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Abstract

Lighting application of Organic Light Emitting Diodes
(OLEDs) has been forecasted and such applications appear
already in the high end segment of the market. These devices
should provide homogeneous luminance — homogeneity is one
of the quality metrics of such devices. Local light generation de-
pends on both the local temperature and the local voltage drop
across the light emitting polymer(s) in the device. Due to the
large area of these devices the coupled optical, electrical and
thermal simulation problem is of distributed nature. Electri-
cal characteristics of organic semiconductor materials used in
OLED devices are nonlinear, and their nonlinear temperature-
dependence is significant. Measurement and temperature-de-
pendent electrical and optical modeling of OLEDs is presented
in this study. The paper addresses the special needs of OLEDs
in distributed electro-thermal field simulation. These needs are
not handled appropriately yet in the widely used, commercially
available simulation tools. However the latest version of our
SUNRED field solver algorithm is capable of handling these
coupled, non-linear optical-electrical-thermal problems. The
new features of the algorithm are demonstrated by modeling
some research OLED samples available to us in the Fast2Light
project — this way simulation results are compared against
measured data. The results suggest that the models and the sim-
ulation tool can be used well in OLED design.
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1 Introduction

Solid-state light emitting device technology has made tremen-
dous progress in the last decade. After the development of the
non-organic blue and white Light Emitting Diodes (LEDs) [1, 2]
the road led straight to the solid-state lighting applications. Re-
ports about developments [3] describe 62,000 hours lifetime for
blue OLEDs of an operating brightness of 400 cd/m? thus, the
development of lighting purpose OLED devices is expected to
step to market phase from experimental phase [4].

Research until now has mainly been motivated by glass-based
organic LED displays [5], where the aspects of high contrast,
wide viewing angle and good response time are critical. In our
research project called Fast2Light [6] the purpose is to develop
a novel, cost-effective, high-throughput, roll-to-roll, large area
deposition process for fabricating light-emitting polymer-
OLED foils for intelligent lighting applications.

As of today, luminous flux and efficacy of organic devices
is small compared to conventional light sources, so their sur-
face must be much greater to provide comparable light output:
in the Fast2Light project the targeted surface is 60x60 cm?.
This area must produce homogeneous light (the uniformity
of the luminance on the surface should be over 95%), which
requires homogeneous current densities in the device. Despite
the large surface, the operating power density of the device is
significant. The polymer substrate and the materials used in the
OLEDs have bad electrical and heat transfer properties that
leads to another problem: the dissipation. Organic materials are
very sensitive to overheating thus, their temperature must be
maintained low, therefore proper cooling solutions should be
provided in their application environment.

The above mentioned problems make essential the usage of
coupled electrical-thermal field simulation. Available OLED
simulation methods and tools deal with electrical and optical
simulation of the devices e.g. [7-10] but thermal investigation
means a problem. Commercial FEM simulation tools such as
Ansys [11] can handle electrical and thermal fields, they can
determine potential and temperature fields accurately but heat-
flow and current density calculation is a problem for them
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especially when these fields are coupled through special non-
linear characteristics. In OLEDs the key factor for providing
homogeneous light emission is the uniformity of the potential
drop across the light emitting polymer layer. In conventional
device constructions transparent, yet electrically conductive
anode electrode is needed.

Traditionally Indium Tin Oxide (ITO) is used for this but its
electrical conductivity is not sufficient to provide the required
potential uniformity over a large area. The workaround for this
problem is the application of a metal grid as a shunting network
in the transparent anode. Narrow and widely spaced wires al-
low the devices emit more light but in narrow wires the electric
current density can be so high that it can cause degradation,
which means that calculation of electrical current densities is
also an important requirement. Park et al. presented a simple
and well usable method for metal grid calculations based on
lumped element SPICE simulation [12] but this method lacks
the handling of thermal effects. The overall electrical behavior
of an OLED device is determined by the coupled, distributed
electro-thermal properties of the device where the I-V char-
acteristics and the temperature dependence of the LEP (light
emitting polymer) layer(s) are considered in a consistent way.
The lack of such simulation code motivated us to extend our
existing FDM based thermal simulation tool and algorithm,
SUNRED (SUccessive Node REDuction) [13].

In operation the ambient temperature can change in a wide
range, and the placing, mounting and cooling of the OLED sig-
nificantly affect the heat flow of the dissipated power thus, the
temperature distribution in the device. The efficiency of light
emission and the electrical characteristics of organic materials
are strongly and nonlinearly temperature-dependent, so linear
OLED device models are not appropriate for the design of pack-
aging and for examinations of the operation in real environment.

In this paper the OLEDs and their simulation needs are sur-
veyed first, then an OLED model derived from our measure-
ment results is described and an overview of the new, extend-
ed SUNRED algorithm is provided. The measurement of the
OLED samples available to us is also discussed and the method
based on [14] for creating nonlinear electro-thermal and opti-
cal device model equations for OLEDs is presented. Section 5
presents the implementation of nonlinear device models in the
SUNRED field solver, including the split between the emitted
optical power and the dissipated power. Finally the measured
characteristics of the sample OLEDs with the results gained
by the solution of the model equations and with the simulation
results are compared. The simulated radiance and luminance
distribution of the device is also demonstrated.

2 Problem statement and background

2.1 Organic light emitting devices

Although conventional LEDs based on III-V semiconduc-
tors (AllnGaP, InGaN) achieve bright emission with sufficient

quantum efficiency for the visible spectral region, their use for
large area general lighting applications is unlikely due to the
fabrication cost and packaging issues. Organic semiconductors
however, show good charge carrier transport properties as well
as are excellent candidates for cheap and highly effective alter-
natives for large area applications [15].

Organic Light Emitting Diodes (see Fig. 1) are thin-film
multi-layer devices consisting of a substrate foil, film or plate
(rigid or flexible), an electrode layer, layers of active materi-
als, a counter electrode layer, and a protective barrier layer. At
least one of the electrodes must be transparent to light [15]. The
prevailing transparent electrode material is ITO that is a bad
electrical and thermal conductor. The active area is a semicon-
ductor junction of at least two layers: PEDOT (Poly(3,4-eth-
ylenedioxythiophene)) and organic light emitting layer. Multi-
layer OLEDs can have more than two layers to improve device
efficiency and provide appropriate light emission spectrum. The
light emitting layer can be built of small organic molecules,
light emitting polymer (LEP) or phosphorescent materials.

Protective layer ::I

Cathode

Active area——p]
Anode /

Substrate ———»|

Light

— =

Fig. 1. Simplified layer structure of OLED

Protective layer —»|

2.2 Simulation needs

The poor electrical conductance of the anode layer and the
large area of the targeted lighting device (60 x 60 cm?) raise
the need for electrical simulation, to predict the voltage drop
over the large surface. Lumped electrical circuit models are not
appropriate for this purpose, distributed simulation must be ap-
plied. In its physical nature, the electrical simulation problem
resembles thermal simulation. The electrical potential distribu-
tion can be studied using a thermal simulation tool utilizing the
electrical-thermal analogy [16]. 1 W dissipation corresponds to
1A electrical current. In this case, 1K/W thermal resistance rep-
resents 1 W of electrical resistance and the simulated tempera-
ture corresponds to the potential distribution, consequently, 1K
temperature difference corresponds to 1V of potential drop.

Thermal simulations aim at examining the temperature distri-
bution over the surface and inside the layer structure to ensure
the correct functioning of the device by avoiding e.g. hot spot
formation thus, avoiding local overheating, which may result in
dark dots. The predicted surface temperature distribution can be
verified by IR thermal measurement.

44 Per. Pol. Elec. Eng. and Comp. Sci.

Ernd Kollar / LaszIlo Pohl / Andras Poppe / Zsolt Kohari



A validation technique of the OLED simulation models in-
cludes the following steps:

* measurement of I-V characteristics of OLEDs in a tem-
perature controlled environment; identification of the
temperature sensitivity of the forward voltage as a tem-
perature sensitive parameter (TSP);

* measurement of the temperature sensitivity of the light
output

* measurement of the energy conversion efficiency (pro-
viding input for correction IR measurement results)

e IR measurements to validate the thermal simulation
models.

The main objectives of the simulation are the following:

* to predict the voltage drop in the large area OLEDs to
allow design of appropriate shunting nets,

* to calculate joule heating in the OLEDs,

* to end up with a temperature distribution of the large area
OLEDs, based on the calculated dissipation map.

* to determine electrical behavior, potential and current
density distribution, uniformity of the luminance at vari-
ous ambient temperatures and thermal boundary condi-
tions.

Thermal boundary conditions are governed by the placing
and mounting of the OLED device. If the OLED foil is mounted
directly on the wall or on the plastic false ceiling, the resulting
temperature gradient can significantly affect the potential distri-
bution and thus, the currents in the device. The amount of emit-
ted light is proportional to the current density. The efficiency of
the device is also influenced by the temperature. If the device
is mounted on metal or other good heat conductor surface, the
temperature gradient and thus, the luminous flux gradient will
be smaller. A proper electro-thermal simulation can provide the
temperature and current map of the large-area OLED that is es-
sential for the design of the appropriate cooling and mounting.

2.3 OLED model

In our earlier publication [14] we have demonstrated an
OLED model described by a power function in the forward
voltage region (1) where the current of the device is expressed
by the biasing voltage. This model seems to fit better for
OLEDs than the Shockley diode equation (2).

Lorep = bLOW Umer + bHIGH g (H
v
Idinde = IO(E”VI‘ - 1) (2)

Parameter b, m and /, are determined by the structure, material
and temperature of the device. U is the biasing voltage; V is the
thermal voltage (k7/q); n is the ideality factor. The LOW and
HIGH subscripts indicate the forward bias voltage range where
the power function is effective (see Fig. 5).

In real applications the OLED is either turned on and gives
light, operating in the HIGH range, or it is turned off. The bias
domain where the LOW part is significant can be ignored be-
cause the device does not emit perceivable amount of light, so
instead of eq. (1) the following simplified equation can be used:
Loyep =b-U" 3)
The parameters b and m are temperature, structure and mate-
rial dependent.

2.4 SUNRED model

SUccessive Node REDuction is a solution method for the Fi-
nite Differences Method (FDM) field simulation models [17].
The applicable fields are defined by partial differential equa-
tions (PDE-s): Laplace-equation and Poisson’s equation [18].
Different implementations of the SUNRED algorithm can
solve thermal, electrostatic or electro-thermal fields [13, 19].
OLED design requires a special version of the electro-thermal
simulator where nonlinear; temperature dependent electrical
characteristics can also be used in the simulation.

Electro-thermal fields in the steady-state (DC) case can be
described by four partial differential equations [16]. Finite dif-
ferences methods approximate the solution of PDE-s by replac-
ing the differential equations with difference equations. In one
dimension this means

“

f'((l)z f(a—"_'x)z_f(a)

By decreasing x the approximation of the differentials be-
comes more accurate. The FDM method divides the examined
geometrical domain into a finite number of simulation cells and
calculates the (4) difference in the center of each section. In 2
or 3D this division results in a finite differences grid as shown
in Fig. 2(a). Finite differences can be modeled as resistors be-
tween two neighboring nodes. The SUNRED method divides
each resistor into two parts as illustrated by Fig. 2(b). E’, W, ...
etc. denote East, West etc. neighboring nodes, C indicates the
center node. According to the thermal-electrical analogy, in
thermal case the resistors are thermal resistances.

The thermal and the electrical fields are mapped to coupled
networks; the coupling (dissipation) is realized as controlled
current sources (Fig. 2(c)). The Successive Node Reduction al-
gorithm solves this network for the given boundary conditions,
electrical excitations and thermal loads, and determines all the
voltages/temperatures and current densities/heat fluxes [19].
The base algorithm is a direct solution method by its nature;
there is no need for iteration but since both the electro-thermal
coupling and the OLED equations are nonlinear, iteration is
inevitable. This internal iteration however, requires much less
steps than an inherently iterative solution method.
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Fig. 3. (a) A sample device with the investigated OLEDs. (b) Measured and (c) simulated surface temperature distribution at a heating power level of 565

mW, with temperature scale.

3 Measurement arrangement

Proprietary OLED devices (Fig. 3(a)) realized on glass sub-
strate were used for the measurements, modeling and simulations.
Individual OLED pixels and a larger light emitting area were
available on the sample device. Models presented in this paper
refer to the small-sized OLEDs marked by arrows in Fig. 3(a).
The size of these devices was approximately 3x3 mm? (active
area was 9 mm?). Models were validated by the simulation of
the “Large” OLED. The size of this device was approximately
33x21 mm? (active area was 564 mm?).

The surface of the OLED device was coated with a light-
absorbing paint (“black paint”) for the IR measurements. Since
this paint completely absorbs the light emitted by the OLED,
it results in additional heating of the device surface. Thus,
the IR measurements resulted in a map of somewhat elevated
temperature values. To calculate the temperature map of the
surface under normal operating conditions (without coating),
the overall energy efficiency had to be measured. We used the
TERALED measuring equipment for this purpose [20]. The
measured and the simulated temperature map can be seen in
Fig. 3(b) and (¢).

I-V characteristics of OLEDs can be measured with con-
ventional laboratory equipment. At our laboratory such

measurements can be carried out in temperature controlled en-
vironment, with GPIB and RS232 controlled equipment. The
measured device was attached to a thermostated cold-plate.
Our measurement setup is outlined in Fig. 4.

As a result of the strong cooling, the temperature rise of the
LEP of the small OLED remained under one degree at maxi-
mum dissipation, and that of the large OLED was slightly
above one degree. That means the temperature rise does not
cause significant inaccuracy in the model and in the validation.

GP-B Voltage meter Current meter Power supply
J I |
Computer
Mounting screws
A
RS-232
\4
Coolant inlet
Thermostat Cold-plate
Coolant outlet

Fig. 4. Measurement setup for measuring [-V characteristics of OLEDs
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Radiometric and photometric measurements were per-
formed, complying with the recommendations of the total flux
measurement method for LEDs according to the CIE 127-2007
document [21]. For these measurements the TERALED equip-
ment was used (Fig. 5). The equipment measures the total radi-
ant flux or the total luminous flux of the DUT OLED device as
a function of current. The measured quantity depends on the
type of the detector. The temperature of the device is set by the
temperature of the cold plate.

Detectcﬂr

Integrating sphere

Measurement equipment
T—

Fig. 5. Measurement setup for measuring I-L characteristics of OLEDs

4 Model of the sample OLEDs
4.1 Electro-thermal model
The determination of the » and m parameters of (3) will be
presented through the example of the measured sample de-
vices. The parameters are temperature, structure and material
dependent. The investigated samples do not differ in materials
and structure except the thickness of the LEP layer: 60 nm and
80 nm respectively. Thus, only the temperature dependency
should be used as parameter of b and m in the model:
Loep(T) = b(T)'UM(T) ®)
The I-V characteristics were measured between 5°C and
50°C in 5°C steps, and biasing voltage from 2 V in 0.01 V
steps to the allowed maximum voltage at the specific tempera-
ture, which was determined by the allowed maximum current
density of 22 mA/cm? specified by the manufacturer. We have
measured all three small sized OLEDs on each sample. Fig.
6 presents curves measured at 25°C for samples with a LEP
thickness of 60 nm and 80 nm. In our case study simulation
models were generated for the voltage range between 4 V and
the limit voltage, which varied in the range of 5..6 V, depending
on the temperature. Fig. 7 shows the measured I-V curves of
an OLED sample with 60 nm LEP. The current increases with

Voltage [V]

1,00E-02 T
1
2 3 4| 5 6 7
1,00E-03 - !
1
< LEP =80 nm, 25°C
—1,00E-04 - loLep = 2.35%108x U619
s
= LEP =60 nm, 25°C
3 1,00E-05 + loLep = 2.14x10x U673
1,00E-06 -
LOW region HIGH region
1,00E-07

Fig. 6. The effect of the LEP thickness; forward I-V characteristics at 25 °C
and the fitted power functions

Voltage [V]
1,00E-02 . i . . )
2 3 4 6 7
1
1,00E-03 - 1
£1,00E-04 - !
c 1
[ =10 °C
‘,5:1 00E-05 i Temperature 20 °C
3 1,00E- ! 30 °C
1 e 40 °C
' —#==50 °C
1,00E-06 - H
LOW region : HIGH region
[
1,00E-07 - I

Fig. 7. The effect of the temperature change; forward I-V characteristics of
a 60 nm LEP thickness OLED sample. (For clarity of the diagrams, only every
20 voltage value is plotted.)

To obtain the b and m parameters as function of the tem-
perature, power functions were fitted to the I-V curves at each
measured temperature (Fig. 6 comments). A generic quadratic
expression according to equations (6a) and (6b) was fitted to
each curve — resulting in a good approximation: variance was
better than 0.998 in all cases. The temperature dependence of
the identified » and m parameters is shown in Fig. 8 and 9 re-
spectively.

b=b,T*+bT +b, (6a)

m=mT" +mT +m, (6b)

Using these, the resulting model equations for the sample
OLEDs are:

10LED.60nm(U= T) =

increasing temperature, and the limit voltage decreases from (0.397 - T% = 5.47-T +94.2)-107° g1 72051728 (7g)
5.87V at 10°C to 4.9V at 50°C.
IOLED.xonm U.,T)=
(0.42-T2 =5.75-T +109) 1070 . g/ 16107 7 22310° 7668 ()
Nonlinear electro-thermal and light output modeling and simulation of OLEDs 2014 58 2 47
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6,0E-08 {LEP =80 nm,
b =4.210""-T2-5.75-10-'°-T + 1.09-10-¢
b
3,0E-08 /\
LEP =60 nm,

s b = 3.97:10-1-T2— 5.47-10-1°-T + 9.42:10-°
0,0E+00 T T T T T T T T

10 15 20 25 30 35 40 45 50

Temperature [°C]

Fig. 8. The effect of the LEP thickness and temperature on the b factor

4.2 Optical model

Current to radiant flux and current to luminous flux curves of
the large OLEDs were measured from 10 mA to 120 mA in the
9°C to 49.6°C range in about 5°C steps. Some of the measured
curves can be seen in Fig. 10 for the 60 nm and 80 nm LEP
thickness samples. Light emission curves on the small OLEDs
were not measured because the level of flux they emitted was
below the sensitivity limit of our equipment.

For both the 60 nm and 80 nm LEP thickness samples the
curves have two linear parts and there is a break between 29
mA and 41 mA. Our simple model ignores the low current part
because in practice high light output is expected from lighting
purpose OLEDs.

Temperature-dependence of the radiant flux in the 41 mA to
120 mA range is 9% to 4% for the 60 nm LEP thickness sam-
ples and 9% to 3% for the 80 nm LEP OLEDs; decreases while
the current increases. For lower currents the change reaches 16-
17%. Luminous flux changes from 12% to 6% and 11% to 5%
in the higher current range and reaches 21-22% at lower cur-
rents. The change in luminous flux is higher than in radiant flux
because the color spectrum of the OLED light is also changing.
The change in the luminous flux is the more important because
it fits to the sensitivity of human eye.

LEP =60 nm,
m =1.4-104-T2- 2.55-10-2-T + 7.28
7 h

6
LEP =80 nm,
m =1.16-104-T2- 2.23-10-2-T + 6.68

5

—

10 15 20 25 30 35 40 45 50

Temperature [°C]

Fig. 9. The effect of the LEP thickness and temperature for the m exponent

Model generation for the temperature-dependence of OLEDs
is of two steps:

(D) Fitting a linear equation for each I-L characteristic. Equa-
tion (8a) and (8b) describes the fitted curves where ¢, is the
radiant flux, ¢_ is the luminous flux, 7 is the current, T is the
temperature, mr, by, ml, bl are parameters.

o, (1,Ty=mr(T)-I+br(T) (8a)

o, (I,T)y=ml(T)-1+bl(T) (8b)

(IT) Finding the appropriate mr(T), br(T), ml(T) and bi(T)
functions.

Fig. 11 presents the temperature-dependence of eq. (8) pa-
rameters. Linear approximation was chosen for each parameter
and the fitted linear curves with their equations are also drawn
in the figures. The resulting model equations for the sample
large OLEDs are the following:

(pVGOMm(I’T) =
(0.0393—7-2.51-10°)- 7 —(1.70-10* + T-2.16-10°) (9a)

(pe60nm([’ T) =

(123-T7-0.011)- 1 —(0.0547 + T -8.67-107") (9b)

2 -
i meas, 60 nm, 9 °C
== meas, 60 nm, 49.6 °C
1,5 1 = # =meas, 80 nm, 9 °C ffﬁ
T = =)= = meas, 80 nm, 49.6 °C <
3 1
=
0
3
2
£ 0,5
=]
]

0,06 0,08 0,1

Current [A]

0 0,02 0,04

0,006 -
i meas, 60 nm, 9 °C
0,005 | === meas, 60 nm, 49.6 °C A
== #= =meas, 80 nm, 9°C %
5 0,004 - = =)= = meas, 80 nm, 49.6 °C
X
2 0,003 -
=
S 0,002 -
T
&
0,001 -
0 - T T T T T "
0 0,02 0,04 0,06 0,08 0,1 0,12
Current [A]
Fig. 10. I-L characteristics: the effect of the temperature change on light emission of the large OLEDs
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Fig. 11. Temperature-dependence of parameters of eq. (8) in case of the large OLEDs. Measured points and fitted linear curves.

Opsoun (L, T) =
(0.0441-T7-2.07-107)- 7 =(1.96-10* +T-2.11-10°) (9¢)

Pogonn (L, T) =
(13.89—T7-0.010)- 7 — (0.0646 + T -8.78-107) (9d)
5 Semiconductor junction in SUNRED
Semiconductor junction is a thin, electrically strongly non-
linear interface between two material layers. We modeled the
junction with a nonlinear resistor [22]. Our solution can be seen
in Fig. 12. Semiconductor junction is modeled with a series re-
sistor between the two adjacent material regions (» and p type).

Fim
Eie

)
g

)
T

Fig. 12. SUNRED model (a) normal materials (b) Semiconductor junction

Value of the resistor is derived from equation (3) by expressing
the conductance. Equation (10a) shows the conductance of the
full semiconductor junction while eq. (10b) presents the junc-

tion conductance of one cellside where 4. is the area of the

Junction

full semiconductor junction of the device and 4_, is the area of
one cell side.

1 1
G, ormp =22 = 22 (10a)
/- U V)
[ cell
Gjicell(l): (IOb)
izinction I(re” / b

cell

Parameters b and m are implemented in SUNRED algorithm
with the temperature dependent quadratic formulae defined by
(6a) and (6b), respectively — the coefficients for (6a) and (6b)
are input parameters for the simulation.

Solution ofanonlinear network requires iterative computation.
We have chosen the successive approximation algorithm [23]
because it was the simplest to implement. Other algorithms can
be faster or their convergence might be better but their usage
would have required major changes in our existing code. For
example the popular Newton-Raphson method [23] necessitates
the calculation of the Jacobian matrices.
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The purpose of OLED is to emit light so a part of the input
power does not heat up the device. In the SUNRED model we
handle the local energy conversion efficiency. Such, that the
locally emitted optical power is subtracted from the calculated
Joule heating.

6 Results and validation

Solution of (7) model equations provide I-V characteristics
at any required temperature for the investigated device. These
characteristics will change if the ambient (i.e. thermal bound-
ary conditions) or the structure of the device changes, therefore
for new conditions new simulation runs are needed. The quality
of simulation results is determined by (i) the validity of the ap-
plied model equations and (ii) by the correctness of the applied
material parameters and the set of other parameters used by the
model equations (e.g. the set of b and m values).

Steps of the validation are the following:

1. Measurement of the small OLEDs and parameter fitting
for the creation of the device model equation as it was
described in Section 4.

2. SUNRED model building and simulation for the small
OLEDs, comparing measurement and simulation results.

3. Measurement of the large OLED.

SUNRED model building for the large OLED by using
the device model equation of the small OLEDs; simula-
tion of the model and comparing simulation and measure-
ment results.

Cathode

Substrate Anode

Active layer

Substrate

a)

Fig. 13 shows the SUNRED model of the two investigated
OLEDs. A LEP thickness of 60 nm and ambient temperatures of
10 and 25°C were chosen for the presentation of the validation.

Eq. (7a) model equation describes the behavior of the small
OLED:s. In case of the large OLED the equation must be modi-
fied because the surface area is larger thus, (11a) was applied.
The substitution resulted eq. (11b). This equation was used in
the simulation of the large OLED.

I _ Alarge (lla)
large — * small
¢ Asmall
Ilarge(U’T) =
(2.5 T2 —34.4.T + 593)- 10°° .Ul.4»10’4-TZ—2.55»10’2-T+7.28 (1 lb)

Fig. 14 presents the comparison of the measured and simu-
lated curves. The third curve for each temperature is the result of
the solution of (7a) for the small OLED and (11b) for the large
OLED. In case of the small OLED the three curves cover each
other with small error i.e. the model is suitable for further usage.

Though the simulation is based on the model equations, in
case of the large OLED, despite the diverging measured and
model equation curves, the measured and the simulated curves
correlate well, the error is small. The difference of the meas-
ured curve and the curve calculated from eq. (11b) is linear
except at small currents as presented in Fig. 15. The equations
of the linear sections can also be seen in the figure: the large

Cathode
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Active layer b)

Fig. 13. SUNRED model of the OLED devices (a) Small OLED (b) Large OLED
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Fig. 14. Comparing measured and simulated results (a) Small OLED (b) Large OLED
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Fig. 15. The difference of the measured curve and the curve calculated from
eq. (11b) in case of the large OLED, with the equations of the linear sections

OLED has a different structure than the small one has, that
results in a serial resistance of about 2.7 Q. The SUNRED
model takes into account the specificities of the large OLED
that results in better correlation.

The error between the measured and simulated curves is
shown in Fig. 16. The slope of the curve i.e. the serial resis-
tance changes with the temperature, at 10°C it is 1.03 Q, at
25°C itis 1.49 Q. This is a consequence of the distributed mod-
el. Fig. 17 presents the current density distribution in the large
OLED at 100 mA driving current. The distribution is slightly
different at 10 and at 25°C.

The error in the studied voltage domain of the large OLED
was in the —2.16 to +0.56% range. The maximum error oc-
curred at 19 mA, 25°C where the measured voltage was 4.16V
and the simulated voltage was 4.25V. In practice this error is
absolutely acceptable.

Cross-section line .-~

170

Eq. (13b) model (10°C)
a)

01 - r
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Fig. 16. Relative error of the simulated voltage compared to the measured
voltage in case of the large OLED, with the equations of the linear sections

The measured and the simulated temperature distribution
were shown in Fig. 3 (b) and (c). The difference between the
maximum measured and simulated temperature was under 5%
and the correlation of the measured and simulated distribution
is acceptable thus, the thermal model of the large OLED is ap-
propriate for further application.

Fig. 18 compares the results of optical measurements and
optical simulations of the large OLEDs. For greater clarity,
the values are shown at only one temperature; the overlapping
part of the measured and the simulated curves has similarly
low deviation at every temperature. Mean-square deviation of
the measured and simulated values is between 0.2 and 0.7% at
every temperature. This result suggests that the model and the
simulation can be used in OLED design.
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Fig. 17. Current density in the active layer of the large OLED at 100 mA (a) full surface (b) cross-section curves
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Fig. 18. I-L characteristics: measured vs. simulated results (large OLEDs)

7 Conclusion

Electro-thermal and temperature-dependent optical mod-
eling and distributed simulation of large area lighting purpose
OLEDs were presented. The extended algorithm of our field
solver is able to model large area semiconductor junctions,
such as LEP layers of OLEDs properly. The extension can han-
dle any nonlinear function as semiconductor junction equation;
the demonstrated electro-thermal OLED model uses power
function to describe the junction. The simulator can produce
radiance and luminance maps and it can determine the full radi-
ant flux and luminous flux of the light of the simulated devices.
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The temperature-dependence of luminous flux is significant;
in case of our samples it was 5-22% after a 40°C temperature
change, depending on the current.

Writing of a second article is planned in which we will com-
plete the validation of the models by presenting more simulated
and measured results including optical measurements. More
case studies will also be presented.

We believe that the demonstrated simulator is well usable in
the design of large area OLED devices, and in other projects
where large area semiconductor devices are examined such as
solar cells.
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