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O rganic and inorganic semiconductors – differences and simila r ities
Albrecht Winnacker
Centre for Advanced Materials
University of Heidelberg

Organic materials like “small molecules” or polymers, and inorganic materials like Silicon or
GaN are both considered as “semiconductors”. The electronic properties and the processes
which determine them can nevertheless be considerably different. This refers e.g. to the origin
of charge carriers, the transport and the structural properties.
Charge carriers:
In inorganic materials free carriers are present either as intrinsic carriers, resulting from
thermal excitation of electrons from the valence band, or from doping. In organic
semiconductors they provided essentially by injection. This difference gives a completely
different meaning to the notion of “doping” and strongly affects the basic set-up of electronic
devices, which will be discussed for the examples of solar cells and light emitting diodes.
Transport properties:
Organic semiconductors show very small carrier mobilities as compared to the inorganic
ones, limiting the frequency range of devices. Improving mobilities is a major challenge to
actual materials research of organic semiconductors. The covalent bonding favours the
formation of polarons, charge traps and strongly localized excitons. This in turn has a strong
influence on transport properties, recombination and charge separation.
Structural properties:
Differently from inorganic semiconductors the organic ones usually show a strong degree of
structural disorder which negatively affects the free movement of charge carriers, results in
charge accumulation and space charge limited currents. On the other hand this fact opens the
possibility of strongly improving electronic properties by controlling structural features. For
this reason the concept of self organisation enters into device technology, processing and
choice of materials and comes into the focus of materials research.
An overview will be given over these research issues, which will determine the future
development of the field.
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I nnovation T hrough O rganic E lectronics
Wolfgang Kowalsky*
InnovationLab G mbH, Heidelberg, Germany
and
Institute for High Frequency Technology, Braunschweig Technical University, Germany

This introducing talk of the winter school will address three topics:
 Forum Organic Electronics and the InnovationLab
The growing demand for energy and raw materials makes the development of green
technologies necessary for sustainable growth. The work of the leading-edge cluster Forum
Organic Electronics concentrates on environment-friendly energy production employing
organic photovoltaics, the economical use of energy by means of organic light-emitting
diodes and the resource-conserving production of electronic circuits, memories and sensors.
To facilitate interdisciplinary collaboration under one roof, the cluster partners established the
application-oriented research and transfer platform InnovationLab GmbH.
 Short Channel Organic Field Effect Transistors (OFETs)
Due to low mobilities in organic semiconductors a channel length of µm or even smaller
structures are necessary to attain RF ID-tag frequencies. This need is in strong contradiction
to printing resolutions of a few µm. In this part of the talk alternative printing methods will be
discussed. One approach to overcome the limitation is electrochemical printing. It uses
conventional photolithography to pattern the master structure but allows a large number of
replicas. Fig. 1 shows a flexible 4” foil with electrochemically patterned OFET drain-source
structures.
 Organic DFB-Lasers
Organic dyes are well known as gain media in optically pumped tunable lasers. Traditionally
they are used diluted in solvents. This last topic will discuss solid state organic DFB-lasers for
pulsed to quasi-continuous wave operation. Towards electrically pumped structures low loss
waveguides will be presented.

Fig. 1: Electrochemically printed
OFET drain-source structures.

Fig. 2: Optically pumped organic
DFB-laser.

* wolfgang.kowalsky@ihf.tu-bs.de
Keywords: OFET, organic laser, electrochemical printing
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T he development of light-emitting mater ials for organic light-emitting
diodes
Paul L. Burn*
Centre for Organic Photonics & Electronics, The University of Queensland, Brisbane, QLD,
Australia, 4072.

Since the discovery by Tang and VanSlyke of thin film organic light-emitting diodes
(OLEDs)[1] there has been continued development of emissive materials leading to devices
with internal quantum efficiencies of 100%.[2] The initial light-emitting materials were
fluorescent small molecules processed by evaporation with next quantum step in materials
development being the discovery that solution processed conjugated polymers could also be
used in OLEDs.[3] The problem with fluorescent materials is that there are significant
efficiencies losses due to triplets that are formed during device operation. However, triplets
can be harvested by using phosphorescent materials, with these best of these containing
iridium(III) complexes.[4] The three main classes of phosphorescent materials are small
molecules, dendrimers,[5] and most recently poly(dendrimers).[6] As with the fluorescent small
molecules the small molecule phosphorescent materials are generally processed by
evaporation. In contrast the dendrimeric and poly(dendrimer) materials are solution
processable. Independent of type material there is often a trade-off between charge transport
and luminescence. In many cases it is the same chromophore within the light-emitting
material that is responsible for both light-emission and charge transport. For good charge
transport it is important to have the chromophores close together but the bringing together of
the chromophores can often lead to luminescence quenching due to aggregation or excimer
formation. In this presentation I will discuss how the structures of (macro)molecules can be
controlled to give the necessary balance between charge transport and light-emission for
emissive materials, and how this can lead to simple highly efficient devices.
[1] C. W. Tang, S. A. VanSlyke, Appl. Phys. Lett., 1987, 51, 913.
[2] C. Adachi, M. A. Baldo, M. E. Thompson, S. R. Forrest, J. Appl. Phys., 2001, 90, 5048.
[3] J. H. Burroughes, D. D. C. Bradley, A. R. Brown, R. N. Marks, K. Mackay, R. H. Friend,
P. L. Burn, A. B. Holmes, Nature, 1990, 347, 539.
[4] M. A. Baldo, S. Lamansky, P. E. Burrows, M. E. Thompson, S. R. Forrest, Appl. Phys.
Lett., 1999, 75, 4.
[5] P. L. Burn, S. C. Lo, I. D. W. Samuel, Adv. Mater., 2007, 19, 1675.
[6] J. W. Levell, S. Zhang, W.-Y. Lai, S.-C. Lo, P. L. Burn, I. D. W. Samuel, Optics Express,
2012, 20(S2), A205.
* p.burn2@uq.edu.au
Keywords: light-emitting diodes, (macro)molecules, intermolecular interactions.
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C hemical doping in organic semiconductors: impact on inter faces, gap
states and transport
Antoine Kahn*
Department of Electrical Engineering, Princeton University, Princeton NJ 08544, U SA

This talk reviews recent developments on the chemical p-type and n-type doping of small
molecule and polymer organic semiconductors. Doping has long been known as a powerful
method for improving charge carrier injection into, and conductivity of, organic films, leading
to considerable improvements of the performance of organic based devices.[1] Doping enables
the control of Fermi level position and interface molecular level alignment, and facilitates
carrier injection via barrier lowering or carrier tunneling.[2] New dopants are being developed,
and the physics of doping and the impact of doping on electronic and transport properties are
under continued investigation.
We first review work on p- and n-type doping using dopants such as the strong oxidizing
molecule molybdenum tris[1,2-bis(trifluoromethyl)ethane-1,2-dithiolene] (Mo(tfd)3) (electron
affinity = 5.59 eV) or the strong reducing molecule decamethyl cobaltocene (CoCp2*)
(ionization energy = 3.3 eV), respectively.[3,4] We then address the very recent development of
air-stable n-dopants based on dimers of organometallic sandwich molecules, such as
rhodocene [RhCp2]2 or ruthenium(pentamethylcyclopentdienyl)(1,3,5-triethylbenzene),
[Cp*Ru(TEB)]2. We demonstrate n-doping via vacuum co-evaporation or via co-solution of
organic compounds with electron affinity as low as 2.8 eV. [5]
We then turn to doping, gap states, and carrier transport. The presence of gap, or tail, states
extending 100s meV into the gap above (below) the canonical edge of the HOMO (LUMO)
level has been amply demonstrated, and their effect on carrier transport is dramatic. Electron
or hole trapping in deep gap states dominates carrier transport at low carrier density. Doping
play a major role in filling these deep traps, allowing considerably “easier” transport. We
look at the dependence on doping of the activation energy that characterizes the transport
process. We review very recent data on ultra-low doping ratios (molar ratio of few 10-4) that
help understand the process.
[1] K. Walzer, B. Maennig, M. Pfeiffer and K. Leo, Chem. Rev. 2007, 107, 1233
[2] W. Gao and A. Kahn, Organic Electronics 2002, 3, 53
[3] Y. Qi, T. Sajoto, S. Barlow, E-G Kim, J-L Brédas, S.R. Marder and A. Kahn, J. Am.
Chem. Soc. 2009, 131, 12530
[4] C.K. Chan, W. Zhao, S. Barlow, S.R. Marder, and A. Kahn, Org. Elect. 2008 9, 575
[5] S. Guo, S.B. Kim, S. Mohapatra, Y. Qi, T. Sajoto, A. Kahn, S.R. Marder, S. Barlow, Adv.
Mat. 2012, 24, 699
* kahn@princeton.edu
Keywords: doping; transport; gap states.
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F unctional Pr inting
Edgar Dörsam*
Institute for Printing Science and Technology, Darmstadt University of Technology, Germany

Functional Printing, i.e. the printing of electronic devices, imposes high demands on material
and printing processes. In spite of the very different physical and chemical nature of the
materials, all of them must be transformed into a fluid which is processable in a printing
press. The printer must be able to produce stacks of extremely homogeneous, defect-free,
ultra-thin layers with a thickness of a few nm each, the 5,000th fraction of the thickness of a
human hair.
The lecture will give an overview on gravure printing and the requirements on functional
fluids.

F igure: Result of gravure printed semiconductor dissolved in toluene. Similar to drying of
inkjet droplets one can observe rims at the edge of dried layers due to coffee stain effects.

[1] P.-G. de Gennes, F. Brochard-Wyart, D. Quere, Capillarity and Wetting Phenomena,
Springer, 2004.
[2] N. Bornemann, H. M. Sauer, E. Dörsam, Gravure Printed Ultrathin Layers of SmallMolecule Semiconductors on Glass, J. Imaging Sci. Technol., 2011, 55, 040201.
[3] N. Bornemann et. al., Evaluation and Determination of Gravure Cylinders for Functional
Printing, Lope-C proceedings 2011.
[4] H. Kipphan, Handbook of print media, Springer, 2000.
* doersam@idd.tu-darmstadt.de
Keywords: functional printing, thin film, fluid dynamics, OLED
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I nter relation O f Processing, M icrostr ucture A nd Device Per for mance I n
Polymer Semiconductor Devices
Natalie Stingelin1,2
1

Imperial College London, London, U K, 2 Department of Materials, Eidgenössische Technische
Hochschule (ETH) Zürich, Zürich, Switzerland, 3 FRIAS, School of Soft Matter Research, University of
F reiburg, F reiburg, Germany

The physical organization, from the molecular to the macro-scale, of functional organic
matter such as polymer semiconductors can profoundly affect the properties and features of
the resulting architectures and their consequent performance when used as active layers in
organic optoelectronic devices, including organic thin-film field-effect transistors (OFET)s,
organic light-emitting diodes (OLED)s or organic photovoltaic cells (OPV)s. Here, we
present a survey on the principles of structure development of this interesting and broad class
of materials. Focus will be on how to manipulate their phase transformations and solid-state
order to tailor and manipulate the final “morphology” from the liquid phase towards
technological and practical applications. In addition, a simple rationale for selecting the
optimum composition of crystalline/crystalline polymer/small molecule bulk heterojunction
blends is presented, which shows that these binary systems feature simple eutectic phase
behavior, and that the optimum composition for device performance is slightly hypoeutectic
when expressed in terms of the polymer component.
[1] A. A. Virkar, S. Mannsfeld, Z. Bao, N. Stingelin, Adv. Mater. 2010, 22, 3857.
[2] F. C. Jamieson, E. Buchaca Domingo, T. McCarthy-Ward, M. Heeney, N. Stingelin, J.
Durrant, Chem. Sci. (2012) 3, 485.
[3] C. Müller, T. A. M. Ferenczi, M. Campoy-Quiles, J. M. Frost, D. D. C. Bradley, P. Smith,
N. Stingelin-Stutzmann, J. Nelson, Adv. Mater. 2008, 20, 3510.
*natalie.stingelin@imperial.ac.uk
Keywords:

Organic photovoltaics,
semiconductors

phase

behavior,

solution

processing,

organic
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Solution processed semi-tr anspa rent and tandem organic sola r cells
Andreas Pütz, Jens Czolk, Uli Lemmer, Alexander Colsmann*
Light Technology Institute, Karlsruhe Institute of Technology (KIT),
Engesserstrasse 13, 76131 Karlsruhe, Germany

Very recently, a number of companies announced organic solar cells with power conversion
efficiencies well exceeding 8% on lab scale opening pathway towards a cost-efficient
exploitation of this young technology, thereby widely exhausting the efficiency potential for
common single junction solar cells. Reasons for the strong efficiency limitations in organic
solar cells are among others the spectrally limited absorption of organic semiconductors as
well as thermalization losses during charge carrier relaxation after the absorption of highly
energetic photons. A widely discussed concept to overcome this limitation is the use of
tandem solar cell architectures, i.e. the (monolithic) integration of two solar cells in series in a
single device stack. Their working principle relies on two different light absorbing
semiconductors with different band-gap and hence complementary absorption in order to
ensure a broader absorption of the solar spectrum and to reduce the energy losses upon the
absorption of highly energetic photons. In fabrication processes, the sophisticated tandem
solar cell multilayer-architectures offer many degrees of freedom such as choices for
materials and layer thicknesses. Hence, understanding their working principle and optimizing
their efficiency is one of the most challenging tasks in organic photovoltaics. Besides
carefully chosen complementary absorbers there is a strong need for charge carrier transport
layers that allow for the fabrication on an ohmic intermediate contact with low resistivity.
Both require advanced solutions in particular when low-cost solution deposition processes are
considered with respect to future printing processes.
As the front cell of an organic tandem solar cell needs to be transparent for a certain part of
the visible spectrum in order to provide light for the back cell, this technology is closely
related to a key application for organic photovoltaics: Semi-transparent devices for building
or automotive integration.
In this work we present general concepts for the solution fabrication of both semi-transparent
and tandem organic solar cells and how to realize devices with decent power conversion
efficiencies. In particular, we present promising concepts for charge carrier transport layers
for advanced device architectures and solutions how to overcome solubility limitations.
[1] A. Colsmann, J. Junge, C. Kayser, U. Lemmer, Appl. Phys. Lett 89 (2006) 203506
[2] A. Puetz, T. Stubhan, M. Reinhard, O. Loesch, E. Hammarberg, S. Wolf, C. Feldmann, H.
Kalt, A. Colsmann, U. Lemmer, Sol. Energy Mater. Sol. Cells 95 (2011) 579-585
[3] A. Colsmann, A. Puetz, A. Bauer, J. Hanisch, E. Ahlswede, U. Lemmer, Adv. Energy
Mater. 1 (2011) 599-603
* alexander.colsmann@kit.edu
Keywords: tandem solar cell, semi-transparent, conjugated polymers, solution processing
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Modeling O rganic E lectronic M ater ials
Denis Andrienko1, Kostas Daoulas1,2, Kurt Kremer1
1
2

Max Planck Institute for Polymer Resaerch, Mainz. Germany
InnovationLab, University of Heidelberg, Heidelberg, Germany

Interest in the field of organic electronics is largely provoked by the possibility to finetune properties of organic semiconductors by varying their chemical structure and/or
morphology. To formulate such relationships, an understanding of physical processes
occurring on a microscopic level as well as the development of methods capable of
scaling these up to a macroscopic level are required. The aim of computer simulations is
to facilitate this by zooming in on the behaviour of electrons and molecules and by
bridging micro- and macroscopic worlds. Here, we describe the current status of methods
which allow the linking of molecular electronic structure and material morphology to the
mesoscopic/microscopic dynamics of charge carriers and excitons. These methods
include quantum chemical calculations, all atom and suitably coarse grained molecular
dynamics and Monte Carlo simulations as well as field based semimacroscopic
approaches. Special attention is paid to the challenges these methods face when aiming at
quantitative predictions.
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A dvanced simulation of O L E Ds and organic sola r cells
B. Ruhstaller*1,2
1

Zurich University of Applied Sciences, Institute of Computational Physics, Winterthur, Switzerland
2
F luxi m AG, Winterthur, Switzerland

Given the variety of organic semiconductor materials available, the optimization of device
performance is a demanding task that typically involves numerous experimental variations of
layer materials, thickness and sequence. We have recently developed a comprehensive
numerical device model that masters both the physical complexity of the underlying
optoelectronic processes as well as the numerically challenging system of equations [1-3]. The
spatially-resolved device model is able to describe the device performance of OLEDs and
organic solar cells. The underlying charge drift-diffusion model considers a Gaussian density
of states due to the energetic disorder and its implications for charge mobility, diffusion and
injection at interfaces [4]. The effect of energetic disorder and additional charge trap states on
simulated current-voltage and impedance spectra is discussed [5,6]. The extraction of transport
parameters from measured current-voltage curves of single-carrier devices by use of a fitting
algorithm is presented. Moreover, the extraction of the emission profile from emission spectra
is exemplified [7]. This top-down approach helps to verify emission profiles calculated with
the bottom-up charge and exciton transport equations. We emphasize the influence of the
optical environment on the position-dependent dipole radiation lifetime in this context [2].
Finally, experimental CELIV photocurrent transients of organic solar cells are successfully
described with the coupled opto-electronic model. These numerical simulations reveal that
commonly used CELIV formulas for charge mobility determination are not appropriate [8].
[1] B. Ruhstaller, E. Knapp, B. Perucco, N. Reinke, D. Rezzonico and F. Müller, "Advanced
Numerical Simulation of Organic Light-emitting Devices", Optoelectronic Devices and
Properties, Oleg Sergiyenko (Ed.), ISBN 978-953-307-204-3, (2011)
[2] D. Rezzonico, B. Perucco, E. Knapp, R. Häusermann, N.A. Reinke, F. Müller, and B.
Ruhstaller, "Numerical analysis of exciton dynamics in organic light-emitting devices and
solar cells", Journal of Photonics for Energy, 1, 011005-1-11, (2011)
[3] Software SETFOS, Fluxim AG, Switerzland, www.fluxim.com
[4] E. Knapp, R. Häusermann, H. U. Schwarzenbach and B. Ruhstaller, "Numerical
simulation of charge transport in disordered organic semiconductor devices", J. of Appl.
Phys., 108, 054504-0545012 (2010)
[5] E. Knapp and B. Ruhstaller, “Numerical analysis of steady-state and transient charge
transport in organic semiconductor devices”, Optical and Quantum Electronics, (2011)
[6] E. Knapp and B. Ruhstaller, “Numerical impedance analysis for organic semiconductors
with exponential density of localized states”, Appl. Phys. Lett. 99, 9, 093304, (2011).
[7] B. Perucco, N. A. Reinke, D. Rezzonico, M. Moos, and B. Ruhstaller, "Analysis of the
emission profile in organic light-emitting devices", Optics Express, 18 (S2), A246-A260,
(2010)
[8] M. Neukom, N. Reinke and B. Ruhstaller, "Charge extraction with linearly increasing
voltage: A numerical model for parameter extraction", Solar Energy 85, 1250, (2011)
* beat.ruhstaller@zhaw.ch
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H igh photoconductive responsivity in poly-crystalline organic composite
films obtained from solution
Gerardo Hernandez-Sosa1,2, Nelson. E Coates1, Sebastian Valouch2 and Daniel Moses1
1

Center for Polymers and Organic Solids, University of California,
Santa Barbara California
93106-5090, U SA
2
Lichttechnisches Institut, Karlsruher Institut f. Technologie,
Kaiserstrasse 12,
76131 Karlsruhe, Germany

Organic small molecule semiconductors, in particular the acene family, have been found
attractive for device applications due to their high degree of crystalline order that gives rise to
relatively high carrier mobility. Devices made of such materials in their pristine crystalline
form typically manifest relatively short carrier lifetime that limits their photoconductive
responsivity (R). In this contribution we demonstrate a new approach for enhancing R
(defined as the photocurrent measured per light intensity in units of AW-1) in organic small
molecule semiconductor films by utilizing a composite made of two molecular species.
Optimizing the component ratio facilitates high photoconductive gain that leads to high R,
while maintaining relatively high bandwidth. The R in the present composite enhances by at
least two orders of magnitude the R exhibited by the pristine component films.
The present studies of photoconductivity , photoluminescence (PL), and the crystalline
structural order were focused on films comprising Rubrene and 9,10-Diphenylanthracene
which earlier demonstrated high field effect mobility.[1] Our experimental results manifested
excellent photoconductive properties: R up to 25 A W-1, stemming from high
photoconductive gain that reaches 82 at modulation frequency of 15 Hz. The high gain is
attributed to a long lived holes (~10-2 s) that originates from electron localization in deep
traps. PL quantum efficiency measurements established a higher bound for the carrier
photoexcitation quantum efficiency and a lower bound for the hole mobility. In addition PL
was also used to investigate energy transfer between the two moleculer species. Optical
microscope images in conjunction the x-ray diffraction measurements revealed the film
morphology and the microscopic crystalline order.
[1] Stingelin-Stutzmann, N., Smits, E., Wondergem, H., Tanase, C., Blom, P., Smith, P. & de
Leeuw D. Nat. Mat. 2005, 4, 601.
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Establishing Tetr aazaperopyrenes as Semiconducting M ater ials for A ir Stable O rganic n- C hannel Transistors and Complementa r y C i rcuits
Susanne C. Martens,1,2 Ute Zschieschang,3 Hagen Klauk,3 Lutz H. Gade*2
1

2

Physikalisches Institut, University of Basel, Switzerland
Anorganisch-Chemisches Institut, University of Heidelberg, Germany
3
Max Planck Institute for Solid Research, Stuttgart, Germany

A few years ago, we developed an efficient metal-induced synthesis of 4,9-diamino-3,10perylenequinone diimine (DPDI), a semiquinoidale tetraaminoperylene.[1] This
functionalized perylene can be used as a starting material for a wide range of new azaaromatic
compounds that exhibit interesting properties. In particular, the class of 1,3,8,10tetraazaperopyrenes (TAPPs) has proven to be multifunctional. By reacting DPDI with acid
chlorides or anhydrides, a manifold of 2,9-disubstituted TAPPs has been synthesized in our
group.[2] DFT calculations revealed that 2,9-perfluoroalkyl-substituted TAPPs exhibit
LUMO energies and electron affinities appropriate for the application as n-channel
semiconducting materials. The electrochemical and optical properties of these compounds can
be even further improved by core-chlorination, leading to lower LUMO energies and higher
electron affinities. In the course of our investigations we were able to obtain highperformance n-channel transistors with remarkable long-term stabilities under ambient
conditions. Furthermore, it was possible to fabricate complementary inverters and ring
oscillators with the n-channel TFTs based on a TAPP derivative. [3]

In addition to the application as organic semiconducting materials, the herein presented
compounds exhibit remarkable high fluorescence quantum yields up to 80% in organic
solvents.[3]
[1] (a) K. W. Hellmann, C. H. Galka, I. Rüdenauer, L. H. Gade, I. J. Scowen, M. McPartlin,
Angew. Chem. 1998, 110, 2053-2057; Angew Chem. Int. Ed. 1998, 37, 1948-1952; (b) L.
H. Gade, C. H. Galka, K. W. Hellmann, R. M. Williams, L. De Cola, I. J. Scowen, M.
McPartlin, Chem. Eur. J. 2002, 8, 3732-3746; (c) L. H. Gade, C. H. Galka, R. M.
Williams, L. De Cola, M. McPartlin, L. Chi, B. Dong, Angew. Chem. 2003, 115, 27812785; Angew. Chem. Int. Ed. 2003, 42, 2677-2681.
[2] (a) T. Riehm, G. De Paoli, A. E. Konradsson, L. De Cola, H. Wadepohl, L. H. Gade,
Chem. Eur. J. 2007, 13, 7317-7329; (b) S. C. Martens, T. Riehm, S. Geib, H. Wadepohl,
L. H. Gade, J. Org. Che m. 2011, 76, 609-617.
[3] S. C. Martens, U. Zschieschang, H. Wadepohl, H. Klauk, L. H. Gade, Chem. Eur. J.
2012, in press.
* lutz.gade@uni-hd.de
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G iant surface potential – further mater ials and the influence of doping
Christian S. Weigel*1, Sami Hamwi 1, Wolfgang Kowalsky1
1

TU Braunschweig, Institut für Hochfrequenztechnik, Braunschweig, Germany

We present an extensive Kelvin probe study of the ‘giant surface potential’ (GSP) [1] effect in
the electron transporting material 1,3,5-tris(2-N -phenylbenzimidazolyl) benzene (TPBi) [2]
which up to date has mainly been shown for Tris(8-hydroxyquinolinato) aluminium (Alq3)
and derivatives thereof. This is also the first time that the GSP effect has been studied under
the influence of doping and co-evaporation.
Our study proves that the GSP in its known form is a more general phenomenon than
currently believed. The GSP is of fundamental interest as it affects both organic light emitting
and organic photovoltaic devices and questions our picture of energy level alignment and
basic processes during film growth via vacuum deposition. By examination of electrical and
optical doping, we present novel indications that the diminishing of the GSP under
illumination can be attributed to charges being introduced into the film, which sheds light
onto an ongoing controversy and contributing to the fundamentals of charge distribution and
transport in organic thin films.
Our research shows that the slope of the GSP built-up correlates with electrical doping
concentration in TPBi and Alq3 and that the surface potential can be related to the presumed
number of introduced charge carriers. In contrast, it is also possible to prepare films with
varying concentrations of certain – electrically neutral – emitters without influencing the GSP
built-up. This so-called ‘optical doping’ was used to effectively quench excitons in the GSP
material and reduced the effect of harming UV illumination. This may provide valuable
insight for future activities on the way towards dedicated GSP-devices.
[1] E. Ito, Y. Washizu, N. Hayashi, H. Ishii, N. Matsuie, K. Tsuboi, Y. Ouchi,
J. Appl. Phys. 92 (2002), 7306-7310
[2] M. Kröger, S. Hamwi, J. Meyer, T. Dobbertin, T. Riedl, W. Kowalsky, H.-H. Johannes,
Phys. Rev. B 75 (2007), 235321
[1] M. Binda, T. Agostinelli, M. Caironi, D. Natali, M. Sampietro, L. Beverina, R. Ruffo, F.
Silvestri, Org. Elec. 2009, 10, 7.
[2] A. Rose, Concepts in photoconductivity and allied problems, Intescience. 1963.
* christian.weigel@ihf.tu-bs.de
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Pr inted rectifying ci rcuits for H F applications
P. S. Heljo*1, K. E. Lilja 1, H. S. Majumdar2, D. Lupo1
Affiliation-1, Tampere University of Technology, Tampere, F inland, Affiliation-2, Åbo
Akademi University, Turku, F inland
The improvement of organic electronics materials has offered the possibility to manufacture a
variety of devices in different fields of electronics, including OLEDs, solar-cells, sensors and
transistors, and to integrate these into circuits. However, many of these devices have been
produced using low throughput processes like vacuum evaporation, lithography or spincoating [1, 2]. Here, we present rectifying circuits for HF applications which are
manufactured using only scalable printing processes.
A half-wave rectifier is the simplest rectifying circuit and has been studied by many research
groups. We present a gravure printed rectifying diode with high yield, high rectification ratio
and good AC performance at MHz frequencies ( F igure 1a ). In addition, we discuss a gravure
printed full-wave rectifier for organic electronics applications ( F igure 1b). The output
voltages of the half-wave and the full-wave rectifier are limited by the input signal amplitude.
However, the DC supply voltage required for organic thin film transistors is generally higher
than the available AC signal amplitude [3]. Therefore, a printed charge pump circuit is
presented for output voltages that exceed the input signal amplitude ( F igure 1c). The benefits
and drawbacks of the different circuits are presented and the fabrication problems of
multilayer structures are briefly discussed.

F igure 1. (a) Gravure printed rectifying diode, (b) Circuit design of the full-wave bridge
rectifier (c) Gravure and ink-jet printed charge pump circuit.
[1] K. Myny, S. Steudel, P. Vicca, J. Genoe, P. Heremans, Appl. Phys. Lett. 2008, 93.
[2] S. Mutlu, I. Haydaroglu, A. O. Sevim, Org. Electron. 2011, 12, 312-321.
[3] D. Zielke, A. C. Hübler, U. Hahn, N. Brandt, M. Bartzsch, U. Fügmann, T. Fischer, J.
Veres, S. Ogier, Appl. Phys. Lett. 2005, 87.
* petri.heljo@tut.fi
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M icrostr uctural aspects of transition metal oxide p-type doping of
organic semincondcutors
L. Dieterle1,2, K. Schultheiss1,2, M. Pfannmöller 3, D. Donhauser1,2, M. Kröger 1,2,
R.R. Schröder2,3, W. Kowalsky1,2
1

Institut für Hochfrequenztechnik, Technische Universität Braunschweig,Germany
2
InnovationLab G mbH, Heidelberg, Germany
3
CellNetworks, Universität Heidelberg, Germany

Electrochemical doping is essential to overcome limitations in organic semiconductors
devices imposed by low intrinsic conductivity and high charge injection barriers at the
contacts. Materials with very deep lying HOMO-levels like 4,4′-Bis(N-carbazolyl)-1,1′biphenyl (CBP) can be p-type doped with transition metal oxides, e.g., MoO3. CBP like other
wide bandgap materials are commonly used in organic light emitting diodes (OLEDs).
However, dopant activation – meaning the relation between charge carrier density and MoO3
doping concentration – is in the range of 1-2 %[1]. Therefore, high doping ratios, which can
exceed 10 mol %, are often applied for doping CBP or similar systems. To find the origin of
this effect, the microstructure of MoO3-doped CBP organic thin films was studied via
transmission electron microscopy, electron spectroscopic imaging (ESI) and electron
tomography. Instead of homogenously dispersed MoO3 dopants, MoO3 forms amorphous
agglomerates, confirmed by ESI and electron diffraction. Electron tomography revealed the
filament-like nature of these agglomerates, which are preferentially oriented along the growth
direction of the thin film. Because charge carriers in organic thin films are normally localized
at single molecules, it can be expected from our results that charge transfer occurs at the
interface of CBP and the MoO3 nano-filaments. First results on co-evaporated CBP/MoO3films on cooled substrates show homogeneously dispersed MoO3 without agglomeration
indicating a possibility to enhance the low doping efficiency.
[1] S. Hamwi, J. Meyer, T. Winkler, T. Riedl, W. Kowalsky, Applied physics Letters 2009,
94, 253307.
* Levin.dieterle@innovationlab.de
Keywords: microstructure, doping, transmission electron microscopy
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A three terminal str ucture of organic tandem solar cells with highly
tr anspa rent and conductive Z T O/ Ag/ Z T O middle electrode
H. Schmidt, S. Schmale, T. Otto, T. Winkler, H. F lügge, H.-H. Johannes, T. Rabe, S. Hamwi,
W. Kowalsky
Institut für Hochfrequenztechnik, Technische Universität Braunschweig. Braunschweig, Germany

We present a three-terminal structure of organic tandem solar cells comprising both a wet
processed polymer and a vacuum processed small molecule subcell with a common electrode
in the middle of the stacked device. The two subcells exhibit complementary absorption
profiles leading to an improved overall absorption. For the first subcell an inverted
architecture is used, whereas the second cell is prepared in a conventional stack so that the
middle electrode is used as a common anode for both subcells. It consists of a highly
transparent multilayer electrode prepared by rf sputtering of zinc tin oxide (ZTO) and thermal
evaporation of silver (Ag) embedded between two ZTO layers. Recently, we have studied the
electrical and optical properties of the ZTO/Ag/ZTO (ZAZ) multilayer electrode used it as
bottom and top contact for semitransparent bulk hetero junction (BHJ) solar cells with
inverted device architecture [1]. Furthermore films of transition metal oxides (TMO) as
tungsten oxide (WO3) or molybdenum oxide (MoO3) have been evidenced to work as
efficient buffer layers to prevent organic layers from damages due to the sputter deposition
process of the top electrode [2, 3]. With this tandem solar architecture we separately study the
two subcells in the stack with the help of the three electrodes in the device structure.
Additionally, we optimized the performance of the stacked solar cell with the help of optical
simulation. We will show that the J-V characteristics of the tandem cell device clearly result
from the addition of the J-V characteristics of the two subcells. Thus, the three-terminal
structure of the organic tandem solar cells provides a novel route towards high efficient
organic photovoltaics.
[1] T. Winkler, H. Schmidt, H. Flügge, F. Nikolayzik, I. Baumann, S. Schmale, T. Weimann,
P. Hinze, H.-H. Johannes, T. Rabe, S. Hamwi, T. Riedl, and W. Kowalsky, Org. Electron.
2011, 12, 1612
[2] H. Schmidt, H. Flügge, T. Winkler, T. Bülow, T. Riedl, and W. Kowalsky, Appl. Phys.
Lett. 2009, 94, 243302.
[3] J. Meyer, T. Winkler, S. Hamwi, S. Schmale, H. -H. Johannes, T. Weimann, P. Hinze, W.
Kowalsky, and T. Riedl, Adv. Mater., 2008, 20, 3839.
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A n ion gel dielectr ic in an O T F T with an amor phous semiconductor
Suvi Lehtimäki*, Marika Janka, Donald Lupo
Tampere University of Technology, Department of Electronics, Tampere, Finland

Ion gels composed of ionic liquids and block copolymers can be used as gate dielectrics in
organic thin-film transistors[1,2]. The ions form electric double layers, giving rise to a high
capacitance and thus enabling transistor function at low voltages. The goal of this study was
to fabricate a functioning OTFT using an ion gel as gate dielectric, and to examine its
properties.
The ion gel used was a mixture of the ionic liquid EMIM-TFSI and block copolymer PSPMMA-PS. The OTFT was prepared with a top-gate geometry, where the ion gel was
sandwiched between an Au gate electrode and the semiconductor channel on plastic
substrates. The semiconductor was amorphous poly(triarylamine), which was deposited by
spin coating. The electrodes were vacuum evaporated.
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F igure 1. I-V characteristics of the ion gel gated transistor.

The ion gel gated transistor operated with voltages below 2 V and the output current was three
orders of magnitude larger than that of a conventional OTFT with PMMA gate dielectric,
using the same semiconductor. The capacitance of the ion gel was over 5 μF/cm2 up to 1 MHz
and the charge carrier mobility in the OTFT was on the order of 10-3 cm2/(Vs). The transistor
could be switched on and off at a frequency of 1 kHz, but there was a large overlap
capacitance. The ionic liquid is susceptible to water impurities, which can cause leakage and
hysteresis. These were challenges in the ion gel gated OTFT preparation, and future work
with these devices will require a more controlled environment in terms of ambient humidity.
[1] J. Lee, M. J. Panzer, Y. He, T. P. Lodge, C. D. Frisbie, J. Am. Chem. Soc. 2007, 129, 15.
[2] J. H. Cho, J. Lee, Y. Xia, B. S. Kim, Y. He, M. J. Renn, T. P. Lodge, C. D. Frisbie, Nat.
Mater. 2008, 7, 11.
* E-mail: suvi.lehtimaki@tut.fi
Keywords: organic thin film transistor, ion gel, ionic liquid
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Pr inted inorganic nanocrystalline field-effect tr ansistors
Norman Mechau
Karlsruhe Institute of Technology (KIT)
Institute for Light Technology
Engesser Straße 13, 76131 Karlsruhe, Germany

Suspensions of inorganic nanocrystalline semiconductors in organic solvents are suitable for
fabricating printed field-effect transistors (FETs) at low temperatures. The advantage of
nanocrystalline semiconductors is that the main processes, the nanocrystal synthesis and the
film formation, are essentially independent. The electrical performance of such printed
transistors out of inorganic nanocrystalline semiconductors is strongly dependent on type of
materials, the process condition of ink preparation and the printing process itself. In this talk,
I will present the influence on FET performance on the material properties, the nature and
concentration of the additives to stabilize the nanosuspension, the rheology properties of the
stabilized ink and the process condition of printing. Additives are commonly used to stabilize
inks and to enhance the dispersity by minimizing the size of agglomerates, small size of
agglomerates smaller 200 nm are further needed to prevent a smooth printed layer. In
addition, smaller agglomerates will be reduce the interface roughness and improving the
morphology, because of a dense and better packing of nanoparticles. The usage of additives
notably modifies the electrical characteristics, because the additives caped the nanoparticles
and act as an additional insulating layer between the nanoparticles. This will be reducing the
electrical conductivity and it will be achieve a lowering in the FET performances. It is clearly
indicates that the characteristics of printed FETs are determined by both, the film morphology
and the resistivity of the used additives for the stabilization of the suspension.
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H ybr id Simulations for Studying the Mor phology of O rganic
Semiconductor M ater ials on the M esoscale
P. Gemünden1,2,3, K. Daoulas*,1,2,3 and K. Kremer 1,2,3
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Addressing the morphology in organic semiconductors on the mesoscale presents a twofold
problem. On the one hand, models must be sufficiently coarse-grained to allow for an
efficient simulation of systems with dimensions of a few hundred nanometers. On the other
hand, these materials are characterized by complex multiphase morphologies created by an
intricate balance between molecular structure, interactions and processing protocols.
To account for the above interplay, we develop a strategy based on the concept of hybrid
simulations.[1,2] This invokes a particlebased description while defining some
interactions via collective variables. For
liquid-crystalline polymeric materials, these
collective variables can be the local liquid
density, as well as tensorial quantities which
express the local liquid-crystalline order.[3,4]
A broad class of polymeric semiconductors is
characterized by a rather flat molecular
backbone. For example, the P3HT molecule
consists of linked thiophene rings which are
F igure 2: Illustration of the plate-like representation
essentially planar objects. These molecules
of thiophene units in a P3H T molecule
tend to order locally in stacks, due to their
molecular shape and the π-π-stacking effect. To capture some features of this mesoscale
organization, the molecule is coarse-grained into a sequence of plate-like “monomers”. Their
non-bonded interactions are captured via a functional, which depends on the local density and
two tensors quantifying the orientation of the plate-like segments of the chain (see figure 1).
The functional mimics effects of local stacking by introducing a biaxial, liquid-crystalline
ordering of the segments. As a simple reference system, we first considered a liquid of
biaxial, plate-like particles. We explored its phase behavior in the mean-field limit (i.e. by
considering an infinite range of interactions) and found good agreement with analytical
predictions reported in the literature.[5] Subsequently we considered the phase behavior of
polymer chains of plate-like particles and verified that the model can reproduce a biaxial
stacking in the mean field limit for macromolecules as well. Our next steps in modeling P3HT
melts by combining the proposed method with a more detailed representation of polymer
architecture and finite range of interactions will be highlighted.
[1] M. Laradji, H. Guo and M. J. Zuckermann, Phys. Rev. E, 1994, 49, 4.
[2] K. Daoulas and M. Müller, J. Chem. Phys., 2006, 125, 18.
[3] R. Holyst and T. A. Vilgis, Macromol. Theory Simul., 1996, 5, 573.
[4] R. Holyst and P. Oswald, Macromol. Theory Simul., 2001, 10, 1.
[5] J. P. Straley, 1973, 10, 5.
* daoulas@mpip-mainz.mpg.de

Keywords: Poster/Simulation/Morphology
TC – 1

2nd W inter School of O rganic E lectronics, H eidelberg (G ermany), 5-8 M arch 2012

Situation analysis and a new approach in cha rge tr anspor t modeling for
disor dered organic thin film devices
Sven Stodtmann*1, Christoph Weiler 2,Mustapha Al-Helwi1
BAS F S E, Ludwigshafen, Germany,
Ruprecht-Karl-Universität Heidelberg, IWR, Heidelberg, Germany

Modeling of charge carrier mobilities is of paramount importance in the description of charge
transport in disordered organic thin films. Some of the most successful recent models are the
Extended Gaussian- and correlated disorder model (EGDM[1] resp. ECDM[2]). We present
some experimental data to benchmark the model and perform parameter extractions. We
interpret the results pointing out advantages and shortcomings of the models used. To advance
the understanding of charge transport in organic thin films, a new approach based upon the
Boltzmann transport equation is introduced.
[1] R. Coehoorn, W.F. Pasveer, P.A. Bobbert, M.A.J. Michels, Phys. Rev. B 2005, 72,
115206.
[2] M. bouhassoune, S. van Mensfoort, P.A. Bobbert, R. Coehoorn, Organic Electronics 2009,
10, 437–445.
* sven.stodtmann@basf.com
Keywords: Parameter extraction, Boltzmann transport equation, Experimental validation
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Resea rch of applicability of the hot stamping technology
for pr inted electronics
Alexandra Lyashenko*, Hans Martin Sauer, Edgar Dörsam
Institute of Printing Science and Technology, Magdalenenstraße 2, 64289 Darmstadt, Germany

Hot stamping can be classified as a letterpress process. So-called hot stamping foils transfer
by pressure and heat on substrate instead of fluid ink during the process. Such foils consist of
several successive layers placed under what is often a layer of metal (usually aluminum, but
also gold, silver, bronze or chrome) to use [1, 2].
We have investigated numerous hot
stamping foils from various manufactures
with respect to their applicability in
printed electronics, i.e. for manufacturing
conductive structures such as contact
pads, electrical links, or RFID antennae
(pic. 1).
The most important parameters in hot
stamping are the working temperature, the
applied pressure, and the stamping time.
We considered stamping tools made of
steel and brass. As substrate, 125 µm PET
Pic.1 Hot stamped strain gauge sensors
foil was used.
Secondly, a specific pre- and posttreatment of the created conductive is necessary, as the
metallic layer of the stamping foils is usually covered with a protective/adhesive coating. We
applied a plasma treatment [3, 4] to remove the coating, and determined the optimized plasma
parameters. Finally, we determined the conductivity of the layers [5], and the minimal width
of a defect-free conductive strip.
[1] H. Kipphan, Handbook of print media: technologies and production methods. Berlin;
Heidelberg; New York; Barcelona; Hongkong; London; Milan; Paris; Singapore; Tokyo:
Springer, 2001.
[2] Arbeitskreis Prägefoliendruck e.V., Prägefoliendruck: Verfahren, Technik und Gestaltung;
Hüthig Verlag, Heidelberg, 2005.
[3] Diener electronic GmbH + Co. KG, Plasmatechnik, 3. Auflage, 2009.
[4] F.D. Egitto, Plasma etching and modification of organic polymers, Pure &Appl. Chem.,
Vol. 62, No. 9, pp. 1699-1708, 1990.
[5] L. J. Van der Pauw, A Method of Measuring the Resistivity and Hall Coefficient on
Lamellae of Arbitrary Shape, Philips Tech. Rev. 20, 1958.
*lyashenko@idd.tu-darmstadt.de
Keywords: Printed electronics, hot stamping technology, hot stamping foils.
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I nk jet pr inted self-assembled monolayers for organic field effect
tr ansistors
Milan Alt1, Gerardo Hernandez-Sosa1, Christoph Leonhard2, Kaja Deing2, Norman Mechau1,
Uli Lemmer 1
1

Karlsruhe Institute of Technology, Light Technology Institute (LTI), Engesser Straße 13, 76131
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2
Merck K GaA, F rankfurter Strasse 250, 64293 Darmstadt, Germany

Self-assembled monolayers (SAMs) are used to improve hole injection at the metalsemiconductor interface in p-type polymer-based organic field-effect transistors
(OFETs)[1][2][3]. In this work we observe the influence of the SAM deposition methods by
different process techniques: inkjet printing , spin coating and dip coating.
The characteristics of the device performance are correlated to the SAM deposition method.
Devices without the SAMs show poor characteristics, with low mobility and high threshold
voltages. Compared to that, it has been shown that all three SAM deposition techniques yield
devices with comparable improved maximum mobilities and threshold voltages. Moreover, no
significant difference is observable between transistors which have been prepared with and
without solvent purging after inkjet printing (i.e. removal of residual SAM molecules). This is
advantageous over transistors with dip coated SAMs since time consuming solvent purging
has proven to be crucial for the device operation.
In this work it is shown that inkjet printing can be used as deposition technique for SAM
preparation. A process to remove residual SAM molecules after the printing process by
purging with solvents is not mandatory for optimized device characteristics. The inkjet
deposited SAMs allow comparable transistor performance to devices using more traditional
SAM deposition methods (e.g. dip- and spin coating). Inkjet printing is found to be a suitable
and promising SAM deposition technique for application in fully printed organic electronics.
[1] I. H. Campbell, Physical Review B, Vol. 54, No. 20 (1996)
[2] B. H. Hamadani, Nano Lett., Vol. 6, No. 6 (2006)
[3] Ina and Walder Rianasari, Langmuir, Vol. 24, No. 16 (2008)
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I R spectroscopic investigation of the Mo O 3 doping efficiency in C BP

Tobias Glaser*1,4, Sven Tengeler1,4, Sebastian Beck1,4, Daniela Donhauser2,4, Bernd
Lunkenheimer3,4, Andreas Köhn3,4, Annemarie Pucci 1,4
1
2

Universität Heidelberg, Kirchhoff-Institut für Physik, Heidelberg, Germany

Technische Universität Braunschweig, Institut für Hochfrequenztechnik, Braunschweig,
Germany
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Universität Mainz, Institut für Physikalische Chemie, Mainz, Germany
4

InnovationLab G mbH, Heidelberg, Germany

A major challenge towards high-efficiency and low-voltage organic electronic devices such as
OLEDs is to overcome the low bulk conductivity of the organic films. P-type doping with
transition-metal oxides like tungsten oxide and molybdenum oxide has proven to increase the
charge carrier concentration in hole transporting materials. But the doping efficiency of only a
few percent is rather low and the reason for the low efficiency is not fully understood yet
[1,2,3]. We investigated doping of the ambipolar charge transport material 4,4’-Bis(Ncarbazolyl)-1,1’-biphenyl (CBP) with MoO3 using FTIR-spectroscopy in ultrahigh-vacuum.
Comparison of the measured spectra of films with different MoO3-concentration to DFTcalculations reveals the amount of charge transfer from CBP to MoO3 but also shows that
most of the CBP molecules are still in the neutral state. Also the impact of substrate
temperature during the evaporation process is investigated.
Financial support by BMBF (project MESOMERIE) is gratefully acknowledged.

[1] S. Hamwi, J. Meyer, T. Winkler, T. Riedl, W. Kowalsky, Appl. Phys. Lett., 2009, 94,
253307.
[2] M. Kröger, S. Hamwi, J. Meyer, T. Riedl, W. Kowalsky, A. Kahn, Organic Electronics,
2009, 10, 932-938.
[3] Jae-Hyun Lee, Dong-Seok Leem, Hyong-Jun Kim, Jang-Joo Kim, Appl. Phys. Lett.,
2009, 94, 123306.
* Tobias.Glaser@kip.uni-heidelberg.de
Keywords: p-type doping, doping efficiency, IR spectroscopy
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Str uctured wet etching of printed silver layers using a printed etch resist
for the production of source/dr ain electrodes for thin film tr ansistors
Constanze Ranfeld*1, Edgar Dörsam1
TU Darmstadt, Institute of Printing Science and Technology, Darmstadt, Germany

Wet etching of conductive structures is a well established process in the production cycle of
printed circuit boards and conventional semiconductor devices. It has also found its way into
the research of organic electronics as a means of structuring source and drain electrodes for
organic field effect transistors. Usually, polymers or resins are used that are cured through
irradiation (e.g. UV or laser[1]). Also, methods utilizing micro contact printing have been
published[2].
We show a wet etching process suitable for roll-to-roll production of printed electronics. We
successfully etched a printed silver layer by using poly(methyl methacrylate) (PMMA) as
resin.
For production of the silver layer, we printed an aqueous ink containing silver nanoparticles
on PET foil using a flexographic printing proofer (IGT F1). The ink was dried in a ventilated
oven. We were able to measure homogenous layers with widths between 300 nm and 400 nm.
We fabricated the resist layer on the same printing machine using (PMMA), a transparent
thermoplastic, dissolved in anisole. Special drying measures or external energy source such as
an UV lamp were not necessary as anisole evaporates in ambient conditions.
As etching bath, we used phosphoric acid mixed with nitric acid. as etching bath. Experiments
varying the etching time show that for the printed layers, dwell times lower than 3 s are
enough to completely remove the silver.
If line width of the silver structures lower than the resolution of the printed PMMA is needed,
the dwell time can be adjusted to achieve a defined undercut. Essential for this method is a
homogenous and not compromised PMMA layer.
[1] H. Lee, H. Shin, Y. Jeong, J. Moon, M. Lee, Appl. Phys. Lett., 2009, 95, 071104.
[2] A. Benor, B. Gburek, V. Wagner, D. Knipp, Organic Electronics, 2010, 11, 831-835.
* ranfeld@idd.tu-darmstadt.de
Keywords: wet etching flexographic printing
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I nvestigation of the molecula r stability of P C B M dur ing ther mal
evaporation
Julia Maibach*1, Tobias Glaser #2, Andreas Fuchs3, Eric Mankel 1, Thomas Mayer1, Christian
Lennartz3, Annemarie Pucci 2, Wolfram Jaegermann1,4
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Surface Science Division, Institute of Material Science, Technische Universität Darmstadt,
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Within the ongoing work of understanding the influence of the solvent in solution-processed
organic electronic devices, phenyl-C61-butyric acid methyl ester (PCBM) films were
deposited via thermal evaporation and drop-casting from chlorobenzene solution. The films
were characterized with synchrotron induced photoelectron spectroscopy (SXPS) and Fourier
transform infrared spectroscopy (FT-IRS).
In contrast to the reported analysis of photoemission data of evaporated and gas phase PCBM
[1], our SXPS results indicate that the molecule decomposes at least partly during thermal
evaporation. This could be deduced from the reduced oxygen to carbon ratio for the
evaporated versus the drop-casted film. Additionally, the valence band fingerprint of PCBM
differed for the two deposition methods. A spectral feature observed for C60 appeared for
evaporated but not for drop-casted PCBM, indicating a change in the molecular structure of
PCBM towards C60 induced by thermal evaporation.
To further investigate the molecular stability, FT-IR measurements were performed. The IR
modes could be assigned by comparison to DFT calculations. The comparison of spectra
taken on solution processed and evaporated films showed a decrease of vibrational intensity
for the evaporated film associated with methyl groups, which also indicates defragmentation.
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C ha r acterization of gr avure pr inted P M M A layers
Simon Stahl*, Hans-Martin Sauer, Edgar Dörsam
Technische Universität Darmstadt, Institute of Printing Science and Technology, Darmstadt, Germany

In printed electronics the production of homogeneous material films is needed in nearly every
application. Gravure printing is one production technique, which offers the possibility to
create these films in a very productive way.
In this work the printability of different Polymethyl methacrylate (PMMA)- solutions is
investigated. These materials can be used as an insolation layer in OFETs or Sensors, and as
an etching resist[1]. But most important, viscosities can easily be manipulated by several
orders of magnitude, while surface tension of the solution is changing by only few percent [2].
This offers the possibility to perform printing tests to investigate the effect of the viscosity on
the gravure process. The printing was done at a RK Printing Proofer using different cell
screenings and halftones. To improve the visibility of the nearly transparent PMMA layers, a
small-molecule dye is added. For the evaluation the homogeneity is measured by a scanner
system as described is [3]. In order to get a certain value for the homogeneity of a printing
sample the standard deviation is calculated which is normalized afterwards. A detailed
description of the calculation will be published in [3]. To detect the layer thickness,
measurements with white-light-interferometry are done at every pattern. The thicknesses of
the printed layers vary between 100 nm and 800 nm at solid contents between 6 wt% and
20 wt%. The measured thicknesses are compared with a calculated, theoretical layer
thickness.
Results of both film characterizations (homogeneity, thickness) will be presented.

F igure 3:

left: measured film thicknesses (dots) compared to the calculated film thicknesses (line),
right: normalized standard deviation representing the homogeneity of the P M M A films

[1] D. S. Bodas, S. K. Mahapatra, et al., Sensors and Actuators A: Physical 2005 120(2): 582588
[2] P.G. de Gennes, Macromolecules 14 (1981) 1637
[3] S. Stahl, H.-M. Sauer, E. Dörsam, submitted to iarigai 2012
* Contact: stahl@idd.tu-darmstadt.de
Keywords: gravure printing, homogeneity, PMMA

PA – 6

2nd W inter School of O rganic E lectronics, H eidelberg (G ermany), 5-8 M arch 2012

Va r iation of electr ical pa r ameters of organic thin film tr ansistors as a
function of semiconductors layer thickness
Sebastian Pankalla*1, Dieter Spiehl2, Edgar Dörsam2, Manfred Glesner 1
1
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As organic thin film transistors (OTFT) start to be widely used for flexible and low cost
applications accurate models for the simulation of single devices as well as whole circuits
consisting of them are needed. Those models should not only include the description of
current-voltage dependencies but also how electrical parameters like mobility and threshold
voltage depend on the transistor geometry, fabrication process and material parameters.
We produced 165 transistors as described elsewhere [1][2] and varied the semiconductors layer
thickness by solute different concentrations of the semiconductor material. The electrical
parameters were extracted according to a previously defined measurement description [3]. The
layer thicknesses of the semiconductor of 33 nm, 66 nm and 100 nm, respectively, were
measured by a sensofar Plµ Neox profilometer and ensured by control measurements with IR
spectroscopic ellipsometry. The dependencies of the extracted mobility µ and threshold
voltage Vt on the semiconductors layer thicknesses are evaluated. Vt decreases and the
mobility increases with increasing layer thickness, but the dependency is not linear. This can
be attributed to contact resistance that correlates amongst others with the film thickness
dependent workfunction of a polymer-coated electrode [4].
The authors would like to thank Jens Trollmann and Akemi Tamanai for the IR spectroscopic
ellipsometry and the German Federal Ministry of Education and Research (BMBF) for
funding this work within the DaVinci-Polytos project in the cluster of excellence ”forum
organic electronics”.
[1] D. Spiehl, S. Pankalla, M. Glesner, and E. Dörsam, Rusnanotech 2011
[2] S. Pankalla, T. Hollstein and M. Glesner, Proc. of the 2th Lope-C, 233-236, 2010
[3] S. Hengen, S. Pankalla, D. Spiehl, E. Dörsam, M. Glesner and J. Giehl, Book of Abstracts,
1st Winter School of Organic Electronics, 2010
[4] I. Lange, J. Blakesley, J. Frisch, A. Vollmer, N. Koch, D. Neher, Physical Review Letters,
2011, 106, 216402.
sebastian.pankalla@mes.tu-darmstadt.de
Keywords: OTFT, mobility, threshold voltage, semiconductor thickness
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I R spectroscopic studies on cha rge tr a nsfer in thin films of donoracceptor complexes
Sebastian Beck*1,4, Diana Nanova2,4, Andreas Fuchs3,4, Christian Lennartz3,4, Tobias
Glaser1,4, Michael Kröger 2,4, Annemarie Pucci 1,4
1
2

Universität Heidelberg, Kirchhoff-Institut für Physik, Heidelberg, Ger many
TU Braunschweig, Institut für Hochfrequenztechnik, Braunschweig, Germany
3
BAS F S E, Ludwigshafen, Germany
4
InnovationLab G mbH, Heidelberg, Germany

In the ongoing development of organic electronic devices, new materials with adjustable
properties are needed in order to meet different specific requirements. Prototypical examples
are the charge transfer complexes (CT complexes) with the acceptor 7,7,8,8Tetracyanoquinodimethan (TCNQ).
In this study, the degree of charge transfer in thin films of organic CT complexes of TCNQ
which were deposited via thermal evaporation was determined with infrared spectroscopy [1].
We demonstrate a linear relationship between the shift in the energy of the CN-stretching
mode of TCNQ and the charge transfer in the CT complexes. The measured correlation very
well agrees with DFT calculations. For Na-TCNQ we observe a splitting in the CN-stretching
mode peak, which can be explained by the coupling of two modes and was confirmed by the
calculations. In CT complexes with partial charge transfer the appearance of an electronic
excitation is demonstrated.
Financial support by BMBF (project MESOMERIE) is gratefully acknowledged.

[1] D. Nanova, S. Beck, A. Fuchs, C. Lennartz, T. Glaser, W. Kowalsky, A. Pucci, M. Kröger
Organic Electronics submitted 2011.
* sebastian.beck@kip.uni-heidelberg.de
Keywords: charge transfer, donor-acceptor, infrared-spectroscopy, TCNQ
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K R O N OS – H igh-end tr ansmission electron microscope for
mor phological investigations of organic electronics
K. Schultheiß*1,2,L. Dieterle1,2, M. Pfannmöller 3, R.R. Schröder 2,3, W. Kowalsky1,2
1
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Institut für Hochfrequenztechnik, TU Braunschweig, Germany,
Innovationlab G mbH, Heidelberg, Germany, 3 CellNetworks,Universität Heidelberg, Germany

Understanding the correlation between morphology, chemistry and performance is the main
issue in organic electronics. Transmission electron microscopy enables deeper understanding
of the influence of preparation parameters on the microstructure and phase formation in
organic electronics. With the presented Zeiss KRONOS transmission electron microscope we
have a powerful and versatile tool with unique opportunities to get insights into structural and
electronic properties of organic materials or even devices.
The main challenge in imaging light materials like polymers or small molecules is to gain
contrast between similar organic materials. With the KRONOS we focus on two techniques to
obtain contrast: A monochromated FEG combined with a corrected Omega filter provides
optimized spectroscopic conditions. Furthermore, an extra lens system imaging a magnified
back focal plane of the objective lens enables contrast enhancement by physical phase plates
[1]
.
Figure 1 shows differences in the electronic structure of P3HT:PCBM bulk-hetero junctions[2]
analyzed by electron-spectroscopy imaging. This gives insights into structural development
during annealing. In a second example (c.f. Figure 2) the contrast enhancement of MoO3
clusters in a CBP film using a physical phase plate is presented.

Fig. 1 Electron-spectroscopic
imaging illustrates microstructural
changes during annealing.

Fig. 2 Phase contrast enhancement by electrostatic
phase plate

[1] M. Pfannmöller et al., Nanoletters 2011, 11 (8), 3099-3017.
[2] K. Schultheiss et al., Microsc. Microanal. 2010, 16, 785.
[3] This project is funded by the BMBF under 13N10794 .
* katrin.schultheiss@innovationlab.de
Keywords: transmission electron microscopy, morphology, organic electronics
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3D low energy-loss electron spectroscopic imaging for visualizing phases
in photovoltaic blends
M. Pfannmöller1, H. F lügge2, K. Schultheiß2,3, L. Dieterle2,3, I. Wacker 4, M. Kröger2,3, W.
Kowalsky2,3, R. R. Schröder1,3
1
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3
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4
Karlsruhe Institute of Technology, Karlsruhe, Germany

One crucial aspect in improving efficiency of organic photovoltaic devices lies in optimizing
the nanoscale morphology of bulk heterojunctions (BHJs). It is essential to understand the
characteristics of the interpenetrating network the materials form upon mixing. Transmission
electron microscopy (TEM) has been applied in numerous studies to visualize domains of that
network. However, recent results from our and other investigations indicate that in BHJs
multiple phases exist, from crystalline to amorphous, depending on the processing conditions.
Furthermore, ratios of donor and acceptor in composite domains can vary drastically.
Conventional bright field TEM, which is usually applied due to its high resolution, cannot
distinguish between all the possible phases. Therefore we use low energy-loss electron
(LoESI) spectroscopic imaging in the TEM to obtain chemical contrast. Specific electronic
excitations ranging from the optical to the plasmon energy region (i.e. 2-30 eV) are used as
image information providing a resolution of approx. 1 nm. This acquisition mode is combined
with multivariate statistical analysis and machine learning to obtain a segmentation of the
different phases.
We investigated LoESI data for P3HT:PCBM blends, both in 2D and 3D. For 2D imaging we
used floated films for assessing lateral demixing, ultrathin sections from microtomy and
focused ion beam lamella to assess vertical demixing. In all samples material-rich phases
could be identified with a mixed phase at domain boundaries, whose extent depends on the
preparation conditions such as solvents and annealing. Chemical contrast imaging by LoESI
can also be combined with electron tomography, offering a novel route to detailed, phase
specific analyses of the photoactive layers’ whole volume.
[1] R. Giridharagopal, D. S. Ginger , J. Phys. Chem. Lett. 2010, 1, 1160.
* martin.pfannmoeller@bioquant.uni-heidelberg.de
Keywords: Bulk heterojunctions, phase separation, electron tomography, analytical electron
microscopy
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Mor phology For mation in Solution C ast Polymer- F ullerene Blends for
Sola r C ell A pplications
F . Buss1, B. Schmidt-Hansberg2, M. Sanyal 3, M. F. G. Klein4, A. Colsmann4, U. Lemmer4, E.
Barrena5, P. Scharfer 1, W. Schabel1
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The efficiency of organic bulk heterojunction solar cells strongly depends on film
morphology of the photon-absorbing layer. Commonly, a polymer-fullerene blend forming
this active layer is cast from solution and subsequently dried. The microstructure developing
during this drying process determines the solar cell performance. Understanding and
controlling the evolution of the polymer-fullerene assembly therefore helps in designing and
tuning the solidification process and targeting the optimum layer structure. In this work a
fundamental study of the evolution of film morphology was accomplished for the system
P3HT:PCBM.
Phase diagrams of the binary systems P3HT-solvent and PCBM-solvent were determined and
compared with in-situ grazing incidence x-ray scattering (GIXS) measurements of the
crystallization within thin films during solvent evaporation. This comparative study afforded a
fundamental knowledge of the interaction forces of the ternary polymer-fullerene-solvent
mixture. The dynamics and growth mechanisms of film morphology development could be
derived.
With different drying temperatures and drying velocities, which can be accurately adjusted in
a dedicated film coating/drying setup, distinct morphologies could be fabricated as
investigated by GIXS and atomic force microscopy. Different properties of morphology can
be related with the drying temperature and overall drying time. Hence, these properties can be
tailored by appropriate drying conditions. This is facilitated by a spatially resolved model for
the film drying kinetics simulation which could be established for single and multiple
solvents.
The impact of changes in film morphology induced by the tunable drying process on the
optoelectronic properties of PSCs is discussed in a comparative structure-property study of
solar cells comprising P3HT:PCBM.
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I nfluence of the multiple-trapping model on transient photoresponse and
I V-cha r acter istics of organic photodiodes and sola r cells
J. Mescher*1, N. Christ1, S. Valouch1, S. Kettlitz1, A. Colsmann1, and U. Lemmer1
1
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The influence of the multiple-trapping model on charge carrier transport phenomena in
organic semiconductors is investigated by transient and steady-state simulations. After
irradiation with a short laser pulse transient photoresponses of organic photodiodes
comprising blends of P3HT:PCBM as active layers are measured and modeled with a
numerical drift-diffusion approximation. In order to properly describe the charge carrier
dynamics, we extended the simulation model for multiple-trapping phenomena. Charge
carriers can be trapped in trap states which are exponentially distributed in energy. Modeling
within the framework of multiple-trapping leads to a slower decline over time of the
photocurrent and hence renders the measured characteristic features of the pulse response
more appropriately as compared to simulations that do not account for trapping [1]. This
highlights the importance of trap states for transient simulations.
Moreover we investigate the impact of the multiple-trapping model on steady-state
simulations. IV-characteristics of organic solar cells comprising blends of PCDTBT:PCBM as
absorbers simulated at different temperatures show significant differences upon the inclusion
of trap states into the model. Modeling within the multiple-trapping approach leads to an
intrinsically temperature and charge carrier density dependent effective mobility. Due to the
field dependency of the charge carrier density the effective mobility is also field dependent.
Furthermore, trap states influence space-charge effects in the active layer.

(a)

(b)

F igure 1: M easured and modeled transient photoresponse of an organic photodiode after ir radiation with
a short laser pulse (a) and the simulated voltage dependent effective electron mobility in an organic solar
cell at different temperatures.

[] N. Christ, S. W. Kettlitz, S. Züfle, S. Valouch, and U. Lemmer, Phys. Rev. B, Vol. 83,
page 195211 (2011).
* jan.mescher@kit.edu
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E nhanced out-coupling in white organic light emitting diodes
Tobias Bocksrocker, Jan Preinfalk, Andreas Pargner, F lorian Maier-F laig, Carsten
Eschenbaum, Julian Tauscher and Uli Lemmer
Lichttechnisches Institut (LTI), Karlsruhe Institute of Technology, 76128 Karlsruhe, Germany

Organic light emitting diodes (OLEDs) are of great interest for future applications in general
lighting as well as in display application. Especially for general lighting the efficient
generation of “white light” plays a significant role. Even though OLEDs are already
commercially available in displays, they suffer from poor light extraction. Due to waveguide
modes and total internal reflection, optical losses add up to about 80 % [1].
Therefore, the recent progresses in material development and electronic device-architecture [2]
in OLEDs have to be accompanied by an intelligent device design and light management.
This is especially challenging for white OLEDs (WOLEDs) since many of the approaches
suffer either from an angular dependency or wavelength selectivity [3, 4].
In our work, we present an approach using microlense-structured surfaces to address optical
losses in the substrate. In addition, we demonstrate an easy way to fabricate ultra-high quality
microlense-arrays on a large scale via a solution stamping process. This approach leads to an
efficiency enhancement of 50-55% on WOLEDs.
Furthermore, in order to reduce internal optical losses due to waveguide modes, we present an
easy method to enhance the waveguide-mode extraction. By incorporating MgF2-columns in
the ITO-anode of WOLEDs we increased the device efficiency up to 38% [5] without
changing the electrical properties and emissive characteristics of the device.

[1] K. Saxena, V.K. Jain and D.S. Mehta, “A review on the light extraction techniques in
organic electroluminescent devices” Opt. Mat. 32, 221-233 (2009).
[2] Malte C. Gather, Anne Köhnen, K. Meerholz, “White Organic Light-Emitting Diodes”
Advanced Materials, 23, Iss.2, 233–248 (2010)
[3] J. Hauss, T. Bocksrocker, B. Riedel, U. Geyer, U. Lemmer, M. Gerken, “Metallic Bragggratings for light management in organic light-emitting devices”, Appl. Phys. Lett. 99,
103303 (2011)
[4] U. Geyer, J. Hauss, B. Riedel, S. Gleiss, U. Lemmer and M. Gerken, “Large-scale
patterning of indium tin oxide electrodes for guided mode extraction from organic lightemitting diodes” J. of App. Phys, 104, 093111-1 - 093111-5 (2008).
[5] Tobias Bocksrocker, Florian Maier-Flaig, Carsten Eschenbaum and Uli Lemmer,
“Efficient waveguide mode extraction in white organic light emitting diodes using ITOanodes with integrated MgF2-columns “, accepted by Optics Express, February 2012

Keywords: white organic light emitting diodes, out-coupling, light management, device
architecture

PB –

7

2nd W inter School of O rganic E lectronics, H eidelberg (G ermany), 5-8 M arch 2012

Solution-processed, blue phosphorescent, small-molecule organic lightemitting diodes
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Though the highest reported efficiencies for organic light-emitting diodes (OLEDs) are
obtained by vacuum-evaporated phosphorescent small-molecules, there is great demand for
more cost-effective fabrication processes. The most common approach for low-cost
deposition is the use of solution based manufacturing processes such as spin-coating or bladecoating. While spin-coating is mainly used in research, blade-coating is expected to overcome
the limited throughput of batch-wise processing and to be applicable to large scale roll-to-roll
production. However, the common disadvantage of all solution-based processes is the
utilization of insufficient purified and hence, less efficient polymeric materials. Depositing
highly purified small-molecules as known from vacuum-evaporated devices by spin-coating
or blade-coating opens pathway to good device stabilities while using low-cost deposition
processes.
The host-materials 4,4’,4”-tris(N-carbazolyl)triphenylamine (TCTA) and 1,3,5-tris(Nphenylbenzimidazole-2-yl)benzene (TPBi) doped with the blue phosphorescent emitter
Iridium(III)bis[(4,6-difluorophenyl)-pyridinato-N,C²’]picolinate (FIrpic) are well known to
enable the fabrication of highly efficient, vacuum-deposited, blue emitting OLEDs. Because
of their high bandgap the hole-conducting TCTA and the electron-conducting TPBi are well
suited host-materials for FIrpic. Here, we investigate solution fabricated devices comprising a
hole-transport
layer
from
poly(3,4-ethylenedioxythiopene):poly(styrenesulfonate)
(PEDOT:PSS) deposited atop an indium tin oxide (ITO) anode, a solution-processed light
emitting layer TCTA:FIrpic or TPBi:FIrpic, a thermally evaporated electron-transport layer
TPBi, and the lithium fluoride / aluminium (LiF/Al) cathode. For the spin-coated devices
under nitrogen atmosphere power efficiencies of 3.1 lm/W @ 300 cd/sqm and 3.0 lm/W @
300 cd/sqm, respectively, were obtained. For the blade-coated devices under ambient
conditions power efficiencies of 2,2 lm/W @ 300 cd/sqm and 2,9 lm/W @ 300 cd/sqm,
respectively, were realized. We contribute the somewhat moderate efficiencies for bladecoated devices to the exposition of the samples to air during the fabrication process.
In conclusion, these results indicate that solution-processed small-molecule devices, here
comprising TCTA:FIrpic and TPBi:FIrpic, can be competitive to vacuum-deposited OLEDs.
* daniel.bahro@student.kit.edu
Keywords: organic light-emitting diodes, solution-processed, small-molecules
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