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Abstract 
A numerical model for charge transport in organic semiconductor 
devices that accounts for self-heating is presented. In admittance 
spectroscopy this model reproduces the negative capacitance in 
bipolar, and more importantly, in single carrier devices. We show 
that self-heating is crucial not only in large-area OLEDs, but also 
in small-area devices. 
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1. Introduction 
Admittance spectroscopy is a popular and powerful 
characterization technique for organic semiconductor devices. 
Numerous publications exploit this technique [1, 2, 5, 9, 10, 11, 
14, 15]. Negative capacitance values are often observed in 
admittance spectroscopy at high bias and low frequency as shown 
in Figure 1 for an OLED and have puzzled scientists ever since. 
Negative capacitance measurements are well known from Si 
diodes and other devices. Numerous explanations [3] and 
references therein to parasitic effects [4] were proposed as origin. 
First reports of negative capacitance in organic LEDs appeared 
about a decade ago [5, 6]. In general the same device also exhibits 
positive capacitances at different measurement conditions such as 
frequency, applied voltage or temperature. The occurrence of 
negative capacitance implies that an increase of voltage leads to a 
reduction of charges on the electrodes. A wide range of 
explanations for the negative capacitance have been suggested for 
organic semiconductors [7, 8]. However, these numerous 
explanations for the origin of negative capacitance are restricted 
to bipolar devices and therefore cannot explain the occurrence in 
hole-only devices or electron-only devices. Little work has been 
dedicated to unipolar devices so far. In references [9, 10] single 
carrier devices were fabricated and measured exhibiting negative 
capacitance. The authors attribute the observed negative 
capacitance effects to interfacial states. 
Only recently, another origin for the negative capacitance in 
organic semiconductor devices has been identified by Okumoto 
and Tsutsui [11] for a hole-only and bipolar device, namely the 
temperature. Self-heating of the device changes the capacitance 
value of the structure. Okumoto and Tsutsui have used a copper 
block on top of the hole-only device and found a reduced negative 
capacitance value indicating that the temperature plays an 
important role. So far, self-heating of organic semiconductor 
devices is exclusively discussed in large-area devices [12]. Only 
recently the influence of self-heating in small devices has been 
pointed out [13].  
In this contribution we investigate the occurrence of a negative 
capacitance in single carrier devices by simulating admittance 
measurements with the aid of a one dimensional drift-diffusion 

model that is extended by a heat generation and transport 
equation. We also shed light on the time-dependent as well as 
steady-state behaviour of a device with self-heating.  
 

 
Figure 1. Capacitance vs. frequency data of a bipolar 

(OLED) device at different bias applied voltage. By 
increasing the bias the capacitance becomes negative in 

the low frequency regime. The measurements were 
performed with the all-in-one instrument Paios [17]. 

We thus hope to contribute new insights to the debate over the 
origin of negative capacitance for organic semiconductor devices 
and to the implications that self-heating has on OLED 
applications. 

2. Mathematical Model 
In our modelling approach we simplify a multilayer OLED to a single 
layer and hole-only device as illustrated in Figure 2 in order to illustrate 
that the key observations can be made even in a simple model device. 

 
Figure 2. Model simplifications leading to a unipolar, single-

layer device. 



In the organic material we then solve the one dimensional drift-
diffusion model for the hole concentration and the electrical 
potential. A more detailed description of this model can be found 
in reference [14, 15]. This model is denoted as 1D-DD in the 
following. 
 
In a next step we extend the classical drift-diffusion model by the 
heat equation where T is the temperature, c the specific heat 
capacity, ρ the density and k the thermal conductivity of the 
organic semiconductor material: 
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The heat source on the right side is Joule heating and depends on 
the hole current Jp, the elementary charge q, the hole density p and 
the hole mobility µ. For the boundary we use convective 
boundary conditions where the heat flux density F is given in 
terms of the heat transfer coefficient h and the ambient 
temperature Tref: 
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The 1D-DD plus the heat equation is denoted as 1D-EDD in the 
remainder of this paper. Please note that we assume for simplicity 
a constant mobility although organic semiconductors exhibit a 
temperature dependent mobility. It is expected that a temperature 
dependent mobility would further enhance self-heating effects. 
But the main characteristics of self-heating become apparent even 
when assuming constant mobility. 

3. Steady-State Simulations and Measurements 
In the following the two models are used to simulate a current-
voltage curve. Model parameters that are used in the following 
simulations are listed in Table 1 at the end of the paper. 

The 1D-DD model is displayed in black in Figure 3, while the 1D-
EDD is shown in red. At high voltage the current is heating up the 
device leading to an enhanced carrier diffusion and thus higher 
current density. 

 
Figure 3. Current-voltage curves for the two models. At 

high bias the two models show a different behavior. 

In Figure 4 a current-voltage measurement of a bipolar OLED is 
shown. The black line represents a fast measurement where the 
device is not heating up in time to be noted on the current-voltage 
curve. The red line shows a slow current-voltage curve 
measurement where the device has time to heat up. The 
experimental data in Figure 4 is in good qualitative agreement 
with the simulation in Figure 3. 

 
Figure 4. Experimental current-voltage curves for a “slow” 

(in black) and “fast” (in red) measurement. The fast 
measurement does not allow the device to heat up to its 

steady-state temperature. 

To explain the enhanced current density at higher temperature two 
charge carrier profiles at different temperatures are illustrated and 
compared in Figure 5. We show the results for Vapp = 6 V at 150 
K and 300 K. The temperature difference is chosen to be large 
such that the influence on the charge carrier profiles can be 
recognized. The higher temperature leads to stronger diffusion 
and thus to more charge carriers resulting in a higher current 
density. 

 
Figure 5. Charge carrier profiles for low and high device 

temperature. High temperature leads to large charge 
carriers and more current. 

4. Dynamic Simulations 
In this section we apply our modelling approach to study the 
impact of the device temperature in dynamic characterization like 
admittance spectroscopy and dark injection transient current 
experiments. 

4.1. Negative Capacitance 
As shown in Figure 6 the 1D-DD model (given in black) is used 
to calculate the capacitance of the hole-only device at Vapp = 6 V 
with numerical methods that we previously described [14,15]. The 
result is in agreement with analytical solutions for the simplified 
drift-only problem [16] (not shown here). In a second step we use 
the 1D-EDD and calculate the capacitance for different applied 
voltages. We observe a marked decrease of capacitance and 
change of sign below a certain frequency. In the logarithmic 
representation of Figure 6 the absolute and therefore positive 
values of capacitance are plotted. The difference in capacitance 
between the 1D-EDD and the 1D-DD model is getting more and 
more pronounced with increasing voltage. This clearly implies 



that more Joule heating and thus an increasing device temperature 
is responsible for the negative capacitance effect. 

 
Figure 6. Absolute values of the negative capacitances for 

different applied voltages with the 1D-EDD model. The 
black line is simulated with the 1D-DD model. 

Negative capacitance values were also recently reported by 
Okumotot and Tsutsui [11] where a hole-only device as well as a 
bipolar device were measured. A change in the capacitance was 
obtained in reference [11] by adding a copper block to the device 
which serves as a heat sink and thus helps cooling the device. 

In Figure 7 we simulate the organic part of the device structure of 
reference [11]. We achieve a very good agreement between the 
measurements [11] and our simulations. The influence of the 
copper block is clearly visible. The device temperature is lower 
and the negative capacitance effect less pronounced than in [11]. 
In our simulation we modeled the Cu block cooling by increasing 
the heat coefficient h in the boundary conditions. 

 
Figure 7. Simulation of a hole-only device (organic layer is 

150 nm, rest of parameters as in Table 1) at different 
voltages with and without cooper block that serves a heat 
sink. The copper block is simulated by changing the heat 

transfer boundary conditions. 

4.2. Dark Injection Transient Currents 
We now perform another computer experiment where a voltage 
step of 0.1 V at 6 V is applied. When we look at the current 
density response a cusp is visible at around 1e-6 s. This is in 
agreement with formula [16]: 
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In the case of the 1D-DD model the steady-state current density is 
reached almost immediately after the cusp in Figure 8, while for 

the 1D-EDD the current density still increases till it reaches its 
steady-state value at around 1e-2 s, which is a time scale that is 
almost 4 orders of magnitude larger than the carrier transit time. 
The slow process of heating up the device shows its signature in 
the dark injection transient current experiment at long times as 
well as in the admittance spectroscopy at low frequency. 

Figure 8. Dark injection transient currents results for the 
1D-DD model are shown in black and for the 1D-EDD 

model in red. The self-heating effect starts at around 1e-2 s 
as shown in the red curve. 

Table 1. Simulation parameters are displayed for the 
thermal and the drift-diffusion model. Further, device 

configurations are listed. 

 

5. Conclusion and Outlook 
In this paper we have presented an extended modelling approach 
for OLED simulations that accounts for self-heating of the device 
through Joule heating.  

We have demonstrated the influence of the device temperature on 
the current-voltage curve and compared it with measurements. 
Moreover, the dynamic behavior of a hole-only device was 
discussed in terms of the negative capacitance. Our simulations 
confirm self-heating as the origin for the negative capacitance 
effect in single-carrier devices and most likely also in multilayer, 
bipolar OLEDs. In the simulated dark injection transient current a 
current density rise due to the self-heating occurs at a point in 
time that is much later than the dark injection charge transit time. 
Therefore we have successfully and consistently described the 
effect of self-heating in steady-state, AC and transient operation. 

We conclude that in order to get accurate simulation results at 
typical operating conditions i.e. current densities of organic 
semiconductor devices it is mandatory to model the heat 
generation and transport, too.  
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