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Feel the Heat: Nonlinear Electrothermal Feedback

in Organic LEDs

Axel Fischer,* Thomas Koprucki, Klaus Gdrtner, Max L. Tietze, Jacqueline Briickner,
Bjorn Liissem, Karl Leo, Annegret Glitzky, and Reinhard Scholz

For lighting applications, organic light-emitting diodes (OLED) need much
higher brightness than for displays, leading to self-heating. Due to the
temperature-activated transport in organic semiconductors, this can result in
brightness inhomogeneities and catastrophic failure. Here, it is shown that
due to the strong electrothermal feedback of OLEDs, the common spatial
current and voltage distribution is completely changed, requiring advanced
device modeling and operation concepts. This study clearly demonstrates
the effect of S-shaped negative differential resistance in OLEDs induced by
self-heating. As a consequence, for increasing voltage, regions with declining
voltages are propagating through the device, and even more interestingly, a
part of these regions show even decreasing currents, leading to strong local
variation in luminance. The expected breakthrough of OLED lighting tech-
nology will require an improved price performance ratio, and the realization
of modules with very high brightness but untainted appearance is considered
to be an essential step into this direction. Thus, a deeper understanding of

exciton recombination, or charge blocking
barriers. White OLEDs have the potential
for high quality lighting, but the respective
products have not found their way into
mass market yet.?l In 2009, Reineke et
al. realized a white OLED with 90 Im W~!
at a brightness of 1000 cd m=2. OLED
manufacturers have announced white
light OLED tiles with a luminous efficacy
of 80 Im W' and a homogeneous bright-
ness of = 3000 cd m™.0! Despite this pro-
gress, for several applications like general
lighting, the costs per module are still too
high. For that reason, if OLED tiles would
reach 5000 to 10 000 cd m™2, resulting
in an overall better price to performance
ratio, this would help to access a larger
market.

OLEDs can indeed reach this lumi-

the control of electrothermal feedback will help to make OLEDs in lighting

more competitive.

1. Introduction

Organic light-emitting diodes (OLED) are commercially suc-
cessful and are used in high-end displays in mobile phones
and TV applications. The advantages of this technology are low
material costs, low processing temperatures, high luminous
efficacy,l!l and large area production. OLEDs are fabricated by
depositing different functional layers in between two planar
electrodes, typically called sandwich-type geometry.”) The func-
tion of the layers includes charge injection, charge transport,
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nance, but on large areas two main aspects
prevent the realization. Firstly, the more
transparent electrode has a rather high
sheet resistance. This will lead to a voltage
drop along this electrode, darkening the center of the panel with
respect to the edges. This can be overcome by supporting the
transparent electrode with a highly conductive mesh grid.[>!
Secondly, Joule self-heating will appear at much lower bright-
ness due to the large dimensions. Regions which heat up most
strongly have an increased conductivity of the OLED layers
so that these areas could become somewhat brighter. In the
beginning, both effects can counteract each other, since they
have an opposite influence onto the brightness in the center
of the lighting panel. However, with rising temperature, OLED
panels tend to show extreme brightness inhomogeneities. An
improved heat conduction into the environment can help,®3
but this would mean to relinquish well established procedures
like fabrication on glass substrate or plastic foils.

The Dest solution would be to increase the luminous effi-
cacy of the OLEDs as argued by Sasabe and Kido,l'* leading
to higher brightness, lower self-heating, and of course a more
economic conversion of electrical power into light. However,
state-of-the-art OLEDs are already highly optimized, raising
the question whether a further performance increase by a
factor of 2-3 can be realized. Another approach is to accept the
self-heating with the benefit that higher currents are driven,
allowing to reach higher light output. Several publications show
simulations of self-heating in OLEDs, and some of them con-
sider electrothermal modeling, demonstrating that self-heating
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Figure 1. a—c) Pictures of a red, green, and blue OLED during 4-wire crossbar measurement. d) Setup of the 4-wire crossbar measurement. The external
voltage V is applied between V+ and V-. The contacts S+ and S- are used to detect the voltage S at the backside of the device. e) Decapsulated sample
after measurement. Liquid silver covers the contacts to minimize residual contact resistances.

causes brightness inhomogeneities,>2% but the results do
not describe the entire behavior as we will show in this work.
To understand the prospects and limitations of self-heating, a
description of the OLED at strong self-heating is required.

Recently, it has been revealed that organic semiconduc-
tors do essentially show the behavior of thermistor devices.?!
A thermistor is an electronic device with a strong tempera-
ture dependence of the conductivity, often described by an
Arrhenius law

o(T)=0cqexp(B/T) (1)

where o, is a reference conductivity, T is the temperature, and
B is the temperature coefficient. In the case of organic semi-
conductors, B < 0 is a negative temperature coefficient (NTC),
and thus the conductivity increases under rising temperature.
If a constant voltage is applied, this can lead to a strong posi-
tive feedback loop between power dissipation and current flow,
finally leading to a thermal runaway phenomenon in which
an electronic device shows a switching from a rather low cur-
rent density branch to a branch with a very high current den-
sity.2?2] Normally, this induces the destruction of the device
by thermal breakdown. It is known that a thermistor can be
stabilized by using a resistor in series, and thus bistability is
suppressed.?3] However, at relevant currents, the thermistor
will still enter into a region of negative differential resistance
(NDR) which is the mathematical reason for the switching phe-
nomena. As a consequence, NTC-thermistors have an S-shaped
current-voltage (IV) characteristic, in contrast to several other
effects inducing N-shaped NDR (N-NDR), for example, by reso-
nant tunneling or due to interface traps.?#?’! In OLEDs, as a
representative for organic semiconductor devices, to the best of
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our knowledge such effects have not been demonstrated or they
have just led to uncontrolled destruction of the devices.?*! One
reason could be the fact that the transparent electrode intro-
duces both a sheet resistance and an external series resistance,
limiting the current and hiding an S-shaped behavior of the
IV curve. Hence, the challenge consists in demonstrating the
presence of an NDR effect induced by self-heating in OLEDs
and to find out how the zero-dimensional thermistor model
introduced in the literature?!l behaves in a spatial configura-
tion where the lateral expansion of the active area is huge with
respect to the thickness, so that the current has to flow through
vertically. Due to the outcoupled light which is roughly pro-
portional to the current flow, OLEDs would provide a perfect
model system, allowing to study the effects in detail.

2. Results

2.1. Improved Setup: 4-Wire Crossbar Measurements

For measuring possible NDR effects due to self-heating, we
have created a new measurement setup, called 4-wire crossbar.
Figure 1d visualizes this setup in a topview of an OLED crossbar
structure. In a usual current-voltage measurement, the two dif-
ferent electrodes are contacted from a single side to apply a low
(V=) and a high (V+) potential. Between these potentials, the
total current I flows, realized by a current source. However,
since electrodes overlap the active area, a second contact can
be connected to each electrode to sense the potential which is
present at the opposite side. For each electrode, independently
whether the potential is low (S—) or high (S+), a sensing contact
can be applied. The voltage S between both sensing contacts

Adv. Funct. Mater. 2014, 24, 3367-3374
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Figure 2. IV characteristics of the 4-wire crossbar measurement for a
red, green, and blue OLED. The total current is plotted over the voltage
V, to drive the current and the measured voltage S at the sensing con-
tact. Starting with 20 mA voltages are decreasing with increasing current,
indicating the NDR effect. A dotted line denotes this voltage turnover
(VTO). This happens before samples degrade due to overheat in the
range between 35 mA and 40 mA, corresponding to device temperatures
around 60 °C (Supporting information, Figure S3).
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can be measured and compared to the originally applied voltage
V between V- and V+. The idea of this setup is that whenever
a NDR will appear in the device, problems arising in two ter-
minal measurements can be avoided, including the impact of
the series resistance of the ITO outside the active area or the
fact that thermal runaway occurs which eventually destroys the
device. However, with additional sensing contacts, it might be
possible to detect the voltage decrease inside the device, since it
is a typical feature of 4-wire measurements that a series resist-
ance is excluded.

For measurement, we use standardized samples which are
used for tracking purposes to continuously check processing
quality (Supporting Information, Figure S2). Similar OLED
configurations have been published elsewhere.”?8l To realize
a 4-wire crossbar measurement, the encapsulation is removed
in a glovebox while their current-voltage characteristics remain
unchanged. A picture of a sample after measurement can be
seen in Figure le. The measurements performed during opera-
tion of a red, green, and blue OLED are shown in Figure la—c.

The results are plotted in Figure 2 for a current sweep from
1 mA until degradation appears, with 500 values per decade.
First, we will concentrate onto the current plotted over the
applied voltage V. The corresponding data coincide with a
normal 2-wire measurement. With rising voltages the current
also rises until = 40 mA (solid black lines) are reached which
will unavoidably lead to the degradation of the sample due to
self-heating. Since these OLED layer structures become high-
Ohmic while degrading, the applied voltage V rises caused
by the constant current mode. Thus, the dissipated power
increases and heats up the device, accelerating the degrada-
tion and starting with a kink in the IV curves. This point lies
in a temperature range between 60 °C and 65 °C (Supporting
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Information, Figure S3). Besides this, a 2-wire measurement of
an OLED will not disclose any special effects.

Now, we will focus on currents plotted over the sensed
voltage S. In contrast to the previous measurement, a qualita-
tively different result is obtained. Beginning from 1 mA, both
types of curve deviate from each other, revealing the beginning
of self-heating. Most interestingly, by reaching about 20 mA,
the sensed contacts show a voltage turnover, clearly distinguish-
able from the onset of the degradation. By thermal imaging
of an encapsulated sample we estimate an upper limit of the
maximum temperature in the range of 45 °C (Supporting Infor-
mation, Figure S1). Furthermore, the stability and reversibility
of the effect is checked by a well-defined forward and backward
sweep (Supporting Information, Figure S4). As a result, the
4-wire crossbar measurement clearly proves the presence of
an S-shaped NDR due to self-heating in a red, a green, and a
blue OLED, similar to our observation in a previous work for
C60 devices.?! The capability to measure self-heating is further
proven by the fact that a change of the thermal environment
(Supporting Information, Figure S6) shifts the voltage turnover,
whereas the currents and voltages around 1 mA remain similar.
Additionally, we can exclude several other effects causing NDR
in OLEDs as they exhibit an N-shaped IV curve.[?>29-33]

2.2. Electrothermal OLED Simulations

The voltage V and the voltage S differ under self-heating, and
thus it is expected that the voltage within the device is not uni-
form anymore, leading to inhomogeneous current transport
and heat dissipation. With the help of an electrothermal net-
work simulation, we try to understand the processes taking
place in the OLED. In another study?!! a product ansatz
of an isothermal power law current-voltage characteristic
and an Arrhenius like conductivity-temperature law has been
successfully used to explain S-NDR phenomena in n-doped/
intrinsic/n-doped C60 devices given by

I(V,T) =1L (V Vit exp[ ~Euc [k (1/T—1/T.)] (2)

where o is the exponent of the power law, T is the temperature,
E, is the activation energy of the conductivity, and T, is the
ambient temperature. The implementation of this thermistor
model for the multi-physics network simulation is based on
a study published elsewhere.?*l Comparison with the analytic
solution proves the correct function for one thermistor in series
with a resistor (Supporting Information, Figure S7). An array of
(m =10) x (n=10) thermistor devices now represents the active
area and the current of each thermistor I equals the charge
flow through the OLED layer stack for a certain part of the
active area. For simplicity, it is assumed that the metal electrode
(cathode) of the OLED has such a low sheet resistance in com-
parison to the ITO (anode) that its influence can be neglected.
Thus, all upper cathode contacts of the thermistor array are
connected to each other. The anode is modeled by connecting
all upper electrical contacts of the thermistor array via a net-
work of resistors corresponding to a sheet resistance of 26.5 Q.
Furthermore, the thermistor array is coupled to a thermal net-
work, modeling both the glass substrate and the heat transport
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Figure 3. Simulated and measured IV characteristics of the 4-wire
crossbar experiment on the green OLED. The simulation of the sensing
voltage S reproduces the experiment up to the point where the device
starts to degrade. Small black circles indicate the currents at which simu-
lated current density and temperature are presented in Figure 4.

into the environment. In this thermal network, a resistor cor-
responds to a thermal resistance, a voltage represents a tem-
perature difference, and a current represents a heat flow. The
thermal network is a 3D resistor network and includes regions
outside the electrically active area. Detailed network schemes
and further informations can be found within the Supporting
Information in Figures S11-S13. Besides heat generated by the
thermistor devices, the simulation incorporates voltage drops
along the anode, producing a further heat source fed into the
thermal network.

For a comparison between experiment and simulation, further
4-wire crossbar measurements are performed on a green OLED,
mounted onto a copper block. The results are shown in Figure 3.

The power law describing the isothermal current-voltage
characteristic of the OLED is easily fitted by defining a refer-
ence point where no self-heating occurs. In our example, this is
Ler=1 mA and V= 3.942 V, so that the IV curve of the total
thermistor array is fixed to this point, and the correct increase
can be tuned by adjusting the exponent of the power law to
o = 8.7. The fact that a part of the applied power is coupled out
as light is considered by reducing the generated heat by 20%.
For simplicity, this value is kept constant.

The thermal system of the OLED can be described by a heat
flow downwards into the glass substrate and upwards into the
nitrogen atmosphere. A lateral flow to the substrate given by
the thin electrodes or the organic molecular layers is neglected
(see elsewhere).’®) The use of a simplified resistor network
to model the heat transfer requires a well-defined and easy to
describe thermal system. Therefore, we fix the glass substrate
to a copper block via heat sink paste to ensure proper thermal
contact. The heat transfer from the OLED into the glass sub-
strate and from the glass substrate into the copper block is
supposed as ideal. Since the large copper block has a high heat
conductivity (400 W m™! K1), its temperature can be assumed
to correspond to the ambient temperature T,. Thus, the limiting
factor for heat transport is the thermal conductivity of glass,
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chosen to be 1.8 W m™! K™% In the simulation, a variation of
this parameter shifts the point of the voltage turnover to higher
or lower currents along the normally measured curve. For the
heat flow upwards from the OLED to air, we use a rather over-
estimated coefficient of 10 W m™ K}, anyhow still realizing a
minor heat flow with respect to that realized by the glass sub-
strate and the copper block.

Besides modeling the thermal environment, the most impor-
tant parameter of the system is the activation energy E, of the
OLED, used in Equation 2. This parameter influences the shape
of the sensed current-voltage curve, leading to a stronger cur-
vature with increasing activation energy (see in literature).l2!]
By using E, = 25 kpT,, a good agreement between experiment
and simulation is achieved. Within the Supporting Information
(Figure S3, Supporting Information), temperature dependent IV
measurements reveal activation energies between 13 kgT, and
34 kgT, for different voltages at temperatures from —30 °C to
30 °C. At higher temperatures, extraction of suitable values is
influenced by self-heating, but most disturbingly, series resist-
ances of the electrodes and the setup will limit the current flow,
decreasing the real voltage drop of the OLED. This results in
underestimated activation energies. More details about imple-
mentation of the parameters can be found in the supporting
information. Although this model of thermistors, electrical
resistors, and thermal resistors is quite simple, it accounts for all
qualitative aspects of the system described above, and further-
more it allows to reproduce the experimental results, as visual-
ized in Figure 3. Degradation effects above 50 mA are not incor-
porated, and no agreement can be achieved above this value.

A doser look into the simulated distribution of currents
and temperature is given in Figure 4 for five different values
of the total device currents as shown in Figure 3. Each picture
shows the active area of the OLED sample. The electrodes are
connected as visualized in Figure 1d, meaning that the current
essentially flows from the left side (ITO) through the OLED
stack and leaves at the bottom side via the metal electrode. With
increase of the total current, the current density in the device
will strongly rise in the left region of the active area while at
the opposite side the current seems to change less. A similar
behavior can be seen for the temperature increase which appears
more widened but still is mainly located close to the left edge of
the active area. Significant is that both current density and tem-
perature rise tend to consolidate more and more towards the left
region whereas close to the right edge they remain nearly unaf-
fected by changes of the total applied current or voltage.

From the fact that declining voltages have been obtained in
Figure 2, it is essential to investigate the local current I and the
local voltage Vj; in terms of NDR. Therefore, we define the local
differential resistance

dv;
Rugs = dIij (3)
as the differential of the local voltages and currents across
the OLED layers between top and bottom contact. To indicate
the contour Rgigjj = 0, a dark grey line is plotted in Figure 4,
separating region I and region II. Region I behaves normally,
having increasing currents while voltages are rising. In con-
trast, region II has a local NDR, and thus currents are rising

Adv. Funct. Mater. 2014, 24, 3367-3374
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Figure 4. Simulated distributions of current density a—e) and temperature rise f—j) for total currents of 31.6 mA, 37.2 mA, 39.8 mA, 44.7 mA, and
50.1 mA as marked in Figure 3. The schematic diagram shows the three operation regimes in a current-voltage plot of a thermistor. Normal
(1): Increasing current density and voltage. S-NDR (l1): Increasing current density while voltage decreases. Switched-back (111): Both, current density
and voltage decrease. The schematic IV curve visualizes the different operation modes for each thermistor.

under decreasing voltages. It is obvious that regions of NDR
are shifting from the right to the left with the increase of the
total device current. They appear first with the occurrence of the
voltage turnover of the sensed voltage S in the 4-wire crossbar
measurement.

However, by reaching a certain current level, a new region
IIT enters into the device from the right. Surprising to us,
this region has once more a positive differential resistance,
similar to the normally behaving region I. To understand this
phenomenon, the differential resistance has to be analyzed
in more detail. In Figure 5, a table of four possible configu-
rations is shown. For example, the local change in voltage is
characterized by dV;;/dV, and analogously for currents, dI;;/dI
characterizes the local change in current. In a normal opera-
tion mode, currents and voltages increase at the same time
with their external counterparts, while in an S-shaped NDR
(S-NDR) region, local currents I will increase for decreasing
voltages Vj;. A very interesting configuration is realized when
local currents and voltages decline at the same time even
though externally applied currents and voltages increase fur-
ther. By comparison of the individual terms within the simu-
lation result, it is found that in region III the OLED indeed
shows such a strange behavior. It can be fully understood if
one reminds the decreasing local voltages in region II. Due
to the fact that the ITO electrode is contacted from the left
side, OLED regions at the opposite side might not generate
enough power dissipation to heat up and reach a NDR. Then

voltage dVl
a7 >0 <0
current
dI; dvi; dvi;
d_IJ>O dT,; >0 dT,; <0
normal (1) S-NDR (I1)
dI;; dVij dVij
d_IJ<0 dr; <0 dr; >0
N-NDR (not present) |switched-back (111)

Figure 5. The table visualizes the four different types of differential resist-
ance. In a thermistor array, three of them are possible: normal (1), S-NDR
(1), and switched-back (IIl).
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they are supplied with the reduced voltage after the lateral pas-
sage of the NDR region (II). Since this region has declining
voltages, in region III the OLED layer stack does only “notice”
a declining voltage and consequently the current density is
switched back. To give a simpler picture of that mechanisms,
we provide calculations of three parallel thermistors coupled
by series resistors, compare Figure S8 and S9 of the sup-
porting information. There it is shown that in a one-dimen-
sional thermistor chain, all thermistors behind the first one
are instantly switched back if no thermal coupling exists
between them. If thermal coupling is incorporated, due to
the heat exchange between individual thermistors, the abrupt
switch back is replaced by a smoother transition similar to
the simulations of the two dimensional thermistor array pre-
sented in Figure 4.

The fourth configuration in Figure 5 is a decrease of the cur-
rent accompanied by increasing voltages. This operation mode
would correspond to an N-shaped NDR and is not present in
this system due to the nature of the self-heating phenomena.
The operation of region I, I, and III is further visualized in the
schematic IV curve of Figure 4. Please note, however, that due
to the thermal coupling, every thermistor in the network has its
own dependence I(V,T) on voltage and temperature.

2.3. Large Active Area Lighting Panel

Previous crossbar measurements show that the distribution
of current becomes strongly inhomogeneous when the NDR
effect arises. It remains an open question whether these effects
also impact onto OLED applications like lighting.

For that reason, we investigate the luminance distribution
of an opaque Tabola lighting panel (produced by Fraunhofer
COMEDD, Dresden) with an active area of 15 cm x 7.5 cm.
This tile size is representative for present-day OLED lighting
applications. The metallic electrode has its contacts to the
power supply at the four corners and the ITO electrode is con-
tacted via a metallic frame all around the active area. Please
find more details on the Tabola within the supporting infor-
mation. The centered cross-section of the luminance for the
longer device width is shown in Figure 6a. While these lighting
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Figure 6. Measured a) luminance and b) temperature profiles of a warm
white lighting panel with the dimensions 15 cm x 7.5 cm. At 1000 cd m~2,
the homogeneity is alright, but it drastically changes under self-heating.
Starting around 500 mA the luminance in the center of the device sat-
urates and hardly exceeds 2000 cd m~2, whereas the luminance in the
maximum region still linearly increases (Supporting Information). We
exclude a degradation at the center of the lighting panel, since highest
temperatures should rather effect the outer regions. Consequently, the
reduction of luminance is related to the formation of a switched-back
region which further implies already the existence of NDR regions in the
device at lower currents.

panels have a high brightness homogeneity around 1000 cd m™
(=200-300 mA), and are still acceptable for 2000 cd m™2, with
increasing current, luminance will only increase at the edges, but
the center position shows a saturation of luminance. One might
expect the central region to be hottest and thus degradation pro-
cesses will take place there, but this is not the case as revealed in
Figure 6b. At the highest currents, the temperature distribution
shows two maxima which are located close to the edges. This
might seem surprising, since the center of the lighting panel is
supposed to face the worst conditions to conduct away the heat.
However, the power dissipation close to the edges strongly rises
with respect to the central region. In Figure 7a, experimental
values of the luminance vs. total device current are presented
for a position at the edge and at the center for the cross-sec-
tion, shown in Figure 6a. It becomes obvious that both curves
begin to split shortly before 2000 cd m=2 are reached. In this
double logarithmic plot the luminance at the center does hardly
increase anymore while the luminance at the edge position seem
to increase even slightly super linearly. If we consider the typical
efficiency roll-off 363 of an OLED at high current densities, a
weaker increase of luminance over current is expected.

To clarify this, we adopt the network model, described
above, onto the geometry of the Tabola lighting panel. Please
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Figure 7. Comparison between experiment and simulation for the lumi-
nance at the center and the midpoint of the shorter edge. a) Measured
luminance at the edge and at the center of the lighting panel vs. simula-
tion results. Up to a current of 1 A, a strong effect of sample degradation
can be excluded. b) Simulation with reduced sheet resistance. c) Simula-
tion with no activation energy.

find further details within the supporting information. The
fully metallic electrode is assumed to have a negligible sheet
resistance and for the bottom ITO electrode, responsible for
light outcoupling through the substrate, a sheet resistance
of 8 Q is used as measured with a common 4-point probe
setup. Again, the isothermal current-voltage characteristic of
the device is fitted by a power law applied to a point (If =
10 mA, V.. = 7.2 V) where no self-heating appears and high
current homogeneity can be assumed. To account for the cur-
rent efficiency roll-off, we fit this value over various currents
where a homogeneous brightness is given (Supporting Infor-
mation, Figure S16). With the help of the analytical expression,
luminance values are calculated from the simulated current
density. However, for the reason of simplicity, the generated
heat is still reduced by a constant value of 20% due to light
outcoupling. The most important parameter of the simulation
is the activation energy chosen to be 8 kzT,. This value, sig-
nificantly below the activation energies necessary to simulate
the small active area OLEDs in the section above, can be justi-
fied by the fact that the white light of the Tabola lighting panel
is created by multiple color OLED layer stacks connected in
series.

Under these reasonable assumptions, the experimental
values in Figure 7a are reproduced over the measured cur-
rent range. For comparison, a simulation with a small sheet
resistance of the ITO electrode and with no activation energy
assumed are shown in Figure 7b,c, respectively. In both cases,
the simulation behaves quite differently.

The saturation of brightness in the center can be under-
stood by the visualization of the simulated luminance and the
occurrence of the normal region (I), the NDR region (II), and
the switched-back region (III) in Figure 8. Due to the rectan-
gular geometry and the anode contacted from all sides, first
NDR regions appear around 0.85 A inside the active area at
two different locations. After they have merged, this region
is growing towards the edges. At around 1 A, a switched-
back region appears first in the center of the lighting panel

Adv. Funct. Mater. 2014, 24, 3367-3374
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Figure 8. Each picture corresponds to a simulated luminance distribution of a 15 cm x 7.5 cm large Tabola lighting panel. At 0.26 A, the luminance
of around 1000 cd m~2 is very homogenous, changing when the current is increased twice. Around 0.85 A, first regions with local NDR (Il) appear.
Around 1 A, all normal regions (I) have vanished and the first switched-back region (I1l) appears. Dark grey lines separate regions | and Il whereas

bright grey lines separate regions Il and Ill.

and expands subsequently to the nearest edges. This is the
reason why the simulation predicts a saturation accompanied
by a return of the luminance in the central region. With that
knowledge we estimate that the central region of the Tabola
lighting panel has reached or is shortly before entering the
switched-back operation mode at the highest measured cur-
rents, and it is likely that larger parts of the device already
show local NDR. However, with the further expansion of the
switched-back region, the current distribution of the device
will become unstable due to the fact that any additional rise of
the total current will lead to an extreme current increase in the
residual NDR regions, located at the corners, enhanced by the
current reduction in the switched-back regions. This explains
why the luminance at the edges increases linearly or slightly
stronger with current, even though current efficiency roll-off
takes place.

We would like to mention that the simulation reveals a
switching phenomenon into a more stable electrothermal con-
figuration (not shown) when the total current exceeds 1.24 A
(Figure 7a). It will be the topic of further investigations to study
these aspects in more detail.

3. Conclusion

We demonstrate that irrespective of the device area, OLEDs
show such a strong electrothermal feedback that S-shaped
negative differential resistance will occur, as predicted by the
self-heating theory assuming an Arrhenius like conductivity-
temperature law. By using 4-wire crossbar measurements, this
has been clearly proven by experiment for a red, green, and
blue OLED. This technique is ideal to investigate the influence
of several parameters like activation energy of the OLED, sheet
resistance of the electrodes, or simply the series resistance of
the setup. Further multi-physics network simulations dem-
onstrate that an OLED can essentially be understood as a two
dimensional array of temperature activated thermistor devices.
Upon self-heating, regions with local NDR appear. As a further
consequence, these regions are able to switch back regions
located at a larger distance from the contacts. Thus, central
regions or regions far away from the edges show a saturation
or even a decrease in current, even though the total current and
voltage applied to the device are still increasing. This explains
the dramatic increase of brightness inhomogeneities in a white
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OLED lighting panel when self-heating occurs in a pronounced
manner. Our results are able to explain the most fundamental
processes taking place in OLED devices under self-heating
and can be adapted to similar thin film devices. In the future,
simulations based on temperature-activated charge transport
are expected to provide a deeper insight into the limitations of
OLED lighting panels and applications. It will be of interest to
investigate the origin of the activation energy by the different
functional layers of the OLED. If it can be decreased, device
function at elevated currents could guarantee higher brightness
combined with untainted appearance of the OLED tiles and
reducing the risk of electrothermal instabilities or switching
phenomena.

4. Experimental Section

OLEDs for 4-wire crossbar measurements are fabricated by thermal
vapor deposition in high vacuum. After cleaning of the prestructured
ITO glass substrates, a p-doped/intrinsic/n-doped layer configuration
is realized, using 30 nm MeO-TPD:F6TCNNQ (2 wt%), 10 nm NPB, a
20 nm thick emitter system, 10 nm BAIq2, 30 nm BPhen:Cs (ratio: 1:1).
F6TCNNQ is purchased from Novaled AG (Dresden, Germany). 100 nm
Al realize the top electrode. For the emitter system, 20 nm MADN:TBPe
(1.5 wt%) (blue), 6 nm TCTA:Ir(ppy)3 (8 wt%) and 12 nm TPBI:Ir(ppy)3
(8 wt%) (green), 20 nm NPB:Ir(MDQ)2(acac) (10 wt%) (red) are used.
The glass substrate has a size of 2.54 cm in square and a thickness of
1.1 mm. The active area is approximately (2.54 mm)2. 4-wire crossbar
measurements are carried out with two source-measuring units Keithley
2400 controlled by a home built software. Network simulations are
made by the freely available program LTSpice IV (Linear Technology) and
a self-made circuit generator script. Results are evaluated with a self-
made program using matplotlib for plotting the data. The simulation
results are interpolated (contourf-function, linear interpolation) which
does not change the value range or the local occurrence of NDR regions.
Temperature and luminance measurements are done by an IR camera
VarioTHERM head Il (company: JENOPTIK AG) calibrated with a thermo
sensor PT1000 and a video photometer PR-905 from PhotoResearch Inc.
The opaque Tabola lighting panel is fabricated at Fraunhofer COMEDD
(Dresden, Germany) and uses a 3-unit-stacked architecture based on
a fluorescent blue, phosphorescent green and phosphorescent orange
unit.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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