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We present a comprehensive model to simulate organic light-emitting devices (OLEDs)
that includes a seamless coupling of charges, excitons and photons. The comprehensive
model accounts for the position dependent exciton lifetime due to the optical environment
in the multilayer OLED structures. We first study the effect of different charge mobilities
and quantum efficiencies of the light-emitting material on the exciton profiles. Moreover,
we discuss the extension of an optical model to account for the exciton dynamics. This
comprehensive optical model is validated and justified on the basis of consistency checks.
Namely, we show that our comprehensive optical model can take the cavity effects as seen
in simulation results of the comprehensive electrical model into account. The advantage of
the comprehensive optical model is a quick and accurate insight into the exciton physics if
applied together with a nonlinear least square (NLSQ) fitting method. Finally, we apply the
comprehensive optical model with the NLSQ-method in order to extract the exciton pro-
files from emission spectra of a blue light-emitting polymer diode (PLED) measured at dif-
ferent current levels.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Organic light-emitting devices (OLEDs) are being com-
mercialized in novel lighting and flat-planel display appli-
cations. For these applications, high efficiency, long
lifetime and low cost are essential. Therefore, it is of huge
interest to increase the lifetime and understand the mech-
anisms that contribute to light-outcoupling in an OLED. For
example, the light outcoupling efficiency can be enhanced
by recovering the surface plasmon modes by index cou-
pling, prism coupling and grating coupling [1–3]. A thick
electron transport layer as a spacer to an electrode on
top of a high-index substrate can also achieve high outcou-
pling efficiencies [4]. Further, it was shown by simulation
that the orientation of the dipoles, as well as the quantum
efficiency of the emitter, play an important role on the out-
coupling efficiency [5–8]. Moreover, to observe the internal
. All rights reserved.
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features of the dipole radiation in the OLED far-field, de-
vices with adapted layer structure are needed to optically
enhance the feature of interest [9]. The motivation of our
paper is to achieve an accurate description of the exciton
profile in the light-emitting layer. On the one hand, we
aim for a more accurate calculation of the exciton profile
with a comprehensive electrical model. On the other hand,
a comprehensive optical model allows for improved out-
coupling efficiency predictions and a more accurate extrac-
tion of exciton profiles. We use a dipole model where the
emitted power is calculated from a given shape of the exci-
ton profile. It is common to assume exciton profiles with a
Gaussian or exponential shape [10]. The exponential shape
for the exciton profile can be derived as the steady-state
solution of the exciton continuity equation with a delta-
dirac generation term and a constant exciton decay time
[11]. A draw-back of an approach with analytical exciton
profiles is that the influence of the optical cavity typically
observed in multilayer OLED structures is neglected. The
cavity changes the power emitted to the different decay
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Fig. 1. Flow-chart diagram of the models to calculate light-outcoupling of
an OLED.
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channels as a function of the position. Thus, it causes a
change of the exciton lifetime, especially near metallic
interfaces the lifetime is decreased considerably, and
therefore, the shape of the resulting exciton profile in gen-
eral is changed. We demonstrate an approach to study this
effect by solving the charge drift–diffusion equations of
holes and electrons for the multilayer OLED structure. By
introducing an exciton continuity equation with a position
dependent radiation rate, we account for the influence of
the cavity on the excitons. A second motivation of our pa-
per is to provide a useful and quick analysis tool to get in-
sight into the distribution of excitons in an OLED. This is
achieved by accounting for the position dependent exciton
dynamics in the optical model. Then for extraction of exci-
ton profiles from measured data, we minimize the error
between the simulated and measured emission spectra
by a nonlinear least-square method. Approaches, where
least-square methods were used to determine the shape
of the exciton profile were also discussed recently by sev-
eral authors [12–18].

The paper is organized in the following way. In Section
2, we introduce the different optical and electrical device
models studied in this paper. Section 3 briefly introduces
a nonlinear least-square (NLSQ) method for the extraction
of exciton profiles from spectral and angular data. Section
4 presents a consistency check where the optical and elec-
trical device models are validated. Finally in Section 5, we
apply the NLSQ-method to emission spectra of a PLED
which were measured at different current levels. This
application demonstrates the impact of the NLSQ-method
in combination with the comprehensive optical model for
studying the influence of different operating conditions
on the exciton profile.
2. Modeling methods

In this section, we present the models to simulate the
light outcoupling of OLEDs by seamlessly taking electrons,
excitons and photons into account. The first model we dis-
cuss is the optical model. As depicted in Fig. 1, the optical
model is used to calculate the light-outcoupling of an
OLED. In a next step, we introduce the comprehensive elec-
trical model, where we solve the charge drift–diffusion
equations for holes and electrons. The hole and electron
profile determine the recombination profile as illustrated
in the flow-chart diagram in Fig. 1. By coupling the optical
model to the diffusion and decay of the excitons, we ac-
count for the optical feedback of the cavity of a multilayer
OLED structure. The exciton profile then is taken to calcu-
late the light-outcoupling by the optical model. This is
called the bottom-up approach or electrical simulation.
Finally, we derive the comprehensive optical model to ac-
count for the exciton dynamics. This is called the top-down
approach or optical simulation.
2.1. Optical model

The optical model describes light-outcoupling of an or-
ganic light-emitting device. The foundation of the model
was set by Sommerfeld [19] by describing the impact of
an interface on electromagnetic radiation of a dipole. The
model was enhanced by Chance et al. by considering
reflection at two interfaces [20]. Other authors further im-
proved the model by calculating also light-emission out-
side of the multilayer interfaces [21,22]. The model
characterizes the influence of nearby multilayer interfaces
on the radiation of fluorescent molecules, which are natu-
rally described as oscillating dipoles. It is assumed that a
dipole has two decay channels, namely radiative decay kr

and nonradiative decay knr. The model relates the total de-
cay rate in presence of multilayer interfaces k = kr + knr to
the total decay rate in an infinite medium k0 = kr,0 + knr.
Throughout the paper, all intrinsic quantities are denoted
by the subscript 0. ‘Intrinsic’ means in absence of the mul-
tilayer interface. The nonradiative decay channel knr is not
influenced by the multilayer interfaces, therefore we do
not distinguish between a nonradiative decay in absence
or presence of multilayer interfaces. The dipole model
reads

k
k0
¼ Prel; ð1Þ

where Prel stands for the relative change in the dissipated
power of a dipole by the multilayer interfaces compared
to the infinite medium. The power is a complex integral
depending on the wavelength k and position x of the dipole
in the emissive layer. In order to obtain the emission spec-
tra generated by a dipole in the emissive layer, one has to
solve the Helmholtz equations for the electric field [20,21].
Considering the illustration in Fig. 2, modes starting out in
the emission zone pass the interfaces 12 and 13 and reach
the region 2 and 3. Passing the interfaces 12 and 13 results
in a partial absorption or reflection of the emitted radia-
tion. Calculating the Poynting vector from the electric field
allows the determination of the relative power F(h,k,x)



Fig. 2. A multilayer structure is depicted schematically. Region 1 is the
emissive layer with thickness d and region 2 and 3 are semi-infinite, non-
absorbing media. The emission zone where the dipoles are placed is
drawn as a single position. The multilayer interfaces are entitled as
interface 12 and 13. The emission angles h12 and h13 are defined in region
1, respectively region 3, where an angle of 0� is perpendicular to the
interface plane and an angle of 90� is parallel to the interface.
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entering region 2 and 3 provided the regions can be treated
as non-absorbing media. The relative power F(h,k,x) is also
a function of the angle h of the outcoupled light as depicted
in Fig. 2. It is unlikely that only a single dipole at a single
position contributes to the light-emission. Often, the emis-
sion zone or exciton profile (the distribution of the dipoles
within the emissive layer) in an OLED has a well confined
shape, typically approximated by Gaussian or exponential
function [10]. For thin emissive layers in small molecule
OLEDs, a constant exciton profile can be a good first
approximation, too [23]. Even the most simple recombina-
tion profile (delta-dirac) leads to an exponential exciton
profile [11]. An exciton can be interpreted as a bound state
of a hole and electron and is physically treated as an oscil-
lating dipole in the optical model. Therefore, we introduce
S(x) to define the exciton profile as a function of the posi-
tion in the emissive layer. We model the emission spec-
trum E(k,h) of an OLED as
Eðk; hÞ ¼ k0 � q0 �
Z

I
Fðh; k; xÞ � SðxÞ � dx; ð2Þ
where the quantum efficiency q0 is defined as q0 = kr,0/
(kr,0 + knr). The integration is performed over the emissive
layer I. Throughout the paper, for the discretization dx typ-
ically 1 nm is assumed. Eq. (2) can alternatively be written
as
Eðk; hÞ ¼ kr;0 �
Z

I
Fðh; k; xÞ � SðxÞ � dx: ð3Þ
Because we scale the relative power F(h,k,x) emitted by a
single dipole into region 2 and 3 with the radiative decay
rate kr,0, we obtain the absolute power radiated by the di-
pole. Multiplying the absolute power of a single dipole by
the exciton profile S(x) yields a power density.
2.2. Comprehensive electrical model

In Section 2.1, we have assumed that the exciton profile
S(x) defining the emission zone is known a priori. Another
approach to obtain the emission zone is to solve the charge
drift–diffusion and exciton transport equations for the or-
ganic semiconductor [24–26]. The drift–diffusion equa-
tions are continuity equations for holes and electrons,
which are injected into the device at the anode, respec-
tively the cathode. We assume electrons and holes to
recombine according to the Langevin recombination rate
R(x), which is proportional to

RðxÞ / ðlp þ lnÞ � pðxÞ � nðxÞ: ð4Þ

The mobility of the electrons and holes is denoted as ln

and lp. The electron density n(x) and hole density p(x)
are both solutions to the charge drift–diffusion equations.
The mobilities are material parameters and must be deter-
mined by measurement. We take generation, diffusion and
decay of excitons into account by writing the continuity
equation in steady-state as

r � ð�D � rSðxÞÞ ¼ G � RðxÞ � SðxÞ
sðxÞ : ð5Þ

The term�D � rS(x) describes the exciton diffusion current
driven by a gradient in the density of excitons. G � R(x) is
the generation of excitons by Langevin recombination
and G is a Langevin recombination prefactor that is set to
0.25 for creation of singlet excitons. S(x)/s(x) is the decay
of excitons by radiative and nonradiative decay. The life-
time s(x) can be written as s(x) = 1/k(x) = 1/(kr(x) + knr)
and must be calculated with the optical dipole model as
presented in Section 2.1. By solving Eq. (5), we obtain
S(x) which is afterwards inserted into Eq. (3) to calculate
the emission spectrum. In Fig. 3a, we see the relative
power emitted into the different optical decay channels.
The power emitted originates from a single emission zone
and is a function of the relative position in the light-emit-
ting polymer (LEP) material. The structure of the OLED is
illustrated in Fig. 4 and the dipoles are assumed to be iso-
tropically distributed. To perform the mode analysis, a
wavelength of 588 nm, a quantum efficiency of q0 = 1 and
a lifetime of s0 = 10 ns is chosen. The calculations were
performed with the software SETFOS [27]. The best out-
coupling efficiency of approximately 12% is achieved by
excitons near the center of the LEP material. Due to cou-
pling of excitons to evanescent and surface plasmon
modes, the exciton lifetime s(x) is very short near the elec-
trodes as seen in Fig. 3b. The position dependent lifetime in
Eq. (5) and Fig. 3b is calculated according to the dipole
emission model of Chance et al. [20] by

sðxÞ ¼ 1
kðxÞ ¼

s0

1� q0 �
R1

0 f ðx;uÞ du
: ð6Þ

Eq. (6) describes the effect of the cavity on the dipole life-
time, which can be written as s0 = 1/k0 = 1/(kr,0 + knr). f(x,u)
is a measure of the dipole relaxation time and u is the nor-
malized inplane wave vector. The lifetime is only constant
s(x) = s0 in case of q0 = 0. Then, the cavity has no influence
on the decay rate of excitons because nonradiative decay
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Fig. 3. (a) Relative emitted power into the different optical decay channels as a function of the position of the isotropic dipoles in the emissive layer
calculated by SETFOS. The wavelength taken for the calculation is 588 nm. The device considered in the analysis is a typical PLED presented in Fig. 4 and the
relative position is measured from the anode (q0 = 1, s0 = 10 ns). (b) The spatial lifetime as a function of different intrinsic quantum efficiencies q0. The
lifetime s is normalized by the intrinsic lifetime s0.

Fig. 4. A typical multilayer structure of a PLED used for the consistency
checks. The light-emitting polymer (LEP) layer is embedded between the
anode and cathode, indicated by the black layers. Therefore, we model a
single-layer device.
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dominates and coincidentally, this situation would result
in no light emission. For q0 > 0, the influence of the optical
environment becomes apparent, see Fig. 3b. In the case
where q0 = 0.1, the influence of the cavity is only present
near the electrodes. In the central region in the LEP layer,
the lifetime is almost unaffected. But for q0 > 0.5, the life-
time s is reduced considerably with respect to the intrinsic
lifetime s0. The comprehensive electrical model accounts
seamlessly for electrons, excitons, and photons, and the
optical environment.

2.3. Comprehensive optical model

The empirical factor s(x)/s0 contains spatial information
about the exciton lifetime. If the exciton lifetime is very
short s(x)/s0 � 0, less contribution to light-emission is
made by excitons at this position. If the exciton lifetime
is high s(x)/s0 � 1, more excitons contribute to light-emis-
sion at this position. The comprehensive optical model can
be written as

Ecðk; hÞ ¼ kr;0 �
Z

I
Fðh; k; xÞ � ScðxÞ � dx: ð7Þ

Eq. (7) is different to Eq. (3) because it uses a different
exciton profile Sc(x). It is a corrected version of the exciton
profile S(x) originally assumed in Eq. (3). Motivated in the
text above, the exciton profile Sc(x) is calculated as

ScðxÞ ¼ sðxÞ=s0 � f � SðxÞ: ð8Þ

The empirical factor s(x)/s0 influences the emitted power
in absolute quantities. Therefore, we introduce a scaling-
factor f, which has to be determined by comparison to
experiment as we will present in Section 3. The lifetime
s(x) can be obtained by applying Eq. (6) and requires
knowledge of the quantum efficiency q0. Flämmich et al.
demonstrated that it is feasible to extract the intrinsic
quantum efficiency by layer-thickness dependent optical
measurements [28]. The comprehensive optical model is
crosschecked in Section 4.2 by the comprehensive electri-
cal model in order to justify the weighting factor s(x)/s0.
3. Nonlinear least-square fitting method

We use a nonlinear least-square (NLSQ) fitting method
to extract the exciton profile Sc(x) from measured emission
spectra. The shape of the exciton profile S(x) is approxi-
mated by an analytical function determined by two param-
eters, the peak position p and the width w of the exciton
profile. We minimize the v2 error

v2 ¼ 1
2NM

X
s;p

XM

j

XN

i

Es;p
calcðki; hj; p;w; f Þ � Es;p

refðki; hjÞ
� �2

 !1
2

ð9Þ

between the calculated emission spectra Es;p
calc and mea-

sured emission spectra Es;p
ref with respect to the fit parame-

ters p, w and f. s and p denote s-polarized and p-polarized
light. The emission spectra are a function of wavelength ki

and emission angle of the outcoupled light hj. N is the num-
ber of different wavelengths in the emission spectrum and
M is the number of different angles in the emission spec-
trum. The division by 2NM is used to calculate an averaged
v2 error in order to compare it to situations where differ-
ent number of measured emission intensities are used.
The NLSQ-method estimates the peak position p, the width



Table 2
Mobility parameters for calculating the exciton profiles where the peak is
close to the anode side (case 1), in the center of the emissive layer (case 2)
and close to the cathode side (case 3). ln is the electron and lp the hole
mobility. Both mobilities are assumed constant.

Case ln (m2/(Vs)) lp (m2/(Vs))

1 2 � 10�9 1 � 10�9

2 2 � 10�9 2 � 10�9

3 1 � 10�9 2 � 10�9
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w and the scaling factor f to obtain the exciton distribution
Sc(x).

4. Consistency checks

4.1. Electrical simulation

In a series of consistency checks we calculate the emis-
sion spectra of an OLED based on the comprehensive elec-
trical model by seamlessly considering charges, excitons,
and photons. For the consistency checks, we choose three
device configurations that differ in the assumed charge
mobilities and thus yield different recombination and exci-
ton profiles. Unlike a previous publication [26], we do not
consider a Gaussian disorder model here for simplicity.

Thus, the molecular orbital energies have a discrete le-
vel. We model the device as a single-layer device where
the charges are injected at the electrodes by thermionic
injection. The structure of the device is depicted in Fig. 4.
Other device and simulation parameters can be found in Ta-
ble 1. By varying the constant mobilities of holes and elec-
trons as illustrated in Table 2, we tune where the peak of
the exciton profile is located within the light-emitting poly-
mer (LEP). The mobilities are selected so that in one config-
uration the peak of the exciton profile is close to the anode
(case 1), respectively in another configuration the peak of
the exciton profile is close to the cathode (case 3). In a third
situation, the mobilities are balanced so that the exciton
profile is symmetrical (case 2). We reference the different
mobilities of holes and electrons later as cases 1–3, see Ta-
ble 2. In Section 2.2, we argued that q0 can be interpreted as
a turn-on parameter for the cavity effects in the emissive
layer. We study the effect of q0 on the calculated exciton
profiles from the comprehensive electrical model. We se-
lect three different quantum efficiencies q0 = 0.1, q0 = 0.5,
and q0 = 0.9 as already used in Fig. 3(b). In Fig. 5a, the calcu-
lated electron and hole profiles for an applied voltage of
11 V are plotted. The three different colors represent the
three different cases for the charge mobilities. The dashed
lines are the hole profiles and the solid lines are the electron
profiles. The position in the LEP layer is defined with re-
spect to the PEDOT:PSS interface and is expressed in terms
of a relative position. We see that holes are injected on the
anode side, whereas the electrons are injected on the cath-
ode side. In the case where both electron and hole mobility
are equal (case 2), the hole and electron profiles are sym-
metrical. In the other situations (case 1 and case 2), the
Table 1
Device and simulation parameters assumed in order to calculate the
exciton profiles in the LEP layer.

Parameter Description Value

�r Relative permeability 3.2
G Recombination factor 0.25
L Diffusion length 20 nm
HOMO HOMO level 5.4 eV
LUMO LUMO level 2.4 eV
N0 Density of states 1 � 1027 m�3

s0 Lifetime 10 ns
Ua Workfunction anode 5.2 eV
Uc Workfunction cathode 2.6 eV
charge profiles are asymmetrical. From the electron and
hole profiles one derives the recombination profile. The
recombination profiles are depicted in Fig. 5b for the three
different cases for the charge mobilities. As expected, we
see a symmetrical profile where the electron and hole
mobility are balanced and an asymmetrical profile where
the electron mobility is higher than the hole mobility, and
vice versa. Once the recombination profiles R(x) are deter-
mined, we obtain the exciton profile by solving the continu-
ity equation of the excitons (see Eq. (5)). The exciton
profiles for the different mobility cases and different quan-
tum efficiencies are shown in Fig. 6a–c as symbols. We ob-
serve a peak shift of the exciton profile when varying the
mobilities for electrons and holes. The influence of the opti-
cal environment on the exciton profile leads to a situation
where no excitons are physically present at the electrodes
in steady-state. Further, we see the stronger the influence
of the cavity, the smaller the amount of excitons present
in the emissive layer as the whole profile is reduced by
increasing quantum efficiency. In fact, this is compensated
by the increased intrinsic radiative decay rate kr,0 that goes
along with increasing the quantum efficiency. So total
emitted power by the excitons is raised with higher quan-
tum efficiency q0. It can also be seen that various quantum
efficiencies slightly lead to a shift in the peak position for
every mobility case. In the paper, we do not depict all the
calculated emission spectra from the different exciton pro-
files as seen in Fig. 6a–c. In Fig. 7a and c, we show a repre-
sentative example of the calculated emission spectra for the
mobility case 2 (balanced electron and hole mobility) and a
quantum efficiency of 0.5.

4.2. Extraction of exciton profiles – a consistency check

In a next step we apply the NLSQ-method to extract the
exciton profile from the emission spectra calculated by the
comprehensive electrical model. The NLSQ-method tunes
the parameters p, w and f of the comprehensive optical model
so that thev2 error is minimized. A Gaussian shape of the exci-
ton profile is chosen as it is a very simple mathematical func-
tion that can describe both narrow and broad exciton
profiles, without loss of generality. From the estimated param-
eters p, w and f, we calculate the exciton profile Sc(x). By cross-
checking it with the reference exciton profile from the
electrical model Sref, we validate and justify the approach to in-
clude information about the optical environment by the factor
s(x)/s0 in the comprehensive optical model. Thereby, we ob-
tain a physically accurate estimate of the exciton profile as it
would result from a bottom-up electrical calculation or as it
would occur in a real device. As a representative illustration
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of the fit quality, Fig. 7a–d show the comparison between the
reference and fitted emission spectra for the case where the
charge mobilities are balanced (case 2) and q0 = 0.5. Fig. 7a
and c depict the reference emission spectra for s-polarized
and p-polarized light. Fig. 7b and d illustrate the corresponding
fitted emission spectra for the s-polarized and p-polarized
light. Fig. 7a–d prove that the fit is excellent. The relative error
between the reference and fitted emission spectra is 0.3 ‰. In
Fig. 7, the emission spectra are normalized by the highest
intensity value obtained in the reference s-polarized and p-
polarized emission spectra, respectively. The optical simula-
tion results of the emission spectra in Fig. 7 do not include
birefrigence and show the emission spectra in the glass sub-
strate. The corresponding extracted exciton profiles for the
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Fig. 7. Comparison between the reference and fitted emission spectra. The reference emission spectra are depicted in (a) for the s-polarized light and in (c)
for the p-polarized light. The fitted emission spectra are shown in (b) for the s-polarized light and in (d) for the p-polarized light. The reference emission
spectra are calculated using balanced charge mobilities and a quantum efficiency of 0.5. The emission spectra are normalized by the highest intensity value
obtained in the reference s-polarized and p-polarized emission spectra, respectively. The relative error with respect to the intensity between the reference
and fitted emission spectra is 0.3‰ and indicates a perfect fit.
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various cases (different settings in the charge mobilities) are
found in Fig. 6a–c and are represented by lines. The calculated
exciton profiles from the electrical simulation are drawn with
symbols. The exciton profiles Sc(x) agree well with the refer-
ence exciton profiles regardless of the mobility cases and
intrinsic quantum efficiencies. The shape of the exciton profile
is reproduced independently from the location of the peak po-
sition and width of the exciton profile. Also in its absolute
quantities, the exciton profiles are reconstructed. As a compar-
ison for the case 3, Fig. 6d shows the extracted exciton profiles
if we used the optical model instead of the comprehensive
optical model. It shows differences to the reference exciton
profiles especially near the electrodes where the influence of
the cavity is more pronounced. Therefore, from the very good
agreement demonstrated in Fig. 6a–c, we can justify our s(x)/
s0 weighting approach in the comprehensive optical model.
We see that the factor s(x)/s0 of the comprehensive optical
model accurately estimates the exciton profile from the refer-
ence simulation by a single optical least-square fitting ap-
proach. The advantage of the comprehensive optical model
in combination with the NLSQ-method is the physically mean-
ingfulshapeof theobtainedexcitonprofile, taking intoaccount
the optical influence of the cavity.
5. Determination of exciton profiles based on measured
emission spectra

In Section 4.2 we demonstrated that the NLSQ-method in
combination with the comprehensive optical model is able
to reproduce the reference exciton profiles. In this section,
we want to apply the method to measured emission spectra
of a blue-emitting PLED based on a copolymer that was pre-
viously reported by Harkema et al. [29]. The copolymer ana-
lyzed here was referred to as copolymer 2 in reference [29].
PLEDs with this copolymer deliver luminous efficiency up to
7 cd/A. For the fit, the emission spectra between wave-
lengths k from 440 nm to 580 nm and viewing angles h be-
tween 0� and 60� were taken into account. The viewing
angle represents h13 as depicted in Fig. 2. The PLED’s struc-
ture is a 175 nm thick blue light-emitting polymer (LEP,
copolymer 2) embedded between the aluminum cathode
and the ITO anode. The exact structure of the device with
an area of 9 mm2 is as follows: ITO (135 nm)/LEP
(175 nm)/Ag (60 nm). We study the exciton profiles as a
function of the current, therefore, the emission spectra are
measured at different currents at 0.2 mA, 0.5 mA, 1.0 mA
and 2.0 mA. In order to apply the NLSQ-method, we have
to make some assumptions about the orientation of the di-
poles and the analytical shape of the exciton profile, as well
as the initial values parameterizing that shape. The dipoles
are assumed to be oriented horizontally. For the shape of
the exciton profile, a Gaussian distribution is chosen and
its initial peak position is set to 0.2, meaning the peak is
shifted to the anode in the LEP material. The initial width
is set to 32 nm. Another assumption is the intrinsic quantum
efficiency q0 and lifetime s0. The quantum efficiency
q0 = 0.55 for this copolymer was previously determined by
a photoluminescence experiment in an integrating sphere
by Harkema et al. [29] and the lifetime s0 is set to 10 ns.
The selection of the lifetime s0 does not affect the shape of
the extracted exciton profiles as the s(x) scales with s0 (see
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Fig. 8. Representative illustration of the fit quality for a structure of ITO (135 nm)/LEP (175 nm)/Ag (60 nm). The emission spectra were generated by
driving the device at a current of 1.0 mA. The measured emission spectra is depicted in (a) and the fitted emission spectra are shown in (b). The emission
intensity values are normalized by the highest value obtained in the experiment or simulation, respectively. The assumed intrinsic quantum efficiency and
lifetime is set to q0 = 0.55 and s0 = 10 ns. The relative error with respect to the intensity between the reference and fitted emission spectra is 12.8 %.
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Eq. (6)) and is compensated by the scaling factor f to fit the
emission spectra in absolute intensities. Fig. 8a–b show a
representative comparison between the measured and fit-
ted emission spectra using the NLSQ-method when the de-
vice is driven at a current of 1.0 mA. The simulated
emission spectra match the experiment accurately. The
emission spectra are normalized by the highest intensity va-
lue obtained in the measurement or simulation, respec-
tively. The extracted emission profiles are depicted in
Fig. 9. There is no shift observed of the peak position with
increasing current, only the total amount of excitons present
in the LEP layer is increased at higher current. The higher the
current that drives the device, the more holes and electrons
are injected at the electrodes. Therefore, the number of exci-
tons is also increased. This application illustrates the practi-
cal and quick use of the comprehensive optical model for
getting an accurate insight into the electrical transport pro-
cesses and optical phenomena by fitting emission spectra.
6. Conclusion

In summary, we presented a comprehensive electrical
device model which considers the charge drift–diffusion
and recombination equations as well as the exciton conti-
nuity equation. By coupling the dipole model of Chance
et al. to the continuity equation of excitons, accurate exci-
ton profiles are calculated taking the effect of the cavity
on the exciton dynamics into account. In a second step,
we modified the dipole model to the comprehensive opti-
cal model by a factor s(x)/s0 stating where the lifetime of
the excitons is reduced due to coupling to evanescent and
surface plasmon modes. For fitting the comprehensive
optical model parameters, we applied a nonlinear least-
square (NLSQ) fitting method. The weighting factor s(x)/
s0 in the comprehensive optical model is validated and
justified by comparing the extracted exciton profiles
Sc(x) to the exciton profile resulting from the electrical
simulation. The extracted exciton profiles Sc(x) describe
the reference exciton profile not only qualitatively by
their shape but also fit the reference exciton profiles in
terms of the absolute amount of excitons present in the
emissive layer. To demonstrate an application of the com-
prehensive optical model in combination with the NLSQ-
method, we applied the method to measured emission
spectra of a blue-emitting PLED. The emission spectra
were measured for different current densities through
the PLED. Our comprehensive electrical model which
seamlessly couples charges, exciton and photons is also
suitable for small-molecule OLEDs in order to predict an
accurate shape of the exciton profile. In addition, the non-
linear least-square fitting method in combination with
the comprehensive optical model can be applied for
in situ studies of aging mechanisms in OLEDs by only
measuring the emission spectra. Moreover, the compre-
hensive optical model and the fitting algorithm will facil-
itate the validation of electrical device models.
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