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Organic light-emitting diodes (OLEDs) are widely studied semiconductor devices for which a simple
description by a diode equation typically fails. In particular, a full description of the current-voltage rela-
tion, including temperature effects, has to take the low electrical conductivity of organic semiconductors
into account. Here, we present a temperature-dependent resistive network, incorporating recombination
as well as electron and hole conduction to describe the current-voltage characteristics of an OLED over
the entire operation range. The approach also reproduces the measured nonlinear electrothermal feed-
back upon Joule self-heating in a self-consistent way. Our model further enables us to learn more about
internal voltage losses caused by the charge transport from the contacts to the emission layer which is
characterized by a strong temperature-activated electrical conductivity, finally determining the strength
of the electrothermal feedback. In general, our results provide a comprehensive picture to understand the
electrothermal operation of an OLED which will be essential to ensure and predict especially long-term
stability and reliability in superbright OLED applications.
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I. INTRODUCTION

Organic light-emitting diodes (OLEDs) have become
the standard technology for smartphone displays and will
also take the lead in the TV market soon [1,2]. New appli-
cations requiring considerably higher brightnesses than
displays (>100 cd/m2) or lighting (>1000 cd/m2) are envi-
sioned. In particular, signaling in the automobile sector is
attractive, as new design possibilities allow clearly visible
elements to be incorporated, helping to make cars more
distinguishable and appealing. However, the use of OLEDs
as tail lights, turn lights, or even break lights involves
super-bright operation (>10 000 cd/m2) in order to fulfill
international regulations. OLEDs are highly attractive as
desired red-orange devices have become very efficient. The
required level of luminance is achieved and at the same
time they are much more stable than, for example, blue
OLEDs since red OLEDs do not suffer from high triplet
energies [3].

Another issue accompanying high brightness is the
strongly enhanced power dissipation, leading to Joule self-
heating [4,5]. Apart from a possible degradation of the
OLED due to warming, self-heating has the negative effect
that the lateral brightness becomes very inhomogeneous,
canceling out the benefits of the OLED technology being a
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truly scalable area light source [6]. Furthermore, OLEDs
tend to show a very strong electrothermal feedback,
which involves a positive feedback loop between cur-
rent flow, power dissipation, and temperature increase [7].
This behavior is due to the widely observed temperature-
activated conductivity in organic semiconductor devices
which is also the case for OLEDs [8–10]. If self-heating
comes into play, the steady increase of the current flow
and the power dissipation, when driven at a constant volt-
age, can even lead to an abrupt destruction of a device
by thermal runaway [11]. The use of a constant current
operation, or a series resistor, can prevent the underly-
ing thermal-switching process, but not the fact that OLED
emission becomes inhomogeneous at high injection cur-
rents. Besides that, strong electrothermal feedback eventu-
ally leads to a current-voltage regime of S-shaped negative
differential resistance (S NDR) [7,11], which increases the
complexity of predicting the device’s behavior [12].

Another difficulty OLED technology faces for super-
bright applications, besides internal Joule heating, is the
external variation of the ambient temperature, which can
change the driving current and the light output as well.
Thus, an accurate and reliable model to understand the
current-voltage-temperature relation of an OLED is essen-
tial for further progress in this field.

Here, we will introduce a physics-motivated explicit
description of OLED current-voltage curves at various
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temperatures. The model is validated with experimental
data and is used to predict the electrothermal feedback
by incorporating a global equation for the heat conduc-
tion. Moreover, our approach integrates a full temperature-
dependent description of the recombination-related current
flow, which enables us to quantify internal voltage losses.
Analyzing the contribution of different parts of the OLED
to the overall device resistance further reveals where the
activation of the electrical conductivity originates from.

II. RESULTS

In our work, we prepare small molecule organic devices
by thermal vapor deposition on precleaned glass sub-
strates. Two perpendicular oriented electrodes sandwich
the layer stack and realize a sample with crossbar geome-
try. The current-voltage curves are measured by four-wire
measurements as shown in Ref. [7]. Each of the elec-
trodes can be contacted from two sides: on the one hand,
to supply the device with current, and on the other hand,
to measure the potential which is present at the device.
This technique allows us to remove the effect of series
resistance of the electrodes outside the active area to the
measurement, which is especially important if very high
current densities are measured and the resistance of the
device becomes close to external resistances. For exam-
ple, the temperature-activated electrical conductivity of
the devices could otherwise be strongly affected by series
resistance at the highest temperatures and voltages. The
active area of the OLEDs is 6.5 mm2, whereas the active
area of single-carrier devices has been varied (see Fig. S1
in the Supplemental Material [13]) to reach high current
densities without significant self-heating [14].

All investigations are based on a red OLED stack using
a p-doped–intrinsic–n-doped (p-i-n) layer sequence [cf.
Fig. 2(b)] with a 20-nm-thick emission layer comprising
the emitter Ir(MDQ)2(acac) at 4 wt % in a Spiro-TAD
matrix. The used materials are widely known in the litera-
ture [15,16] and are chosen to achieve a temperature-stable
layer stack. The OLED layer stack and the definition
of all materials are given in the Supplemental Material
[13]. Electrodes are prepared to aim for light emission
through the top electrode. This assembly has the bene-
fit that the samples can be cooled by a Peltier element
in thermal contact with the glass substrate at the bot-
tom, without blocking the light outcoupled to the top
[see Fig. 2(b)]. The temperature variation is performed
in a vacuum cryostat and a Keithley 2602A measures all
current-voltage characteristics using the measurement soft-
ware SweepMe! [17]. All devices are encapsulated with
an epoxy glued glass, and a detailed description of the
substrate and the encapsulation geometry can be found in
Ref. [18].

Figure 1 shows current-voltage characteristics, display-
ing the effects of self-heating. A measurement with a

FIG. 1. Experimental current-voltage curve of an OLED in
steady state shows a regime of negative differential resistance
after the voltage turnover (7.6 V) takes place at a current density
of about 360 mA/cm2. Our electrothermal model takes this into
account by allowing for a positive feedback between the tem-
perature, the voltage-dependent characteristic j = j (V, T), and
the power-dependent temperature increase. For comparison, a
pulsed measurement shows no electrothermal feedback but fully
agrees with the steady-state curve in the range from 1 to 10
mA/cm2. Reducing the thermal resistance to 0 K/W, the mod-
eled curve also agrees with the pulsed measurement. The model
allows determination of a maximum temperature increase of 83.6
K, yielding a temperature of 103.5 ◦C at the point shortly before
abrupt degradation occurs, starting from about 1000 mA/cm2.

pulsed voltage (open squares) of 200 μs and 1000 times
longer off time reveals a typical current-voltage relation:
The current rises with increasing voltage and the slope in
this semilogarithmic plot decreases. However, we observe
a different behavior when a steady-state measurement
(open circles) with a dense number of points, each held
for 1 s, is performed. For voltages higher than 6 V, the
steady-state current-voltage curve deviates from the pulsed
measurement, exhibiting a strong growth of the current
with voltage. At about 7.6 V, the steady-state curve dis-
plays a voltage turnover, and now the voltage decreases
with a further increase of applied current. Thereafter, the
OLED enters an operation regime of S NDR. It is the
aim of this work to explain this behavior by relating it
to the temperature-activated electrical conductivity of the
OLED.

In order to understand whether such S NDR behav-
ior can be fully explained by its temperature-activated
electrical conductivity, we have to obtain an explicit
expression j = j (V, T). This current-voltage-temperature
relation is then used to model the electrothermal feed-
back. Our approach considers the following three impor-
tant processes in OLED operation: hole conduction
(p system), recombination, and electron conduction
(n system).
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FIG. 2. Three different devices are investigated: devices of (a) p-doped–intrinsic–p-doped layers or (c) n-doped–intrinsic–n-doped
layers mimic the hole transporting p system, and the electron transporting n system, respectively, as used in the full OLED stack, see
(b). Simplified energy diagrams are shown in (d)–(f) corresponding to (a)–(c). (e) Recombination is simplified, described by assuming
a homogeneous recombination within a certain region, e.g., the emission layer (EML, gray). The energetic distances and barriers of the
energy diagram have no direct relation to the investigated experimental structure but simply represent the ideal case that the intrinsic
charge blocking layers restrict recombination to the EML. In that case, the quasi-Fermi-levels for electrons EFe and for holes EFh are
splitted by the applied voltage V. The conduction level for electrons Ee and the valence level for holes Eh are denoted as well. The
OLED stack in (b) is modeled by connecting the elements in (g) p system, (h) recombination, and (i) n system in series.

The recombination current jrec within the device is
modeled by a simplified, homogeneous diode equation

jrec(V, T) = j00 exp
(

eV − Ea,0

nidkBT

)
, (1)

assuming that recombination takes place between electrons
and holes via two distinct states of an energetic distance
Ea,0 and the quasi-Fermi-levels for electrons and holes
describe their charge-carrier densities, assuming a Boltz-
mann distribution. As visualized in Fig. 2(e), the split of
quasi-Fermi-levels is related to the applied voltage V. The
ideality factor nid considers nonideal recombination, typ-
ically being between 1 (e.g., bimolecular recombination)
and 2 (e.g., trap-assisted recombination) [19]. The pref-
actor j00 is here a temperature- and voltage-independent
constant, which describes the maximum possible recom-
bination current density, if all states would permanently be
filled and recombine with their related recombination time.
Since we model experimental data at voltages above 1.5 V,
we fully neglect thermal charge generation.

The activation energy of the related electrical conduc-
tivity in the voltage range dominated by recombination

current is thus given by

Ea(V) = Ea,0 − eV
nid

. (2)

Here, Ea,0/nid is the effective activation energy of the
recombination (and generation) current at zero voltage.

To understand the limitations of the current flow,
unrelated to recombination, we build devices consist-
ing of p-doped–intrinsic–p-doped (p-i-p) layers or n-
doped–intrinsic–n-doped (n-i-n) layers, shown in Figs.
2(a) and 2(c). The idea is that these devices include the
same material combinations and thus the same charge
injection, the same internal energy barriers, and the same
intrinsic layer as used in the complete OLED stack. The p
and the n systems are then both described by a combination
of a linear (α = 1) and a nonlinear (α > 1) temperature-
activated current-voltage law

j = jref

(
V

Vref

)α

exp
[
−Ea

kB

(
1
T

− 1
Tref

)]
(3)

with Tref and Vref being arbitrarily chosen reference values
that are set to 293 K and 1 V, respectively. The prefactor
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jref is a current density for the above given reference condi-
tions and tunes the conductivity range. The electrothermal
feedback of this kind of parametrization is studied in detail
in Ref. [11]. Figures 2(g) and 2(i) show the parallel con-
nection of the linear and the nonlinear element, for the p
and the n system, respectively.

These three parts, the p system, the recombination, and
the n system are later put into a series connection in order
to calculate the total voltage consumption of the OLED at
a given current level. Thus, the final model represents the
circuit elements visualized by Figs. 2(g)–2(i) in series.

A. Discussion of the fit

Fitting of the experimental data is performed manually
and has to be understood as a global fit of different data sets
(Figs. 1, 3, and 4). Figures 3 and 4 are measured at different
temperatures and can be considered to be isothermal. First,
the parameters for the recombination are adjusted accord-
ing to Eq. (1) to match the exponential current-voltage
regime in the voltage range from 1.5 to 2.0 V. Measure-
ment points below 1.5 V are related to leakage current and
are not considered. In a next step, the parameters for the
p system and the n system are determined by fitting the
data according to Eq. (3) to match the observed range of
currents and voltages. The combined set of parameters is
then used to compare with Fig. 4(a) and further adjusted
with a priority on fitting the current-voltage characteris-
tics of the complete OLED. The fits are weighted towards
curves of room temperature and higher temperatures; it is
most essential to later match the electrothermal feedback
in Fig. 1, which also starts from room temperature. Here,
attention is given to achieving almost perfect agreement
with the measurement of the electrothermal feedback in
Fig. 1. Table I lists this global parameter set describing all
modeled data in this work. The result of the fitting proce-
dure will now be discussed for the three different sets of
experimental data.

TABLE I. Global constant parameter set to fit and model all
experimental data in this work.

Recombination

j00 40 A/cm2

Ea,0 2.72 eV
nid 1.55

p-system linear p-system nonlinear

α 1.0 3.7
jref 1 mA/cm2 8.1 mA/cm2

Ea 0.275 eV 0.25 eV
n-system linear n-system nonlinear

α 1.0 3.07
jref 0.1 mA/cm2 3.6 mA/cm2

Ea 0.5 eV 0.325 eV

1. Fitting of the p and n systems

In order to investigate the losses due to potential
drops outside the emission layer, we build single-carrier
devices resembling either the electron-conducting or hole-
conducting system of the OLED. They consist of a central
10-nm-thick intrinsic layer embedded between two 30-nm-
doped layers, shown in Figs. 2(a) and 2(c). In that manner,
they have the same charge injection, the same energy bar-
riers between the doped layer and the intrinsic layer, and
the same charge transport through the intrinsic layer as it
occurs in the complete OLED.

The measured current-voltage characteristics for dif-
ferent temperatures are presented in Figs. 3(a) and 3(b).
A general observation is that curves of these kinds of
devices are linear at low voltages, i.e., voltages below
about 300 mV, but become superlinear at higher voltages.
At low voltages, a residual background conductivity typ-
ically leads to the fact that the current is proportional to
the applied voltage and at higher voltages, space-charge-
limited currents (SCLCs) lead to a steeper increase of the
current-voltage characteristics [20–23]. In order to model
this behavior, a simple resistive network is used, based
on two parallel resistors: a linear and a nonlinear one,
as drawn in Figs. 2(g) and 2(i). Basically, these resis-
tors follow a power law according to Eq. (3), where the
exponent α is either 1 (linear) or >1 (nonlinear). To
account for the temperature dependence, both resistors
have a temperature-activated conductivity with an individ-
ual activation energy Ea, see Eq. (3). The use of such an
Arrhenius-like law to describe the activation of charge-
transport phenomena in organic semiconductors has often
been discussed in the literature. This behavior can be
related to charge-hopping transport, overcoming injection
barriers as well as internal energy barriers [8,24–27].

This simplified phenomenological approach does not
allow the experimental data to be covered exactly. Still,
it has several advantages: It reproduces the qualitative
behavior of the single-carrier devices, i.e., the change from
a linear to a nonlinear current-voltage relation, it matches
the right order of magnitude of the conductance for each
system and can roughly reproduce the temperature depen-
dence. Of course, one could add further nonlinear resistors
in parallel to achieve an even better agreement. However,
here we want to understand the basic influence of volt-
age losses of the p and n systems on the characteristics of
the complete OLED and how both systems influence the
electrothermal feedback.

The fit in Fig. 3 contains three parameters for each sys-
tem: The current density jref scales the basic conductivity
and is related to an arbitrarily chosen reference temperature
and reference voltage, i.e., 293 K and 1 V, respectively. The
exponent of the voltage dependence α adjusts the slope
of the curves, and the activation energy Ea defines the
temperature-dependent spread of the curves, according to
the Arrhenius law used in Eq. (3).
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We find that different activation energies have to be
used, decreasing when changing from the linear to the
nonlinear regime. Figures 3(c) and 3(d) show this in
more detail by presenting the modeled effective activa-
tion energy of the electrical conductivity at each voltage. It
becomes obvious that the activation energy is constant in
the voltage range where either the linear or the nonlinear
characteristic dominates, but has a more complex voltage
dependence in the transition region, typically in the range
of some 100 meV. The direct comparison between the p
and the n system reveals that the conduction of electrons
introduces the largest activation energy of up to 0.5 eV in
the linear regime, changing to 0.325 eV in the nonlinear
regime. In Fig. 3(b), it can be seen that the experimental
curves are closer to each other for the highest voltages than
predicted by the model. This reduced spread of the curves
corresponds to a reduced activation energy, which is not
captured by our approach.

The p system has activation energies lower than those
of the n system in the entire voltage range. Again, the vari-
ation of the experimental curves is smaller at the highest
voltages than predicted by the fit, which we ignore for sake
of simplicity in order to keep the model approach sim-
ple. By comparing the corresponding currents in Table I,
it can be seen that the p system generally has a higher con-
ductivity compared to the n system by a factor of about
3–10.

Please note that these n-i-n and p-i-p devices resem-
ble parts of the complete OLED but are not identical to
them, which is why there is no need to aim for a per-
fect agreement by default. Still, these single-carrier devices
allow the basic conductivity and the qualitative behav-
ior of the current-voltage relation of each system to be

adjusted as they contain essential parts of the OLED, such
as the charge injection as well as the internal energy barrier
between the doped and the intrinsic layer.

2. Recombination

The exact parameters found for the p and the n system
are now also used to model the current-voltage relation
of a complete OLED [see Fig. 2(b)]. In contrast to n-i-n
or p-i-p devices, an OLED is a device consisting of a
p-doped–intrinsic–n-doped layer stack. There, charges do
not travel through the complete device but rather recom-
bine with each other inside the device in the emission layer
where ultimately light is generated. As a consequence,
OLEDs have a diode character including an exponential
current-voltage regime related to the exponentially increas-
ing occupation of the molecular states. Whenever other
potential drops, e.g., due to charge transport, are negligible,
the related split of the quasi-Fermi-levels agrees with the
externally applied voltage and an exponential relation can
be seen in the experiment for the current-voltage curves,
see Fig. 4(a) between 1.5 and 2.0 V.

Despite being well-known and heavily applied to inor-
ganic LEDs, the relation between the current-voltage curve
and the charge-carrier recombination is rarely addressed in
the field of OLEDs [28]. There are only a few publica-
tions which deal with the extraction of parameters from
the exponential current-voltage regime even though it is
the most interesting regime to learn about recombination
mechanisms in OLEDs [19,29]. In particular, less effort has
been spent to extract the energy gap, at which free charge
carriers start to recombine. The well-known Shockley
equation describes ideal p-n junctions and has a tempera-
ture dependence which is therefore related to the diffusion

p n

(
(

(V) (V)

)
)

FIG. 3. Experimental current-
voltage curves from 223 to 353
K superimposed with a fit by
our global model for (a) the p
system and (b) the n system. The
activation energies resulting from
the model are shown in (c) and
(d), respectively. Generally, the
activation energy decreases when
the device operation goes from
the linear to the nonlinear voltage
range.
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FIG. 4. (a) Fitting of the experimental current-voltage curves
from 223 to 353 K by the model approach shown in Fig. 2.
Leakage currents mainly below 1.5 V are not considered. Blue
indicates recombination-related aspects. (b) Modeled activation
energies resulting from the fit in (a) show a linear decrease at
voltages below 2 V (recombination) and a saturation around 0.3
eV for larger voltages, related to the p and the n system of the
OLED.

of charge carriers into the oppositely doped regions [30].
In the case of OLEDs, this approach is not suitable as there
are additional intrinsic layers around the central emission
layer reducing the charge-carrier diffusion. To start with a
first analysis, we use the diode equation of Eq. (1) assum-
ing homogeneous recombination in a certain region, e.g.,
the emission layer [see Fig. 2(h)]. As a result, a simpli-
fied temperature dependence related to the energy gap Ea,0
between the two states over which recombination takes
place and the applied voltage V is achieved. The effec-
tive activation energy of the electrical conductivity at each
voltage is then simply related to the difference of Ea,0 and
eV [see Eq. (2)]. Such an approach is used in the field of
organic solar cells and simple polymer LEDs to investigate
recombination, but has not been transferred to state-of-
the-art OLEDs consisting of several small molecule layers
[31–33]. One reason is that parasitic losses are much more

pronounced in OLEDs in contrast to conventional LEDs as
there is a huge difference in charge-carrier mobility.

The system is only fully determined if the respective
voltage and temperature dependence are simultaneously
captured. Fitting of the recombination current [blue text
and lines in Fig. 4(a)] is performed for the voltage range
between 1.5 and 2.0 V and is supported by the fact that
we know about the influence of the p and n systems
as obtained above. Thus, we have to adjust a much
steeper exponential behavior as one might expect if a drift
limitation would not be incorporated to get an agreement
between experiment and model. We find that for voltages
above 2.0 V, the experimental data are already affected by
parasitic losses arising from drift limitations outside the
recombination region.

Next, the three parameters of the recombination
obtained by the global fit is discussed. The ideality fac-
tor nid is 1.55, a value between the classical cases being
nid = 1 for direct recombination and being nid = 2 for a
recombination via an intermediate state, e.g., as described
by Shockley-Read-Hall recombination [19,34,35]. In this
work, this value remains reasonable and is not discussed
further. We additionally find that recombination takes
place at an energy of Ea,0 = 2.72 eV, which is about 0.8
eV larger than the average photon energy emitted by this
OLED structure (see Fig. S2 in the Supplemental Mate-
rial [13]). The most reasonable explanation is that there are
intrinsic losses in OLEDs during the recombination. First,
recombination can take place on matrix molecules which
have a higher exciton energy than the emitter molecules.
Furthermore, the formed excitons are particles which have
a lower energy than the two participating free charge car-
riers due to Coulomb attraction and relaxation, which is
even more distinct for triplet states. Finally, one also has
to assume a relaxation to the ground state of the exciton
itself on the matrix molecule as well as on the emitter
molecule. All together, these losses between the energy of
the free charge carriers before starting the recombination
process and the energy of the emitted photons are much
higher in comparison to inorganic LEDs where, due to
the low binding energy of the excitons, the emitted light
has an energy close to the energy gap [36]. Eventually,
the fit of the recombination current allows for the extrac-
tion of j00 = 40 A/cm2, which is the maximum current
density that can flow if all states were permanently filled
and recombined with their recombination time. The fitted
value can easily shift up and down with slight changes of
the steepness of the exponential regime and is therefore
rather an estimation of the order of magnitude. In order
to get a feeling for which maximum recombination cur-
rent one can expect due to the decay of excited triplet
states, we estimate j00 based on the dEML = 20 nm thick
emission layer doped with approximately c = 10% emit-
ter molecules. The employed emitter Ir(MDQ)2(acac) has
a decay time of τ ∼ 2 μs and the density of states is taken

014023-6



FULL ELECTROTHERMAL OLED MODEL. . . PHYS. REV. APPLIED 10, 014023 (2018)

to be Nst = 1021 cm−3 [37–39]. Using the equation

jdecay, max = c dEML e Nst

τ
, (4)

it becomes obvious that the emitter molecules in our OLED
are not able to support a recombination current of more
than 16 A/cm2, already of the same order of magnitude as
the fitted value for j00. Of course, this value will hardly
be achieved in an experiment as annihilation or quench-
ing of the triplet states will set in much earlier [40].
Still, the experimental data at very low current densi-
ties and thus very low excitations, where parasitic effects
mentioned above are negligible, exhibit the full informa-
tion about the recombination system. Thus, investigating
OLEDs at very low brightness and very low currents is of
particular interest when studying recombination and also
learning about the operation at application relevant current
densities.

Incorporating the recombination to our model not only
leads to a full electrothermal model describing the temper-
ature and voltage dependence over a large range of current
densities, but also helps to understand the operation of
OLEDs. For example, the voltage at which the brightness
of an OLED reaches a certain level, described by the turn-
on voltage, is fully determined by the occupation of the
molecular states by free charge carriers and their recombi-
nation. This fact is often discussed ambiguously in the field
of OLEDs. Furthermore, the built-in potential of an OLED
has no meaning for the exponential regime and cannot be
used to understand at which voltage the current flow starts
to increase rapidly. The often used built-in voltage is thus
more or less a helping construct to adjust the modeled or
simulated data to the right voltage range. Our study also
makes it clear that more attention has to be given to inves-
tigating recombination as there is still the open question,
how j00, Ea,0, and nid can be understood in a general pic-
ture. It is still unclear how the composition of the emission
layer, the thickness of the layers, the use of blocker materi-
als, or the energy gap of the used material, as well as many
other factors, influence the recombination current. How-
ever, such investigations have to be part of further studies
and are not addressed here.

Interestingly, an energy barrier between the hole-
blocking layer made by BAlq2 and the emission layer is
interestingly not needed to explain the data although the
LUMO energy values of Spiro-TAD and BAlq2 differ quite
a lot by ca. 0.9 eV (see [16]). Due to that barrier, it is
likely that charges do not enter the LUMO states of Spiro-
TAD, but are rather transported via the LUMO states of
the emitter molecules, consequently lowering the energy
barrier for electrons to enter the emission layer. Further-
more, charge exchange between these layers as well as
surface-charge sheets due to permanent dipoles of ori-
ented molecules can lead to an interfacial energetic shift

[41,42], which makes it difficult to predict the energy bar-
rier from the LUMO energy values of the single materials.
In general, our model does not include such an energy bar-
rier and so far we find that it is not needed to consider
it.

3. Modeling the electrothermal feedback

After we have modeled all experimental data, we
will now use our global fit parameters to understand
electrothermal feedback in OLEDs in more detail. Figure
1 already presented the experimental data for a pulsed
measurement which shows no self-heating and a curve
measured in the steady state, which shows a pronounced
voltage turnover and a regime of NDR.

To account for electrothermal feedback, we use the
derived explicit expressions to describe the current flow
at each voltage and temperature, and introduce a coupling
to the dissipated energy

�T = �thPel, (5)

which will in turn lead to a temperature increase �T of the
device. Here, �th is the thermal resistance and Pel is the
electrically generated power. The fact that the outcoupled
light will not lead to device heating is omitted here and
primarily incorporated into the fitting of the thermal resis-
tance which will consequently differ by the power plug
efficiency of the OLED being around 10%.

First, the thermal resistance is set to 0 and the model
reproduces the pulsed measurement which is assumed to
be isothermal over the entire range. However, merely by
changing the thermal resistance to 185 K/W, the steady-
state current-voltage curve is reproduced, including the
regime where a strong electrothermal feedback takes place.
Thus, our model can recover the device operation over
nine orders of magnitude, including recombination, drift
limitation, and nonlinear electrothermal feedback.

As already mentioned above, the fit has to be under-
stood to be a global fit matching all three data sets of
Figs. 1, 3, and 4. To achieve this we accepted to have
some disagreement between the model and experiment
at very low voltages, but mainly concentrated on match-
ing data from room temperature to higher temperatures
as this is the range where self-heating takes place. Fur-
thermore, it is known that electrothermal feedback leads
to inhomogeneous current flow and light emission inside
the active area. Still, the zero-dimensional model approach
works quite well, simply because the active area is rather
small so that the inhomogeneity is less pronounced and
the presented current densities as well as the fitted thermal
resistance have to be understood as mean values.

B. Further evaluation of the model

The model now enables us to perform some further
evaluation. First, we can calculate the mean temperature
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FIG. 5. Modeled curves corresponding to the
fit in Fig. 1 including electrothermal feedback.
(a) Cumulative voltage drop for the sequence
recombination, the n system (+n) and the p
system (+p). The n system consumes most of
the applied potential at high current densities,
whereas at low current densities the OLED is
fully determined by recombination in the expo-
nential current-voltage regime. (b) The individ-
ual voltage drops for each system. The dashed
horizontal line represents the voltage turnover
of the complete OLED. It can be seen that the
voltage turnover of the n system happens at
lower current densities whereas the p system
has a voltage turnover at higher current densi-
ties. Thus, electrothermal feedback in OLEDs
can internally affect the layers differently.

increase of the sample due to self-heating by using Eq. (5).
As indicated in Fig. 1, shortly before degradation occurs
an increase by 83.6 K results in a mean device temper-
ature of 376.6 K. Measurements using external heating
show that samples start to degrade in the range between
360 and 385 K in accordance with the simulated value (see
Fig. S3 in the Supplementary Material [13]). The mean
temperature increase at the turnover point is about 33 K,
and thus sufficiently low to prevent degradation at this
point.

Besides that, the model reveals the voltage distribution
between the n system, the recombination, and the p system
for each current density as shown in Fig. 5. Up to current
densities of 10−2 mA/cm2, the current-voltage characteris-
tics are exponential and the filling of the states and their
recombination dominates. Then, the voltage drop of the p
and the n system increases and, e.g., at 10 mA/cm2, both
systems together consume more of the applied voltage than
the recombination. Whenever these drift components limit
the current flow in an OLED, it is likely that the charge car-
rier balance is influenced and most likely the region where
electrons and holes meet shifts towards the system with
the lowest conductivity, which is the n system in our case.
It is already known from the literature that a very similar
layer stack has a recombination zone located at the hole-
blocking layer (Balq2) [16]. This charge-carrier imbalance
does not have to change the current efficiency of the OLED
as all of the injected charge carriers could still have the
same probability to recombine radiatively. However, the
increasing voltage consumption definitely changes how the
applied voltage is effectively used and thus the “voltage
efficiency”. For example, the emitted light remains to have
the same energy of ca. 2 eV, even if, e.g., 5 V is applied

to the OLED. As a consequence, the power efficiency
always drops whenever the voltage at the n or the p system
becomes significantly large.

For the highest current densities in Fig. 5, we discuss the
effect of each system onto the electrothermal feedback. The
horizontal black dashed lines represent the current density
at which the voltage turnover of the complete OLED takes
place. It can be seen that the recombination does not show
any strong voltage reduction and thus does not contribute
significantly to the voltage turnover. Contrary to that, the p
and n systems show a pronounced electrothermal feedback
at current densities around 400 mA/cm2, which is the main
reason why we see electrothermal feedback in a complete
OLED. We further find that the turnover of the n system
takes place slightly below the level at which it happens
for the OLED while the p system has the turnover slightly
above this level. This behavior can be explained by the
higher activation energies for the electrical conductivity of
the n system with respect to the p system in accordance
with Fig. 3. To further answer the question of which part
of the OLED has the most influence, we can use Fig. 4(b)
in which the activation energy is derived from the model.
In the voltage range, where self-heating occurs, i.e., above
5 V, the activation energy is mostly influenced by the p
and the n system, leading to a saturation around 0.3 eV,
which is in between the activation energies we found for
each individual system in Fig. 3 at larger voltages (>1 V).
The activation of the electrical conductivity arising from
the recombination, however, is smaller. At the current den-
sity at which the turnover takes place, 2.51 V is needed
for the recombination. The recombination current itself
has a remaining activation energy of 0.136 eV, as given
by Eq. (2). This value is sufficiently high to allow for
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electrothermal feedback as ∼0.1 eV (4kBT) is typically
needed at room temperature [11]. However, the smaller
the activation energy, the higher the temperature rise has
to be to achieve the voltage turnover, so that in this case
the recombination current does not reach this point.

C. Origin of the activation energy

With the knowledge that the electrothermal feedback
mainly arises from potential drops in the electron- and
hole-conducting system, we can use in-depth studies of
single-carrier devices to elaborate which mechanism con-
tributes most to the temperature-activated conductivity. In
Fig. 6, the current-voltage curves of fully-n-doped and
fully-p-doped devices of various thicknesses without an
intrinsic layer are shown as well as n-i-n and p-i-p devices
with a constant doped layer thickness (30 nm). Devices
with no intrinsic layer display almost no thickness depen-
dence at low voltages, which points to the fact that charge
transport through the doped layer is very efficient. This
fact is often used when the cavity length of an OLED
is adjusted to the first or second optical maximum with-
out changing the electrical properties much [39]. Only the
curve of the thinnest sample for the n system differs. It
should be noted that these devices can be reproducibly
compared, as they are produced within one fabrication run
and they even partially share the same layers as the differ-
ent thicknesses are achieved by a moving shutter. At higher
voltages, it is interesting to see that these curves become
nonlinear and deviate from each other in a way that the
current is higher, the thinner the sample is. This behavior
is in accordance with space-charge-limited currents which
have a pronounced thickness dependence (∝ L−3) and typ-
ically are clearly visible at voltages above 1 V. The fact
that these devices show no thickness dependence at low

voltages indicates that they are limited by a common prop-
erty, which is most likely caused by the interfaces to the
metal electrodes. These interfaces remain the same, inde-
pendent of thickness. Thus, it is likely that even though the
layers are doped, intentionally done to reduce the contact
resistance, they still exhibit a significant contact resistance
for charge injection which is at least much higher than the
bulk resistance of the thickest device. Doping technology
is nowadays successfully used in organic light-emitting
diodes to improve charge injection but it still seems that
there is room for further improvement [43,44].

If we now insert an intrinsic layer exactly into the mid-
dle of a doped device, we can study the influence of
the intrinsic layer as well as the influence of the possi-
ble energy barrier at the organic-organic interface between
the doped and the intrinsic layer. As shown in Figs. 2(a)
and 2(c), these devices then have 30-nm-doped layers sur-
rounding the intrinsic layer. For the p system, inserting up
to 30 nm of intrinsic material does not drastically change
the current flow. The reduction of the current can simply be
explained by the fact that a more resistive part is introduced
into the device which has a lower charge-carrier concen-
tration. Furthermore, at higher voltages, where we expect
to reach space-charge-limited current, the thickness depen-
dence is less pronounced and can partially be attributed to
the fact that a device with a 30-nm intrinsic layer is 50%
thicker than a device without an intrinsic layer, and thus
the thickness-dependent SCLC is expected to drop already
by a factor of about 3. In the complete OLED, a 10-nm
intrinsic p-type layer is used which does not make a big
difference in Fig. 6. Therefore, an internal energy barrier as
well as a larger resistive contribution of the intrinsic layer
can be disregarded. It merely seems that the temperature-
activated conductivity in Fig. 3 arises from an injection
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resistance at low voltages and a general charge-transport
limitation at higher voltages.

The situation is rather different for the n system. Intro-
ducing an intrinsic layer in the middle of a doped device
strongly changes the sample conductivity [see Fig. 2(c)].
Even 10 nm of intrinsic material changes the current
already by three orders of magnitude at the lowest voltages
in the linear regime. At higher voltage in the superlin-
ear regime, the curves for different thicknesses approach
each other, but still differ significantly. Thus, a simple layer
thickness dependence due to SCLC can be excluded. In
the case of the n system, it is more likely that the intrinsic
layer introduces an energy barrier for electrons as visual-
ized by an arrow in Fig. 2(f). An alternative explanation
would be to consider trap states in the intrinsic layer which
can explain the clockwise hysteresis after insertion of the
intrinsic layer. However, the trap-state density must be
extremely large if a 10-nm layer is able to decrease the
sample conductivity by three orders of magnitude. For that
reason, we still tend to expect a main impact from an
energy barrier.

Then, charge carriers will accumulate in front of the
interface between the doped and the intrinsic layer in order
to increase the electric field in the intrinsic layer. When
higher voltages (>1 V) are applied, the electric field can
get sufficiently high so that charge carriers overcome the
internal energy barrier and the influence of the intrinsic
layer onto the current-voltage characteristics decreases as
seen in Fig. 6. The temperature-activated conductivity of
the n system is thus much more related to the intrinsic
layer. At the lowest voltage, the intrinsic layer introduces
a region of much lower charge-carrier concentration due
to the missing doping and the higher energy level which
comes along with the internal energy barrier. The activa-
tion energy of the electrical conductivity, estimated to be
0.5 eV, is thus directly related to this internal energy bar-
rier and it can be assumed that the energy difference of
the transport levels between the doped and the intrinsic
level is on the order of the activation energy. At higher
voltages, the internal energy barrier can be overcome more
easily and the estimated activation energies also decrease
to about 0.325 eV [cf. Fig. 3(d)].

To realize OLEDs with reduced electrothermal feed-
back, very low activation energies of the electrical conduc-
tivity are necessary and they can be achieved by optimizing
the layer-stack design. First, the internal energy barriers
have to be avoided as they not only decrease the perfor-
mance of an OLED, but also introduce high activation
energies to the system. Furthermore, doped layers, typi-
cally believed to solve issues with contact resistance, do
still underperform and do not allow the highest possi-
ble currents which would be possible for these materials.
If these issues can be solved, the voltage losses at the
p and n systems decrease so that their activation ener-
gies do affect the current-voltage-temperature curves to a

lesser extent. However, the lowest-activation energies will
always be given by the charge transport, typically in the
range of 100 to 200 meV depending on the width of the
Gaussian density of states [11]. Only in the case of a negli-
gible drift limitation, the activation energy of the electrical
conductivity could be lower. As the activation energy of
the recombination current decreases with voltage, it could
theoretically approach zero for V = Ea,0/e (see Fig. 4).

III. CONCLUSION

We introduce a full electrothermal model for OLEDs
applicable over a wide range of current densities and
application-relevant temperatures. Our approach is, in
principle, adaptable to any semiconductor diode, e.g., an
organic solar cell where recombination as well as conduc-
tion of charges takes place. The explicit description can be
used to predict the behavior of an OLED in real electronic
circuits as it is already implemented using circuit models
and our parametrization is ideal for further use in spatially
resolved multidimensional simulations [45]. Furthermore,
due to the description of the activation energies of the
electrical conductivities of the OLED, the model fully
accounts for strong nonlinear electrothermal feedback and
self-heating effects. Such a description will also support
the first realization of an electrically pumped organic laser
where strong pumping will lead to self-heating too [46,47].

The model predicts which regions have the highest elec-
trical potential drop and therefore contribute most to the
overall activation energy of the electrical conductivity of
the OLED. By that, internal energy barriers can be identi-
fied to be the most influential factor. Finally, as a side prod-
uct, we give here a temperature- and voltage-dependent
description of the recombination current in OLEDs which
has not been reported so far and can become an essential
tool to study OLEDs. Overall, our model gives a com-
prehensive analysis of the operation of an OLED from
the electrothermal point of view and thus will help scien-
tists working on emerging thin-film LED technologies to
extract the most out of their current-voltage characteristics
as well as helping engineers to optimize OLEDs for high-
brightness applications, e.g., as found in the automobile
sector.
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