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Semiconducting Polymer “Inks” OR

RO

OR

RO

OR

RO
n

O

O Me

e-



Color Variations: Band Gap Engineering
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Semiconducting and Metallic Polymers
---for they combine the electronic properties of metals and semiconductors

and
the processablity, synthesis advantages and flexibility of polymers..
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Full Color Plastic Flat Panel Displays
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White OLEDs by Lumiotech, Yonezawa
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Encapsulation

Novaplasma Inc., 
Montreal, Canada

G. Dennler et al, 2005



Roll to roll produced solar cells

Konarka Inc.



Outdoor Demonstrations



Solar cell integrated textiles
A commercial solar jacket

and bag

(www.scottevest.com, www.neubers.de )



Plastic Electronic Circuits

Organic Electronics Association des
Vereins der Deutschen Maschienen- und Anlagenbauer VDMA

www.oe-a.de



Happy Life O R
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Our planet will be warmer OR
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Can we get rid of CO2? OR
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CO2 Recycling? OR
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George Olah, Nobel Prize 1994
Univ. of Southern California, USA



Scope of Nuclear Reactors OR
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Why no company insures the nuclear power plants?
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Solar Energy Distribution in Europe
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Solar Energy Distribution in USA



History of Solar Energy by John Perlin
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Solar Stirling Engines

McDonnell Douglas/Southern of California
California Edison 25 kW dish/Stirling system. 

The 944 square foot concentrator consists of 82 spherically curved glass mirrors each 3 foot by 4 foot. 
The United Stirling 4-95 Mark II engine

(4 cylinders of 95 cc displacement) uses hydrogen as the working pressure at a maximum gas pressure of 2900psi.. 
This engine delivered 25kW output at 1000W/m2 insolation. 





First press release, 1954





Small Molecular
Organic Solar Cells

“Tang- Cell“

C. W. Tang
Appl.Phys. Lett. 48(86)183
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Tang Patents in KODAK O R
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Bi-layer polymer solar cells



PCBM
MDMO-PPV

+-

Light

ITO
Plastic foil

Aluminum

P     EDOT-PSS

Organic Solar Cell Device Geometries

PCBM

+-

MDMO-PPV

Light

ITO
Plastic foil

Aluminum

PEDOT-PSS

BILAYER BULK HETEROJUNCTION
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Photoinduced Charge Generation

An ultrafast e- transfer occurs between Conjugated Polymer / Fullerene composites upon
illumination. The transition time is less than 40 fs. The Internal Quantum efficiency of
charge generation is therefore ~100%.

MDMO PPV 
3,7 - dimethyloctyloxy methyloxy 

PPV

PCBM
1-(3-methoxycarbonyl) propyl-1-phenyl [6,6]C61

O

O n

DONOR ACCEPTOR

N. S. Sariciftci, L. Smilowitz, A. J. Heeger and F. Wudl., Science 258, 1474 (1992)
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Sariciftci Heeger Patents at UCSB O R
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Sariciftci Heeger Patents at UCSB O R
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Birth of Bulk Heterojunction, 1992

Definition



Color Variations: Band Gap Engineering
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Are our concepts working?



1.) Light absorption

2.) Exciton diffusion

3.) Photoinduced electron transfer (exciton dissociation)

4.) Charge carrier transport (charge carrier recombination)

5.)Charge carrier collection at the electrodes (interface
engineering)

Critical Steps for the Organic Photovoltaic Devices O R
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Photon Harvesting
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Si
C8H17 C8H17

S
NSN

S
n

E.G. Wang,et al., Appl. Phys. Lett. 2008, 92, 033307.

PSiF-DBT

Absorption spectra of PSiF-DBTfilm 
(dot), solution (broken ) and PSiF-
DBT:PC60BM 1:2, w/w blend film 

(solid) and the EQE of the PSC.

I-V curve of the device ITO/PEDOT:PSS/PSiF-
DBT:PC60BM 1:2, w/w/Al, AM 1.5 G 800 Wm−2.

Voc ＝0.90 V, Jsc ＝9.5 mA cm−2
FF ＝ 50.7%,
η: 5.4%



PCDTBT:PC70BM=1:4

A. J. Heeger, M. Leclerc, et al. Nature Photonics, 2009, 3, 297 (η: 6.1%)



Device area:1 cm2
PCE: 5.5%

[Yingping Zou, M. Leclerc*, et al., J. Am. Chem. Soc., 2010, DOI: 10.1021/ja101888b]

Narrow bandgap D-A copolymers



H. Y. Chen, J. H. Hou, et al., Nature Photonics, 2009, 3, 649-653.
J. H. Hou, et al., J. Am. Chem. Soc., 2009, 131, 15586–15587.

Yongye Liang, et al., J. Am. Chem. Soc., 2009, 131, 56–57
Yongye Liang, et al., J. Am. Chem. Soc. 2009, 131, 7792-7799



Photon Harvesting Problem
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By low band gap materials we are loosing the green-blue region



Energy Transfer CascadesEnergy Transfer Cascades

2 Förster resonant 
energy transfer 

cascade

3 charge transfer 
+ transport 

InspiredInspired byby
photosynthesisphotosynthesis

- R. Koeppe, O. Bossart, G. Calzaferri, and N.S. Sariciftci, Sol. Energ. 
Mater. Sol. Cells. 91(11); 986-995 (2007)

1 Light 
absorption
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Tandem Solar Cells Tandem Solar Cells 

Organic tandem solar cells:

Glass

Polymer:PCBM 
solar cell

ZnPc:C60 solar cell

Aluminium 
electrode

transparent ITO electrode

noncontinuous recombination 
layer

G. Dennler, H.-J. Prall, R. Koeppe, M. Egginger, 
R. Autengruber, N.S. Sariciftci, APL 89 (2006), 073502-1
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1.) Light absorption (interface effects !)

2.) Exciton diffusion

3.) Photoinduced electron transfer (exciton dissociation)

4.) Charge carrier transport / recombination

5.)Charge carrier collection at the electrodes (interface
engineering)

Critical Steps for the Organic Photovoltaic Devices O R
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Diffusion versus Drift Effects
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Schematic Band Diagram

π∗ MEH-PPV

Eg

ITO
Al

4.3 eV4.7 eV

LUMO C60

π MEH-PPV

HOMO 
C60

2.8 eV

3.7 eV

5   eV

6.1 eV

π∗ MEH-PPV

Eg

ITO Al

LUMO C60

π MEH-PPV

HOMO C60

EF

Metal-Insulator-Metal (MIM) picture 
implies the field of assymetric metal electrodes

(All interface effects neglected!)
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Band Models

Schottky Contacts for
high Impurities
n >> 1016cm-3

MIM Picture for 
low Impurities
n << 1016cm-3
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Electroabsorption Studies

A measure of the internal electric field in the device

Lungenschmied et al., 2006
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Electroabsorption Studies

Lungenschmied et al., 2006

A measure of the internal electric field in the device
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Electroabsorption Studies

Lungenschmied et al., 2006

Au Al

ITO/PEDOT-PSS/MDMO-PPV/Metal

100 K Electroabsorption Vac = 1V
@590nm probed

LiF/Al
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Lungenschmied et al., 2006

Summary for MDMO-PPV
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Below the built-in field 
the MDMO-PPV diodes behave like 

field driven devices but built-in field is 
higher than MIM model prediction
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Summary for MDMO-PPV

ITO/PEDOT-PSS/MDMO-PPV/LiF/Al

Lungenschmied et al., 2006

Near the built-in voltage 
the MDMO-PPV diodes show  

No photocurrent transients

top electrode
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MDMO-PPV mixed with 1% C60

ITO/PEDOT-PSS/MDMO-PPV/LiF/Al ITO/PEDOT-PSS/MDMO-PPV+1% PCBM/LiF/Al

C. Lungenschmied, G. Dennler, H. Neugebauer, N.S. Sariciftci, E. Ehrenfreund
Applied Physics Letters 89 (2006), 223519

Built-in field is reduced by nearly 0.8 V
upon addition of 1% PCBM into MDMO-PPV
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MDMO-PPV mixed with 1% C60

Internal field is reduced by nearly 1 V
upon addition of 1% PCBM into MDMO-PPV

C. Lungenschmied, G. Dennler, H. Neugebauer, N.S. Sariciftci, E. Ehrenfreund
Applied Physics Letters 89 (2006), 223519
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What about P3HT ?

Internal field in P3HT diodes is nearly independent to LiF insertion

C. Lungenschmied (2006)

ITO/PEDOT-PSS/P3HT/Al ITO/PEDOT-PSS/P3HT/LiF/Al

Measured @ 640nm and 77 K
SCHOTTKY JUNCTION FORMATION IS PROBABLE IN P3HT DIODES !
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Schottky Junction in P3HT Devices ?

A

bi

NqA
VV

C ....
)(21

0
22 εε

−
=

G. Dennler, C. Lungenschmied, N.S. Sariciftci, 
R. Schwoediauer, S. Bauer, H. Reiss

Applied Physics Letters 87 (2005), 163501

In the dark:
YES !
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Band Models

Schottky Contacts for
high Impurities
n >> 1016cm-3

MIM Picture for 
low Impurities
n << 1016cm-3
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Origin of the Open Circuit Voltage Voc



Voc of Organic Solar Cells O R
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Voc vs LUMO of Acceptor
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Voc vs HOMO of the Polymer Donor

KwangheeKwanghee Lee et al, Pusan Univ. KoreaLee et al, Pusan Univ. Korea

p-DMOP-co-
MEH-PPV (7:3)

4.9 eV

2.8 eV

5.42 eV
5.44 eV

3.08 eV
3.31 eV

3.9 eV

MEH-PPV p-DMOP-PPV

C60 LUMO

1 2 3
Δ

•High PL Quantum Efficiency Materials

•High Ionization Potential Materials

Δ : Ip – LUMO level of C60

1 2 3
Q.E. 10% 40% 23%
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Voc vs HOMO of the Polymer Donor O R
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Markus Scharber et al, Adv. Mater. 18 (2006) 789



Nanomorphology of the 
donor-acceptor composites



Bulk Heterojunction Device Structure

glass

transparent 
conductive 

oxide

transparent 
conductive 

polymer

active layer 

interface layer

metal
200 nmAFM TEM 200 nm

A B C

Rene Janssen et al, 2004



Morphology Effects-TEM Studies

Tom Martens,  Jean Manca et al, 2003.

Solvent effects on the 
nanoparticle dimensions



Nanomorphology Effects-SEM Studies

Harald Hoppe et al. Adv. Func. Mater. 14, (2004) 1005, 



Morphology: Solvent effects
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*S.E. Shaheen, C.J. Brabec, N.S. Sariciftci, F. Padinger, T. Fromherz, J.C. Hummelen, Appl. Phys. Lett. 78, 841 (2001)

A 2-3 fold increase of the IPCE and short circuit current was observed by S.E. 
Shaheen et al.* due to the change from toluene to chlorobenzene as solvent, while 
by AFM measurements a decrease in the surface roughness was detected.



Bulk Heterojunctions: Revised



Property Optimization

Structure Property 

Nanomorphology

Self Organization
Interchain 

(Intermolecular)
Interactions

Molecular Structure
Molecular Engineering



„Optimum“ Geometry for 
Organic and Hybrid Solar Cells

Organic n-type
conductor 
(acceptor)

Low workfunction
electrode

Organic p-type 
conductor (donor)

High workfunction 
electrode
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D-A block copolymers

PCE ＝1.50% 
Voc = 0.87 V; 

Isc = 4.49 mA/cm2; 
FF = 0.38

[Y. H. Geng, et al., J. Am. Chem. 
Soc., 2009, 131, 13242–13243]
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Supramolecular Ordering

Di-block copolymer
miscelle formation
encapsulating
fullerenes.

S. Jenekhe, & Chen, 
Science 279, 1903 (1998)
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Percolation Problem in Composites

Metal 
Electrode

Metal 
Electrode

Both donor and acceptor phases have to be percolated !!!

Fullerene (acceptor)
Conjugated Polymer (donor)
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The ideal double-cable polymers…

acceptor spacer
donor backbone

e-

h+

- ambipolar
- perculation at low

concentration in
guest-host systems

Defined D-A interaction
and no phase separation
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The double-cable concept 
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What is the next challenge in 

Organic Solar Energy Conversion?

Solar energy into chemical energy
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Storage-Transport Problem OR
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Space

Time

Energy 
Conversion

Consumption
later

Consumption
Somewhere else

Consumption 
later and somewhere else

Storage of Energy

Transport 
Energy

Transportable fuel created by solar energy conversion !!!



Interfacing two R&D worlds

CO2 EMISSIONS
CLIMATE CHANGES

RENEWABLE 
ENERGIES

RECYCLE CO2 !!!
CREATE FUEL

INTERFACE BETWEEN CO2 REDUCTION AND
RENEWABLE ENERGY CREATION

Future recycling of CO2 as important mission of renewable energies
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Interfacing two R&D worlds

INTERFACE BETWEEN CO2 REDUCTION AND
RENEWABLE ENERGY CREATION
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Renewable energies such as solar photovoltaic or wind energy have 
instabilities that can not be controlled in time domain. 
► creating synthetic fuels will solve this problem

10-20 billion tons of CO2 is coming from burning fossil fuels 
including coal for making electricity. 
► Local high sources of CO2 
► Can be combined with renewable energy for recycling
► CO2 can be much easier transported in gas pipelines than H2

Binding CO2 away from emissions will bring increasingly more 
macroeceonomic load (Kyoto, Seweso etc, payments)
► Recycling CO2 will be ecenomically attractive
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RecyclingRecycling ofof COCO22
Over 90 % of emitted CO2 is
generated by energy
products.

To convert back CO2 to fuels
hydrogen or energy is
required.

One promising field 
in this direction is 
the photochemical 

Or electrochemical 
reduction of 

carbon dioxide
using solar light
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IS IT POSSIBLE TO RECYCLE CO2?
The answer is yes! 
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RECYCLING CO2 OR
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Methanol as carrier and storage of energy

a.) Methanol can be mixed to gasoline

b.) Methanol is used in fuel cells

c.) Methanol is starting chemical for
Many other derivatives

George Olah, Nobel Prize 1994
Univ. of Southern California, USA



Electrochemical reduction of CO2

• Excess electric energy can be conveniently used for the 
catalysed  reduction of CO2 in water to afford alcohols 
and/or Cn-hydrocarbons : 

storage of electricity!
• Such use of excess electric energy can play a key role in the 

short term for the conversion of CO2 into fuels 
implementing a  significant recycling of carbon. 

• The use of solar energy for CO2 reduction in water is a key 
issue for the medium term: a substantial recycling of carbon 
could be performed.
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PhotocatalyticPhotocatalytic reductionreduction ofof COCO22

1.“Photochemical carbon dioxide reduction with metal complexes” E. Fujita, Coord. Chem. Rev. 1999

1.Ru(bpy)3
2+ (bpy = 2,2’-bipyridine) as both photosensitizer and catalyst

2. Ru(bpy)3
2+ as the photosensitizer and another metal complex as the 

catalyst

3. ReX(CO)3(bpy) (X = halide or phosphine-type ligand) or a similar 
complex as both photosensitizer and catalyst

4. Ru(bpy)3
2+ or Ru(bpy)3

2+-type complex as the photosensitizer in 
micro-heterogeneous systems

5. A metalloporphyrin as both the photosensitizer and the catalyst

6. Organic photosensitizers with transition-metal complexes as catalysts
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From CO2 and H 2O to CH3
OH at rt

• CO 2 aq HCOO - Formate dehydrogenase

• HCOO - H2CO       Formaldehydedehydrogenase

• H2CO  CH3OH Methanoldehydrogenase

• NAD+/NADH is the source of energy . 
• Key issue : how to reverse the NAD +/NADH couple after

oxidation ?
• Use of chemical systems for solar light harvesting 

and conversion
or r

Coupling Chemistry and Biotechnology:
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Scheme of the enzymatic reduction of COScheme of the enzymatic reduction of CO22

CO2

H

C O

HO

H

C O
H

H3C OH

NADH NAD+ NADH NAD+ NADH NAD+

FatoDH Fald DH ADH

Reaction conditionsReaction conditions

Solution buffered at pH 7Solution buffered at pH 7

T = 37 T = 37 °°CC
P = 1 atmP = 1 atm
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1.6 1.6 mLmL TEOSTEOS

4 mL of solution of4 mL of solution of

Sodium Alginate 2% (m/v)Sodium Alginate 2% (m/v)
In deionized waterIn deionized water

1 1 mLmL solutionsolution

FFatoatoDHDH (10.0 mg)(10.0 mg)
FFideideDHDH (10.0 mg)(10.0 mg)
ADH (10.0 mg)ADH (10.0 mg)

In buffer In buffer TRISTRIS--HClHCl 0.1 M (pH 7)0.1 M (pH 7)

Drop by drop addition inDrop by drop addition in
20 mL  CaCl20 mL  CaCl22 0.2 M+TESO0.2 M+TESO

SolSol--gelgel--formation time 30 min formation time 30 min 

FiltrationFiltration

Washing with waterWashing with water
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Process U/ V ΔG0/ kJ mol-1 Energy for 1 mol of MeOH/ kJ mol-1 

NADH Electrolysis -1,136 219,2 657,6 

Water Electrolysis -1,23 237,5 712,5 

Reduction of NAD+ to NADH
Use of „mediators“ needed1.) Electrochemical Reduction:

Trefflinger, 
Oppelt, 2009
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Reduction of NAD+ to NADH

Trefflinger, Oppelt, 2009
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Photochemical Reduction of NAD+ to NADH

Oppelt, Knör, 2010 unpublished

Homogeneous photocatalysts
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Photoinduced Charge Generation O R
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Photoinduced Redox Chemistry



Interdisciplinary R & D

Photochemistry
Photophysics
Photocatalysis

Biocatalysis

Electrocatalysis

Prototyping 
testing

System 
Integration 
Engineering

Recycling CO2
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LIOS

Linz Institute for Organic Solar Cells
Physics of Organic Semiconductors:
1.) Photoexcited spectroscopy
2.) Photoconductivity
3.) Thin film characterization
4.) Nanoscale engineering
5.) Nanoscale microscopy (AFM, STM...)
6.) In situ spectro-electrochemistry

Plastic Solar Cells
(CD-Labor) Small Molecular 

Solar Cells

Organic/Inorganic
Hybrid 

Solar Cells

„Incubator“ for small high tech spin-off companies:
Konarka Austria (former QSEL),  NanoIdent AG, Botest,

Plastic Electronic GesmbH, Prelonic OHG, Isiqiri, Solar Fuel GesmbH

Bio-Organic 
Field Effect
Transistors
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