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Colored light antennas: The solutions in the flasks contain rylene dyes that capture light in certain solar cells.
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Plastics
with a Bright Future
Solar cells in tent walls, transparent luminescent films on
windows, microchips in jackets – these are the kinds of
products organic electronics promises. At the Max Planck
Institute for Polymer Research, Klaus Müllen and
Martin Baumgarten are searching for suitable chemical
compounds.
TEXT CHRISTIAN BUCK
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t’s a bit like finding out that the fox
suddenly makes an excellent guard
for the henhouse. For decades, plastics interfered with the flow of current in electronic devices – but now
it is precisely plastics that are paving the
way for a completely new type of electronics: polymer electronics.
Today, the use of polymers is mostly limited to insulation for protecting
against electric shocks. After all, most
plastics do not conduct electricity. This
makes it all the more surprising that
the same class of chemical compounds
will, in the not-all-too-distant future,
deliver products that are almost as revolutionary as those that conventional
electronics brought us in past decades.
Polymer electronics is set to offer new
solutions in photovoltaics, lighting
technology and chip design – creating
a very promising market for the industry in the coming years.
At the Max Planck Institute for
Polymer Research in Mainz, some 40
researchers are searching for the ideal

materials for the new electronic components. Their raw material is always
an organic substance – that is, a molecule that contains carbon. These polymers consist of elementary units that
can be combined to form very large
molecules. Not only do such macromolecules form the raw material for
plastic bags and nylons, but they are
also all around us in nature: the cellulose in plant cells and the entwined
DNA molecule of the genome are also
polymers. Organic chemistry has been
dealing with these substances for decades. Industry likes to use them because they can manufacture polymers
relatively easily and process them to
make countless products.
One class of polymers in particular
is of interest to the Mainz-based researchers. “In polymer electronics, we
use only conjugated molecules,” explains lecturer Martin Baumgarten,
who heads one of the related working
groups at the Max Planck Institute in
Mainz. “With these molecules, single
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and double bonds alternate strictly.” In
conjugated polymers, the electrons that
forge double bonds are no longer
wedged in between two atoms, but can
move around in the molecule relatively
freely. Chemists call them “delocalized”.
These mobile electrons turn the polymer into a semiconductor with very
similar electrical and optical characteristics as, for instance, crystalline silicon.

CONDUCTIVE PLASTICS
Much like in classical inorganic electronics, the raw material must, in some
cases, be intentionally contaminated
with other substances before it will take
on the desired properties – such as particularly high conductivity. This process is known as doping, which can
take one of two forms: p-doping or
n-doping. In practice, in p-doping,
chemists mix a polymer with, for example, iodine, whose atoms snatch one
electron from each polymer chain. This
leaves holes in the polymer’s electron
structure. In an electrical field – for example when the polymer thread bridges
the two poles of a voltage source –
these gaps can move just like positively
charged particles.
In n-doping, on the other hand,
metal atoms, for instance, donate their
electrons to the polymer. Like the holes
created in p-doping, the excess electrons in the polymer boost its conductivity – quite drastically, in fact: using a
particularly high doping concentra-
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The boss shows how it’s done: Klaus Müllen
adjusts the synthesis equipment.
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Molecular design: Martin Baumgarten and
Chen Li discuss variations in the rylene dyes.

tion, researchers created polymers that
conduct electricity just as well as copper. Alan Heeger, Alan MacDiarmid and
Hideki Shirakawa were awarded the
Nobel Prize in Chemistry in 2000 for
their discovery of these organic metals
in the late 1970s.
“The remarkable increase in conductivity was followed by a remarkable
increase in interest in this field,” recalls
Baumgarten. After all, it had become
clear that the doped polymers could be
combined to form transistors, solar
cells and LEDs. Although such components have been available for decades
now as silicon-based and other inorganic semiconductors, the polymers
promise products with some major
advantages. “The components made of
organic electronics are flexible, easy to
work with, and their electronic properties can be adjusted within broad limits
through the molecular design,” explains Klaus Müllen, Director at the
Max Planck Institute for Polymer Research.
Thanks to these qualities, solar cells
could soon be producing electricity in
clothing, for instance, and organic diodes could light up rollable displays or
electronic paper. After all, unlike their
counterparts made of silicon, these
components are not rigid and brittle,
but rather extremely flexible because
they consist of thin films on an elastic
substrate – such as a foil.
Most of all, organic polymers simplify the production of the compon-
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ents: they are simply dissolved in a
solvent and, for example, applied to
a substrate with an ink jet printer.
“Of course this can’t be done with a
conventional printer from your local
electronics store, but the technology
has long been known, and specially
adapted devices are readily available,”
explains Baumgarten. Conventional
electronic components, on the other
hand, require extensive effort to produce: In clean rooms that are painstakingly kept free of dust, the manufacturers use the extremely pure silicon
to cultivate perfect monocrystals that
they process through numerous steps
into the end product – for instance a
crystalline solar cell. This costs a lot of
energy and money.
But the solar cell example also
shows why organic electronics have
not yet taken hold. There are, of
course, already polymers that, as dyes,
absorb light and convert its energy
into electricity. However, they currently have only a poor efficiency factor of
at most 6 percent – approximately
the same as solar cells made of amorphous silicon. Moreover, their life
span is still much too short: oxygen
and moisture adversely affect the sensitive molecules and render them useless within a matter of months. “To
prevent this, the dyes must either be
rigidly encapsulated, or molecules
must be found that are more stable
in the presence of air and water,” explains Klaus Müllen.
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The search for new polymers is one of
the main focuses of the group at the institute in Mainz. The researchers there
use the wealth of experience gathered
in organic chemistry over the course of
many decades. “For example, there are
numerous guidelines regarding which
substituents must be introduced into a
molecule in order to change its properties in a certain way,” says Müllen.
“And today, with the aid of computer
simulations, we can also precalculate
these modifications.” Nevertheless, the
effective synthesis of new molecules remains a challenge: “Initially, the new
components can be produced in the lab
only with great effort,” says Baumgarten. “We are working very hard to optimize these processes, as the industry
requires simple methods – we are trying to reduce it to as few synthesis steps
as possible for mass production.”

RESEARCHERS PRODUCE
ORGANIC TRANSISTORS
In their labs, the researchers design new
polymers, determine their properties
and use them to produce organic-based
devices. A glovebox – an ever-present
prop in Hollywood films about killer
viruses – is indispensable for their work.
This glass box is filled with pure nitrogen to prevent the molecules from reacting with atmospheric oxygen. To
work in it, the researchers put their
hands into black rubber gloves that extend into the box, and in this way, pro-

duce organic transistors, for instance, or
measure their switching speed. In parallel, they also analyze the substances
without the protective nitrogen atmosphere in order to determine whether
the oxygen damages the polymers.
Despite many advances, the researchers won’t be running out of theoretical or experimental work any time
soon, as organic chemistry offers an unimaginably large number of molecules.
So the researchers have a sheer inexhaustible pool of polymers from which
to design custom-tailored materials for
organic electronics. “The infinite variety of possible molecules corresponds
to an infinite variety of publications,”
jokes Baumgarten: “All variations are
being researched in depth.” But a few
standards have now been established –
widespread materials for solar cells include poly(3-hexyl thiophenes) in combination with fullerene derivatives,
light in LEDs is produced by polyphenylenes, and polyfluorenes serve
especially as a blue light source.
In addition to the large polymers,
another class of organic molecules currently plays a key role: small conjugated molecules. These make up the
organic LEDs (OLEDs) that are already
sold commercially today. The small
molecules provide very good colors, but
they often don’t form homogeneous
films in solution, which means that
they can’t be printed economically. Instead, they must be vapor deposited on
the substrate in a high vacuum, which

is relatively expensive. “No one can
currently predict who will win the competition between polymers and small
molecules,” says Klaus Müllen. “That is
why we are studying both classes of
substances – after all, we want to be on
the winner’s side.”

STABLE SUBSTANCES FOR
BLUE DIODES
Especially in the field of organic LEDs,
the institute in Mainz has very recently achieved some important advances.
The researchers are searching particularly intensively for blue emitters
since, without them, no white light
source will work for lighting purposes.
But it is precisely these substances that
also posed the greatest difficulties for
the researchers in the past: “With organic LEDs, the blue emitters are currently the bottleneck, because they are
relatively unstable,” explains Baumgarten. While red and green OLEDs
already have remarkable life spans,
their blue counterparts don’t yet last
long enough for most applications. But
there are signs of progress here, too:
Baumgarten and his colleagues recently identified two substances that are
very suitable as blue-light-emitting diode material.
The first compound is a dendrimer
– a sort of molecular tree with molecular limbs growing around its nucleus
and protruding in various directions.
What makes it so special is that it is not
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Working without air: In the glovebox, the Mainz-based researchers work in pure nitrogen.
The overpressure in the box pushes the unused gloves outward.

below

A computer steers electrodes to a circuit board on which the organic semiconductors of the
researchers in Mainz are applied. This is how the conductivity of the substances is tested.
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just the nucleus that emits light, but
also the components of the branches.
Previously, the limbs of such molecules
were intended only to protect the nucleus from coming into contact with
adjacent molecules. Undesired contact
causes the color of the emitted light to
change. Obtaining light from the nucleus and limbs increases the light yield
considerably.
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CONTACT BETWEEN MOLECULES
FALSIFIES THE COLOR
But the efficiency of the dendrimers has
its price: “It’s pretty chemistry, but it requires multiple synthesis steps and thus
considerable effort,” explains Müllen.
As an alternative, Baumgarten and his
colleagues developed a blue luminescent substance from the chain-like
polypyrenylene. This polymer can easily be produced in one step, although it
doesn’t fluoresce as brightly as the dendrimer. Furthermore, the molecules still
come into contact with each other, falsifying the color. But the Max Planck researchers have already found a solution
for this: they mix the light-emitting
polymer with polystyrol to keep the
molecules from crossing paths.
This example shows that the properties of the components are not dependent solely on the molecules used –
their relationships to their neighbors
and their reciprocal orientation are just
as influential. The researchers refer to
this as supramolecular phenomena or
morphology. For high-performance
transistors made of organic materials,
for instance, it is important that the
polymers not be arranged randomly,
but rather as uniformly as possible –
much like in conventional electronic
components powered by perfectly ordered monocrystals. Only then can the
charge carriers move through the ma-

terial relatively unhindered. And the
better the charge carriers can move, the
faster the transistors can be turned on
and off.
“While designing custom-tailored
molecules poses relatively few problems, it is very difficult to obtain the
desired supramolecular structure,” reports Müllen. To vary, for instance, the
mutual distance and the solubility of
the molecules, the researchers alter
their structure and thus their interactions, which are dominated by such
things as hydrogen bonds and electrostatic forces. If the chemists attach, for
example, alkyl or phenyl-alkyl groups
to the molecules, then the substances
dissolve better. In addition, depending
on their size, the attachments keep the
molecules separated.
“We are searching for a quasi-crystal
in which the individual molecules are
close together and highly ordered,”
says Müllen. But their orientation is
also determined by the type of substrate to which the polymers are applied. And finally, the chemists influence the order of the molecules by
creating a film of the organic compound with solvents that vaporize at
different rates. They are particularly interested in the regions at the edges of
different materials. The electricity in an
organic transistor is transported only in
a narrow layer directly above the support material, so the chemists have to
find out how the polymers are aligned
in precisely this region.
The researchers recently achieved a
breakthrough with the organic transistors: they used a polymer that contains
benzothiadiazole. With an optimized
morphology, they speeded up the charge
carriers, which increased the switching
speed and improved the on/off ratio.
Electronic engineers use this parameter
to indicate how much electricity flows

in the on state, and how much in the
off state. But here, too, the numbers
show how far this technology still is
from established silicon electronics:
while the optimized organic transistor
reaches a switching frequency of approximately 100 kilohertz, its inorganic counterparts easily switch at several gigahertz.

ECONOMICAL SOLAR CELLS
TO GO
But maybe organic transistors don’t
even need to catch up to the inorganic
ones: “One shouldn’t view organic and
inorganic electronics as competitors,”
says Müllen. He can also conceive of a
relatively profitable coexistence of the
two fields. “For example, the production
of electric current on rooftops could remain the domain of silicon-based solar
cells.” And in addition to this, solar cells
composed of organic materials could
serve as mobile current sources – integrated in tent walls, for instance. “The
possibility to produce electricity cheaply everywhere could also drastically increase education opportunities in remote areas,” says Müllen. Simple mobile
current sources would also facilitate access to electronic media in these areas.
The industry has recognized these
opportunities and is taking an in-depth
look at the possibilities. “Studies anticipate that, in 2030, products comprising
organic electronics will have sales figures on the order of some 300 billion
euros,” says Karl-Heinrich Hahn, who is
in charge of, among other things, research in organic electronics at chemicals giant BASF. In 2008 alone, the company spent more than 20 million euros
on this research and employs around
100 staff in this division. Other big
names in European business are also
putting their money on the new tech-
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Tree or ribbon: Both the dendrimer polytriphenylene (depicted
in a two-dimensional and in a spatial representation) and
the chain-like polypyrenylene emit blue light; which substance
is better suited for commercial LEDs remains to be seen.

FOILS THAT PRODUCE EITHER
ELECTRICITY OR LIGHT
The experts from the Max Planck Institute in Mainz are also part of the team.
“The institute offers a lot of expertise in
conjugated polymers, as well as in dyes,”
says Hahn. “BASF benefited from this
and from the researchers’ new ideas in
the development of organic electronics.” Particularly the theoretical foundations, however, still need to be investigated thoroughly – and here is where
the Mainz-based researchers can contribute many findings, which is becoming ever more important for the production of new components. “The first
organic LEDs were quickly produced
through pure experimentation,” says
Hahn. “But this method failed with blue

70

MaxPlanckResearch 2 | 09

light sources – here, a fundamental understanding of, for example, which
processes lead to the degradation of the
components is absolutely crucial.”
In that respect, research and industry in Germany seem to be on the right
track, as Germany is on a par with Japan and the US in the development of
organic LEDs, organic photovoltaics
and organic transistors. That is good for
the country as a business location, and
highly promising for consumers: if
organic electronics delivers what it
promises, it can offer numerous new
products. Organic LEDs make new televisions possible that are not only extremely flat and energy-saving, but that
also deliver brilliant images that are
far superior to those of today’s LCD devices – the first flat screen of this type
has already been produced.
But organic diodes can also be used
to create entirely new products: in thin
and transparent films on window panes,
they could convert sunlight into electricity during the day, while serving as
flat light sources to light up rooms at
night. And economical transistors made

of organic materials could be used as
components for smart labels on products – an application for which silicon
is much too expensive. If these hopes
were to be realized, then polymers
could actually grow far beyond their
traditional supporting role as insulators
in electronics.

GLOSSARY
Polymer
A large molecule in which many chemical
components of the same type line up next
to each other, sometimes as a chain and
sometimes as a branch.
Dendrimer
A polymer in which molecular limbs
branch out from a nucleus.
Morphology
Describes how the molecules arrange
themselves and what reciprocal effects
they have on one another.

Graphic: MPI for Polymer Research

nology, including Merck, Bosch, Osram,
Philips and Ciba. Because the subject requires cross-disciplinary cooperation,
chemists, physicists and electronics engineers are collaborating to develop new
components in BASF’s Joint Innovation
Lab (JIL) in Ludwigshafen.

