hence, if the emitting system is embedded
in a microcavity, such as an OLED, an effective RQE must be
considered:
F · Γr
qeff =
.
(3)
F · Γr + Γnr
In this equation, F represents the so-called Purcell factor that
influences the radiative decay rate due to the Purcell effect
and can be larger or smaller than unity. [19], [20], [21] Please
note that the non-radiative processes are not influenced by the
microcavity at all[22]. Therefore, the effective radiative quantum efficiency can be increased or decreased with respect to
its intrinsic value inside an OLED, which should be taken into
account in terms of efficiency analysis via optical simulations
and, of course, for device improvement by optimization of the
cavity length by proper modification of the layer thicknesses
of the different materials. Furthermore, the effective RQE can
be reduced drastically during electrical operation by quenching
effects such as TTA or triplet-polaron-quenching (TPQ)[23].
Finally, ηout describes the amount of photons that can leave the
multi-layer system into the surrounding (air) medium. Due to
the material and layered stack properties its value is typically
in the range of 15..20 % for planar, bottom emitting devices.
The rest of the generated light is trapped inside the OLED
due to total internal reflection and is lost either in substrate
or waveguided modes[24] or dissipated to surface plasmon
polaritons (SPPs) at a metal electrode[25], [26], [27].
In a more detailed analysis, other effects such as losses due
to a reduced effective RQE (that can be far away from
unity)[28] and changes of the power dissipation into the
different optical channels due to orientation effects of the
transition dipole moments of the emissive molecules[29], [30],
[31] need to be considered. Especially the emitter orientation,
a well-known feature in polymeric OLEDs[32], [33], was not
taken into account for dye-doped small molecule OLEDs,

Fig. 2. Schematic illustration of the different optical modes in a simplified
OLED structure. On the right half of the OLED a macroscopic index-matched
outcoupling structure is attached to extract the substrate modes of the device.
With this outcoupling enhancement a huge boost in the EQE can be achieved.

and especially those based on phosphorescent emitters, for a
long time. However, recent studies have clearly shown that
isotropic orientation of emitting molecules doped into molecular matrices is not generally the case[34]. E.g. the common
red phosphorescent emitter Iridium(III)bis(2-methyldibenzo[f,h]quinoxaline)(acetylacetonate) (Ir(MDQ)2(acac)) doped
with a few wt % into a N,N’-bis(naphthalen-1-yl)-N,N’bis(phenyl)benzidine (α-NPD) matrix shows a predominantly
horizontal orientation of the emitting dipoles[35]. If this feature is not taken into account properly, the RQE of the emitting
guest-host system is overestimated and hence the outcoupling
factor of the OLED is underestimated. In consequence, predictions of the power dissipation into different optical modes by
optical simulations will be erroneous, if an isotropic emitter
orientation is assumed for devices comprising this emitting
dye[36]. A detailed discussion of the power dissipation into
different optical modes of an OLED will be given in the next
section of this article.
III. P RINCIPLES

OF POWER DISSIPATION IN

OLED S

A. Optical modes in OLEDs
Optical modeling and numerical simulations of the power
dissipation between the optical modes of OLEDs have been a
fast grown field in recent years and a number of relevant papers
have been published focusing on this special topic[37], [38],
[39], [40], [41], [42], [43], [44], [45], [46]. The presentation
in this article is mainly based on the theoretical considerations
of Ref. [47] and the main focus will lie on the implementation
of non-isotropic emitter orientation and analyzing degradation
effects.
Figure 2 shows the different optical modes of a simplified
OLED stack to which an excited molecule can dissipate its
energy. The first mode is the direct emission to air. The amount
of power that is coupled to this channel is determined by total
internal reflection at the substrate/air interface and therewith
by the refractive index of the (glass) substrate and the angular dependent emission profile of the emissive molecules.
Strictly speaking, the refractive index of the emissive layer
can influence the outcoupling efficency, too, particlularly if a
matrix material with a low refractive index is used. However,
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Fig. 3. (a) Sketch of an oscillating electrical dipole embedded in a (dielectric)
layer, which is sandwiched between two interfaces. Near field-coupling to
surface plasmons appears at the interface to the lower layer, due to its metallic
character. Parameters that are influencing the emission from the radiating
dipole are the cavity length d, the distance z of the dipole to the metal,
the relative orientation Θ of the transition dipole moment to the surface
normal, the wavevector ~k of the emitted electromagnetic wave, and its inplane component k~|| . (b) Quantum mechanical analogue. The two-level system
consists of an 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. If the dipole is embedded in a cavity, the radiative rate will
be modified by the Purcell factor F : Γ∗r = F · Γr . Hence, the excited state
lifetime can be described by τ = (Γ∗r + Γnr )−1 .

in a typical OLED with an isotropic emitter orientation the
internal light escape cone is about 30◦ from the surface normal
and less than 20 % of the total power is radiated into this
optical channel. Light that is emitted under higher angles
is guided in substrate modes until it reaches the angle of
total internal reflection due to the refractive index missmatch
at the organic/substrate interface. For the sake of simplicity,
we do not distinguish between the organic layers and the
indium tin oxide (ITO) anode, that is typically used in bottom
emitting OLEDs, in this discussion. However, this part of the
dissipated power can be easily extracted by light outcoupling
structures based on ray optics, such as glass hemispheres or
outcoupling foils. The residual light, that is not coupled into
one of the first two optical channels is captured inside the
organic layers as waveguided modes or is absorbed by the
organic layers. The remaining consumed (electrical) power
is dissipated (non-radiatively) into vibronic modes of the
molecules and/or the molecular lattice or is near-field coupled
(radiatively) to surface plasmon polaritons at the organic/metal
interface. The latter are one of the major optical loss channels
in organic light-emitting diodes, especially if the emitting
species is located close to metallic layers. Calculating the
optical losses in a typical planar OLED stack with isotropic
emitter orientation by integrating over the coupled power to
waveguided modes and to SPPs results in values as high
as 50 % of the radiatively generated energy of the excited
molecules[20], [25], [26].
B. Optical modeling of light emission in OLEDs
As mentioned before, one has to distinguish between an
excited molecule in an infinite bulk material and in stratified
media embedded in a microcavity structure, like an OLED.
In the latter case, the emission of the molecules (fluorescence
and/or phosphorescence) is modified by its optical surroundings by the so-called Purcell effect, that has been originally
investigated in magnetic resonance experiments[48]. Later, the

3

importance of this effect for excited molecules near (reflecting)
interfaces has been pointed out[49], [50]. The first theoretical
principles of the situation of an excited molecule near a surface
have been developed by Chance, Prock, and Silbey (CPS). In
their approach the emitting molecules are treated as classical
oscillating electrical dipoles near a dielectric interface[51],
[52]. This is possible, because the radiated power of a classical
dipole antenna corresponds to the quantum mechanical probability of the radiative decay under light emission of an excited
molecule. This theoretical model was later expanded for ensembles of molecules embedded in multiple layer stacks with
different optical constants and near metallic interfaces[27],
[53], [37].
The optical simulation used in this study follows the formalism of Barnes and Wasey, which solves the 3-dimensional
Maxwell equations for an excited dipole emitter ensemble
surrounded by multiple thin and planar layers with respect
to electromagnetic boundary conditions[54]. Physical
input
P
parameters are the layer thicknesses (di , where
di is the
cavity length of the OLED), the complex refractive indices (ni
and κi ), the position of the excited molecule with respect to the
different interfaces (especially the emitter/metal distance z),
the emitter orientation Θ and the intrinsic radiative quantum
efficiency (q) of the emitting (guest/host) system (see Fig. 3).
Using a transfer-matrix-formalism and taking into account the
Fresnel reflection and transmission coefficients at the involved
interfaces allows to calculate the power dissipation spectrum
for a given dipole esemble.
If the emitting system is embedded in an OLED stack, the
prescence of a microcavity changes two important emission
parameters of the ensemble of emitter molecules. First, the
radiative decay rate is changed by the Purcell factor F ,
resulting in an effective RQE of the emitting system as
mentioned before (see eq. 3). This is equivalent to a changed
excited states lifetime of the molecules. In accordance to
Fig. 3 b) the intrinsic excited states lifetime (if no interfaces
and only low excitation densities are present) is defined as
τ0 = (Γr + Γnr )−1 ≡ Γ−1
0 , with Γr representing the radiative
and Γr the non-radiative decay rate of the emitting molecules.
If the emitting system is embedded into a microcavity-like
enviroment such as an OLED, the Purcell effect is changing
the radiative rate and thus the modified excited states lifetime
can be written as:
1
≡ Γ−1 .
(4)
F · Γr + Γnr
Second, the microcavity changes the power distribution
between the different optical channels, such as direct emission
and substrates modes, determining the outcoupling factor of
the device ηout .
Following from these basic principles, the radiated power can
be expressed as the relative decay rate of an isotropically oriented ensemble of non-interacting excited molecules emitting
at one distinct wavelength inside a cavity (Γ) as compared to
in an infinite bulk (Γ0 )
τ=

P̃ (λ, z) =

Γ
= (1 − q) + q ·
Γ0

Z

0

∞


P k|| , λ, z dk|| ,

(5)
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decay rates in an infinite medium and inside a cavity, respectively, it follows that the spectrally wheigted integral over the
power dissipation directly yields the Purcell factor F . Thus
Eq. 6 can be rewritten as
P̃tot = (1 − q) + q · F.

(7)

Again note that just like P̃tot , also the Purcell factor depends
on the stack layout of the OLED, i.e. F = F (z), though not
written explicitly here and in the following. Therewith, the
relative changes of the radiative quantum efficiency are given
by:
qeff
F · (Γr + Γnr )
F
Γ0
=
=F ·
=
.
q
F · Γr + Γnr
Γ
F · q + (1 − q)
Fig. 4. Simulated power dissipation spectra of a red state-of-the-art OLED
stack as a function of the emitted wavelength and the in-plane wavevector.
Colored areas are indicating different intensities of the emission. The dashed
white lines represent the boundaries between different optical modes of the
device; 1: direct emission to air, 2: light, that is captured in the substate, 3:
waveguided modes, and 4: coupled energy to surface plasmons polaritons at
the cathode/ETL interface.

wherein P (k|| , λ, z) is the specific power dissipation function, which depends on the component of the wavevector that
is projected onto the plane of the device surface k|| , the emitted
wavelength, and the emitter position in the OLED stack z
(see Fig. 3). Due to the very small thickness of the emission
layer typically used in OLEDs based on small molecules
(≈10 - 20 nm), we are using a δ-shaped emission zone in
all the simulations presented in this article. However, it is
straightforward to implement spatial profiles such as Gaussian
or exponential functions for the emission zone, which will be
very important for polymeric OLEDs, just by simulating δshaped emission profiles at different positions (z) inside the
OLED cavity and averaging these results with the pre-defined
shape function[55].
Figure 4 shows the power dissipation spectra of a typical red
state-of-the-art OLED stack. In this simulation a δ-shaped
emission zone was assumed, the RQE was set to unity and
an isotropic orientation of the emissive dipole moments of
the emitter was supposed. The power dissipation spectrum
was first calculated for a ”white” spectrum, for which the
intensity at each wavelength has been set to the same value
between 400 nm to 800 nm and was later on weighted with the
normalized intrinsic emitter spectrum S(λ).
In agreement with Eq. 5 one can now calculate the total
emitted power of the emissive system by using the simulated
power dissipation spectrum and integrating over all relevant
wavelengths and in-plane wavevectors:
P̃tot (z) = (1−q)+q·

Z

λ2

S(λ)
λ1

Z

∞



P k|| , λ, z dk|| dλ. (6)
0

Note that P̃tot (z) obviously depends on the layer structure
of the OLED, including all layer thicknesses and their optical
constants as well as the emitter position. For sake of simplicity
these parameters are summarized in a single variable z.
With the definitions of the intrinsic and the modified total

(8)

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 . Furthermore, in
practice the integration over k|| 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 ).
With the simulated power dissipation spectra, it is also possible
to derive the fraction of power that is dissipated to the different
optical modes as discussed at the beginning of this section:

P̃mode = q ·

Z

λ2

S(λ)
λ1

Z

u2
u1


P k|| , λ, z dk|| dλ.

(9)

In this equation ui denotes the limits for the in-plane
wavevector between which power is coupled to the different
optical channels as is already indicated by the white lines in
Fig. 4. For example, if the power of the direct emission (P̃air )
is of interest (region 1 in Fig. 4), the in-plane wavevector has to
fulfill the condition 0 ≤ k|| ≤ nair · k0 , with nair being the refractive index of air and k0 is the wavevector in air for a given
wavelength (k0 = 2π/λ). Moreover, in the case of emission
to air, this simulation yields directly the outcoupling factor
ηout for the device without light extraction modifications, if
the radiative quantum efficiency of the emitting system is set
to unity:
ηout =

P̃air
; if q ≡ 1.
P̃tot

(10)

Otherwise, if q < 1, one has to consider the effective RQE,
too, leading to the following equation:
qeff · ηout =

P̃air
; if q 6= 1.
P̃tot

(11)

However, even in this case it is straightforward to obtain
ηout by using Eq. 8. Furthermore, it is also possible to
calculate the outcoupling efficiency of the device, if macroscopic outcoupling enhancements such as index-matched glass
hemispheres are used. If so, one has to change the upper limit
of the integration over the in-plane wavevector from nair · k0
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to nsubstrate · k0 , with nsubstrate being the refractive index of
the used substrate (region 1 + 2 in Fig. 4). Please note that in
an experiment ηout can be lower than the calculated one, e.g.
due to refractive index mismatch of the outcoupling structure.
Another challenge for simulation tools exists for non-isotropic
emitter orientations. In this case, one has to distinguish between three different fundamental orientations of transition
dipole moments inside the OLED and perform the simulation
for each of these three dipoles. The differently oriented dipoles
are denoted as
- P⊥,TM : dipoles oriented perpendicular to the substrate
plane (vertical; z-direction), which emit p-polarized
(transverse magnetic (TM)) light,
- P||,TM : dipoles oriented parallel to the substrate plane
(horizontal; x-y plane), which emit p-polarized (TM)
light,
- P||,TE : dipoles oriented parallel to the substrate plane
(horizontal; x-y plane), which emit s-polarized (transverse
electric(TE)) light.
Due to symmetry aspects the two horizontally oriented
dipole orientations are equivalent, because the plane of observation is chosen arbitrarily. Therefore, in the case of isotropic
emitter orientation the total emitted power by an ensemble of
excited molecules inside the OLED cavity can be written as:
2
1
P|| + P⊥ .
(12)
3
3
To account for orientation effects, it is helpful to introduce
an anisotropy factor θ that is defined as the ratio between the
amount of vertical dipoles and the total number of dipoles[36].
According to this definition θ becomes 1/3 for isotropic emitter
orientation, 1 for only vertical dipoles (dipoles in z-direction)
and 0 for totally horizontal emitter orientation (all dipoles are
lying in the x-y-plane). With this information the weighted
Purcell factor can be calculated as
Piso =

1−θ
(Fx + Fy ) + θ · Fz .
(13)
2
By this means separate Purcell factors Fi are introduced for
each of the three orthogonal dipole orientations (x, y, and z)
Z λ2
Z ∞

Fi =
S(λ)
Pi k|| , λ, z dk|| dλ.
(14)
F (θ) =

λ1

0

Finally, the relative change of the excited states lifetime
with respect to the value τ0 measured in the absence of the
cavity (Fi ≡ 1) is obtained by taking into account the radiative
quantum efficiency of the emitter material q from Eq. 2
τ (θ)
Γ0
1
=
=
.
τ0
Γ(θ)
F (θ) · q + (1 − q)
IV. E FFICIENCY

ANALYSIS OF

(15)

OLED S

Using this background, a comprehensive efficiency analysis
for arbitrary emitter orientation can be performed. The stateof-the-art OLED stack under investigation and the intrinsic
emitter spectrum are shown in Fig. 5. A hole injection and
transport layer (HTL) is deposited onto an indium tin oxide
(ITO) coated glass substrate followed by an electron blocking

Fig. 5. (a) State-of-the-art device stack under investigation with varying
electron transporting layer (ETL) thickness. The emission zone was assumed
to be δ-shaped in the middle of the emission layer (EML). (b) Molecular
structure of the used emissive guest/host system containing Ir(MDQ)2 (acac)
doped with 8 wt% into an α-NPD matrix. (c) Intrinsic red emission spectrum
of the emitting system. (see also Ref.[35]).

layer (EBL). Thereafter, an α-NPD matrix doped with 8wt %
Ir(MDQ)2(acac) (structure shown in Fig. 5) forms the thin
emission layer (EML) of the device. In order to provide a
high (close to unity) charge balance factor the emission layer
is subsequently covered by an appropriate hole blocking layer
(HBL) and an electron injection and transport layer (ETL)
and finally contacted by a thick silver cathode. For more
information about the device fabrication we refer to Ref. [35].
The essential method to analyze, e.g., the radiative quantum
efficiency of an emissive guest/host system inside an OLED is
a proper variation of their cavity length. Since the strength of
the cavity depends on the distance between the emitter and the
highly reflecting cathode of the device, the best results can be
achieved by a variation of the ETL thickness[19], [28]. This in
turn affects the power distribution between the different optical
modes, the effective RQE and the excited states lifetime of the
used guest-host system. Please note that due to conductivity
doping of the transport layers electrical changes by layer
thickness variation can be minimized. Thus, the charge balance
factor and the singlet-triplet ratio in the equation for the
external quantum efficiency (eq. 1) remain constant for all
transport layer thicknesses and both are assumed to be one.
The prevailing emitter orientation can be figured out by
means of three different experiments. The first method is
a photoluminescence measurement of the angular dependent
emission spectrum in the absence of the metallic cathode.
In this case, the pz dipoles cannot couple to plasmons and
will emit light under high emission angles[29]. The second
method is an electroluminescence experiment. In this case
it is mandatory to choose an appropriate ETL thickness[43],
[44]. Due to different interference conditions for horizontally
and vertically oriented dipoles, there are emitter to cathode
distances where direct emission of the px - and py -dipoles
is almost completely suppressed, while direct emission of
the pz -dipoles is enhanced [31]. The third method consits
of determining the optical anisotropy by ellipsometry[34].
However, this method is not practical for analyzing the emitter
orientation in dye-doped guest/host systems.
A. Changes of excited states lifetimes in OLEDs
The different interference conditions for the three different
emitter orientations can be seen in the relative excited states
lifetime changes (τ /τ0 ) with the ETL thickness. Figure 6
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Fig. 6.
Separately simulated relative lifetime changes as a function of
the electron transport layer thickness for horizontal, vertical and isotropic
emitter orientation. The intrinsic radiative quantum efficiency was set to unity
(q=1)(see also Ref.[31]). The dots are measured photoluminescence lifetimes
normalized by τ0 = 1.37 µs.

shows this behavior for an assumed intrinsic radiative quantum
efficiency of q = 1. Also included in this plot are measured
photoluminscence lifetimes normalized by τ0 = 1.37 µs. From
eq. 15 it follows, that these relative lifetime changes are the
reciprocal values of the Purcell factor F . Due to the different
interference conditions for vertical and horizontal dipoles, the
minima of the Purcell factors are at different positions inside
the cavity. While horizontal and isotropic oriented emitters
show their minimum for F at emitter/cathode distances of
about 180 nm, it is located at 125 nm for the vertically oriented
dipoles. However, the behavior gets even more significant for
small emitter-cathode distances. Whereas horizontal dipoles
only couple very weakly to surface plasmons, the vertical
dipoles are dissipating almost all their energy to plasmons
resulting in a very high Purcell factor and so in a strong
reduction of their intrinsic lifetime[26], [57]. This is due to
the intrinsic radiation pattern of an electrical dipole, that emits
most of its energy perpendicular to the dipole orientation.
The comparison between experimental data and simulation
results demonstrates that none of the three limiting cases of
emitter orientation with q = 1 yields a good description. Thus,
either the intrinsic radiative quantum efficiency of the used
guest/host system is not unity and/or the prevailing emitter
orientation is not isotropic.
Please note, that this simulation is only shown for emitter/cathode distances larger than 20 nm. For smaller ETL
thicknesses the used dipole model is not valid and an energy
transfer to lossy surface waves in the metal will occur[21],
[27], [58].
B. Power distribution between optical modes in OLEDs
The variation of the cavity length does not only change the
radiative rate of the excited states and therewith the effective
RQE of an emitting species inside an OLED stack, but also
the power distribution between the different optical modes.
To analyze this behavior in more detail, simulations of the
power distribution between all optical modes for q = 1 and

Fig. 7. Simulations of the power distribution between the different optical
modes for an RQE of unity as a function of the ETL thickness, if a) an
isotropic, b) a vertical and c) a horizontal emitter orientation is assumed(see
also Ref.[31]). Measured EQE values with and without macroextractor for
a current density of 1 mA/cm2 are represented by white dots and squares,
respectively.

for different emitter orientations (horizontal, isotropic and
vertical) have been performed. The RQE was set to unity to
simplify the discussion. However, the basic results are valid as
long as an RQE over ≈50 % is used in the actual device[25],
which will be discussed in the following subsection. Figure 7
shows the results of these simulations together with measured
EQE values with and without macroextractor for a low current
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C. Influence of the intrinsic radiative quantum efficnecy
Figure 8 shows the direct emission of the OLED stack under
investigation with an isotropic emitter orientation as a function
of the ETL thickness and the RQE of the emitting system. It
can clearly be seen that the second cavity maximum of the
emission is only higher than the first maximum for values

0.30

0.25

direct emission

density of 1 mA/cm2 represented by white dots and squares,
respectively. Note that in order to investigate the intrinsic RQE
of the emitting system, as low current densities as possible
should be used for the EQE analysis to avoid current induced
quenching effects, such as triplet-polaron-quenching or triplettriplet-annihilation[23], [56], [41]. As a rule of thumb, the
current should be chosen low enough to exclude an efficiency
roll-off in the device under investigation and high enough to
minimize uncertainties of the measuring procedure. Hence, a
value of 1 mA/cm2 turned out to be a reasonable compromise,
however, this value can change for different OLED stacks.
Again, a clear difference between horizontally and vertically
oriented dipoles can be identified for all simulated ETL
thicknesses. While the maxima in the EQE with and without
substrate modes are at almost the same ETL thicknesses in
the isotropic and the horizontal case, the maxima for vertical
dipole orientation are at completely different positions. For
vertically oriented dipoles the direct emission cannot reach the
10 % mark and is the highest for an ETL thickness of 150 nm,
where horizontally oriented dipoles have their minimum. Thus,
experiments for determining the prevailing emitter orientation
should be performed at that particular ETL thickness[43],
[44]. If the substrate modes can be coupled out with e.g. a
macroextractor, a suprisingly high EQE value of 53 % can be
reached for the vertical case at about 180 nm ETL thickness.
Nevertheless, the vertically oriented dipoles are not favourable
at all for OLED applications in displays or for lighting
due to the strong coupling to surface plasmons especially
for ETL thicknesses smaller than 100 nm and their strong
angular dependent emission spectra. In the isotropic case,
higher results for the EQE at different ETL thicknesses can be
reached for both cases. Hence, 26 % and 55 % of the generated
light can be coupled out for the direct emission and if a
macroextractor is used, respectively. However, the best results
for the EQE of an OLED can be achieved for completely
horizontal dipole orientation, where 30 % are achieved for
direct emission and the application of a macroextractor can
remarkably yield 74 % external quantum efficiency[31]. Please
note that the optimal ETL thickness in the isotropic and the
horizontal case depends on the intended light outcoupling
method. If only direct emission is of interest, the second cavity
maximum yields the best result. If outcoupling enhancements
are used, and therewith the substrate modes are extracted to
air, the first cavity maximum is the favourable one.
However, as in the case of the excited states lifetimes, the
simulations do not describe the measured EQE values in a
proper way (see Fig. 7). Therefore, one has to conclude that
the intrinsic radiative quantum efficiency of the used guest/host
system is not unity and/or the prevailing emitter orientation is
not isotropic as will be discussed in more detail below.
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Fig. 8. Simulated direct emission of the OLED stack under investigation
for an isotropic emitter orientation as a function of the ETL thickness and
different RQEs.

Fig. 9. Simulated relative changes of the excited states lifetime of the emitting
system as a function of the ETL thickness and for different radiative quantum
efficiencies q and an isotropic emitter orientation.

of the RQE higher than 40 %. If the RQE is less than 40 %
the first maximum would be the favourable one, and so the
ETL thicknesses for a maximum EQE are not only depending
on the emitter orientation, but also on the intrinsic radiative
quantum efficiency of the emitting system. Please note that this
effect should be taken into account for OLED optimization by
means of layer thickness variation for the relevant operation
conditions, because a reduction of the RQE due to TTA or
TPQ especially at high current densities and therewith high
brightness can shift the optimal emitter position inside the
OLED from the second to the first cavity maximum[28].
Figure 9 demonstrates the behavior of the relative
changes of the excited states lifetime as a function of the
emitter/cathode distance for different RQEs and an isotropic
emitter orientation. It can clearly be seen, that the oscillations
of the excited states lifetime are damped for decreasing
radiative quantum efficiencies, which is obvious from Eq.
15. Hence, fitting the measured excited states lifetimes at
varying ETL thicknesses with q and τ0 as the only free
parameters results in the apparent RQE of the emitting
system. Please note that the measured data points should
be located especially at small ETL thicknesses and in the
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Fig. 10. Simulation of the relative lifetime changes for the OLED stack
under investigation as a function of the ETL thickness and for different emitter
orientations with different RQEs (see also Ref.[31]).
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Fig. 11. Simulation of the EQE with and without an outcoupling structure
for the OLED stack under investigation as a function of the ETL thickness
and for different emitter orientations with different RQEs (see also Ref.[31]).

maxima of the relative excited states lifetime changes because
at high emitter/cathode distances the differences between the
simulated RQEs are vanishing.

D. Influence of non-isotropic emitter orientation
As pointed out in the last subsections, it is a crucial point
to determine the RQE and the prevailing emissive dipole
orientation of an emitting system inside a complex OLED
structure to achieve a consistent efficiency analysis. Figure
10 demonstrates a possible ambiguity for the determination
of the RQE of the emitting system, if the emissive dipole
orientation is not known. Here, one can not clearly distinguish
between an isotropic emitter orientation with an RQE of 90 %
and a completly horizontal emitter orienation with a q of
65 % for ETL thicknesses larger than 100 nm, resulting in
a huge difference for the derived value of q. Therefore, it
is mandatory to measure the relative changes of the excited
states lifetime especially for small emitter/cathode distances
(≤ 80 nm) because in this regime this measurement is very
sensitive for orientation effects as discussed in subsection A.
The situation becomes even more significant, if the EQE
with and without an outcoupling structure for different ETL
thicknesses are measured. Figure 11 demonstrates the behavior
of the EQE as a function of the emitter/cathode distance for
the same assumptions about the emissive dipole orientation
and identical RQEs as in Fig. 10. While the simulation
yields very similar results for the direct emission for ETL
thicknesses larger than 75 nm for both orientations with the
corresponding RQEs, the behavior for the outcoupled substrate
modes is significantly different. This emphasizes again the importance of performing all possible measurements to achieve
a consistent efficiency analysis of OLEDs. E.g. if one is not
including orientation effects for external quantum efficiency
measurements of the direct emission, a huge overestimation of
the corresponding RQE would follow. Therefore, it is a cruial
point to analyze the substrate modes of the device, because
EQE measurements are very sensitive for emitter orientation
if outcoupling structures are used. However, it is remarkable

Fig. 12.
Dots: Measured phosphorescence lifetimes normalized to the
intrinsic value τ0 = 1.37µs. Line: Best fit for a predominantly horizontal
orientation with θ = 0.24 yielding q = 0.7 (see also Ref.[36]).

that a horizontal emitter orientation can achieve the same or
even higher values of the EQE although the assumed RQE of
the emitting system is much lower than in the isotropic case.
E. Comprehenisve efficency analysis including emitter orientation
In order to verify this simulation based approach, the OLED
stack shown in Fig. 5 has been investigated with nine different ETL thicknesses. Independently, the emitter orientation
of the emitting system was determined by radiation pattern
analysis yielding an emitter orientation of 0.63 vertically to 2
horizontally oriented dipoles, resulting in an anisotropy factor
of θ = 0.24[35]. With this information it is now possible to
determine the RQE of the emissive species inside the OLED
cavity via the two presented methods.
Figure 12 shows the results of the measured photoluminescence lifetime of the excited molecules for the different ETL
thicknesses normalized with the intrinsic value (τ0 = 1.37 µs).
The best fit for the prevailing, predominantly horizontal emitter orientation with θ = 0.24 yields an RQE value of 70 %.
The simulated behavior of the excited states lifetimes can
describe the measured data points very well, especially for
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Fig. 13. Dots: Measurements of the external quantum efficiency for a current
density of 1 mA/cm2 for different ETL thicknesses with (top) and without
(bottom) outcoupling enhancement. Line: Simulated behavior for the stack
under investigation as a function of the ETL thickness for an predominantly
horizontal (θ = 0.24) emitter orientation with q = 0.7(see also Ref.[36]).

low emitter/cathode distances, where this method is very
sensitive for emitter orientation. This confirms the determined
predominantly horizontal emitter orientation for this emitting
system.
The results of the EQE measurements are shown in Figure
13. The measurements have been performed in an integrating
sphere for low current density of j = 1 mA/cm2 to avoid
quenching effects due to TPQ and TTA. Both data sets, the
emission without and with macro-extractor, can be described
consistently with a predominantly horizontal emitter orientation (θ = 0.24) and an RQE of 70 %. This is in perfect
agreement with the results from the excited states lifetime.
Thus, both measurements lead to a lower intrinsic radiative
quantum efficiency of the used guest/host system than previously reported values by other groups, who have assumed
an isotropic emitter orientation[59], [46]. This clearly demonstrates the importance of taking into account possible deviations from randomness in the emitter orientation to ensure a
consistent efficiency analysis in state-of-the-art organic lightemitting diodes based on small molecules.
V. D EGRADATION

ANALYSIS OF

OLED S

Another limiting factor for commercial applications of
OLED technology in the general lighting sector is their
comparatively short lifetime at high brightness. Although first
white OLEDs, achieving several thousand hours for LT70
(LT70 is defined as the time after that a luminance drop by
30 % for a constant current density is reached), have been
established in the market by several companies, this value
is still not satisfactorily. Thus, analyzing and understanding
degradation effects during electrical operation is of paramount
importance for further progress in the field.
Therefore, we have introduced a new approach to quantify the
changes of the factors determining the EQE during electrical
operation[60]. Hence, we have performed the same kind of
efficiency analysis as described in section IV in the pristine
state and after an accelerated degradation process at high
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Fig. 14. Exemplary degradation behavior for a constant current density
of j = 62.5 mA/cm2 of the OLED under investigation containing an ETL
thickness of 249 nm. Blue solid line: Decrease of the normalized luminance
with time reaching LT60 after 65 hours operation time. Black, dashed line:
Increase of the required voltage during degradation. The inset shows the IVLcharacteristics for the pristine state and after degradation(see also Ref.[60]).

Fig. 15. Determination of radiative quantum efficiency for the OLED under
investigation via external quantum efficiency measurements without outcoupling structures (direct emission). Black dots represent the measurements for
the pristine devices, red triangles for the aged OLEDs. Black solid line and red
dashed line are simulations for different quantum efficiencies of 0.68 and 0.4,
respectively. The simulations have been performed for an emitter orientation
of θ = 0.24(see also Ref.[60]).

current densities.
Figure 14 shows an exemplary degradation curve of the OLED
shown in Fig. 5 with an ETL thickness of about 250 nm. The
degradation was performed by applying a constant current
density of j = 62.5 mA/cm2 to the OLED resulting in an
initial luminance of about 15.000 cd/m2 . After an electrical
stressing time of about 65 h the luminance dropped to 60 %
of the initial value (LT60). Although this huge decrease of the
luminance is observed, the required voltage remains almost
constant over the whole degradation process and is only
slightly increased. Thus, the changes in the current-voltagecharacteristics (IV) are less pronounced than in the luminance.
Interestingly, the relative luminance drop for the devices
containing different ETL thicknesses after degradation under
the same current flow is identical, even though the different
positions of the emission layer inside the OLED cavity are
drastically changing the outcoupling factor and the effective
RQE of the devices. Thus, an efficiency analysis as presented
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VI. C ONCLUSION

Fig. 16. Changes of the photoluminescence excited states lifetime as a
function of the ETL thickness. Black dots represent pristine devices, red
triangles aged OLEDs. The lines are fits for the pristine state (black, solid)
and after degradation (red, dashed) resulting in different RQEs and intrinsic
lifetimes(see also Ref.[60]).

in the previous section is possible after degradation. Figure
15 shows the compilation of the external quantum efficiencies
before and after degradation for the direct emission of the
OLEDs measured at a low current density of 1 mA/cm2 to
avoid quenching effects. The comparison of the EQE measurements with the simulations yields an RQE of (68 ± 2) %
for the pristine state and (40 ± 2) % after degradation, where in
both cases the same emitter orientation is included. Thus, the
whole luminance drop can be explained by a decrease in the
RQE of the emitting system, while other factors determining
the EQE seem to remain constant and are not influenced in
a measureable way. To ensure a reliable determination of the
RQE, the emitter orientation was independently determined
by radiation pattern analysis in the cavity minimum for an
ETL thickness of 160 nm. However, no changes of the emitter
orientation are detectable for the aged device.
Finally, the determination of the RQE via the excited states
lifetime for the pristine state and after degradation has been
carried out. Please note that the time-resolved measurements
have been performed by laser excitation and not electrically
pumped. As mentioned before in this article, the excitation by
electrical pulses would yield better results, however, due to the
constant emission zone over the thin emission layer (10 nm)
laser excitation is an acceptable method. The fitting procedure
of the measured values with simulated data results in an RQE
of (70 ± 5) % with an intrinsic lifetime of (1.37 ± 0.03) µs for
the pristine devices and a q of (40 ± 5) % with a modified
intrinsic lifetime of (1.23 ± 0.03) µs after degradation. These
results are in excellent agreement with the values from EQE
measurements. Moreover, the changed intrinsic lifetime after
degradation gives a hint for modified radiative and nonradiative decay rates of the emitting species. However, this
result is beyond the scope of this article and for more details
we refer to Ref.[60].

In conclusion, we have shown that optical simulations are
an indispensable tool for analyzing the emission properties
of organic light-emitting diodes. We have figured out the
importance of emitter orientation and how it is possible to
implement this feature to established simulation tools. Furthermore, we have presented a method for a determination of
the intrinsic radiative quantum efficiency (RQE) of emitting
systems. Therewith it is possible to perform a comprehensive
efficiency analysis based on a systematic variation of the
emitter/cathode distance to distinguish between cavity effects,
which are influencing the effective RQE of an emitting system
and power distributions between different optical modes, that
are changing the outcoupling factor of the device. Finally, we
have discussed the application of the efficiency analysis to
degradation experiments.
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[35] M. Flämmich, J. Frischeisen, D.S. Setz, D. Michaelis, B.C. Krummacher,
T.D. Schmidt, W. Brütting and N. Danz, Org. Electron. 12, 1663-1668
(2011).
[36] T.D. Schmidt, D.S. Setz, M. Flämmich, J. Frischeisen, D. Michaelis,
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