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Abstract— A coupled electrothermal model is presented 

for 1D non-isothermal drift-diffusion simulations to analyze 

self-heating in organic light-emitting diodes. Governing 

equations, boundary conditions, discretization scheme and 

structure preserving properties are discussed. The simulation 

of simple organic device structures shows that the model can 

reproduce non-linear electrothermal effects. Thermal 

parameter variation yields results that are in line with 

experimentally observed trends. Simulations are shown to 

reproduce properties of the solution that are predicted from 

analytic theory. The model achieves successful integration of 

thermal effects into a full opto-electronic device simulation 

tool. 
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I. INTRODUCTION 

Continuing adoption of organic light emitting 
diodes (OLED) in display and lighting application raises 
the requirements for brightness [1] (>1000 cd/m2) and 
presents the issue of self-heating known from traditional 
electronics applications where high-power throughput is 
required. The issue is further accentuated by the fact that 
organic materials exhibit a temperature-activated 
conductivity (TAC) [2] creating a setup whereby a strong, 
two-way coupling is observed between electronic and 
thermal properties of the device. This coupling leads to 
highly non-linear phenomena such as S-shaped current-
voltage curves and negative differential resistance (NDR) 
or even sudden burn-in phenomena [3]. To understand such 
phenomena several approaches have been suggested 
including, fully analytical models based on the power 
balance equation [4], p-Laplace thermistor models[5] or 
numerical drift diffusion (DD) models [6] [7]. The later 
approach allows us to understand how charge injection, 
transport and recombination affect self-heating phenomena 
and vice versa. Modern OLED devices are comprised of 
complex multi-layer structures. Integrating thermal models 
with industrial-strength tools like SETFOS is necessary in 
order to model realistic device setups and assess the impact 
of thermal effects on device efficiency. 

II. MODEL DESCRIPTION 

A.  Governing equations 

The starting point for our analysis is the 1D non-
isothermal drift-diffusion system comprising of the current 
continuity equations and the Poisson equation. The self-
heating behavior of OLED originates from microscopic 
processes like Joule heating and non-radiative 
recombination. Generation and transport of heat is 

described by the diffusion equation and its source terms HJ, 
HR: 
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The thermal conductivity κ is a material property, T stands 
for the variable temperature, jn(p) is the electron (hole) 
current density, φn is the quasi-Fermi potential (QFP), Pn is 
the thermopower coefficient according to the Kelvin 
formula [8] and R is the recombination rate. Since organic 
materials do not exhibit strong thermoelectric effects, we 
neglect Peltier-Thomson heating-cooling. This formulation 
of HJ avoids averaging exponentially varying densities 
while ensuring the non-negativity of the source terms in the 
presence of thermal gradients. 

B. Boundary Conditions 

For the electrical boundary conditions (BC) we use 
Dirichlet (BC) for the potential and ohmic BC for the 

injected charge species, �� = � exp � − ���� !"#
$%& ', where 

N is the effective density of states wn is the metal work 
function, kB is Boltzmann’s constant and T is the 
temperature of the device at the boundary. The reciprocal 

densities are calculated so that the intrinsic Equation, �� ⋅
)� = �*, is satisfied. The contact density for the BC is re-
computed every time the temperature changes so that 
charge equilibrium is ensured at elevated temperatures. 
This way the electrochemical potential remains pinned at 
the applied voltage throughout the simulation. In the 
domain outside the electrical stack there are no heat 

sources, thus the incoming thermal current density, 
+, =
−-∇� , is conserved. Considering an effective thermal 
resistance Rth, describing the OLED package, and an 
ambient temperature Ta the boundary temperature Tb is 
given by: 
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where Pth is the power resulting from integrating jth over the 
contact area A. 

C. Finite difference discretization scheme  

The semiconductor equations follow the generalized 
Scharfetter-Gummel discretization scheme. The discrete 
Joule heating term Hn,i+1/2 , adapted from [8] is well defined 
at half integer nodes i±1/2 in between vertices: 
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where n is the charge density, h is the grid spacing, and w 
denotes a generalized Fermi energy. 

III. RESULTS 

Steady state (SS) simulations performed using HJ 
and HR as sources satisfy energy conservation, meaning 
injected electrical power per unit area Pel equals the sum of 
thermal power Pth exiting at the contacts. To showcase 
electrothermal effects we chose a simple setup consisting 
of a unipolar, p-type, single layer 100 nm thick doped (1019 
cm-3) organic semiconductor device employing a 
temperature dependent mobility law [4] modeled according 
to an Arrhenius equation: 
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We chose a typical value for the activation energy of Ea= 
0.5 eV, and a mobility perfector μ0 = 5×10-6 cm2/Vs. Figure 
1a shows current-voltage (J-V) curves for different values 
of the Rth. For non-zero Rth values the curve exhibits the S-
shaped J-V characteristic of the positive electrothermal 
feedback. Due to the nonlinear power temperature relation 
Pth(T) Eq. (4) features two solution branches for a given 
voltage. The top solution branch has NDR corresponding 
to the higher temperature state as seen in figure 1b. The 
model correctly reproduces the physical trends observed in 
experiments [5] and simulation [7]. The temperature for the 
first turn-over point, where the differential resistance 
becomes 0, can be calculated as a function of activation 
energy according to the analytic formula [4]: 
 

�A = CD
*$% 41 − F1 − G$%&B

�B :   (9) 

 
From figure 1a-b we can see that the turnover point stays 
constant with respect to different Rth. For an effective 
activation energy of ~ 0.5 eV and ambient temperature of 
296 K we expect T0 ~ 312.87 K for all Rth, matching well 
with our results. 

IV. CONCLUSIONS 

We have shown the numerical implementation of 
a non-isothermal drift-diffusion scheme capable of 
simulating self-heating phenomena in organic 
semiconductor devices. Charge equilibrium density 
boundary conditions were modified to account for the 
temperature dependent state. Thermal boundary conditions 
were implemented based on the thermal resistance of the 
OLED package. A self-consistent discretization scheme 
was adapted from literature that satisfies energy 
conservation and energy balance. Electrothermal 
simulations confirmed negative differential resistance 
regions and positive feedback effects for organic devices 
with temperature-activated conductivity. The model paves 

the way for full electro-thermal-optical OLED device 
simulation.  

 
Fig. 1. (a) J-V of organic device with TAC for different values of 
the thermal resistance Rth (b) Corresponding average electrical 
stack temperature. Data points mark simulations results while 
lines represent a linear interpolation to guide the eye. 
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