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Abstract 
Recently,electroluminescence devices based on organic 
semiconductors have made considerable progress. Displays 
based on organic light emitting diodes (OLED) are 
commercially available. To gain broader acceptance, the 
performance of OLED devices has to be further improved, 
in particular for lighting. This article discusses the 
possibility to use controlled electrical doping for improving 
the properties of devices and new approaches for highly 
efficient white OLED.  

 
 

1. Introduction 
 
Organic semiconductors are a novel materials class 

which is characterized by a large variety of possible 
materials and the ability to be deposited on low-cost 
and flexible substrates. Organic semiconductors are 
currently investigated intensively, both because the 
basic physics are little understood and because of 
attractive application possibilities, such as flat-panel 
displays based on organic light emitting diodes 
(OLED).  

Despite the fact that organic semiconductors have, 
in particular as thin films, rather low mobilities, they 
perform surprisingly well in optoelectronic devices. 
Surprisingly, doping (for raising the conductivity) has 
been largely ignored till now in organic devices, in 
contrast to classical semiconductor technology where 
controlled n- and p-type doping has always been a 
standard technique needed for virtually all devices, in 
particular for efficient LED. 

In the past few years, we have intensively worked 
on doping of organic semiconductors and have shown 
that stable and reproducible doping can be achieved. 
The performance of devices can be considerably 
improved by including electrically doped layers. 

Recently, we have been able to demonstrate white 
OLED with extremely high efficiency using this 
concept. 

 
 2. Basics of Doping 

 
Here, we briefly discuss some key results from our 

work in Dresden on the basic physics of and devices 
with doped transport layers. For a detailed discussion, 
we refer to the review by Walzer et al. /1/.  

The doping of organic semiconductors is actually 
known since a long time, using gases or small 
molecules (see, e.g. /2/). An alternative approach is 
using e.g. alkali metals /3/. However, this approach 
has the disadvantage that it tends to unstable at higher 
temperature, also, there are difficulties with 
manufacturing. 

In our work, we have used larger organic molecules 
to avoid diffusion effects. The basic step in realizing 
molecular electrical doping is to achieve a charge 
transfer from the organic semiconductor molecule to 
the dopant (p-doping, /4/) or from the dopant 
molecule to the matrix (n-doping /5,6/). In the first 
case, the lowest unoccupied orbital (LUMO) of the 
dopant must be below the highest occupied orbital of 
the semiconductor matrix, in the second case the other 
way round. Especially for materials with high-lying 
LUMO, like electron transporters for OLED, the 
synthesis is difficult and only proprietary materials /7/ 
are yet available.  

As shown in /4/, it is possible to raise the 
conductivity by orders of magnitude in a very 
controlled manner. This leads to lower ohmic losses. 
Another aspect is that the contact resistance at 
electrodes can be drastically reduced since the thin 
space charge barriers can be tunneled through easily 
by the charges /8/. This is particular interesting for 
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OLED on other substrates than ITO, where the control 
of the work function is difficult. 

 
3. Applications in OLED 

 
As argued above, these electrical doping concepts 

can be successfully applied in devices: the concept of 
molecular doping allowed to realize green OLED 
devices with the highest efficiencies reported so far /9/, 
well exceeding the efficiency of current inorganic 
GaN devices! The devices were pin-devices where the 
emitting layer is embedded between a p-doped hole 
transport layer and an n-doped electron transport layer. 
It has been shown that these pin-structures can also 
achieve extremely long lifetimes /10/, i.e. there is no 
negative effect on the device lifetime by dopand 
diffusion or other effects. 

 
Doped transport layers are particularly useful for 

devices which are top-emitting, i.e. emit away from 
the substrate. Here, it is important to optimize the 
microcavity which is formed by the usually reflecting 
back contact and the semi-transparent top contact. We 
have recently shown that using doped layers, very 
efficient top emitting OLED can be realized /11,12/. 
Figure 1 shows that by using an additional transparent 
organic outcoupling layer (MeO-TPD in this case), the 
efficiency can be further improved. 

 
Another are where the doping concepts are very 

useful is the realization of stacked OLED, where the 
interconnection contacts can be efficiently realized 
with molecularly doped layers. 

 
 

Fig. 1: Current efficiency of a top-emitting green 
OLED as a function of Luminance and outcoupling 
layer thickness. 

 
 

 

4. White OLED:  
How to beat the fluorescent tube 

 
White OLED have recently achieved very high 

efficiencies /13,14/, opening the path to a new form of 
high-efficiency area lighting devices. Surprisingly, the 
field of OLED is currently dominated by evaporated 
small-molecule devices, despite the fact that initially, 
polymer OLED which allow liquid processing were 
seen as the more direct and cost-effective approach to 
devices. One of the reasons is that the doping 
techniques described here a much easier to apply in 
vacuum processing. 

 
To obtain white OLED with very high efficiency, 

we have recently employed a triplet harvesting 
concept which yields quantum efficiency of up to 
unity despite using fluorescent emitters /15/. By using 
an energetically high-lying triplet transition of the 
blue emitter which also acts as host, this concept 
avoids losses due to triplet transfer to a blue emitter 
/13/. This concept has the particular advantage that no 
phosphorescent blue emitter is needed, being still a 
challenge in materials development. 

 
Furthermore, we here discuss some new results on 

all phosphorescent white OLED /14/ with efficiency 
of 90lm/W for a flat device at 1000 Cd/m2, clearly 
beating fluorescent tubes in efficiency for the first 
time. For the realization of such devices, the 
availability of stable blue phosphorescent emitter is 
however still a challenge. 

 
The key approaches for this efficiency were 

• optimizing the emission zone, using 
suitably chosen materials and specially 
designed interlayers and  

• using a high-index substrate with a 
suitable flat high-index outcoupling 
structure. 

 
The optimized emission zone (see Figure 2) with 
spatially distributed exciton recombination zone 
also leads to very low roll-off at high intensity: 
Our device still achieves 74lm/W even at 5000 
Cd/m2. This demonstrates that OLED lighting can 
also be used for high brightnesses, which reduces 
cost because less area is needed. 
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Fig. 2: Layer design of the white OLED structure 
/14/. 

 
The high index substrate reduces thin-film modes 

since the refractive index step to the substrate is 
reduced. However, to fully exploit this advantage, it is 
also necessary to use a thick electron transport layer 
(approximately 200nm) to reduce the coupling to 
plasmonic modes on the cathode. To still keep the 
good electrical properties of the devices, a doped layer 
is needed /14/.  

Figure 3 shows the power efficiencies of a device 
with low-index (LI) substrate and a device with high-
index (HI) substrate. It is clearly visible that the HI 
device is superior. For the flat device with outcoupling, 
the 90lm/W are reached, for a device with a glass 
sphere more than 150lm/W at low brightness are 
reached, showing that there is still room for further 
improvement if the outcoupling from the substrate 
using flat outcoupling structures can be improved and 
if the roll-off is further reduced. Also, the color 
coordinates of the devices need to be improved: With 
the sky-blue emitter employed here, the devices emit a 
yellowish white. For coordinates on the Planckian 
curve, deep blue phosphorescent emitters which are 
not yet available are needed. 

 
5. Conclusions 

 
Using suitable dopant molecules, it is possible to 

dope organic semiconductors in a manner very similar 
to their inorganic counterparts. The technique of 
controlled doping of organic semiconductors has led 
to clear improvements in the performance of devices, 
in particular OLED. Highly efficient white OLED 
using doped transport layers exceed the efficiency of 
fluorescent tubes. It is to be expected that in the future, 

other novel devices will be designed which use this 
technique. 
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4. Summary 

 
 

Fig. 3: Power efficiency of the low-index (top) and 
high-index substrate device (bottom). For the LI 
device, the lower line is without any outcoupling 
and the upper line for a half sphere, for the HI 
device, the lowest line is without outcoupling, the 
middle line with a flat outcoupling structure, and 
the uppermost line for a halfsphere /14/. 
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