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Preface

The TPE symposia in Rudolstadt in 2004, 2006 and 2008 took place as scientific symposia with
many excellent lectures. (The contributions are still available on CD). Each time more than 100
participants coming from over 20 countries attended the TPE symposia.

TPE 10 will bring together researchers and developers working in areas of organic electronics with
manufacturers, future users and other interested persons. Special focus lies in approaches to the
serial production of polymer electronics in connection with unsolved material problems, and
application fields of plastic electronics.

The scientific programme is subdivided into the following sections:

I Introductions

II OLEDs and related 1
I OFETs and devices 1
v Materials & Methods 1
v Solar cells / OPV 1

VI OFET and devices

VIl OLEDs and related 2
VIII  Materials & Methods 2
IX Solar cells / OPV 2

X Posters

The Symposium is organised by both the technology oriented polymer research institute TITK
Rudolstadt and the Ilmenau University of Technology (TU Ilmenau). The research institute TITK
is a self-supporting research institute at the TU Ilmenau. This University has a long tradition of
outstanding education in the technological sectors of electrical and mechanical engineering,
nanoelectronics, information science, all fields of modern optoelectronics and others.

Regarding TPE 10 the abbreviation TITK stands for

T Trends in R & D of polymer electronics

I Innovations in fabrication of OFETs, IPCs, polymer solar cells (OPV),
OLEDs and polymer sensors

T Technologies for production of plastic electronics

K Know-how exchange and transfer

The symposium will be a forum of scientific discussion about corresponding actual results
of research and development as well as on application fields.

Hans-Klaus Roth
Symposium Chair
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Part I:

Introductions






SUPRAMOLECULAR SELF-ASSEMBLY ON
SURFACES: A BOTTOM-UP STRATEGY TOWARD
NOVEL 2D MULTICOMPONENT NETWORKS

Denis Fichou'*

' CEA-Saclay, Groupe Nanostructures & Semi-Conducteurs Organiques,
IRAMIS/SPCSI, 91191 Gif-sur-Yvette, France

? Institut Parisien de Chimie Moléculaire, UMR CNRS 7201,
Université Paris VI, France

denis.fichou@cea.fr

Supramolecular networks are attracting considerable interest as highly ordered functional
materials for applications in nanotechnology and organic electronic devices. The
challenge consists in directing the ordering of predesigned molecular species into periodic
architectures over extended length scales with atomic precision. The self-assembly of
functionalized organic molecules on surfaces is governed by an intricate balance of
adsorbate-substrate and adsorbate-adsorbate interactions. The ability to disentangle these
competing interactions would enable to design target 2D patterns having the desired
structure and properties (optical, magnetic, etc). Highly-organized supramolecular 2D
arrays can be obtained by self-assembly of molecules which interlock via either chemical
(H-bonds) or physical (shape recognition) interactions. An alternative approach aimed at
tailoring multicomponent networks consists in trapping guest molecules into a host open
network to form guest-host architectures. We report here on various recent 2D self-
organized systems that we generated at the liquid/solid interface and investigated by
scanning tunnelling microscopy.'”

Figure 1 STM image (115x115 nm?)and schematic structure of HBC nanocolumns
chemisorbed on Au(111) showing the “soft” step crossing of HBC molecules when they
bear a long and flexible grafting chain. From Ref.5

Figure 2 STM image of a self-organized supramolecular guest-host 2D network on
graphite (21x21 nmz). Vertical cavities (dark contrast) remain empty while horizontal
cavities are filled with a Cgp molecule (in green). From Ref. 1



0.111 molecule/nm?2 0.223 molecule/nm? 0.356 molecule/nm?

Figure 3 Tuning the packing density of 2D supramolecular self-assemblies at the solid-
liquid interface using variable temperature. From Ref.3

1. L. Piot, F. Silly, L. Tortech, Y. Nicolas, P. Blanchard, J. Roncali, D. Fichou
J. Am. Chem. Soc. 2009, 131, 12864.

2. M. Zhao, K. Deng, P. Jiang, X. Peng, S. Xie, D. Fichou, and C. Jiang, J. Phys. Chem. C
2010, 774, 1646.

3. C. Marie, F. Silly, L. Tortech, K. Miillen, D. Fichou, ACS Nano 2010, 4, 1288.

4. A. Popoff and D. Fichou, J. Mol. Struct. 2009, 936, 156.

5. L. Piot, C. Marie, X. Dou, X. Feng, K. Miillen, D. Fichou, J. Am. Chem. Soc. 2009,

131,1378.

6. A. Popoff and D. Fichou, Col. Surf. B: Biointerfaces 2008, 63, 153.

7. L. Piot, C. Marie, X. Feng, K. Miillen, and D. Fichou, Adv. Mater. 2008, 20, 3854.
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Abstract

Inkjet printing is an interesting tool for scientific research that enables on demand
deposition of functional materials. It can be used for the rapid and easy film preparation in
a combinatorial approach. Upon variation of the ink composition or the printing
parameters, a fast characterization of the film properties, including optical and topography,
can be performed. In this way, structure-property relationships between ink composition,
printing parameters and film qualities can be identified. In combination with the synthesis
of various promising conjugated polymer materials, the loop from materials research to

functional device properties can be closed.

1. Introduction

Printing techniques, such as inkjet printing, are interesting alternatives to conventional
photolithography for the production of electronics.!"! The advantage of printing lies in the
ease of mass production, low cost and flexibility. Compared to other printing techniques
(e.g. screen printing), inkjet printing lacks production speed. However, the flexibility of
inkjet printing makes it very well suited for rapid prototyping applications. In addition, it
allows the use of inviscid fluids, like dilute polymer solutions or suspensions without
binder added. Inkjet printing has been used to transfer digital documents into high-
resolution copies on paper, but today it is also used as an advanced dispensing technique
for scientific research,’” for example organic photovoltaics,””) flexible batteries,' field
effect transistors (FET) and thin film transistors (TFT),® sensor arraysm and radio
frequency identification (RFID) tags.® Amongst the current challenges in the inkjet
technology one particular example is the continuous drive to improve its resolution:
scientists are manipulating droplets in order to make them smaller in order to produce

features with a finer resolution.”'"!



2. Synthesis of conduction polymers

Conjugated polymers are widely used in organic electronics (e.g., solar cells or OLEDs).
Their structures can be manipulated chemically and by this manner also their material
properties can be changed. Therefore, a wide range of optoelectronical properties could be
achieved with functional conjugated polymers, using e.g. the prominent examples poly-
thiophene, polyphenylenevinylenes (PPVs), and poly-phenylene-ethynylenes (PPEs).
Poly(p-phenylene-ethynylene)-a/t-poly(phenylenevinylene)s (PPE-PPVs) combines the
properties of the well-known PPVs and PPEs. The introduction of the rigid acetylene units
into the PPV backbone lead to polymers with outstanding optoelectronic properties.') The
PPE-PPVs are synthesized via the Horner-Wadsworth-Emmons (HWE) olefination
reaction from the corresponding luminophoric dialdehydes and bisphosphonate esters
(Scheme 1). Only short reaction times are required to obtain polymers with high molar
masses. The synthetic approach is modular, therefore different building blocks can be
combined in order to achieve polymers with tailor-made properties. The systematic

variation of the different monomers, for example introduction of anthracene!'!

[13]

or styryl

sidegroups' ™, and of their position in the polymer chain was applied to adjust the optical
properties of these polymers. Already small changes in the structure can lead to rather
large differences of the optoelectronical properties, which result in different efficiencies in

solar cells.['¥

H 9 P(OEt)3
}—.—( + — - —_— «E’*}
o H  (EtO)F n

Scheme 1. Schematic presentation of the modular synthesis of PPE-PPVs (top); schematic

representation of two exemplary polymer structures (bottom).

Inkjet printing of thin film libraries allows a combinatorial workflow from thin film

preparation to structure-property relation investigations.">! With this approach, the



influence of ink composition, substrate properties, and different printing parameters to the
film properties can be studied in a fast and reproducible way. Hereto we have inkjet printed
libraries of various PPE-PPV copolymers and investigated their optical properties as a
function of film thickness.'®'”! By investigation of the film formation and the optical

properties, these materials can be used for optoelectronic devices.

3. LED’s and organic solar cells

The impact of a droplet has a significant influence on the final printed feature, but also of
great concern is a frequently observed in-homogeneous drying effect of liquid droplets on
a non-absorbing substrate, the so-called “coffee drop” effect.!'*'”) The solute that is present
in the solution deposits near the boundary of inkjet printed droplets — this behavior is
similar comparing to drops of coffee that are spilt on the table. When using the technique
of inkjet printing, for example for the application of organic light emitting diodes (OLED),
this effect should be minimized for correct device functionality.”® Therefore, much
research has been conducted to prevent the coffee ring effect, for example by applying an
increased substrate temperature, in order to stimulate solvent evaporation, which
subsequently minimizes line or film bleeding,*"! and by combining a high and low boiling
solvent, which reduces the high evaporation rate at a liquid feature’s edge (see

Figure 1).2

Figure 1. Improvement of film formation of inkjet printed films: (a) printed from a single
solvent, (b) printed from a solvent mixture and (c) same as (b) but with additional plasma

treatment of the glass substrate prior printing. The scale bar represents 500 pm.

For photovoltaic applications we prepared homogeneous films by inkjet printing of
polymer:fullerene blends.”® Therefore, two polymers and two fullerene derivatives were
studied in various blend ratios in a combinatorial screening. Inkjet printing was used as a
precise and fast dispensing technique for the preparation of thin film libraries.
Morphological and optical properties of the inkjet printed films were investigated and

compared to other deposition techniques, like spin-coating. It was found that inkjet printing



allowed a combinatorial workflow from film preparation to property investigations. A
selection of the inkjet printed polymer:fullerene samples are currently being tested for their

performance in organic solar cells.

4. Inkjet printing of functional materials

In order to achieve the multi-micron feature resolution typically associated with rapid
prototyping techniques, inkjet printing was considered as a synthesis tool. This new
technique is also called reactive inkjet printing, and is a precise method for building up
small structures using certain reactive materials.*” Towards this aim, the synthesis of
polyurethane-based materials was seen as a particularly illustrative example. The
chemistry of this involves the preparation of two separate inks, one containing a diol, and
the second containing a diisocyanate. In our experiments we have used hydroxyl-
terminated telechelic poly(propylene glycol) (PPG) as diol and isophorone diisocyanate
(IPDI) as diisocyanate. The reactive components were inkjet printed from separate nozzles.
The droplets merge on the substrate and polymerize in-situ to form a solid polyurethane
(PU) structure within three minutes. The addition of a fluorescent dye allowed for the
investigation of the system with confocal laser scanning fluorescence microscopy, and
showed the homogeneous mixing of both solutions on the substrate. This fast, in-situ
polymerization reaction that forms solid PU at the surface opens a new route for rapid-
prototyping and multi-micron-PU structures on surfaces. The resulting structures were

measured using optical profilometry, as shown in Figure 2.

pm

58.7

0.0

Figure 2. Five inkjet printed lines of in-situ formed polyurethane. From top to bottom, the
parallel lines consist of an increased number of layers, where each layer consists of two
print runs from both reactants. From top to bottom the number of layer decreases from 5 to

1, respectively. Reprinted from Ref. [24].



Furthermore, inkjet printers have been used in several studies in order to produce a series
of equal-sized droplets, which allowed the reduction of errors in the measurements and
significantly increased the experimental reproducibility.”” For example, the deposition
behavior of uniformly sized silica particles in drying aqueous droplets has been
investigated to gain an improved understanding of the coffee drop effect.!'” When aqueous
droplets consisting of monomodal silica microspheres were inkjet printed, the 'coffee ring'
effect was observed. However, the exact location of the microspheres strongly depends on
their size: large particles sediment further away from the contact line than small particles,
hence the 'coffee rings' from large particles were smaller than those from small particles.
When the contact angle is increased to 90° or higher, the discrimination of particle size
vanishes and all particle sizes show a similar dried droplet diameter on a substrate with a
low surface energy (Figure 3). This observation of a self-organization is very important for

the fabrication of photonic crystals. These materials show interesting properties for
[26]

manipulation of light due to their photonic bandgaps.

Figure 3. Scanning Electron Microscopy (SEM) images of silica particles with a particle
diameter of 0.33 um (a), 1 um (b), and 3 um (c) on OTS coated glass slides. Reprinted
from Ref. [19].

5. Summary

The main advantage of printing lies in its flexibility, low cost, ease of processing and its
potential for mass production. Therefore, inkjet printing is an attractive tool for combina-
torial screening of functional materials for printed electronic applications. Inkjet printers
can be used for the preparation of well-defined thin-film libraries that allow a fast and
efficient characterization of their optical and morphological properties. Upon variation of
the ink composition or the printing parameters, the structure-property relationship between
ink and processing can be identified, which is important for functional device preparation
in plastic electronic applications. In combination with the in-house synthesis of various
promising conjugated polymers, we can close the loop from materials research to

functional device properties.
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Signal translation across the biology-technology interface has been a long-standing
challenge all since the early experiments of Luigi Galvani in the late 18th century. Charge
polarisation at metal-biology interfaces has widely been used to sense or induce signalling
in systems of various eukaryotic species. In organic electronic materials the signal carrier
can include ions, electrons, peptides etc, which makes them promising to transduce bio-

identical signals into electronic ones, and vice verse.

We report and review progresses achieved during the last years in our group regarding
using organic electronics to regulate physiology and growth, of epithelial and neurons, and

as a prosthesis technology to regulate sensory functions of mammalians.

REDUCED OXIDISED

Figure 1. Left, an illustration of ESS manufactured along the floor of a Petri dish. Right,
Fluorescence microscopy images of MDCK cells grown along the PEDOT.Tosylate ESS pads,
switched to the reduced and oxidised state, respectively. Cells adhere in much greater density
and forms tissues only along the reduced electrode /1]

In one technology, electronic surface switches (ESS) have been explored as a dynamic cell
hosting surface, enabling regulation of the seeding, spreading, proliferation and also the
release of cells and tissues. The ESS devices are composed of electrode pads based on
PEDOT:Tosylate or similar materials. As the electrochemical state of these electrodes is
changed, the binding characteristics for matrix proteins are controlled. This dictates the
conformation of the matrix proteins, which further regulates the binding and spreading of
cells along the surface [I]. Those pads can also be incorporated within the channel of

electrochemical transistors, thus enabling gate- and drain-addressed control of the adhesion
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and growth of cells. Along this transistor channel, electrochemical gradients are formed as
the gate and drain contacts are electrically biased. As cells are seeded along these channels
they mimic the gradients along the channel and forms stratified structures on one side
which gradually converts into tight junction tissues at the other side /2/. We have also

explored using ESS devices to achieve electronics control of the release of grown tissues.

In a second technology, we utilise the combined ionic and electronic transport properties of
PEDOT:PSS to electronically control the release of neutrotransmitters and cations to
regulate physiology, in vitro, and sensory function, in vivo. A source reservoir, containing
the biomolecule to be delivered, is connected via a PEDOT:PSS channel with a receiving
target reservoir, which contains the cells to be stimulated and also associated growth
media. This organic electronic ion pump (OEIP) includes two or more addressing
electrodes to enable electrophoretic pumping of ions from the source to the target reservoir
[3]. The PEDOT:PSS channel, connecting the two reservoirs. has been electrochemically
over-oxidised, which renders the PSS phase ionically conducting but PEDOT
electronically insulating.

ACh
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Figure 2. Left: the miniaturised OEIP device /4/. Middle: the pen-shaped OEIP for in vivo
applications, such as pumping to pump Glutamate in order to regulate the hair cells inside
the cochlear (right) /5/.

This device can be miniaturised to enable regulation of intracellular signalling at very high
spatiotemporal resolution. Further, the device can also be shaped into a pen-like device for

in vivo applications. In this configuration the device has been applied to the round window
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membrane at the cochlear. By electronically pumping Glutamate the sensitivity of the hair

cells are regulated, thus enabling electronic control of the sound sensory function.
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POLYMER-BASED WHITE-EMITTING OLEDS:
FUNCTION AND PERSPECTIVES
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The growing demand for efficient lightning has triggered intense research on solid state
while light sources. One attractive approach is the realisation of large area devices with
white-emitting polymers. Recently, various strategies to attain white emission from single
polymers have been developed. For the commercialisation of such devices, several

problems regarding the efficiency and the colour stability have to be solved.

We investigated the role of charge density, notably hole density, in determining the
emission spectrum and performance of white-emitting polymer diodes fabricated from the
conjugated copolymer shown below. The treatment involved a rate equation approach for
the effective emission zone assuming that trapping of electrons on the deep trap formed by
red chromophores can be treated in terms of first-order trapping rates despite the energetic
disorder present in these amorphous polymers. The polymers investigated here are
especially suited to test the predictions made by the proposed model, the dominant hole
currents allowing for a significant simplification of the equations involved. The model's
predictions concerning the temperature dependence of the emission spectrum are consistent
with experimental results over the whole range of operating voltages. Electrical
conditioning effects of the optical device behaviour were observed and could be
consistently explained using the proposed model by relating the conditioning to an
enhancement of the hole injection barrier at the anode/polymer interface during operation.
Most notably, these effects are quantitatively explained by the model without involving
free parameters. Being based on a faithful decomposition of the emission spectrum into the
contributions of each chromophore, the model additionally allowed for a quantitative
analysis of the electron trapping process. In variance with a previous analysis, trapping by
diffusive electron motion was found to be insignificant for electric fields larger than 10°
V/m. Based on an effective lattice hopping formalism, we calculated that in an applied

electric field, electrons move between conjugated segments that on average comprise four
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monomer units. The low contribution of diffusion-driven electron trapping is found to be

accordance with the notion of diffusion in quasi one-dimensional percolation pathways.

In addition, detailed information was obtained on the efficiency of charge injection into the
active layer. Though the energy scheme shown in Figure 3 suggest that an Ohmic contact
forms between the polymer and PEDOT:PSS, a significant barrier for hole injection was
revealed. Also, the detailed study of the electron transport properties and the current in
electron-only devices showed that the electron current is injection limited. Without doubt,
the development of novel strategies to reduce these injection barriers will further booster

the efficiency of such white-emitting polymer OLEDs.
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Figure 1: Chemical structure of the white-emitting polymer studied here and a polymer

white-emitting OLED driven at high brightness.
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Figure 2: EL spectrum of a white-emitting polymer OLED measured at different bias.
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RECOMBINATION VIA CHARGE TRANSFER EXCITONS IN
POLYMER/FULLERENE BLENDS: THE ROLE OF MORPHOLOGY
AND MOLECULAR CONFORMATION

M. HALLERMANN; E. DA COMO*; J. FELDMANN

Photonics and Optoelectronics Group, Department of Physics and CeNS, Ludwig-Maximilians-University;
Amalienstrale 54; 80799 Munich; Germany

Blends between conjugated polymers and fullerene derivatives constitute a promising
material combination for organic photovoltaics with current efficiencies of up to 6.77%. To
make this technology competitive, a thorough understanding of loss mechanisms in carrier
photogeneration is mandatory. Recombination appears to be a major limit, although a clear
picture on the electronic states and molecular parameters controlling this process is still
lacking.

In this communication, we unravel the origin of charge transfer excitons (CTE) [1] forming
in such blends and we discuss their importance for recombination processes after the initial
photoinduced charge transfer. We show that CTE photoluminescence can be observed in
several material combinations. For example, in conjugated polymers such as poly(3-
hexylthiophene) and poly(phenylenevinylene) when blended with the fullerene acceptor
PCBM. By combining transmission electron microscopy and photoluminescence
spectroscopy, we show that CTE recombination is only slightly influenced by the
mesoscopic morphology. Surprisingly, large differences in CTE recombination have origin
in the polymer chain conformation. [2] We discuss new insights on limiting recombination

via CTE in polymer/fullerene solar cells.

[1] M. Hallermann, S. Haneder, and E. Da Como, Applied Physics Letters 93, 053307
(2008).

[2] M. Hallermann, I. Kriegel, E. Da Como. J. M. Berger, E. von Hauff, J. Feldmann,
Advanced Functional Materials, 19, 3662 (2009).
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LOW-COST FABRICATION OF OLED-SUBSTRATES FOR LARGE-
AREA LIGHTING: THE APPLICATION OF PRINTING
TECHNOLOGIES FOR OLED-SUBSTRATE STRUCTURING

M. HASSELGRUBER'; U. TODT'; F. FINGER'; C. MAY'; R. BAUMANN?

! Fraunhofer Institute for Photonic Microsystems (IPMS); Center for Organic Materials and Electronic Devices
Dresden (COMEDD); Maria-Reiche-Strafie 2; 01109 Dresden; Germany
2PmTUC Chemnitz, Reichenhainer Str. 70, 09126 Chemnitz, Germany

Beside conventional inorganic LEDs, OLEDs are considered as the solid-state-lighting
technology for new flat, large-area, and efficient lighting solutions. However, in order to
achieve a large market penetration in a segment like lighting, the cost issue of the complete

fabrication chain is the major key for commercialisation.

Currently the standard manufacturing process for OLED-Substrates is photolithography, as
this is the mayor structuring technology for MEMS, LCD or OLED-Display application. In
the field of OLED signage and lighting alternative structuring technologies have the
potential for considerable cost saving compared to standard photolithography. This is
realized with much less requirements for the structuring resolution of the OLED-substrate
layers. A first cost price reduction can be already reached when high resolving LCD
lithography equipment would be replaced by less accurate printed-circuit-board
lithography equipment. Printing technologies like screen printing or ink-jet are even more
cost-effective and capable of providing the structuring of all layers needed for OLED

substrates.

The Fraunhofer IPMS has developed a printing process with respect to the requirements of
large area OLED substrates. This substrate fabrication process is fully based on the thick
film technology screen printing. IPMS has established a screen-printing line for the
fabrication of OLED-substrates on Gen.2 glass (470x370mm?). These substrates are used
for pilot production of OLED panel for signage and lighting within the Center for Organic
Materials and Electronics Devices in Dresden (“COMEDD”, cp. /1/).

The process flow can be seen in the fig. 1. It offers inexpensive and straight forward
structuring of the transparent anode (Indium Tin Oxid, ITO), the metal shunt lines
(metallization) and the passivation layer. The structuring facilities are installed in a clean
room class 10 at the IPMS and include the following setup:

- A handling system, supporting batches of 20 substrates with a substrate size of
370x470mm?

- An automatic screen printer providing a tact time below Imin
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- A clean room oven for annealing

- Divers cleaning facilities with mega sonic, ultra sonic and different tenside bathes

Polymer pastes are used as materials for screen print. Contrary to widely used pastes based
on glass particles, polymer pastes require lower firing temperatures of <200°C, which is

essential for sustaining the quality of the ITO-coated glass substrates [2].

G
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| 150°C Cleaning )
[ cuing _s, (N G.ing _
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Deposition of 3 Encapsulation =3 |

organic material

Figure 1: Production flow for the alternative structuring of OLED-substrates via screen
printing

The ITO layer on the glass substrate is structured using an ITO-etch paste. The screen-
printed etch-paste is activated under nitrogen atmosphere at 150°C. After cleaning of the
etch paste, only the structured ITO-layer remains on the glass. The main challenge here
concerns the cleanliness of the process: all residues of the paste have to be removed
without damaging the ITO-surface. Advantages are the abdication of wet etching
processes, low facility costs and high tact time. With the setup of paste and printer a
resolution of 100um for line and space is feasible. No change of the ITO itself concerning
surface roughness or electrical parameters due to the structuring process has been

observed.

In a second step, contact lines and a metal grid are printed upon the anode to adjust the
insufficient sheet resistance of the ITO-layer. The silver filled polymer paste is about 10-20
um thick, which is much higher then common conductive thin films, but required for an
adequate sheet resistance of the metallisation. The development of this process step also
focused on the contact resistivity to the underlying ITO. This should be as good or better

than 30m{/mm? which is state-of-the-art for lithographic structured metallisation. With the
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current setup, a contact resistivity of 26m€)/mm? has been reached. The sheet resistance is

about 22mQ)/ (@ 8um mean thickness). Lines and spaces of about 150um can be printed.

In the last step a passivation layer is added that softens the edges of the metallization and
prevents shortcuts to the cathode or organic thin film layers. The screen printed passivation
has a shape angle of <10° which enables the thin organic layers to be deposited without
ripping. The thickness of the passivation is about 20pum. Both the metallization and the

passivation have to be heated at 130°C for about 1h to expel the solvents.

Screen printed metall

7 Glass substrate

100 pm

Figure 2: lateral picture of the screen printed layers of an OLED substrate

With the current setup, the manufactured OLEDs on screen printed substrates reach
performance parameters comparable to substrates structured by lithography as can be seen
in the table below. Especially driving voltage and luminous efficacy (indicator for
appropriate anode and metallisation parameters) as well as the reverse current density (an

indicator for the quality of the passivation) are as good as on state-of-the-art OLED

substrates.
Driving voltage [V] @ 1000 cd/m?
Substrate type Min Typ Max
Lithografic 2,55 2,62 2,68
Screen printed 2,39 2,60 2,74
Revers current [mA/cm?] @ -5V
Min Typ Max
Lithografic 0,0003 0,12 0,87
Screen printed 0,04 0,24 0,88

Tab. 1: Driving voltage and reverse current for an orange PIN-OLED
on lithographic and screen printed substrates
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Organic electronics seems to be ideally suited for the interface with biology. The “soft”
nature of organic materials offers better mechanical compatibility with tissue than
traditional electronic materials, while their natural compatibility with mechanically flexible
substrates suits the non-planar form factors often required for bioelectronic implants. More
importantly, their ability to conduct ions in addition to electrons and holes opens up a new
communication channel with biology. I will review recent progress in the field and
subsequently focus on two emerging areas: (a) The development of biosensors using
conducting polymer transistors, and in particular their integration with microfluidics to
create multi-analyte sensors, and, (b) the development of active substrates for cell growth,
in which a potential applied on a conducting polymer substrate controls cell density and

morphology.
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NEW ARCHITECTURES FOR THE ORGANIC TRANSISTOR
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The interest in organic transistors is growing worldwide as new applications are emerging.
Among the most appealing advantages of these devices are the possibility of using low-
cost, large throughput fabrication methods based on printing techniques, and the feasibility
of the device on flexible substrates. Moreover, the performance of organic transistors has
substantially increased during the last years to reach a level at which its utilization in less
demanding applications, such as radio-frequency identification (RFID) tags or active
matrices for liquid-crystal (LCD), or even organic light-emitting diode (OLED) displays,
can be envisioned. Up to now, the large majority of organic transistors were built according
to the insulated-gate field-effect geometry, in which the gate electrode is isolated from the
organic semiconductor active film by an insulating dielectric layer. However, a major
drawback of this architecture is an operating voltage of a few tens of volts, which
considerably restrains its development in practical applications. For this reason,
considerable work has been devoted to the development of ultra-thin dielectric films, for
instance with the help of self-assembled monolayers, where the thickness of the insulator is

reduced to a single molecular layer.

In the present communication, we present two alternative architectures that have been
investigated in our group. The first one is characterized by the absence of any gate
dielectric. Instead, the gate is made a non-injecting electrode, a structure that more or less
mimics the metal-semiconductor field-effect (MESFET) architecture. Like in its inorganic
counter-part, the organic metal-semiconductor (MS) transistor is a normally on device; that
is, the maximum current occurs when no voltage is applied to the gate. However, we show
that, unlike the MESFET, the organic MS structure does not operate through the
modulation of a space charge layer width. This statement primarily rests on a careful
analysis of the operating mode of the organic metal-semiconductor diode, in which the
current is controlled by the injection at both electrodes. First results on a numerical
simulation of the organic MESFET will be presented. We will show that the shape of the
current-voltage curves is mainly controlled by the density of free charges and the heights

of the injection barrier at both the source and the gate electrodes.
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In the second structure, the gate dielectric is replaced by a simple droplet of pure water in
which the gate electrode is dipped. The main advantages of the structure reside in the
simplicity of its realization and the fact that the device operates at very low voltages (less
than 1V). Typical transfer characteristics are shown in Figure 1. The curves were obtained
with a rubrene single crystal, and two different gate electrodes, gold and tungsten. A
noticeable feature in these curves is the fact that the threshold voltage is significantly
dependent on the nature of the gate electrode. This is due to the limited operating voltage
range, which lies within the variation of the work function of the gate electrode. The

operating mode and other limitations of this structure will be discussed.
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Figure 1. Transfer characteristics of a water-gated rubrene single crystal organic transistor,

under semi-log (left scale) and square-root (right scale) plots, with two different gate

electrodes (Au and W). The curves were recorded under a drain bias of 0.85 V.
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Since the discovery of light emission from organic field-effect transistors (OFETs) in 2003

by Hepp et al.1, OFETs have become an interesting device for the investigation of ambipo-

lar charge transport and might even serve in the
ource near future in highly integrated optoelectronic

'Recomb _‘ B systems. In this contribution, recent progress on
zone | i organic light-emitting field-effect transistors will
' be reported. First, the importance of the gate in-

sulator and the charge-carrier injection proper-
ties at the source and drain contacts on the

OFET performance will be reviewed?2, 3. It will
be demonstrated how ambipolar transport can be
initiated and suppressed by the choice of an ap-
propriate dielectric or contact metal allowing for
a spatially controllable recombination zone or

Fig 1: Optical micrograph of a light-emitting field-effect
transistor. The device consists of: a PMMA gate dielec-
tric, F8BT and Au source / drain terminals. The optical
micrograph was takén at gate and dram‘volFages of 55V IlOt4. Sec ond, the performanc e of amblp olar
und 100 V, respectively. The recombination zone ap- R . R K R
pears as a narrow luminescent line in the middle of the  light-emitting field-effect transistors will be dis-
transistor channel. cussed (Fig. 1). Using luminescent organic mate-
rials the position of the recombination zone is
monitored by optical microscopy and in combination with the emitted light intensity and
current-voltage characteristics a comprehensive set of experimental data is available to
characterize the OFET. Using this complementary experimental data the impact of the con-

tact formation between semiconductor and source and drain electrodes in bottom-gate, top-

contact transistors on the luminescence-voltage characteristic is unveiledds 6. It will be
shown that for good contacts, the luminescent region moves from one of the employed
electrodes across the organic semiconductor thin-film to the channel which is finally trav-
ersed. This property is ultimately used for the realization of a light-emitting field-effect

transistor changing its emission colour by adjusting the applied bias”.

In order to realize ambipolar light-emitting field-effect transistors balanced charge carrier
transport properties are of inherent importance. In this context, it can be demonstrated on
basis of a selection of polymeric insulators that the polarity of organic thin film transistors
is not only sensitive to the transport properties of the semiconductor but rather on the di-

electric employed2. Using an insulator allowing for ambipolar charge-carrier transport it is
then only a matter of the appropriate metallization of the source and drain contacts to de-

fine whether the transistor acts unipolar n-type, unipolar p-type or even ambipolar3. Again
ambipolarity requires balanced charge carrier injection properties meaning that comparable
injection rates for electrons and holes should prevail.

Balanced charge carrier injection properties at the source and the drain contacts can be re-
alized by using the same metal for electron and hole injection with a Fermi level centring
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the bandgap of the used semiconductor. A prominent example is the poly(9,9-di-n-octyl-
fluorene-alt-benzothiadiazole) (F8BT) based light-emitting thin film transistor with a

poly(methylmethacrylate) (PMMA) gate insulator and gold source and drain contacts8. A
transistor comprising such identical source and drain contacts is strongly impeded by the
prevailing large injection barriers and hence, the description of the current voltage behav-

iour requires an extension of the existing analytical ambipolar OFET model? towards a

barrier limited charge carrier injection rate into the transistor channel®. The simulated elec-
trical characteristics including such a barrier reproduce well the experimental observations.
With respect to the luminescence properties, the transistor essentially emits in the ambipo-
lar regime. Approaching the unipolar transistor regime the emission region moves towards
one metal contact and finally the channel depletes from one of the charge carrier species
and light-emission stops.

The transistor characteristic changes once the injection barriers are reduced by choosing
low and high work function metals for electron and hole injection, respectively, while still

maintaining the balance in injection barriers3: 3. Once good contacts are achieved for elec-
tron and hole injection the light emission of the transistor retains even in the unipolar re-
gimes. Since the current is smallest in the ambipolar regime and increases strongly once
the transistor is driven towards the unipolar regimes, the emission intensity can be strongly
increased even though the luminescence efficiency is reduced due to the emerging prox-
imity of the emission zone and the contact metal.

The discrepancy in the emission characteristic of the different transistor types can be un-
derstood on basis of the contact formation between semiconductor and metal. Contacting a
metal and an organic semiconductor with different work functions carriers will diffuse
from the metal into the semiconductor establishing space-charge regions in both materi-

als10. The self induced electric field of the carriers prevents a deep penetration of the car-
riers in the semiconductor and the metal and thus a charge carrier reservoir establishes in
the organic semiconductor in the vicinity of the metal contact. Whether this reservoir re-
mains even under an external bias naturally depends on the injection rate across the
metal/semiconductor interface refilling the reservoir and thus on the charge carrier injec-
tion barrier. For low barriers, the reser-
voir can be hardly depleted and the con-
tact does not limit the current. Now,
driving an organic transistor in the am-
bipolar regime the established reser-
voirs supply sufficient electrons and
holes to the channel where they recom-
bine. However, once the transistor en-
ters the unipolar regime only one reser-
voir feeds the transistor channel, the
carrier traverse the channel and the
semiconducting thin film and are
Ca | Po— AU ejected into the reservoir of the com-

e 3 plementary carrier species established at
the counter electrode. The device emits

gate light even in the unlpol.ar regime.
The depicted mechanism can be used
Fig 2: Possible positions of the recombination zone in a light emit- to desien an organic licht-
ting OFET with a double layered transport stack. Dependent of the - g g g
applied biases the emission zone moves from on luminescent mate- emitting field-effect transistor

rial to the other thus changing the emission colour of the light-
emitting field-effect transistor.
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V=0V and 80 V (b) electroluminescence spectra at different Vg
and Vp=100 V

whose emission colour can be controlled

by the applied bias”. The realized bot-
tom-gate, top-contact transistor consists
of a double-layer structure of two differ-
ent acenes, namely tetracene and ditetra-
cene', which possess different bandgaps
and thus emission colours. The light-
emitting OFETs include balanced low-
barrier contacts for electron and hole in-
jection made out of Ca and Au, respec-
tively. As gate insulator a
Si0,/polyvinylcyclohexane (PVCH)
double layer is used. To change the
emission colour we use the property that
the emission zone in such a light-
emitting OFET can be moved from the
established reservoir of one contact
through the double layer stack towards
the channel and further to the counter
electrode by simply changing the applied
biases. As a consequence, the emission
zone will move from one organic layer
to the other thus changing the colour of
the emitted light. This is seen in Fig. 2.
In Fig. 3 the emission spectra for a series
of gate biases V' at a given drain bias Vp
of 100 V clearly demonstrate the change
in emission colour. In CIE coordinates, a
shift from (0.42, 0.57) to (0.59, 0.41) can
be achieved by changing V' from 0 V to
80V. On the one hand, the colour
change supports the above depicted sce-
nario of the movement of the recombina-
tion zone in ambipolar light-emitting
field-effect transistors with ohmic con-

tacts. On the other hand, the realization of the voltage controlled colour change in one light
emitting pixel envisions a broad applicability of light-emitting organic field-effect transis-

tor in the future.
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DEVELOPMENT OF VERTICAL-TYPE METAL-BASE
ORGANIC TRANSISTORS
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The vertical-type organic transistor is a promising device structure that can make the
channel length much shorter, leading to low voltage and high current operation. So far
several vertical-type devices have been proposed, polymer grid triodes [1], organic static
induction transistors [2], organic/inorganic hybrid transistors [3], and unique architecture
vertical transistors [4]. However, these devices often require complicated fabrication
process and suffer from poor reproducibility. Recently, we have reported a high
performance vertical transistor having a simple layered structure composed of
organic/metal/organic layers [5,6]. This device was named a metal-base organic transistor
(MBOT), because the inserted middle electrode behaves like a base layer in the bipolar

transistors. emitter

Figure 1 shows the device structure and

measurement system. The device was fabricated by Ag(30nm v L
[ =
vacuum deposition. The first organic layer Can (190pif) Al (20nm) =7 o v,
(collector  layer) of  perylenetetracarboxylic Me"[Z(20mm le
ITO~= collector

derivatives (Me-PTC) was deposited on an ITO
glass substrate of a collector electrode. The base
electrode of aluminum was deposited with a o ™0 0

lc C\
thickness of 20 nm. Here, the device was subjected "sC'"\cc,"'cHs
to heat treatment in air to reduce off current [7]. The ® MePTC Cop
second organic layer (emitter layer) of Cgp and the

emitter electrode of Ag were deposited. Figure 1 The device structure of the
metal-base organic transistors and the

chemical structure of used materials.
The current modulation was measured in the

glove box using emitter common circuit (Figure 1) with two sets of source measure unit.
The output collector current (I¢) was measured for sweeping input base voltage (Vg) under
constant collector voltage (V¢).

Figure 2 shows the typical current modulation characteristics (Ic — V¢ curves at various
V3) for the MBOT. The output current was markedly increased by base voltage application
with 5 orders of magnitude. It should be noted that very large output current density
exceeding 100 mA/cm” was obtained with low operation voltage of V¢ =5V and Vg =2V.
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Figure 2 Typical modulation characteristics of the MBOT, (a) output current modulation
characteristics (Ic-Vg curves), (b) current amplification factor (hgg).

The current flow in the MBOT device is shown in Figure ‘[ i 3 “ @1 1
3. In this case, the input base current (Ig) remains small value | N L =T
e in spite of Vg application; therefore, input base current (Ig) et Vs £1c
can be amplified to large output current (I¢). This behaviour —b=eleer ’——’T_VC

can be quantified by current amplification factor (hgg), that is
Figure 3 The input and

. ) . output current flow in the
Typical value of hgg in MBOTs is several hundreds. MBOT device.

defined as the ratio of the change in I¢ to I for Vg application.

The operation mechanism of the MBOTSs can be explained
by the energy diagram as shown in Figure 4. In the off state
(Vc>0, Vp=0), output current is small because the electron injection from the base
electrode is blocked by heat treatment [7]. In the on state (V>0, Vg>0), electrons injected
from the emitter electrode can pass through the base electrode with high probability. As a
result, almost all electrons can reach the collector electrode leading to large output current
(Ic). Small part of electrons falls into the base electrode leading to input current (Ig). This
is why large current amplification can be achieved in this system.

Injection

(b) |

(a)

Ag Ceo Ag

emitter emitter

Figure 4 The energy diagram of MBOT, (a) in the off state (Vc>0, Vg=0), and (b) in the on
state (Vc>, Vg>0).
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The transmission mechanism has not been 2

clarified in detail. Unfortunately, there are few kinds >

of materials showing amplification in the MBOT. In E i 44 % 4.2 %
our knowledge, this combination of Me-PTC as a § ° ﬁ) Me-PTC Can
collector layer and Cgp as an emitter layer brings I os 3

about the best performance. One of important
parameters is the LUMO level of the wused Figure 5 Energy levels of organic

semiconductor material. Figure 5 shows the energy  Semicondcutors and electrodes used
in the MBOT.
levels of these materials and electrodes. We can say
that enough deep LUMO levels are necessary for
smooth transport of electrons from the emitter to
collector leading to current amplification.
The MBOTs are generally fabricated on the ITO

glass substrate. Therefore, it can be easily fabricated

on an ITO plastic substrate. Figure 6 is a picture of
the MBOT device fabricated on a polyethylene Figure 6 The MBOT device
naphthalate (PEN) substrate. The device showed fabricate on aflexible ITO substrate.
almost same performance with that on the ITO glass
substrate.

In conclusion, the metal-base organic transistor has novel and promising device
structure that can be fabricated simply and achieve low voltage and high current operation.

In addition, its unique function of current amplification would be more suitable for analog

amplifier and wireless communication rather than organic field-effect transistors.
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Organic semiconductors have been utilised in many applications, e.g. OLEDs, OFETs,
OPV, RFID tags [1,2]. One application of organic semiconductors that is currently
emerging is their use in sensor systems. The versatility of organic chemistry allows the
attachment of specific recognition sites, the most celebrated example being the work of
Swager and others on the optical sensing of explosives such as TNT, with a functionalised
poly(p-phenylene ethynylene) [3]. A more generic, electronically read, organic
semiconductor-based sensor concept is the ‘chemiresistor’, where the electrical resistance
of a material is monitored during analyte exposure [4]. Recently, sensors based on organic
field effect transistors (OFETs) have received increasing interest [5,6]. The OFET’s
source—drain current, /sp, in the ‘on’ state is orders-of-magnitude larger than in the ‘off’
state with no gate voltage applied and most OFET-based sensor research has used the
OFET as an ‘amplified’ chemiresistor [7-9]. In principle, however, OFET sensors allow a
more sophisticated mode of operation, where the transistor undergoes a full
characterization rather than simple monitoring of /Isp. The most common ‘full
characterisation’ of an OFET comprises the recording of a saturated transfer characteristic,
that is Isp vs. Vg, with source—drain voltage (Vsp) kept larger or equal to V. A saturated
transfer characteristic allows separate extraction of carrier mobility, u, threshold Vr, and
off-current, or on/off ratio. The full characterization gives a ‘multiparameter’ data set that
gives a more selective odour response. Torsi et al. [10] have reported extensively on OFET
sensors under multiparameter characterisation, showing enhanced selectivity thanks to the
simultaneous extraction of several parameters.

Saturated transfer characteristics are typically recorded with expensive
semiconductor parameter analysers, which are slow, immobile due to their weight and
dependent on mains electricity. For a truly portable, low cost, multiparameter sensor
system, we require a low-cost, battery powered unit that returns multiparameter data in real

time.
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In this presentation the selective detection of airborne analytes in real time using
arrays of organic field-effect transistors (OFETs) based on libraries of polytriarylamines is
demonstrated. [11] The fabrication of OFETs with low voltage operation is discussed and
the rapid characterisation of the performance of these devices using the “Gain” method
presented (see Figure 1).[12] The use of multiple parameters — on resistance, off current
threshold voltage and mobility — collected from multiple transistors coated with amorphous
semiconducting polymers gives dramatic improvements in the specificity and speed of

sensing of arrays of OFETs.[13]
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Figure 1: Characterisation of a PTAA OFET using the “Gain‘ method in less than 1s.

Computer-controlled data collection allows the identification of analytes in real-time,
with a time-lag between exposure and detection of the order of a few seconds. The
incorporation of genetic programming into the analysis of the collected data is
demonstrated to be an effective method for the identification of patterns in the

multiparametric data obtained.[14]
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MATERIAL CHALLENGES FOR PRINTED ELECTRONICS

S. Kirchmeyer*, H.C. Starck Clevios GmbH, Chempark Leverkusen, Building B 202,
51368 Leverkusen, Germany

Printed electronics is believed to open a field of low-cost electronics with new fields of
applications. Printing semiconductors, conductors and dielectrics will be a critical task to
fulfill cost targets. We will discuss challenges facing this technology which result from the

properties of materials during processing and during operation of the devices.

Integrated electronic circuits are constructed from a manifold of active electronic
components like diodes, transistors and passive components like e.g. resistors. The vision
of printed electronics includes the mass-printing of interacting circuits, photovoltaic cells
and displays at low costs. Therefore the availability of low-cost printing processes with

high accuracy will be critical for this vision to become true.

Besides sophisticated electronic structures like transistors also energy sources will be
needed. Organic solar cells and printable batteries might be options, RFID-tags may
operate using the energy absorbed from an electrical field. But even silicon based chips
have not been able to integrate another important passive component into the chip:
capacitors. Capacitors are needed for the signal processing devices and to ensure a stable
energy supply during operation. Limited attempts have been made to produce capacitors by
printing techniques. Capacitors with high capacity i.e. high surfaces will be difficult to

manufacture by printing organic materials.

Single components that form the integrated chip will be made by combining three basic
materials being conductors, semiconductors and dielectrics. The development of materials
is still ongoing, the main challenges being charge carrier mobility and llifetime for
semiconductors and conductivity and transparency for conductors. Polymeric conductors
have become mature technical materials available in technical quantities. Polymeric and
organic semiconductors have experienced a rapid development within the last 10 years.
Dielectric polymers and inorganic printable conductors, semiconductors and dielectrics
complement the portfolio of materials for printed electronic devices. Polymeric dielectrics
are already available but so far compared to inorganic dielectrics exhibit only limited

dielectric constants.
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All materials employed will need to match the intended production processes. Regarding
suitable production processes the discussion is still ongoing. In the meantime it has become
clear that the production of complex electronic devices will need a combination of several
deposition techniques each selected by the intended electronic structure. A challenge will

be to meet the cost target in case of complex combinations of deposition techniques.

Homogeneous, highly smooth layers will be required as transparent electrodes which may
be achieved eiher by coating or printing as well. Coating is a suitable technique for highly
smooth layers, but will have the disadvantage that in most cases some structures will be
necessary, e.g. OLED’s will require non coated areas near the edge needed for sealing. Silk
screen, ink jet and gravure printing have been proven to be suitable for large area
homogeneous printing, but the challenge will be to meet the desired smoothness in the sub

nanometer level.

Metal electrodes for source, drain and gate in OFETs are most commonly deposited by
photolithographic etching or by evaporating metals through a shadow mask to achieve
small patterns with dimensions in the order of microns. Polymers like PEDOT:PSS for
gate-electrodes were deposited by screen printing technique.' The resolution of the pattern
is limited to approximate 100 um defined by the coarseness of the screen. Recently the
resolution of screen prints has rapidly progressed and a resolution of 20 um might be

achievable.

For ink jet printing a concept has been proposed that allows the deposition of PEDOT:PSS

electrodes with a channel resolution of L = 5 um using the segregation of surfactants.”.

An approach to reach high resolution electrodes was realized for PEDOT:PSS by self-
alignment employing ink-jet deposition on structures made by contact printing of a self-
assembled monolayer (SAM), which turns the surface hydrophobic at those parts where
PEDOT:PSS-wetting should be inhibited . However these processes will still face

challenges during scaling into the technical scale and adoption for high printing speed.

Vertical interconnects (vias) will be essential to connect lines and have been accomplished
by creating contact holes with standard photolithography subsequently filled by
PEDOT:PSS.* For real production processes it will be necessary that the vias are solely

produced by printing.

For the material manufacturers it has become clear that all materials will have to be

adopted to the intended deposition techniques and the desired function. For example, the
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formulation of the conductor PEDOT:PSS will be not only quite different for ink jet and

silk screen printing but also for homogeneous layer and fine line printing.

Another challenge will be the design of material interfaces. The interface of PEDOT and

semiconductors in OLEDs have been extensively studied since degradation of the interface

have been made responsible for their limited life times. Similar issues can also be expected

for the interfaces between semiconductors and conductors in organic transistors, OPV and

organic sensors. This problem may be expected to become even more severe if organic and

inorganic materials are combined in devices.
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The abstract of the lecture Professor Jabbour
entitled
“Interfacial effects in photovoltaics and progress in
printed Quantum Dot LEDs”

was not available to the editorial deadline.
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“Reliability and failure mechanisms of
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ON THE RELATION BETWEEN THERMAL TRANSFORMATIONS
AND MORPHOLOGICAL STABILITY OF POLYMER:FULLERENE
SOLAR CELLS

G. VAN ASSCHE'; J. ZHAO!; F. DEMIR'; N. VAN DEN BRANDE'; S. BERTHO?;
D. VANDERZANDE?; B. VAN MELE!

'Vrije Universiteit Brussel; Research unit Physical chemistry and Polymer Science; Pleinlaan 2;
1050 Brussels; Belgium

*Institute for Materials Research; Hasselt University; Wetenschapspark 1; 3590 Diepenbeek;
Belgium

High-performance polymer solar cells based on regioregular poly(3-hexyl thiophene)
(P3HT, donor) and [6,6]-phenyl Cg;-butyric acid methyl ester (PCBM, acceptor) represent
the current state-of-the-art in organic photovoltaics.'” Reaching the highest efficiencies for
these devices requires an optimum bulk heterojunction morphology, consisting of a co-
continuous network with a maximum interface area and a mean domain size of 5-10 nm.>
Such a morphology can be approached by post-production thermal annealing processes,
during which reorganization, aggregation, and further crystallization within the initially
amorphous or nanocrystalline deposited films result in the formation of “larger” well-
organized domains.”" In general, the initial morphology of the deposited blend films is the
result of a kinetically frozen phase separation or crystallization. Consequently, both
thermodynamic and kinetic parameters are responsible for the morphology obtained.*'*!?
In this contribution, we will present a comprehensive study of the phase behaviour of
P3HT/PCBM blends over the whole composition range and compare it to the phase
behaviour obtained for other conjugated polymers. These phase diagrams are of key
importance to gain a fundamental understanding and control of morphology development
in said blends of donor-acceptor materials.'®'” Moreover, it should be emphasized that the
phase diagram is essential in the understanding of the long-term stability of the blended
film morphology and consequently of the photovoltaic performance of the corresponding
solar cells.'® It has in fact been demonstrated that long-term operation of various types of
polymer/PCBM solar cells (including P3HT/PCBM) at elevated temperatures results in a
significant change of the film morphology and a remarkable decrease of the photovoltaic
performance. '’

In this paper, the use of advanced thermal analysis techniques to obtain the phase diagram
for polymer/PCBM blends will be discussed. The use of conventional and modulated
temperature differential scanning calorimetry (DSC and MTDSC, respectively), as well as
fast-scanning differential scanning calorimetry (RHC) to obtain the transition temperatures
and kinetics will be discussed.
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Figure 1. Phase diagram of P3HT:PCBM blends displaying the melting 7,

crystallization 7., and glass transition 7, temperatures.

The knowledge about the phase diagram of these blends has important implications on the
operating window for the thermal annealing and on the expected long-term thermal
stability of the morphology in solar cell applications.

The isothermal annealing of P3HT:PCBM blends was studied from 60°C to 160°C using
RHC. As the heat flow during annealing is too small to be measured accurately, the
subsequent melting of the annealed sample was studied (Figure 2). In many cases,
crystallization during heating is observed prior to melting.
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Figure 2. Heating at 250 K/min of a quenched P3HT:PCBM 50:50 blend after
isothermal annealing at 60°C, showing the glass transition, cold crystallization, and

melting.
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Plotting the melting enthalpy as a function of the annealing time, accounting for

crystallization during heating, results in sigmoidal curves (Figure 3). These curves were

fitted using the Avrami equation,”’ to obtain the time constant for crystallization. The

reciprocal of the Avrami time constant is a measure for the crystallization rate.
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Figure 3. Melting enthalpy as a function of annealing time for a P3HT:PCBM 50:50
blend for annealing at 125°C and 160°C. Dashed lines are fits of the Avrami model

for crystallization.

Plotting the reciprocal of the time constant versus the annealing temperature results in a

bimodal plot, as has been observed previously for homopolymers.”' The crystallization rate

rapidly decreases as the annealing temperature approaches the melting temperature or the
glass transition temperature the 50:50 P3HT:PCBM blend, as usually observed in
homopolymers. Nevertheless, the results indicate that at 60°C, about 25°C above the glass
transition temperature, the crystallization is nearing completion within about 60 minutes.
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Figure 4. Plots of the crystallization rate 1/{] for a P3HT:PCBM 50:50 blend as

determined by fitting the Avrami model for crystallization.
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At 110°C, it takes less than two minutes for the melting enthalpy to reach half of the final
value, and less than eight minutes to reach 95% of the final value. Microscopy studies of
the morphological development on solar cells have shown that at 110°C PCBM needles are
formed and continuously grow over hours, gradually decreasing the efficiency.'” During
this continued morphological development is a gradual growing of larger, more stable
crystals, at the expense of smaller, less stable ones. The further increase in melting
enthalpy involved in this perfectioning process is too small to be measured using the
presented calorimetric method. However, for an optimal efficiency, reaching a sufficiently
high crystallinity is needed, as it improves the charge mobility, but growing larger needles
is not expected to be beneficial.

Using the calorimetric approach presented, the initial crystallization involved in the
annealing process can be followed quantitatively in a straightforward manner. The results
indicate that the crystallization is advancing in a sigmoidal fashion versus annealing time
and that its rate is going through a maximum as a function of the annealing temperature.
They also strengthen the understanding of the stability of polymer solar cells.
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In bulk heterojunction organic solar cells an essential step of photocurrent generation is the
separation of charges at the donor-acceptor interface due to the generation of charge
transfer excitons (CTEs). CTE generation occurs upon transferring either an excited
electron from the donor lowest unoccupied molecular orbital (LUMO) to the acceptor
LUMO or a hole from the acceptor highest occupied molecular orbital (HOMO) to the
donor HOMO if the exciton is generated in the donor or the acceptor material, respectively.
The presence of CTEs within bulk heterojunctions constituted of P3HT and PCBM or
other donor acceptor blends was revealed by the low energetic emission in the
photoluminescence (PL) spectra of the blends'™ arising from charge recombination across
the donor-acceptor interface. Indeed, CTE dissociation is the dominant process in
P3HT:PCBM bulk heterojunctions as proven by the high external quantum efficiencies
(EQE > 65%) in those blends®’, thus causing weak CT emission intensities'.

Apart from exciton dissociation the direct excitation of the CTE, i.e. a charge transfer
transition from the donor HOMO to the acceptor LUMO, is an alternative way of CTE
generation. In analogy to CT emission, CT absorption energies are below the individual
bandgaps of the pristine donor or acceptor materials®">.

Further possibilities inducing absorption features below the bandgap are disorder and

defect states'*'®

. Disorder or dopants are leading to variations of the energy levels of the
pristine polymer. Consequently, transition energies lower than the HOMO-LUMO gap of
the pristine polymer become possible due to the molecular orbital (MO) energy
fluctuations, i.e. a transition from an energetic HOMO maximum to an energetic LUMO

minimum.

Particularly, there is a high interest to study absorption and emission from CTEs since the
CTE optical energy gap was shown to correlate linearly with the open circuit voltage Voc

. 8,9,1
of the device®™!”

and is consequently a crucial parameter for the device performance.
However, in the case of P3HT:PCBM blends subbandgap absorption was assigned to

exponential absorption tails and defect related absorption processes.'*'® Indeed, in more
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recent studies focussing on the subbandgap region in external quantum efficiency (EQE)

9,10,13,17
520 In some of

spectra low energetic contributions are attributed to CTE absorption.
these studies the EQE subbandgap region is fitted via a peak profile to determine the CTE
optical energy gap.

In our investigations we detected subbandgap absorption in various P3HT:PCBM blends
via photothermal deflection spectroscopy (PDS). In case of low PCBM concentrations (1 —
10 % PCBM content) the subbandgap tails possess exponential character in the EQE
spectra too. With higher PCBM fractions the EQE-values in the subbandgap region get
raised, possessing a maximum for almost balanced blending ratios. Furthermore,
increasing the PCBM fraction goes along with a more pronounced curvature of the EQE
spectrum in the subbandgap region, as exemplarily shown in figure 1 for fractions of 1, 10
and 60 % PCBM. For PCBM fractions higher than 60 % the curvature gets reduced, thus
yielding exponential tails for PCBM fractions higher than 80 %. These trends indicate that
disorder and defect related subbandgap absorption revealed by PDS partially contribute to
the photocurrent. Consequently, the EQE subbandgap region was fitted by a Gaussian
profile accounting for the non-exponential curvature attributed to CTE absorption by

Vandewal et al.’ and an exponential function accounting for disorder induced absorption

tails'® as illustrated in figure 1.

10 4

0,01

13 14 15 16 17 18 19 20
Photon energy [eV]

Figure 1: Subbandgap EQE spectra of P3BHT:PCBM bulk heterojunction organic solar cells
using PCBM weight fractions of 1, 10 and 60 %. The EQE spectra were fitted using
Gaussian profiles to describe P3HT and PCBM peaks (dotted lines, centred at 2.03 and
1.76 eV) and the CTE assigned peak as well as an exponential function accounting for
disorder and defect induced absorption (dashed straight lines).
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Using a Gaussian profile in addition to an exponential function all features of the
subbandgap parts (1.3 — 1.7 eV) of the presented EQE spectra could be reliably reproduced.
For very low and for very high PCBM concentrations the fits yield negligible amplitudes
of the subbandgap Gaussian profiles, thus highlighting the need of using exponential
functions to describe the subbandgap EQE spectra reliably.
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in the frame of SPP 1355 and from the Fonds der Chemischen Industrie.
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Due to options of wet chemical and low temperature processing together with low cost
printing qualitatively new fields of applications for organic/polymeric thin film transistors
have become possible. However, improved performance, e.g. by smaller channel lengths,
is a major issue. For thiophene-based devices on rigid as well as flexible substrates
experimental determination of scaling limits towards smaller dimensions are discussed and
compared with theoretical predictions. Standard field-effect transistor (FET) theory
predicts a maximum bandwidth of uVpg/L? (linear regime case, 1 = mobility, L = channel
length, Vps = applied drain-source voltage). However, this is not observed in AC
measurements of organic transistor bandwidths [1,2]. Crucial additional limitations for the
AC bandwidth not accounted for in the simple formula given above are parasitic
capacitances and contact resistance. Most important parasitic capacitances are between the
gate electrode and the source or drain electrode of the transistor. To assure a proper
covering of the gate electrode with the channel area, the gate electrode has to be structured
larger then the channel area typically by the patterning resolution accuracy and the
obtainable relative alignment accuracy between different layers. Often for interdigitated
source/drain structures the gate electrode will cover the whole interdigitated transistor area
and result in parasitic capacitances originating from the full source/drain electrode area
with the gate. Detailed analysis yields a correction factor a for the maximum frequency of
a = Cep/ (Cen + Cparasitic) < 1, with C;, the channel capacitance with the gate and Cpurasiric
the source+drain electrode capacitance with the gate. Contact properties between the
channel and the source and drain electrodes can be described for larger current levels by a
channel width W normalized specific contact resistance pc = (RcstRcp)-W. Such contact
resistance reduces the effective drain voltage in the channel (linear regime) by AVps =
Ip-pc/ W and modifies the AC response of the transistor. Thus the maximum bandwidth is
further reduced by a second correction factor ¢ = L / (L + L¢) < 1, with L the channel length
and L¢c = pc/Rys the effective contact length. Here, the sheet resistance Ry of the transistor
channel is given by Rs = 1/(uCi{Vss-Vi)) with C; the gate-channel capacitance per area
and Vy, the threshold voltage. In summary, the obtainable maximum bandwidth scales

actually by including both correction factors with a-c-uVpy/L’ and is usually significantly
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smaller than expected. It is shown for small molecules and for P3HT polymer, that channel
length below a few microns usually does not further improve the bandwidth but show even
a degradation of performance with decreasing channel length.

Since the contact resistance is identified as one of the crucial limiting performance factors,
proper analysis and determination if this important quantity is required. While the transfer
line method is one option to obtain the contact resistance data for a materials system from a
sequence of transistors with decreasing channel length, it has specific drawbacks. First, due
to the device-to-device performance fluctuation the determined contact resistance has a
rather large error bar especially for small contact resistances, second, only the total contact
resistance at source and drain together is obtained and no information is obtained if charge
injection or charge extraction represents the major bottleneck at the contact. Alternatively,
Kelvin probe microscopy can provide a detailed electrical potential mapping of the channel
and thus detailed contact properties but is restricted to from the outside directly accessible
channels and vacuum environment. In this context we show that contact resistance can be
accurately determined via mapping the channel potential by patterning additional sensing
electrodes into the active transistor channel. This approach allows for systematic contact
property analysis also in application-relevant buried channels (top-gate configuration) for
various materials and active layer thicknesses. By this approach various systems are
analyzed, e.g. P3HT-field-effect transistors in (encapsulating) top-gate configuration on

flexible plastic foil substrates.

[1] V. Wagner, P. Wdobkenberg, A. Hoppe, J. Seekamp, Appl. Phys. Lett. 89 (2006)
243515.1-3

[2] A. Hoppe, D. Knipp, B. Gburek, A. Benor, M. Marinkovic, V. Wagner, Org. Elec. 11
(2010) 626-631
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Introduction: Since the pioneering work of Béssler [1] much progress has been achieved in
understanding hopping transport in disordered organics. Mainly based on the analysis of
transport data, it is now usually assumed that these materials are characterized by a
distribution of HOMO and LUMO states which is close to a Gaussian one, and which is
sometimes approximated by an exponential one in a limited energy range. Actually, this
Gaussian density of states (DOS) might be only that part of the total DOS which is close to
the gap. For a long time it was essentially the temperature dependency of the mobility
which seemed to be of interest. But then Vissenberg and Matters [2] found that hopping in
an exponential DOS leads to a strong dependency of the mobility on the carrier
concentration. Later Tanase et al. [3] realized that the extreme difference between the
mobility values measured in diodes and field-effect transistors result just from this
concentration dependency. The presence of the Gaussian density of hopping transport
states influences the performance of organic electronic devices in different manner. We

present here an overview emphasizing recent achievements.

Mobility dependencies on carrier concentration and field: The current characteristics of

organic field-effect transistors (OFET) show often a disadvantageous non-linearity at low
drain voltages. For bottom contact (BOC) OFETs, Schottky contacts are often stated as
origin of the non-linearity. It has been shown by us by a mixed mode simulation that for
large ideality factors a Schottky contact only at drain leads to such a non-linearity. But
with the same Schottky contacts at drain and source the effect is covered by the high
resistance of the contact at source. It is demonstrated with detailed two-dimensional
simulations that the combination of the presence of Schottky contacts with a field
dependence of the mobility can cause the non-linearity. For the mobility we use the field

dependent Pool/Frenkel model, and the models of Limketai et al. [4] and
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Fig 1. Dependency of the mobility models on the
carrier concentration and on the field. T, is the
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model shows no saturation. At high

concentrations the mobility resulting from the
Pasveer/Coehoorn model increases stronger than the one obtained with the Limketkai
model. The field dependency is shown in one case for a low concentration in the
concentration dependent models for comparison with the Pool/Frenkel model. The critical
field strength at which the increase in the mobility becomes important is largest for the
Pasveer/Coehoorn model. Above the critical field the Pasveer/Coehoorn model yields a
stronger increase than the other models. For the two concentration dependent models also
the field dependence is depicted for a high concentration. Then the increase with the field

is stronger and at the same time the critical field is slightly decreased.
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The influence of these dependencies on the

device performance has been clarified by
simulations. Simulated profiles of concentrations and fields lead to the understanding of
the mechanism causing the non-linearity [7]. This mechanism is especially effective for the
Pasveer/Coehoorn model which is based on the assumption of a Gaussian DOS for the

hopping transport states. In Fig.2 output characteristics and drain conductance are shown
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for a BOC OFET calculated with a constant mobility and with the Pasveer/Coehoorn
model. It is clearly seen that the non-linearity of the output characteristics (maximum of
the drain conductance at finite drain-source voltage) is caused by the special dependencies
of the mobility if the source/drain work function is low, i.e. if these contacts are of the

Schottky type.

Space charge layers in MIS structures in equilibrium: Space charge layers (SCL) in metal-

insulator-semiconductor (MIS) structures are decisive for the operation of field-effect
transistors (FET). For many organic semiconductors, transport takes place as hopping in
Gaussian or exponentially distributed states. However, existing theoretical descriptions of
SCL and advanced device simulation programs suppose a density of states other than a
Gaussian or an exponential, employing often the non-degenerate limit for the
concentrations. We summarize results of a simulation [8] study for the MIS structure as the
basic module of the FET. For broader distributions, the densities deviate strongly from the
non-degenerate limit which leads indeed in a MIS structure to a strong deviation of the
dependence of the surface electric field (and hence the areal charge) on the surface
potential. However, as one can control only the gate voltage directly, the dependency on
this quantity determines device operation. For the variations of the layer thickness and gate
insulator thickness, and doping in the wide range of interest, this dependency deviates only
slightly from the non-degenerate approximation, essentially in the depletion region by a
flat-band voltage shift. In the accumulation region, which is determinative for FET
operation, the remaining deviation can be removed almost perfectly by considering this

flat-band voltage shift.

Band bending and interface dipole at a organics-metal contact: Considered is a thin

semiconducting layer on a metal substrate which was extensively investigated by
photoelectron spectroscopy to characterize the metal-organics interface occurring at the
source/drain contact of FETs and as anode and cathode in organic light emitting diodes.
For the thin organic layer on a metal substrate, numerical simulations [8] confirm the
applicability of an analytical approximation for band bending and floating potential [9] for
the non-degenerate case and for the exponential distribution. Indeed, for small barriers at
the interface, a band bending of up to the order of 100meV can occur within the first two
nm near the interface. In the interpretation of photoemission data such contribution will

appear as part of the measured interface dipole.
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Fig.3. Dependencies of the Gauss-Fermi
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Carrier concentration: For the full numerical device simulation one has to solve

simultaneously the continuity equations for electrons and holes containing the drift-
diffusion equations for the currents, and the Poisson equation, containing all densities of
charged species. There occurs a serious problem. The dependency of the carrier density on
the local position of the (quasi) Fermi energy needed in the device simulation can be
obtained for the Gaussian DOS only by numerical integration. Such procedure has not yet
been implemented in any of the advanced device simulation programs. And if
implemented, the numerical effciency of the programs will be signifcantly reduced. Thus,
for a Gaussian density of states (DOS) of the HOMO or LUMO the charge carrier density
is needed as the integral over the DOS multiplied with the Fermi-Dirac distribution. We
denote this normalized quantity as the Gauss-Fermi integral G=n/Nj. It cannot be evaluated
analytically and, similarly as in the case of the Fermi-Dirac integral F,,, an analytical
approximation is needed for efficient device simulation. We developed such an
approximation [10] with different expressions in the non-degenerate and degenerate
regions with a continuous and differentiable transition between both regions. The
approximation can be implemented in existing device simulation programs and is also

applicable to traps with a Gaussian DOS.

Einstein relation: A Gaussian distribution of the hopping transport states modifies the

Einstein relation considerably. One has then to use the well-known generalized Einstein
relation, which again can be evaluated only numerically. However, with the analytical
approximations [10] described before, one obtains also for the Einstein relation in this case

a valuable analytical approximation.
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PRINTED CMOS-LIKE INVERTERS FOR FAST-SWITCHING
ORGANIC LOGIC CIRCUITS

M. CAIRONI'"; E. GILI'; H. SIRRINGHAUS'
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Direct-write, solution-based, additive printing techniques' are an emerging and very
versatile approach for low-cost, large-area manufacturing of electronic circuits. Despite
this, the poor resolution achievable with standard tools represents a limit for the operative
frequencies of printed circuits. This issue was successfully addressed by developing a self-
aligned inkjet printing (SAP) technique” based on commercial drop-on-demand systems
which allows the fabrication of metal electrodes with sub-micrometer gaps®*. The SAP
technique is based on printing a first conductive electrode line, modifying its surface with a
self-assembled monolayer (SAM) to become repulsive to the ink, and then printing a
second conductive electrode line along the edge of the first electrode, such that the ink
droplets flow off the first conductive electrode and dry in close proximity, but not in
electrical contact with the first printed electrode. This demonstration opened the question
whether such high resolution printing technique could be capable of defining electrode
arrays with gaps on the 100 nm scale without electrical shorts and with a sufficient
patterning yield and uniformity. Here we report on an improved configuration for SAP
contacts, which enabled the fabrication of low leakage metal electrodes arrays with gaps of
200 — 500 nm with surprisingly high yields of 94-100%". In this new configuration the two
electrodes are printed one at 90° with respect to the other and the channel width (30 — 80
um) is limited and defined by a single droplet. This allows to carefully control the
dewetting process, since this is determined by the fluid-dynamics of a single droplet,
instead of a series of droplets interacting with each other as in our previous work™®. This is
not only of high practical importance, since it moves the technique within reach of
applications, but it also facilitates fundamental scientific understanding of the SAP
process. Moreover, given the limited width of the contacts, it is feasible to correlate defects
along the channel (e.g. observed with SEM) with the leakage current, providing a powerful
tool for failure analysis. In Figure 1 we report the yield and leakage currents of a 6 x 12
array of SAP gold electrodes where all 72 contacts show a leakage current lower than 2 pA
at an applied bias of 10 V. Breakdown voltages higher than 2 MVem™ were measured.

Based on this approach, down-scaled top-gate, bottom-contacts p-type and n-type field-
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effect transistors (FETs) based on high mobility organic semiconductors were developed
using the SAP electrodes as source and drain contacts. The succesful demonstration of
SAP FETs with both polarities is a very important step because it opens up the possibility
to realize integrated SAP CMOS-like inverters, basic building blocks for the development
of complementary logic. Complementaty gates, besides reducing power consumption,
offers higher noise margins than unipolar gates, fundamental for the development of robust
printed logic circuits. To assess the current uniformity of the printed FETs, critical for the
correct operation of circuits where several integrated devices are present, we measured the
ON and OFF drain currents of SAP FETs arrays. In Figure 1 ON and OFF currents of an
array based on 6,13-bis(triisopropylsilylethynyl) pentacene (TIPS-pentacene) p-type FETs
are reported. Apart from the only two shorted devices, the ON current and the ON/OFF
ratio show good uniformity across the entire array, thus demonstrating a good control over

the SAP channels length and width.
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Fig.1: Leakage currents in air at 10 V of single-droplet SAP gold electrodes in a 6 x 12 array (triangles). ON
drain currents (gate voltage of -10 V, filled circles) and OFF drain currents (gate voltage of +5 V, empty
circles) at an applied drain bias voltage of -1 V for a 6 x 12 array of TIPS-pentacene SAP FET with a channel
length of ~ 400 nm, a channel width of ~ 40 um and a ~ 130 nm thick CYTOP dielectric. Only 2 devices are
shorted and the yield is higher than 97%.

Another important requirement for the integration of printed devices in circuits is that the
adopted metallic inks should offer conductivities close to those of bulk metals such as

copper or silver in order to reduce parasitic voltage drops along long printed electrodes and

78



interconnects. Here we replace the commonly thermally evaporated electrode for the top-
level metallization (gate-level) with a silver complex ink TEC-1J-010 (InkTec Co., Ltd.)
which can be converted into a highly conducting electrode at low temperatures (130 °C).
This sintering temperature is compatible with plastic substrates and avoids degradation of
the underlying organic semiconductor and dielectric layers. Thanks to this, fully solution-
processed organic FETs were realized, without the use of any mask during the fabrication

process.
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Organic electronics technology is steadily progressing and first products are appearing on
the market. One target for this technology is the manufacturing of devices such as
transistors for backplane panels and radio frequency identification tags (RFIDs) or printed
organic photovoltaic cells in a cheap mass production like roll-to-roll printing. For this
purpose the development of suitable materials for organic electronics is still one of the key

points to access new application areas with this promising technology.

The most common component in electronic devices are field effect transistors. An organic
field effect transistor (OFET) consists of a gate electrode, dielectric layer, semiconductor
layer, and the source and drain electrodes. The function of the transistor is mainly
influenced by the performance of the semiconductor layer, which depends on the layer
morphology and the interface with the dielectric. (Mass-) Production processes have to be
in a way that especially these interface structures are obtained in an ideal fashion with very
high reproducibility. This issue could be solved if the semiconductor molecules can self

assemble on the dielectric surface to perfectly aligned and dense layers.

Recently, bottom-up designed organic circuit devices using self assembled monolayers of
semiconductors bound to the oxide dielectric surface of the gate electrode were reported
[1]. The potential of this technology was impressively shown by the manufacturing of
electronic devices like inverters, ring oscillators and a 15-bit code generator combining
more than 300 fully functional SAM-transistors by simple dipping of the structured
substrates into the semiconductor solution. We will report on the design and synthesis of

such new organic semiconductor materials which are able to chemically link to oxide
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surfaces of gate electrodes in order to establish self-assembled monomolecular layers with

high ordering of the semiconducting cores.

We have synthesized a range of semiconducting SAM-molecules with diverse anchoring
groups and oligothiophene-based semiconducting components as depicted in figure 1. In
general, the structure consists of an anchoring group, aliphatic spacer, semiconducting
oligothiophene core and an aliphatic end-group. Oligothiophenes were chosen because of
their high charge carrier mobility of up to 1.1 cm?*/Vs [2] and versatile chemistry. The
aliphatic a,w-substitution of the oligothiophene cores facilitates the anisotropic ordering as
is well known for rod-like mesogens in liquid crystals [3,4,5]. The oligothiophenes are also
stabilized against oxidation by blocking the - and -position of the cores and this

functionalization enhances the solubility of the materials as well.
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Fig. 1. Top: schematic representation of the general molecular structure for SAMFETs
consisting of an anchoring group, aliphatic spacer, oligothiophene semiconducting core
and aliphatic end-group; bottom: structural formulas of depicted synthesized SAM-

semiconductors.

Devices were assembled and electrically characterized by the group of de Leeuw at the
Philips Research Laboratories in Eindhoven [1]. For the device structures, silicon wafers

having atomically flat silicon dioxide dielectric surfaces were used. The SAM-
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semiconductors chemically bind to the oxide surface. Chlorosilanes or alkoxysilanes are
generally used as anchoring groups. The formation of the monolayer proceeds then via a
condensation reaction with the hydroxide groups of the hydrolysed silicon dioxide surface.
Long range ordered monolayers were obtained using the highly reactive monochlorosilyl
group. The synthesis of these compounds were carried out by platinum catalyzed
hydrosilylation reaction of the respective alkylene precursor molecule with

dimethylchlorosilane as depicted in figure 2 for compound 6.
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Fig. 2. Synthesis of monochlorosilyl substituted SAM-semiconductor 6 by hydrosilylation

reaction of the respective undecenyl substituted oligothiophene precursor.

We will discuss the influence of linker groups, alyphatic spacer and end group length and
the role of the side products formed during the hydrosilylation reaction on the formation of

the SAM-layers.

Another topic will be the influence of the oligothiophene cores on the electrical properties
of the the SAM layers. The semiconducting properties of oligothiophenes depend on the
number of thiophene units [2]. The highest mobilities for SAM-layers were observed using
the chlorosilyl-functionalized materials 6 and 7 with values of up to 107 cm?/Vs.
Comparable linear alkyl substituted quinquethiophenes are not solution processable due to
their low solubilities. Instead islands of bulk crystalline material are formed if a solution of
e.g. o,w-dihexylquinquethiophene is spin-coated on a silicon wafer substrate. But due to
the monolayer self-assembling process, only very low concentrations of 6 or 7 are
necessary to obtain full coverage of the surface. With the use of the SAM-semiconductor 6
it was even possible to build complex devices like inverters and ring oscillators with more

than 300 fully functional transistors.

The presented results will show that the concept of building OFET devices by molecular
self-assembling processes is a powerful technique that can simplify the production of such
devices and can be a major step forward to mass-producible, reliable organic electronics.
We will show that one key requisite for this technique is the molecular design of the

material in order to obtain smooth and dense semiconductor monolayers.
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Abstract:

Self-organizing molecules are promising components to serve as active layers in high
performance, low cost, and flexible electronic devices. The process of self-assembly can be
used in or even outperform printing technologies in future device fabrication due to the
molecular induced driving force of voluntary film formation — serving surface — and the
local selectivity and full control on film thickness. This contribution highlights the use of
self-assembled molecular layers in organic transistor development.

Simple n-alkyl molecules (silanes or phosphonic acids) can act as monomolecular
dielectric in organic transistors. This concept is suitable for a wide range of semiconductor
materials (p- and n-type, nanoparticles, polymers) and enables CMOS like organic
electronics with reduced power consumption even on flexible substrates [1,2].

Thereby, the length dependent electrical properties of SAMs based on n-alkyl phosphonic
acids are studied in large area thin film devices (transistors and capacitors). In terms of
their structural organization the tunnelling currents through the monolayer were interpreted
using the Simmons model. Molecular dynamics (MD) simulations provide a deeper insight
into the nature of the intermolecular interactions and allow identifying the most realistic
molecular assembly of the monolayers. The observed divergence from theory suggests a
change in the self-assembled monolayer morphology from an amorphous state for short
alkyl chains to a quasi-crystalline state for longer alkyl chains which impacts on the
electrical properties. [3,4]

Secondly, a rational molecular design will be introduced, in which we address the
advantages of charge transport (p- and n-type) within a monolayer in combination with low
voltage operation in organic transistors. For the p-type material, a quaterthiophene unit
(4T) serves as suitable m-system with dedicated hole transport properties. The ability to
self-assemble and low voltage operation of a resulting SAM is implemented by a non-
symmetric substitution pattern with a n-dodecyl-phosphonic acid tail (C;,-PA). The
molecular design of the n-type semiconductor molecules rely on the electron transport
behaviour of fullerene (Cg). One n-hexyl-phosphonic acid substitution (C¢-PA) is attached
to the Cg core via malonate moiety linkage and enables the SAM formation. Both
materials were self-assembled on oxidized Al-gate pattern and operate in self-assembled
monolayer field effect transistors (SAMFETSs) in the expected performance. By using 4T
and Cep moieties, we have obtained hole transport and electron transport respectively in
ambient air. The approach provides prospective complementary circuitry based on self-
assembled molecules in the future. The air sensitive Cg in particular needs to be protected
with a barrier, which we have integrated in the molecular structure. The device
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performance critically depends on the effective nm-interaction in the molecular monolayer
and seems to be influenced by the surface roughness of the electrode, rather than by the
channel length. Charge transport in functional SAMs could benefit from a more uncritical
molecular interaction, provided by spherical nt-systems [5].

Finally, a novel concept of an electrically programmable self-assembled molecular gate
dielectric layer is provided for OTFTs, that can be reversibly charged and discharged and
retains these digital states even when the supply voltage is removed. Due to the small
thickness of the dielectric stack (app. 5.7 nm), the memory transistors operate with very
small program and erase voltages of £ 2 V. Despite the extremely small dielectric
thickness, the retention time is already promising (~6 hours with a read voltage of -750 mV
applied continuously). The dielectric is a mixed monolayer of aliphatic and Cgo-
functionalized phosphonic acid molecules (app. 2.1 nm thickness) on a patterned and
plasma-oxidized aluminum gate electrode on a glass substrate. The monolayer composition
is proven by electrically and by AFM experiments. Structure-property relations of various
compositions have been studied and strong dependencies of the memory behavior related
to the composition of the SAM in capacitor and transistor devices were demonstrated [6].
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EFFECT TRANSISTORS
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Johannes Kepler University, Linz, Austria

Siegfried Bauer, Soft Matter Physics, Johannes Kepler University, Linz, Austria
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University, Linz, Austria

Green technology based on compostable materials is seen as an ultimate goal for
solving waste problems. Currently there are large efforts for producing compostable plastic
materials that can be used in daily life products, such as plastic bags and disposable
dishware. When such daily items are produced with compostable materials, electronics
included in such goods should be also based on materials that are easily degradable.
Organic electronics has the potential to develop electronic products that are biocompatible,
bioresorbable, biodegradable or even capable to metabolize. An ideal solution for the
production of such devices involves the fabrication of the electronics either from natural
materials, or from materials that have been proved to be at least biocompatible. Organic
electronics is envisioned to find a niche in applications involving low-end products, when
electronics may be directly integrated in daily-life items to store information, like
inventory labels and price tags, use-by-date information efc.

Here we report the combination of biodegradable substrates based on caramelized
glucose or commercially available plastic foil based on starch, corn and polylactic acid
(Ecoflex”, BASF) with fully natural or socially accepted materials as gate dielectrics and
organic semiconductors in low operating voltage organic field effect transistors (OFETs).

For organic dielectric layer, the choice is made from solution processed small
molecules (glucose, lactose, fructose, efc.) or evaporable small molecules (guanine,
adenine, cytosine, caffeine, glucose, efc.). The organic semiconductor is chosen either from
natural compounds (indigo, beta-carotene) as well as socially accepted molecules of low
toxicity (indanthrene yellow G, indanthrene brilliant orange RF, perylene diimide).

In a first example, low operating voltage OFETs are built on commercially
available biodegradable plastic foil (Ecoflex”, BASF), comprising naturally occurring
dielectrics: adenine or alternating layers of adenine, guanine, cytosine and widely accepted

perylene diimide-a simple red dye used extensively in cosmetic industry.
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Figure 1: Transfer and output characteristics of OFETs with a 1.75 um thick adenine gate
dielectric and 150 nm perylene diimide semiconductor on plain Ecoflex foil.

In a second example, complete bio-materials based OFETs are introduced based on
glucose, lactose, sucrose and caffeine for the gate dielectrics with solution processed beta-

carotene as organic semiconductor (Figure 2).
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Figure 2: Transfer and output characteristics of field effect transistors on glass substrates
with natural p-type (solution processed beta-carotene) as organic semiconductor and
glucose with caffeine as gate dielectric.

In a third example, fully degradable devices are produced on caramelized glucose
substrate comprising either layers of adenine and guanine for organic dielectrics and
indanthrene yellow-a biodegradable vat dye used extensively in textile industry under the

name “vat yellow 17 (Figure 3).
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Figure 3: Transfer and output characteristics of biocompatible (edible) organic field effect
transistors on caramelized glucose substrates. A thin smoothening layer of aurin (50 nm) is
evaporated on top of the substrate. The gate dielectric is formed by eight alternating layers
of adenine and guanine, and indanthrene yellow G is the organic semiconductor.

Tremendous improvement of the OFETs characteristics are feasible simply by
employing aurin, a naturally occurring red-orange pigment as a smoothening layer for the
Ecoflex plastic foil or by employing the anodization of the aluminium gate electrodes in
combination with organic dielectric layers for samples built on glass substrates (Figure 4).

0,12
- = lgs =+ —ov
o] 12V, 575V —

—18V
24V

2 26V
~

[72]
=

—42v
0,04 —48v
—54V

10-13 T T T T T T T T T T T T T T T T T T T T
V.V 2 3 4
gs' Vge! V
Figure 4: Transfer and output characteristics of an OFET having a combined inorganic

(aluminum oxide)-organic (20 nm adenine and 3 nm guanine) for the gate dielectric and
100 nm perylene diimide for the organic semiconductor.

The non toxicity and environmental bio-degradability of these materials copled
with their ease of processing on biodegradable substrates, recommend them as a new class
of non-toxic compounds for plastic electronic applications. These transistors may be seen
at the heart of organic electronic circuits, to be used in low-cost, large volume disposable
or throwaway applications, such as food packaging, plastic bags, disposable dishware etc.

There is also significant potential to use such electronic items in biomedical implants.
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INTERFACE ENGINEERING FOR OPTIMISING SOLUTION-
PROCESSED HIGH-MOBILITY OTFTS
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PE29 2XG, United Kingdom

In order to be applicable to Active Matrix backplanes for Organic Light Emitting Diode
(OLED) displays, Organic Thin Film Transistors (OTFTs) need to deliver sufficiently high
currents for driving OLED pixels, which translates to a requirement for high mobility
OTFTs with low contact resistance. CDT is investigating techniques for understanding and
optimising these OTFT properties, in order to achieve device performances suitable for
active matrix OLED backplanes.

Specifically, the formation of Self-Assembled Monolayers (SAMs), both on the
Source/Drain contacts and on the glass substrate, has been investigated with the aim of
optimising the band alignment at the Source — OSC interface, and for controlling the
nucleation and resulting morphology of the active OSC layer. Photo-Electron Spectroscopy
in Air (PESA) has been used for characterising the band alignment at SAM-modified
Source/Drain contacts. Atomic Force Microscopy (AFM) measurements have been
performed for understanding the impact of the SAM-treatments on the morphologies of
OSC layers based on solution-processed small molecules.

The work presented here has resulted in hole mobilities of up to 0.7cm2/Vs in TIPS
pentacene devices with 5 micron channel length. Furthermore, using proprietary organic
semiconductors from Merck, hole mobilities of up to 1cm2/Vs have been obtained at the

same channel length.
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SOLUTION-PROCESSABLE NANOMATERIAL FIELD-EFFECT
TRANSISTORS

M. SHKUNOV*, C. OPOKU
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1 Introduction

Large area printable, flexible and transparent electronics is a new field of research
that promises to revolutionise almost every aspect of our everyday life from the ways we
access information to the healthcare and solar power generation. Novel fabrication
techniques are currently being developed using additive printing and self-assembly
processes that do not require high vacuum techniques and energy demanding high-
temperature fabrication steps.
Few examples of novel devices include rollable displays and electronic paper, smart

packaging, sensor networks, stretchable and wearable electronics.

Field-effect transistors (FETs) are the main building blocks in these electronic
applications as they provide pixel switching in displays, form functional logic elements in
circuits and comprise three—terminal sensors and memory elements. The performance of
these FETs is of paramount importance for efficient operation of devices and high charge

carrier mobility is required for a number of applications.

For various device applications FET mobility requirements range from about
lem?Vs for low information content displays to few tens of cm®/Vs for higher
performance displays, whereas mobility close to 100cm®/Vs is needed for logic function

circuits.
Printing approaches, although offering outstanding fabrication potential, put some

limitations on the semiconducting materials, FET structures and eventually device

mobility, especially when compatibility with plastic substrates is required.
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2 Materials for solution-processable transistors

2.1 Organic semiconductors

Currently solution processable organic semiconductors are being widely used in
large area printed electronics due to their plasticity, very good thin film formation
characteristics when deposited from solvent-based formulations, and excellent
compatibility with plastic flexible substrates. Yet performance of the best organic—based
FETs targeting these applications is only becoming comparable to a-Si with charge carrier
mobilities in the order of 1 cm?/Vs." Higher mobilities of up to 5 cm?/Vs have been
demonstrated on a single-FET scale, though device-to-device parameters’ variations are
too large for the use in circuits and integration into large area display back-plane

electronics.

2.2 Inorganic semiconducting nanowires

Semiconducting nanowire (NW) materials are high-aspect ratio nanoparticles with
typical diameters of 10-70 nm and lengths ranging from hundreds of nanometres to tens of
micrometres. These materials are offering a potential breakthrough in the area of high
performance printable transistors due to their solution processability and high mobility
demonstrated per single nanowire. For instance, silicon NW FET with mobility of 1350
cm?/Vs was demonstrated by Lieber’s group.

Inorganic nanowires maintain most of the bulk single crystal properties, including
semiconducting behaviour, crystal lattice structure and efficient charge. The synthesis of
nanowires is completely separate from the device fabrication process thus allowing two-
fold advantage. Controlled growth of nanowires can be tailored to produce high quality
single-crystal structures with desired length to width ratio, and secondly these
nanomaterials can be formulated into ‘inks’ for selective low-temperature additive
deposition into device structures. If these nanowires can be deposited to ‘bridge’ the
device electrodes then device performance per nanowire is expected to be comparable to
that of traditional single crystal semiconductor technology. Clear advantages of nanowire
approach are the ease of processing, wide prospects for self-assembly ‘bottom-up’
fabrication, compatibility with plastic substrates, and also possibility for fast device
prototyping based on additive printing technology.

To be able to use full potential of nanowire electronics there are still some

challenges to overcome. Due to nanowire high surface-to-volume ratio, interfacial effects
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play major role in electronic properties. Ge nanowires, for example, show relatively low
hole carrier mobility in FET devices of just ~ 2cm’/Vs® compared to tabulated value of
1900cm*/Vs® in pure bulk Ge. This dramatic drop in mobility is attributed to high density
of surface trap states, caused by amorphous surface oxide layers and adsorbed ambient
species, such as polar water molecules.’

Metal-oxide semiconducting nanowires® offer a sensible solution to surface oxide
problem and the effect of amorphous oxide layer is significantly reduced. In this work ZnO
nanowire-based FETs are investigated, where semiconducting layer is deposited using

solution-cast methods.

3 Experimental

Bottom-gate top-contact ZnO nanowire FETs have been fabricated on Si/SiO;
substrates. In this type of devices doped Si provides common-gate electrodes, whereas
Si0, serves as a good gate dielectric. Nanowires were deposited on the substrate from a
dispersion in isopropanol by either drop-casting or spin-coating. Top-electrodes (Cr) were

formed on top of nanowires using photolithographic lift-off technique.

All ZnO NW FETs showed n-type enhancement characteristics. Typical transfer
characteristics are presented in Figure 1, where source-drain voltage was fixed at 2V, 6V,
10V, and the gate voltage was swiped from-10V to +20V. Turn-on voltage for these
devices was small (~2V), and on-off ratio was up to ~10° (at Vsd=10V). Subthreshold
slope was estimated to be 500mV/dec.
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Figure 1 Transfer characteristics of ZnO NW FET

4 Conclusions

Field-effect transistors based on solution-processable ZnO nanowires were
fabricated in ambient conditions using low-temperature deposition steps. FETs
demonstrated excellent n-type current-voltage characteristics with high current modulation
(10%) and low subthershold slope.

The results demonstrate high potential of nanowire-based FETs for printed
electronics. A number of challenges still remain before this technology can be fully
commercialised including large-area solution-based printing of aligned, dense

‘monolayers’ of semiconducting nanowires.
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Molecularly imprinted polymers for the uptake and release of the neural transmitter L-
glutamate were developed using overoxidised polypyrrole (oPPy) [1,2]. Polypyrrole layers
were electrochemically deposited in a three electrode cell on gold working electrodes in
aqueous electrolytes containing monosodium L-glutamate. The pyrrole monomer is
oxidised with an anodic potential, and polymerises in the solution. Anions, in this case L-
glutamate, from the solution are incorporated into the polymer chain to preserve charge
neutrality. It was demonstrated using liquid scintillation techniques on radioactively
marked glutamate that the resulting films were conductive and doped with glutamate [3].
The PPy layers were then overoxidised after deposition in a controlled manner to expel the
glutamate anion and create porous, molecularly selective layers which still adhered to the
working electrode surface. In a previous study we optimised the synthesis of the PPy by
varying the pH of the deposition solution and the concentration of the electrolyte
components to create reproducible polymer layers [3]. In a following study we
demonstrated the proof of principle [4] of the voltage regulated enantioselective uptake and
release of L-glutamate from the biocompatible oPPy layers. During the uptake and release
processes (switching) no changes occur to the L-glutamate molecule. In this study we
present further developments of the “glutamate-switch”. Here, the device was characterised
to determine the concentration of glutamate which can be regulated by the device, as well

as the efficiency and reproducibility of the uptake and release process.
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HIGHLY EFFICIENT ORGANIC DEVICES

Karl Leo’
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Organic semiconductors with conjugated electron system are currently intensively
investigated for optoelectronic applications. This interest is spurred by novel devices such
as organic light-emitting diodes (OLED), and organic solar cells. For both devices, high
efficiency is a key parameter for many applications. I this talk, I will discuss some of the
recent progress on highly efficient OLED and solar cells, in particular results using doped
transport layers /1/. The concept of molecular doping allowed to realize green OLED
devices with the highest efficiencies reported so far /2/, well exceeding the efficiency of
current inorganic GaN LED! The devices were pin-devices where the emitting layer is
embedded between a p-doped hole transport layer and an n-doped electron transport layers.
It has been shown that these pin-structures can also achieve extremely long lifetimes.
White OLED have recently achieved very high efficiencies of 90Im/W /3/, significantly
higher than fluorescent tubes, opening the path to a new form of high-efficiency area
lighting devices. The doping concepts can be applied in organic solar cells as well. Here,
the use of electrically doped transport layers is helpful for an optimized optical design
since it yields large freedom in the choice of window layer thickness, this making it easy to
put the absorber layers in the electric field maximum in the cavity. Also, doped layers are a
key point in efficient charge recombination junctions for tandem solar cells: It has been
shown that a pn-junction is an excellent recombination contact causing very small voltage
loss. Recently, we have achieved solar cells with certified efficiency exceeding 6% on

larger area.
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RED-LIGHT-EMITTING ELECTROCHEMICAL CELLS BASED ON
IRIDIUM (I1II) COMPLEXES
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Deep-red phosphorescent ionic iridium (III) complexes have been synthesized and
incorporated in a polymer (1). LEC devices using both the complex and the polymer as the
electroluminescent active material have been built up. The polymer version of the complex
gives rise to devices with higher stabilities that emit light at longer wavelengths in the red
(660 nm) than the devices using the small molecular weight complex (630 nm). The
improved stability and the longer emission wavelength are attributed to a more uniform
distribution of the active ionic transition-metal complexes imposed by the chemical linkage
to the polymer backbone. This is one of the first examples of a polymeric iTMC-based
optoelectronic device incorporating iridium (III) complexes that shows bright
electroluminescence in a simple sandwiched architecture using air-stable electrodes.

The synthesis and luminescence properties of an iridium (III)-perylenediimide dyad (2)
will be also reported. The new derivatives show efficient fluorescence with high quantum
yields (55%). A two-layer light-emitting electrochemical cell device based on the new

material emits in the deep-red region with high external quantum efficiency (3.27%).
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DEVICES WITH OPTICALLY TRANSPARENT ION-STORAGE
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Electrochromic devices are electrochemical cells for which at least one of the electrodes
changes colour reversibly. Applications for these devices include smart windows or
displays, just to cite some of them '. For these and any other possible use, there are several
parameters that must be optimized to get a viable device. Perhaps the most important one is
to get good optical characteristics, which means that, as the primary function of these
devices is to show colour changes, these coloured states must be well differentiated. To
achieve this goal of optimized contrast, that is, the transmittance difference between two
colour states, should be maximized. Another relevant parameter to optimize is the lifetime
of the devices; otherwise they will not be useful for a real-world application. Other
interesting aspects to study include switching speed or memory effect, although these are
critical only for certain applications.

Due to the electrochemical nature of these devices, the reactions occurring at one electrode
(oxidation or reduction) must be compensated by their complementary ones (reduction or
oxidation, respectively). If this is not carried out by an adequate electrode, it will be found
that the device will not work as the redox reaction cannot be completed or that parallel and
frequently undesirable reactions occur (electrolyte discharge for instance) to complete it.
This often leads to creation of chemicals that will attack and degrade the electrochromic
material or the electrode materials, thus effectively destroying the device.

Ion storage layers, able to compensate the electrochromic reaction occurring at the
opposite electrode by undergoing their own redox chemistry, have been used since the
beginning of the development of electrochromic devices. After a reasonable choice of
material (considering its redox and optical properties), the inclusion of an ion storage layer
at one electrode guarantees that the lifetime of the electrochromic material at the opposite
electrode will mostly depend on its own properties and will not be subjected to deleterious

side reactions. In a general sense, the function of these layers is only electrochemical. They
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do not take part in the electrochromic response of the device. Ideally, the ion storage layer
would be transparent in both states.

A significant advance in the design of electrochromic devices was the dual complementary
electrodes approach’®: the ion storage layer is also an electrochromic in this system, and if
its optical properties are well chosen, complementary and simultaneous colour changes
occur at both electrodes. Benefits from this configuration, at first sight, are that we still can
guarantee a good lifetime for the device and could improve the optical response, as two
electrodes are contributing simultaneously. This configuration has shown clear benefits
and 1s widely used.

From an optical point of view, impressive advances have been made in recent years
synthesizing materials with tailored electrochromic and contrast properties, especially for
organic materials, and more precisely for conducting polymers. However, the contrast of
an electrochromic film is not an intrinsic characteristic of the material, i.e. different film
thicknesses of the same material show different contrast, and therefore it is critical to
identify the maximum contrast conditions.

According to a modified Beer-Lambert law >, absorbance can be expressed as

A=nq (1)

With ¢ being the redox charge consumed per unit area (charge density) during the color

change. 77 corresponds to coloration efficiency, defined as the charge density consumed

per unit of absorbance change.

Transmittance can therefore be defined as

T =exp(—ug) with 1 =2.303n (2)

And finally, contrast, the difference in percent transmittance between two states (denoted

as the subscripts ¢ and d for “clear” and “dark™)

AT =%T, —%T, =100[exp(—4. q) —exp(—#,9)] 3)

The derivative of this function allows for identifying the maximum contrast of a given

material, and the redox charge density needed to achieve it. It constitutes a useful tool to
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synthesize the best contrast film for a given material, as redox charge density is an easily
identifiable parameter.

As long as the Beer-Lambert law is obeyed, this optical characterization as a function of
the redox charge of a film can be extended to several layers by simply adding their
absorbances. A dual configuration implies that two films with, in principle, different redox
charge densities, are operated together. From an electrochemical point of view, practical
combinations are reduced to those with balanced redox charge films, at least for general
purposes. However different combinations are allowed (utility of these combinations can
be discussed in more detail, although that is not relevant for this study). It seems necessary
to identify which of these combinations shows better contrast. If this is carried out for a
dual electrochromic configuration, surprising results are obtained *. The calculation of the
maximum contrast values among the possible combinations of two electrochromic
materials reveals that no clear optical benefit is obtained from the dual configuration.
Although there are several dual combinations that increase the contrast, compared to the
individual values, the maximum contrast achievable for two given materials is obtained
when only one film is present. As a consequence, the possible benefits of a dual
configuration in terms of lifetime of a device get reduced by the fact that optically this
configuration is not so attractive.

Solutions to this include the use of ion storage layers being transparent (in the visible
region) so as not to decrease the contrast of the opposite electrode, but still being
electrochemically active to compensate the redox reaction. A new conducting polymer,
poly(thieno[3,4-b]thiophene) or PT34bT, has been used specifically for this purpose. This
material has a very low bandgap, 0.85 eV, and has earlier been reported to be highly
transmissive and colorless in the oxidized state and a transmissive sky blue in the neutral
state °. Different films of this material were electropolymerized and the contrast vs. redox
charge values identified, obtaining a maximum of ten percent. With such low contrast
values, it is expected that the effect of reducing contrast when used as an ion storage layer
will also be low.

Several electrochromic devices using PT34bT as ion storage layer were constructed °.
Opposite electrodes were made with different electrochromic polymers, namely,
PProDOT-Me, (poly [2,2-dimethyl-3,4-propylenedioxythiophene]), PEDOT (poly|3,4-
ethylenedioxythiophene]) and PDiBz-ProDOT (poly[dibenzyl-3,4-
propylenedioxythiophene]). Previous to their inclusion into the devices, the contrast vs.

redox charge density relationship was also obtained for each material. It was found that, as
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expected, the use of PT34bT as an ion storage layer did not reduce the contrast
dramatically. In any case, it was always lower than 10%. Table 1 compares the different

values of contrast between single materials and with PT34bT as ion storage layer.

Table 1. Photopic contrast values of single electrochromic polymers, PProDOT-Me,,
PEDOT and PDiBz-ProDOT, compared with values obtained using PT34bT as ion

storage layer in an electrochromic device.

Single Device with
electrochromic PT34bT as ion
polymer storage layer
photopic contrast (%T) difference (%T)
PDiBz-ProDOT 43 41 2
PProDOT-Me2 67 59 8
PEDOT 34 27 7

It has been shown that the dual configuration of electrochromic devices could represent a
good solution to several issues associated with electrochromic devices, from an
electrochemical point of view; however there are some optical limitations in terms of the
obtainable contrast. The inclusion of a complementary electrochromic layer could lower
the final contrast of the device. A way to avoid this problem consists of the use of materials
with good redox properties but which are also transparent in the visible range so as not to
contribute to the final optical response of the device. A new low band gap conducting
polymer, PT34bT, has been specifically used for this purpose and the viability of its use as

an ion storage layer was shown.
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Introduction

By this contribution we will show how we can support by electron spin resonance (ESR or
EPR) the development of polymer photovoltaic and related fields of organic electronics.
Essential processes in organic photovoltaic are the excitation of molecules, the electron
transfer, the generation of charge carrier pairs, and the motion of charges. To the study of
all mentioned processes ESR can support.

The contributions of ESR are especially high if one has the possibility to use various
measuring frequencies, that is, to employ besides the ordinary X-band with 9.5 GHz, for
example, the K-band ( 24 GHz), and/or the Q-band (35 GHz), the W-band (94 GHz), or the
D-band (140 GHz). The higher the frequency, the better is the spectral resolution [1-2]. In
the solid state the ESR signals are usually influenced by inhomogeneous line broadening
caused by unresolved hyper-fine structures and by anisotropic broadening connected with
the anisotropy of the g-factor components. K-, Q-, W- and D-band measurements allow to

determine the spectral parameters g; and AB; (line widths) with better accuracy.

As known in polymer electronics thin layers of semiconducting polymers are applied
showing often strong anisotropic structures and properties. The ESR offers the opportunity
to study the anisotropic behaviour direct on the polarons P generated and moving in
polymer chains. If the polymer chains in polymer films exhibit some degree of order and
orientation the same is valid also for the polarons. The macroscopic anisotropy of polymer
thin film morphology can be confirmed by angular-dependent ESR experiments as made

recently, for example, by K-band investigations on films of P3HT/PCBM blends [3].
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LESR ( light-induced ESR )

According to the topic of the paper especially LESR spectra — that is ESR measured during
light illumination - are in the center of interest. The following information can be obtained
by analysis of LESR spectra [4]:

1.

3.

4.

The main is the detection of cation and anion radicals during and after light
excitation including the determination of the estimation of charge carrier
concentration.

The analysis of the spectroscopic Zeeman splitting factor (g-factor) gives
information about the localization of the paramagnetic centre and on the symmetry.
The deviation of the average g-factor from the g-factor g. of the free electron; Ag
= g- g =A/AEg, where A is the spin-orbit coupling constant and AE, is the
polymer band gap, informs about the most probable position (or spin density
maximum) of polaron localization on the polymer chain. This is possible because of
the significant difference of the A value for C-atoms of a conjugated polymer (A =
29 cm™ for C) from that of other atoms (A =78 cm™ for N and 382 cm™ for S)
The LESR signal line-width analysis gives essential information about

(a) spin-lattice and spin-spin relaxation times T; and T, respectively,

(b) exchange and dipole-dipole interactions,

(c) anisotropic broadening, connected with the anisotropy of g-factor components,
(d) inhomogeneous broadening due to unresolved hyperfine signal structure.

The time dependence of the signal amplitude gives information on the kinetics of
charge generation and charge recombination processes.

Examples of LESR-spectra of a poly(3-dodecylthiophene) {P3DDT} /PCBM {phenyl-C61-
butyric acid methylester} composite registered during laser irradiation at 77 K shows Fig.
1 [2]. The spectra of two overlapping ESR signals are seen where the left hand signals
belong to diffusing polarons P™ and the right hand signals are attributed to the PCBM
anion radicals Cg; ™.
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Fig.1 left: X-band LESR
spectra of polarons P™ in
P3DDT and of PCBM anion
radicals, a) measured (S;) +
simulated (S4) 1st
derivative spectrum,

b) absorption spectrum
calculated from S;,

Ss= extracted P" signal,

c¢) schematic representation
of anisotropic absorption
signals and g-factor
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Fig.1 right: D-band ESR
spectra of polarons P™ in
P3DDT
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LESR studies have been made also on PPV-PPE/PCBM and PPV-MDMO/PCBM at 77 K
[4]. The strong saturation effect of the polaron signal gives the opportunity to investigate
the PCBM anion radical de facto separately and in detail. Measured and calculated spectra
dominated by the anion radicals are seen in Fig. 2. In the first step the absorption spectrum
had been calculated

s 2) ol . Fig. 2; LESR spectra of a 1:2 composite of
5, -experimenal measured - ppy;_ppE/PCBM registered during laser

first derivative signal

0.5mT first derivative signal constructed irradiation
- from the signal b)-S, (A=488nm, P=15mW) at 77 K (in the
X-band)
(a) measured and calculated first derivative
1/PCBM (1:2) b) spectrum,
P =1mW, (S, ) - absorption signal as (b) constructed absorption spectrum,
[ g = 15 mW /cm’, integral of a)-S, (c) schematic representation of the
A=488nm, T=77K — (5,) - simulation of the anisotropic absorption signal of the PCBM

signal (S,) anion radical (calculated with a small line-
width) and positions of the determined g-
] g, ) factor components

jL\ g - factors position PPV-PPE = poly(phenylene vinylene)-

poly(phenylene ethynylene)

by integration of the experimentally first derivative ESR signal. In the second step these
absorption spectrum were simulated as a glass type spectrum with a Lorentzian line shape.

The complete analysis allows to eliminate the anisotropic line width broadening and to
estimate the effective spin-spin relaxation time T, (and by means of it also the spin-lattice
relaxation time T;). T; of the anion radical is significantly influenced by the surrounding
structure. (In MDMO-PPV T,=7.4 us, T,=68 ns; in PPV-PPE T,=9.4 us, T,=65 ns.) That
in MDMO-PPV T, is shor-ter than in PPV-PPE composites means that the exchange of
spin energy with the surrounding occurs in MDMO-PPV faster than in PPV-PPE

composites.
~ [ Tiignton iightorr Fig. 3; Rise and decay of the LESR signal
g ] | PCBM radical of PCBM anion radicals Cg;” in two
] f_“:S;E;EW o different 1:2 composites measured at 77 K
R = 77K
E The upper signal amplitude belongs to
£ MDMO-PPV / PCBM composite and the
é ] lower one to a PPV-PPE composite
PPVPPE 1) PCBM (12) MDMO-PPV = poly[methoxy

(dimethyloctyloxy)-phenylene vinylene

0 50 100 150/ 200 250 300 350
t/s

In Fig. 3 is to see that also the kinetics of the PCBM anion radical depends strongly on the
polymer surrounding. The decay curves can be described successfully by a tunnel model in
which the recombination frequency depends only on the distance between the charge

carriers. The same model has been used before for the study of organic solar cell

composites [6].
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The generation of radical pairs normally occurs in the femto- to nano-second time domain.
There -fore the time dependence of the ESR signal intensities is mainly caused by their
recombination. Different activation energies obtained for P" and Cg;~ are evidences for
independence of the motion of the polarons and Cg; anion radicals [5]. There are also
different spin dynamics in this system, namely the polaron diffusion along and between the

polymer chains and the dominant rotational diffusion of the PCBM anion radicals.

)\/v Flg i
' OCHs 0O Structure formulas
{/ §-OCH; %Q»CH{)HO*CH{H% of PCBM-C,20
n
‘. H,CO HaCO and M3EH-PPV

Similar LESR studies on thin films of M3EH-PPV with the fullerene dimmer PCBM-C;,,0
as electron acceptor have been carried out by X- and K-band ESR at 77 and 120 K [7].

Fig.5; (Light-dark)-LESR
spectra of an 1:1 M3EH-
PPV/PCBM-C,2,0 composite
film registered during Xe-lamp
illumination

Left: X-band, 9.4 GHz

Right: K-band, 24 GHz

So measured and simulated
spectra,

S; - S5 spectra extracted from Sy,
S - spectra of polaron P*

S, - spectra of C;,00 anion
radical,

S; - spectrum of PCBM-Cg;
anion radical

It was found that the isotropic g-factor g, = (g«t+gy+g,) of the PCBM-C;20 anion radical
obtai-ned in this blend is with g, = 1.9996 close to the g-factor of PCBM and of the
electrochemical reduced (C200)", but it does not coincide with the analogous parameter of

the triplet state radi-cal (C1200)*[8].

ESR give also the opportunity to study the spin and charge dynamics in conjugated
polymers like P3DDT [2] and also in P3DDT/PCBM composites with photo-generated
radical pairs [5] especially if measuring at various frequencies [9] and as a function of

temperature.
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TR-ESR ( time-resolved ESR)

If we would like to know

e what happens in detail after the absorption of light quanta in the polymer blends,

e from which excited state the photo-induced electron transfer will be introduced,

¢ the mechanism of the generation of charge carrier pairs and their motion, separation

and energy exchange,

in that case the time-resolved ESR is a suitable measuring method. Such TR-ESR studies
of the photo-induced electron transfer in poly(3-dodecylthiophene){P3DDT}/maleic
anhydride {MA} blend in THF solution have been carried out [10]. The blends have been
excited by laser flashes of about 20 ns and the ESR spectra were registered between 100 ns
and 10 ps after the flash.

By TR-ESR investigations a great part of the information on the photo-induced ET
(electron transfer) and with it on the formation of radical ion pairs we get from the
irregular population of energy levels which are below 1 ps far away from the population in
the thermal equilibrium. The reason for the unusual level population is the so-called
Chemically Induced Dynamic Electron Spin Polarization (CIDEP).

One reason for CIDEP is the Triplet Mechanism (TM). Absorption of a photon by a donor
molecule M yields an excited singlet state 'M* which undergoes intersystem crossing to an
excited triplet state 3M* whose Zeeman levels T, To and T.; have different energy in the
magnetic field of the ESR spectrometer. The ISC is spin selective and creates spin
polarization in the triplet state molecule. If the ET and the radical pair formation from a
triplet state takes place more quickly than the deactivation by phosphorescence or by the
spin-lattice relaxation of the triplet state (°T;) the unusual spin polarization will be
transferred in the doublet states of the radical ions and often we will observe emission
spectra which are independent of the magnetic field position of the observed ESR lines.
(The radical system acts as a microwave emitter until the occupation of the thermal
equilibrium is reached.)

A second reason for CIDEP is the so-called Radical Pair Mechanism (RPM) which effects
changes between singlet and triplet states (S-T-mixing) during separation, diffusion and
reen-counter of radical pairs. It effects that the spin polarisation in the low-field region is
different from that in the high-field region.

Some times CIDEP effects are to observe also in the usual continues wave ESR spectra if
these are registered during steady state illumination with light of a Xenon lamp or a laser
as published, for example, in [11, 12]. If the effect of RPM is observed it informs us that

radical pairs are formed also if we detect only the spectrum of one radical.
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The usual continues wave ESR register the spectra with modulation technique and the first
derivative of the absorption spectra will be observed as seen, for example, in Fig.s 1, 2, 5...
of this paper. For the TR-ESR measurements no field modulation was used but a direct
detection have been applied. The transient ESR signals were digitized by a fast digital
oscilloscope synchronized with the laser pulses. Photo-excitation was performed by an
excimer laser Compex 205 operating at 308 nm and with a pulse repetition rate of 10 Hz.
The pulse energy of the Laser was 100 — 200 mJ and the pulse duration was about 20 ns.

The time resolution of our detection system is approximately 50 ns.

The effect of TM and the influence of RPM can be seen in Fig. 6 for radicals of maleic
anhy-dride (MA) and in Fig. 7 for radicals in P3DDT/MA [10].

Fig. 6 ; TR-ESR spectra of 3 various Fig. 7; TR-ESR spectra (S;, S;) of radicals
radicals of MA radicals and the belonging in blends from P3DDTand MA solved in
splitting diagrams THF.

a) in THF solution,  b) in butanol S; and S, are measured 0.35 us after the
The H-containing solvents are in this laser flash. For the spectrum S, about two
contribu-tion labelled as LH. The times more P3DDT has been in the solution
electrical neutral radi-cals R; and R, are than for S;. Ss is the fitted spectrum of S,.
formed by attachment of H and L' via S4 and Ss are extracted spectra from Ss
abstraction of H from the LH-mole-cule belonging to the anion radical R; = MA”™
(Ri =HMA, R,=LMA). In butanol R3 = and the polaron P", respectively.

MA™ is formed by the attachment of an
electron from a solvent molecule.

In Fig. 7 the field position H; of the central lines of Rj corresponds to g = 2.0037 for the
anion radical. The position H, corresponds to g = 2.0022 which is in agreement with the
isotropic g-factor of the polaron P", estimated from measurements on a film of

P3DDT/PCBM [5].
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- o] Fig. 8
Tj g | The measured time dependence of the

el T polaron signal. Although the signal to noise
rate is with S/N = 3.5 low the time
dependence is clear and allows in a fitting
process the estimation of the relaxation
times T; and T»,.
The low spin-spin relaxation time T, is
caused mainly by the high hole mobility of
P" in the conjugated polymer P3DDT and
is of the same order of magnitude as

fitted, (w =1.7 radMHz, Aw=0) estimated by a saturation method in a solid

T/us Tjlus K Jus” PDDT layer [5].

— 13 0.25 0
------- 1.7 0.26 0.4

—O— experimental
(is not smoothed)

Complete three-line TR-ESR spectra of MA™ have been published by Honma et al, [13]
and by He et al. [14], however, not with a conjugated polymer as donor but with a low
molecular com-pound.

Results regarding ET in P3DDT/MA [10].

The simultaneous detection of both ion radicals, the polaron P and the anion radical R3™
informs us that in solutions of P3DDT/MA blends in THF the most probable version of
the formation of Rj; anion radicals will be via the electron attachment from the photo-
excited poly(3-dodecylthiophene). The emissive character of the spectra informs that the
dominating CIDEP mechanism is the triplet mechanism (TM). That means a precursor of
the photo-induced electron transfer is a triplet state generated via intersystem crossing from
an excited singlet state.

Additionally the polarization by the radical pair mechanism (RPM) occurs, however, with
oppo-site sign in comparison with the electrically neutral radical pairs R; and R, where the
RPM by S-Ty mixing effects clear E/A spectra with emissive signals in the low field
region and enhanced absorption signals in the high field region of the spectra. In case of
the electrically charged radi-cal pairs the polarization is not only influenced by the
exchange interaction J < 0 but especially by dipole-dipole or Coulomb interaction (CI). In
such ion radical pair systems a “J > 0” beha-viour is possible [15], and in the above
mentioned system with MA™ radicals the S-T.; mixing seems to be the most plausible
polarization mechanism [13].

Also in the case of the radical pair R3"and P* a “J > 0” behaviour is probably influencing
the spectra of R3 = MA™. This behaviour is caused by dipole-dipole or Coulomb interaction
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(CI) within the geminately generated ion radical pairs. This is in agreement with the
theoretical treat-ment of Shkrob [15].

The CI is larger in donor/acceptor systems with smaller molecular radius of acceptors than
in that with larger acceptor molecules. The CI promotes the back electron transfer, and as a
result, limits the efficiency of the charge separation process. The small CI in polymer
blends with the acceptor fullerene is probably the reason for the high efficiency of the

photo-induced electron transfer in blends of conjugated polymers with fullerene derivates.

Fig. 9: TR-ESR spectra of
various MA/polymer blends
in THF solution measured in
the X-band at room
temperature

Ss - MA/P30T/ Cg-PCBM
S4 - MA/P30T
S; - MA/P3DDT

S; - MA/M3EH-PPV/Cr-
PCBM

S1 - MA/M3EH-PPV/Cep-
PCBM

P, - polarons in P3AT
P, - polarons in M3EH-PPV

1mT AH =0.12mT, Ag = 0.0007

Additional experiments with two other conjugated polymers have been carried out with the
aim to compare the resonance positions and the spin polarisation (CIDEP) of polarons in
different polymers. The spectra are seen in Fig. 9. The spectrum S; of Fig. 9 is identical

with the spectrum S, of Fig. 7.

Concerning the spectra S; and S, of Fig. 9 it should be pointed out that the TR-ESR spectra
have been recorded in the presence of a small concentration (¢ = 0.001 M) of Cgp- and Cro-
PCBM, respectively, especially because in pure MA/M3EH-PPV solution the signal/noise
rate was too low to register polaron spectra of sufficient intensity. The resonance positions
of polarons P,” (in M3EH-PPV) is shifted to the low field direction by 0.12 mT in respect
to P, (in P3AT). Different g-factors of polarons in P3AT and in M3EH-PPV are the

reason for the displacement.
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P30T (Poly-3-octylthiophene) and P3DDT have the same polymer backbone and the
polarons have about the same isotropic gp-factor of around 2.0021. However, the polarons
P," in M3EH-PPV have a g-factor value gy =2.0029. (In Fig. 9 signals of the anion
radicals of Cgp- and C7o-PCBM are de-facto not to see because of the small concentration.

Its g-factors are about 2.000 and 2.0028, respectively.)

For the spectrum Ss an about 10-times higher C¢-PCBM concentration (¢ = 0.01 M) have
been applied in the blend with MA-P3OT. The strong absorption signal is caused by
excited triplet states of Cg-PCBM. It should be pointed out that the 3(C60—PCBM)*
spectrum has been certainly registered by us also in THF solution without MA and
polymer, and for example, by Scharber et al. [16]. For the spectrum Ss the blend with MA
has applied mainly because of the opportunity of precise line position determination
relative to the spectral lines of R; and R, of maleic anhydride. The CIDEP signals of
3(Cso-PCBM)* and of the observed polarons have opposite signs. Therefore on the field
position labelled with P," in the spectra S; and S, are really the resonance signals of P,

and can not be attributed to signals of anion radicals of PCBM .
Concluding remarks

With this contribution it has been shown that ESR spectroscopy allows a deeper insight in
the physical processes of the electron transfer and in chemical reactions of radical ions and
neutral radicals. By means of ESR spectroscopy relatively fast can be proofed

e whether in a new donor/acceptor material combination photo-induced electron
transfer occurs or not
e how various additives influence the electron transfer and the electron back-transfer

e whether in the selected material combination electron back-transfer happens and
how fast it is

e how special material treatments like, for example, annealing, solving and re-
crystalli-zation influences that process

By means of TR- ESR spectroscopy one can study
e excited triplet state properties of donors:
- electron transfer rate
- excited triplet / singlet ground state kinetics,
- estimation of relative sublevels triplet state populations
e transient precursor states and kinetics of ion radical formation in donor-acceptor
organic composites under the light excitation

Without doubt, ESR spectroscopy contributes not only to the fundamental research but it is
also of practical worth for developers of solar cell materials and for related subjects of

development.
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Poly-alkyl-thiophenes are conjugated polymers which have been widely used as active
layers in organic electronic devices such as field-effect transistors, organic light emitting
diodes and organic solar cells [1]. In particular, blends of P3HT and functionalized
fullerenes in tandem devices have been the most successful realization of the bulk-
heterojunction concept in which two interpenetrated networks of materials perform as
electron donors or acceptors [2]. The morphology of the blends is strongly correlated with
the performance of the devices, but a deep understanding of the molecular dynamics of
these polymers at different temperatures is still lacking. We present a detailed study carried
on solutions and bulk samples of P30T and P3HT, the experimental techniques that we
have used include quasielastic neutron scattering measurements in pulsed (OSIRIS
spectrometer at ISIS-RAL, UK) and continuous neutron sources (IN10 at ILL, France, and
HFBS at NIST, USA, both high resolution back-scattering spectrometers) [3, 4, 5], as well
as calorimetric and rheological studies of the same samples. Our findings include the
description of a low temperature glass transition, the characterization of the side chain and
backbone dynamics, and the experimental determination of the crystallinity of the samples.
Blends of poly-3-hexyl-thiophene (P3HT) and 6,6-phenyl-Ce; butyric acid methyl ester
(PCBM) are the most promising candidates for active layers of plastic solar cells with high
efficiency in power conversion. The morphology of the blends is strongly dependent on the
solvent used in the preparation of the layers, as well as thermal annealing cycles in the
post-preparation stage. The PCBM tends to aggregate and therefore destroy the path
needed for n-type carrier transport. A huge effort is devoted in order to understand the

dynamical processes which drive such aggregation. Different solvents and deposition

* antonio.urbina@upct.es
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methods (spin coating, spray pyrolisis, ink-jet printing) are being tested.

We have performed measurements of quasielastic neutron scattering in different poly-
alkyl-thiophenes both in solution and bulk samples, and small angle neutron scattering of
functionalized carbon nanotubes in solution [4, 5, 6]. The experiments presented in the
following paragraphs will focus into the detailed study of blends of P3HT and PCBM by

quasielastic neutron scattering performed in the instruments mentioned above.
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Figure 1. Differential Scanning Calorimetry of a bulk sample of P3HT, cooling scans at different
cooling rates are plotted (left). From crystallization peaks as well as from melting peaks in cooling
and heating scans for P3HT and P30T, the critical temperatures can be obtained and are plotted as
a function of the temperature scanning rate (right).

Our previous calorimetric measurements on the pure P3HT and P3OT bulk samples
allowed us to determine the temperature ranges of interest, defining the melting and
crystallization temperatures as well as the onset of some dynamics indicating a possible
glass transition at low temperature (Figure 1). Differential scanning calorimetry was
performed at different temperature scan rates and the obtained melting and crystallization
temperatures extrapolated to infinitely slow scans are T,,=496K, T.=465K for P3HT and
Tn=438K, T;=385K for P3OT. The enthalpies of fusion of the 100% crystalline materials
can be found in the literature, and are AHy(P3HT) = 99Jg™' and AH,(P30T) = 74Jg [7];
then we can obtain a percentage of crystallinity, X(%), using the approximation given by X
= AH/AH, . For our measured values for the enthalpy of fusion, we obtain the crystallinity
ratio after each one of the heating scans which is for P30T and P3HT around 7% and 15%
respectively and do not depend on the scan rate of the cooling/heating cycles.

Neutron scattering experiments measure the double-differential scattering cross-section
86/(8ESQY), which is the probability that a neutron is scattered into a solid angle (3C2)

having exchanged energy (0E) and momentum (Q = ki - Kr) with the sample. In our
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samples, which are hydrogenated polymers, the scattering is dominated by the incoherent
contribution, and for molecular motions within a fixed volume, the incoherent scattering
law describing rotational motions of side groups is given by [8]:

S (0,) = 4,(Q)5(w) + S} (0, @)
Where A¢(Q) is the elastic incoherent scattering function (EISF), related with the geometry

of the molecular motion, and S?/(Q,w)is the quasi-elastic scattering process. Further

elaboration, taking into account the case of methyl group rotation, which is present at the

end of all side-chains in P3HT and P3OT gives [9]:

S (0.) = exp(%“)@o ©3(@)+L[1-4, (Q)]L(co)]

Where 8(m) is the Dirac delta, L(w)=T/(I'+ ®°) is a Lorentzian function, and the
exponential factor is the Debye-Waller Factor (DWF) in the harmonic approximation
which allows us to obtain the temperature-dependent mean square displacement (r°) by
fitting the EISF experimental data. At T = 100K a deviation of the harmonic behaviour is
observed, similar for P3HT and P30T, and at higher temperatures, a branching in the (r*)

temperature dependence for both polymers is obtained. It is an insight on the onset of two

different dynamics at intermediate temperatures.
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Figure 2. Temperature dependence of the Elastic Figure 3. Incoherent Quasielastic Neutron
Incoherent Scattering Function (EISF) for bulk Scattering for a single momentum transfer at
P3HT. The different momentum transfers that different temperatures. A fit to the data using
where measured are displayed in the plot (ILL- a dynamical model with two Lorentzian
IN10 instrument, fixed elastic window scans). peaks is superimposed for the three highest
temperatures (ILL- IN10 intrument).

In Figure 2, some examples of the EISF for P3HT, the special case where the energy
exchange is zero and we measure the Q and T dependence of the elastic signal (a particular

case of scattering function, S(Q, 0)) is shown. In this case, L(®w) can be approximated by
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arctan(I'res/T"), where 'y is the width of the spectrometer resolution function (at fwhm) and

I' is the width of the Lorentzian quasi-elastic peak, which broadens according to the

Arrhenius law [10]:
-E
I'=T,ex 4
0 p( RT)

where R = 8.31JK 'mol™ is the gas constant, and E, is the activation energy, related to the

height of the potential barrier that the rotational motion has to surpass (I'y is the line width
at T=o0). By fitting our experimental data we obtain a narrow distribution of activation
energies centred around E, = 12.5kJmol ™, with & = 3.2 kimol ™.

Secondly, some examples of quasielastic incoherent neutron scattering spectra (IQNS),
showing the QO and temperature dependence of the quasielastic peaks are plotted as a
function of the energy transfer (Figure 3). From the fit with a set of Lorentzian functions
(plus a Dirac delta), the experimental parameters which describe the observed dynamics
are calculated, the most frequent data treatment is the study of the FWHM as a function of
QO or T, provided that a good fit is obtained and the movements can be identified. Other
usual treatment is to perform a Fourier transform to obtain an experimental S(Q, ¢), called
“intermediate scattering function” which gives a set of time coefficients obtained from
fitting the slopes of the plots [10].

In Figure 3, a more detailed data treatment is shown: Lorentzian fits are performed on each
spectra (in this case two Lorentzian peaks plus a Dirac delta), shown here for the three

highest temperatures. In the case that the different movements can be separated, which is

not always the case, we can consider that: S(Q, ®) = Si ® S;ot ® Syiv, and each of the

Lorentzians gives information of the distances and the time-scale involved in each
movement, provided that the experimental window allows us to “see” that particular
movement. Since we have carried out for this sample two sets of experiments (at ISIS-
OSIRIS and ILL-IN10), we have covered a large energy range, or equivalently, a large
time window and we can claim that we are “seeing” at least two well defined movements,
that we can consider related to side-chain dynamics, the first one to the rotation of the
methyl groups found at the end of all the side-chains, and the second one (slower) related
to a rotation of the whole side chain, exploring a bigger space where movement is allowed
because we have a high degree of disorder in the bulk polymers. The difficulty in obtaining

a single relaxation time is related to the different environment that affect the side-chain
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dynamics in different ways and therefore explaining the existence in such an
heterogeneous environment of a distribution of jump frequencies.

We will also present the potential of other neutron scattering techniques such as small
angle neutron scattering (SANS) and neutron reflectivity in the study of the structure and

dynamics of polymeric multilayered organic electronic devices.
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PAPER BASED SUBSTRATES FOR POLYMER ELECTRONICS
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Paper-based substrates show several advantages above glass plates and plastic foils for
printing and coating processes used in the manufacturing of polymer electronics, especially
for large scale industrial processes. Paper-based media exhibit unique mechanical
properties regarding flexibility, elasticity, stiffness and dimension stability due to its
fibrous structure and non-plastic behavior. Furthermore paper is made mainly from pulp,

an inexpensive and renewable raw material.

The surface of uncoated plain paper is porous and highly liquid absorbing, which is
advantageous for many material depositing methods like gravure or offset printing, as the
functional material is efficiently transferred from the printing plate to the substrate by
capillary forces. But due to the large pore size of paper, generally in the order of several
pm to several 10 um, the functional ink containing active ingredients which are much
smaller like nanoparticles, macromolecules or even small molecules penetrate into the pore
system. This may greatly impart the functionality, as the active material is dispersed and

not building up film like structures.

In this presentation is shown how the properties of paper-based substrates can be
customized to different types of functional inks and printing or coating processes by using
coating and laminating technologies already well established on an industrial scale. For
example, surface smoothness - or template structuring of the surface- down to nanometer
scale is achieved by extrusion coating with thermoplastic polymers like polyethylene onto
the base paper. Layers resulting from this process also serve as very efficient liquid
barriers and are inert to many printing chemicals and solvents. The surface energy and
adhesion of printing inks may be additionally controlled by coating a customized primer

formulation onto the thermoplastic layer.
By polymer extrusion coating the absorptivity and porous nature of paper is completely

lost. For some inks and most printing processes, a controlled porosity in the nm-scale was

shown to be advantageous over a completely closed surface. Such surfaces can be obtained
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by coating paper, resin coated paper or a plastic film with nanoparticle dispersions
containing low amounts of binder. Nanopigments, mostly synthetic silica or alumina, are
available with different structures, primary and secondary particle size. By choosing a
specific pigment or pigment mixture, the pore size of the surface can be tuned in a range
from some nm to more than 100 nm.

When selecting the right relation of pore size of the substrate surface and particulate size of

13

the functional material in the printing ink or coating solution, an “ultrafiltration” or
“nanofiltration” process can be achieved in situ during subsequent printing or coating,
leading to instant separation of the functional material and the carrier liquid, and a clearly

defined layer deposition of the functional material on the top of the substrate.

Furthermore, the filtration process can be used to separate different ingredients in the
printing ink or coating solution based on their particulate size. Examples are shown using
silver inkjet inks containing nanosilver with particle size of about 60 nm printed on a
coated paper with a surface pore diameter of about 30 nm. Metallic conductivity of the
printed structures was observed directly after printing without any sintering steps. The
interpretation of these experiments is that the filtration process leads to an efficient
removal of ink additives like dispersants and stabilizers form the printed silver material.
The additives needed for ink stability, but due to their electrically insulating nature they
prevent inter-particle conductivity as long as they are present in printed and dried
functional layers. Conventionally they are removed in the “sintering” or “curing” step,
which seems to be more an evaporation or combustion process for the ink additives than a
melting or fusing of the silver particles themselves.

By using mesoporous or nanoporous coatings, the poorly up-scalable step of sintering or
curing can be avoided. Using such substrates adapted to the specific ink therefore allows
e.g. printing of conducting lines after printing thermally instable materials or structures, or

printing with inks which usually need curing onto thermally instable substrates.
Furthermore, using the described filtration process may lead to new options for ink or

coating solution formulation. It is highly recommended that inks and substrate surfaces are

jointly developed in the future to fully exploit the potential of this tool.
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PEDOT:PSS is an intrinsically electrical conductive polymer that finds increasing
interest for polymer electronics. This material is especially attractive as it combines a
relatively high conductivity with high transparency, while it can be brought into a stable
fluidic dispersion and thus be applied with various coating techniques. Potential
applications for PEDOT:PSS range from the use as transparent conductive coatings for
various applications, as hole injection layers for OLEDs and organic photovoltaics, to

the use as electrode material for organic transistors' and organic memories.”

In this paper the development of an inkjet printing process of highly conductive
CLEVIOS™ P Jet grades from H.C. Starck Clevios with Xaar 1001 inkjet printheads is
presented. These printheads utilize an ink through-flow principle and enable single-pass
printing with high resolution and reliability, giving the potential for a roll-to-roll based
industrial scale digital printing process. A special focus is put onto the development of
optimized driving waveforms to achieve high-quality drop formation and reduced satellite
formation, while still maintaining high printing reliability. Furthermore, achievable
printing results on some substrates are presented, and suitable printing strategies are

discussed.

H.C. Starck Clevios has developed a range of inkjetable PEDOT:PSS formulations, that
are available under the trade name CLEVIOS™ P Jet.’ CLEVIOS™ P consists of a
aqueous dispersion of the polymer complex poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate (PEDOT:PSS). The dispersions are formulated of submicrometer sized gel
particles which upon drying form a continuous film which is conductive and transparent.

In this stage, two high-conductivity grades of CLEVIOS P Jet dispersions were utilized for
the development of a jetting process with the Xaar 1001 printhead. The evaluated
formulations were CLEVIOS™ P Jet HC V2, which allows for layers conductivities in the
range of 300-500 S/cm, and CLEVIOS™ P Jet N V2 with a partly neutralized pH-value
(increased to 5-7 from the original pH-value of about 2) and resulting layer conductivities
higher than 200 S/cm. The pH neutralization of CLEVIOS™ P Jet N V2 is expected to be
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beneficial for the lifetime of the inkjet printhead. Both fluid formulations exhibit a shear-
thinning behaviour, with a viscosity of around 20 mPa.s at low shear rates, which
decreases to well below 10 mPa.s at the high shear rates that are present at the printhead

nozzles.

The Xaar 1001 is the latest generation of printheads from Xaar, with 1000 nozzles
arranged in two rows, allowing single pass printing with 360 dpi and typically 8
greylevels.* The printhead produces subdrops of 6 pL volume at high frequency, and
different greylevels are produced by ejecting trains of subdrops by appropriate electrical
pulses, which form a single droplet when leaving the nozzle. The total drop volumes are
thus multiples of the subdrop volume with a maximum of n x 6 pL for a n drops-per-dot
(dpd) waveform.

Furthermore, this printhead allows high jetting reliability by utilizing the Through-Flow
Technology™ (TFT). A specific external ink system provides a constant circulation of ink
through the ink channels, and simultaniously controls the negative meniscus pressure at the
nozzle. While air intake through the nozzle into the ink channels may occur under certain
circumstances, these air bubbles cannot accumulate in the ink channel and can be easily
removed by the ink flow from the recirculating ink system, enabling self-recovery without
the need for additional purging steps. By controlling the temperature of the ink in the
through-flow system, it also provides an easy way to control the printhead temperature and
to adjust this temparature to higher or lower values. Furthermore, there are indications that
the latency times, i.e. the time that the printhead can be idle and startup of the jetting
process without further interception is still possible, is increased with the ink though-flow
of the Xaar 1001.

For typical applications of inkjet printed PEDOT:PSS patterns, high-quality jetting
performance and reliability is needed, as missing ink drops could cause electrical breaks,
and undesired drops or satellites could produce electrical shorts. Thus, a well controlled
drop formation with high placement accuracy, and virtually no satellite drops or misfiring
behaviour is required. This was achieved by optimizing the electrical driving waveform
and jetting conditions for the Xaar 1001 printhead. It was also found that best jetting
performance could by accomplished by cooling the ink and printhead down to 20 °C, as
this counteracts the reduced viscosity of the shear-thinning PEDOT:PSS ink at jetting
conditions, and well as it minimizes the ink evaporation.

With optimized driving waveforms for all greylevels of the printhead, a stable and reliable
jetting process at full duty cycle and without the occurrence of satellite drops was realized at a

drop speed of around 5 m/s at jetting frequencies up to 4-5 kHz. For low duty cycle printing,
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e.g. when only partial layer coverage is needed, this jetting frequency could even be

increased to the maximum drop ejection frequency of the printhead of about 6 kHz.

Figure 1 (a) and (b) show examples for stroboscopic images of the drop formation in flight
with CLEVIOS™ P Jet N V2, producing 1 dpd drops and 7 dpd drops at 4 kHz,
respectively. In these images the nozzle guard of the printhead is visible at the top, and
distances of 0.5 mm and 1 mm from the nozzle guard are marked in the images. The drops
are ejected at full duty cycle and in the 3 cycle mode that is typical for Xaar-type
printheads, i.e. only every 3" channel is jetting a drop at a time. The drop volume was
measured with about 7 pL per subdrop, and latency times of at least 30 min were
achievable at an ink temperature of 20 °C. Ink circulation and through-flow was carried out
with a custom-built small-volume ink system. However, due to the shear-thinning

behaviour of the fluid, only a lower flow rate though the printhead of about 65 mL/min

could be applied.
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(a) 1 dpd (~7 pL drop volume) (b) 7 dpd (~48 pL drop volume)

Figure 1: Drop formation with CLEVIOS™ P Jet N V2 at 4 kHz, 20 °C; 5 m/s drop velocity in both
cases

Simple test structures with lines and dots were printed onto both PET substrates and photo
paper, in order to assess achievable structure dimensions and line width when printing at
different processing conditions and with different greylevels of the printhead.

A first part of the test prints was carried out on photo paper, to enable easier visualization of
the printed pattern with the nearly transparent PEDOT:PSS layers. Figure 2 (a) and (b) shows
two examples of lines printed with CLEVIOS™ P Jet N V2 onto Epson glossy photo paper,
where the brighter features in the images are the printed PEDOT:PSS lines, produced by
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jetting with every 2" channel across the printhead to result in a 141 pum pitch of the lines.
The lines in Figure 2 (a) were printed with 7 dpd drops at 360 dpi printing resolution and a
print speed of 0.3 m/s, yielding a line width of about 76 um. However, there is still certain
raggedness visible for the lines produced under these conditions and on this substrate type,
indicating that the dot spacing should be further reduced. For smaller drop volumes the
resolution in printing direction was thus increased to be able to achieve continuous lines.
The best printing resolution for obtaining highly regular lines with 1 dpd drops
(corresponding to about 7 pL drop volume) was found to be 847 dpi, as can be seen on the
roughly 38 um wide lines visible in Figure 2 (b). The diameters of single dots on photo
paper were slightly larger than the corresponding line width, with 84 um for 7 dpd dots and
42 um for 1 dpd dots. No satellite drops could be seen on all print samples.

ML

(a) 7 dpd lines, printed at 360 dpi (b) 1 dpd lines, printed at 847 dpi

Figure 2: Lines produced with different dpd-levels (i.e. different drop volumes) on photo paper; width
of the 7 dpd lines is approx. 76 pm, and width of the 1 dpd lines is approx. 38 pm

Further printing tests were performed on Melinex® 505, a pretreated PET substrate from
DuPont Teijin Films. For these tests the substrate was kept at different temperatures during
printing, to influence the drying times after drop impact and enable additional control of the
structure dimensions. Evaluated substrate temperatures were room temperature (RT, around 25
°C), 40 °C and 60 °C. Similar to photo paper, it was observed as well on the Melinex® 505
substrates that continuous lines with 7 dpd could be achieved at 360 dpi, whereas a resolution
of 847 dpi (dot spacing of 30 pm) was required to obtain regular and continuous lines with the
smallest 1 dpd drops. For resolutions lower than 847 dpi for 1 dpd drops, occasional breakage

of the lines did occur. This relation of the best suitable printing resolution for a given drop
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volume was found to be relatively independent of the substrate temperature, but the pre-
heating had a major influence on the achievable line width, with a reduction from 170 pm
down to 105 um for 7-dpd lines, and from 70 um down to 45 um for 1-dpd lines, when
going from room temperature to a substrate temperature of 60 °C. The line width obtained
with the Xaar 1001 printhead on Melinex® 505 substrates for 1 dpd and 7 dpd at the
different processing conditions, along with the diameters of single dots, are summarized in
Table 1.

1 dpd drops (~7 pL volume) 7 dpd drops (~48 pL volume)
Substrate 1dpd line width diameter 7dpd line width diameter
temperature at 847 dpi 1 dpd dots at 360 dpi 7 dpd dots
RT (~25°C) 70 pm 58 um 170 um 135 um
40 °C 60 um 50 pm 150 pm 120 pm
60 °C 45 um 47 um 105 pm 105 pm

Table 1: Line width and dot diameter for 1 dpd and 7 dpd, for printing CLEVIOS™ P Jet N V2 onto
Melinex® 505 PET substrates pre-heated to different temperatures; the values given are
approximate average values.

The applicability of inkjet printed PEDOT:PSS pattern for polymer electronics depends on
the achievement of a highly reliable printing process, were even the first drops of a printing
swathe should be ejected in a well-defined way. However, as the evaluated CLEVIOS™ P
Jet formulations are designed to dry in a reasonable time on the substrate, they have a
tendency to start to dry or cross-link at the nozzle plates of the printhead, resulting in
difficulties to immediately start off the jetting process when the printhead is idle for longer
periods. To overcome these start-up problems, different strategies could be applied, like
regular maintenance with capping and purging steps, or the printing of ‘dummy’ drops at
an idle position or outside the targeted printing area.

Although the constant ink though-flow of the Xaar 1001 printhead already seems to allow
prolonged latency times, it still takes a certain amount of drops to regain standard jetting
performance after longer idling times. To improve this further, an additional technique was
evaluated when printing the CLEVIOS™ P Jet inks with the Xaar 1001 printhead, namely the
application of a ‘tickle pulse’, i.e. a short, non-jetting pulse that just causes an ink meniscus
movement without actually ejecting ink drops. For a test with 10 minutes idling time without
such a tickle pulse it could take up to several hundred of drops until all channels of the heads

were jetting again. With this tickle pulse activated during the idling phase, drops from all
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nozzles were appearing immediately in the first printed line, first with some directionality

errors but regaining good placement quality after a few drops.

Conclusion and Outlook

We have demonstrated that a well-controlled jetting process can be achieved when printing
PEDOT:PSS formulations with the Xaar1001 inkjet printhead. Smallest lines of approx. 40
pum are feasible when printing with 7 pL drops, but it is also obvious that the printing and
processing conditions have to be adjusted for each substrate type and application type. The
reliability of the jetting process for conituous printing runs, as well as the long-term

performance of printheads with CLEVIOS™ P Jet inks still need to be further evaluated.
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The most efficient organic solar cells are based on blends of conjugated polymers and
fullerenes. One of the promising strategies to enhance the performance of polymer-
fullerene solar cells is enhancing the open-circuit voltage (V,.) by increasing the energy
gap between the polymer HOMO and fullerene LUMO (Fig. 1). Indeed, the LUMO-
HOMO difference in the most studied P3HT:PCBM solar cells is abundantly large, i.e., it
is essentially higher than that needed for efficient exciton dissociation (exciton binding
energy) as illustrated in Fig. 1. As a result, the V. in P3HT:PCBM solar cells is limited to
~0.6 V. The fullerene LUMO energy can be decreased by attaching an organic addend to
the fullerene cage that typically results up to ~0.15 eV lower LUMO as compared to the
parent Ce [1, 2]. Meanwhile, an
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Fig. 1. Relative energies of frontier molecular Fig. 2. Schematic of exohedral
orbitals of P3HT and PCBM. fullerene metallocomplex, M is a

metal atom.
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Fig. 3. Structural formulas of (3*-Ceo)IrH(CO)[(+)DIOP] (left)
and (57>-Cg0)Os(CO)(1BuNC)(PPhs), (right).

essentially lower LUMO energy can have fullerene compounds with a metal atom attached
to the fullerene cage. The metal moiety donates the electron density to the fullerene cage
that results in a lower LUMO energy. Recent studies have demonstrated that endohedral
fullerenes lead to Vocup to 0.89 V in P3HT: LusN@Csg bulk-heterojunction solar cells [3].
However, endohedral fullerenes are difficult to synthesize, and because of this exohedral
metal-fullerene compounds could be much more technologically attractive. Our recent
studies suggest that exohedral fullerene metallocomplexes (FM) could be a promising type
of acceptors for polymer solar cells [4, 5]. Fig. 2 presents a structural formula of FMs.
According to the electrochemistry data [6], FMs have the LUMO energy at least 0.4 eV
lower than that of Cg, and their ligands can be used to control the solubility. In addition,
FMs have considerably stronger optical absorption than PCBMs [4, 5] that could provide
higher photocurrent. In this work, we study IrCep and OsCq [7] FMs (Fig. 3) as acceptors

for polymer solar cells.

We have recently shown that in MEH-PPV:IrCg blends the polymer photoluminescence is
efficently quenched, and long-lived charges are generated, under polymer photoexcitation
[4, 5]. Similar results have been obtained in this work for polymer:OsC¢y blends. These

data indicate efficient photoinduced charge transfer from the polymer to FMs.

The active layer of devices was sandwiched between an ITO/glass substrate covered by
PEDOT:PSS and Ca:Al electrode. The active layer (FM, P3HT:FM or P3HT:PCBM
blend) was deposited by spin-coating from ortho-dichlorobenzene solution. To measure the

electron mobility in FM films, space-charge-limited current (SCLC) technique was used.
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Fig. 4. Experimental (symbols) and calculated (solid lines) J-V characteristics of
ITO/PEDOT:PSS/OsCeo/Ca:Al (left, V,,=2.4 eV, R =60 Q and £=3.9) and

ITO/PEDOT:PSS/IrCso/Ca:Al (right, V,,=2.3 eV, R =30 Q and ¢=3.9) devices
with FM thickness d=60 and 80 nm.

Fig. 4 show the J -V characteristics for OsCgp and [rCgo devices with the applied voltage
corrected for the built-in voltage V,, and series resistance R . The J -V curves were fitted
by the Child law assuming a field-independent mobility. The SCLC electron mobility u

for IrCqy, was found to be 5x10™ cmz/Vs, and for OsCg 1x107 cm?/Vs. The electron

mobility of IrCy is expected to be quite sufficient for efficient polymer:FM solar cells.

IrCeo and OsCgp were used as an acceptor in polymer:fullerene solar cells with P3HT as a
donor. As a reference, P3HT:PCBM solar cells with a 1:1 weight ratio were fabricated.

Fig. 5 compares the J -V characteristics of the P3HT:IrCsy and P3HT:PCBM solar cells.
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Fig. 5. J-V curves (left) and photoelectric data (right) for 1:1 P3HT:PCBM and P3HT:IrCq
cells measured under AM 1.5 illumination conditions (1000 W/m?).
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Fig. 6. Atomic force microscopy (AFM) image (3x3 pum) of 1:1 P3HT:IrCg blend.

Although the V. of the P3HT:IrC¢ cell was 0.75 V that is by 0.16 V higher than that of
the P3HT:PCBM cell, the short-circuit current of P3HT:IrCg solar cell is about three times
lower that that of the reference cell. As a result, the efficiency of the P3HT:IrCs( solar cell
is below 1%. Note that according to the IrC¢y LUMO energy [6] the V. in P3HT:IrCeo
solar cells is expected to be up to 0.9 V. Possibly, the low performance of P3HT:FM
devices is associated with non-optimized morphology of the active layer. Fig. 6 shows a
typical AFM image of P3HT:IrC60 blend film: reasonable scale of donor-acceptor phase
separation is observed. Optimization strategies for polymer-FM cells (varying FM:polymer

ratio, deposition conditions, annealing conditions etc.) are discussed.

This work is partially supported by the program "Scientific and scientific-pedagogical

personnel of innovative Russia” (contract #02.740.11.5155).

[1] F. B. Kooistra et al., Org. Lett. 9, 551 (2007).

[2] Y.J.Heetal,J. Am. Chem. Soc. 132, 1377 (2010).

[3] R. B. Ross et al., Nat. Mater. 8, 208 (2009).

[4] S. A. Zapunidi et al., J. Pure and Appl. Chem. 80, 2151 (2008).

[5] S. A. Zapunidi et al., Proceedings of the 3rd International Symposium
Technologies for Polymer Electronics - TPE 08, Rudolstadt, Germany, 2008, p.
164.

[6] S. M. Peregudova et al., Russ. J. Electrochem. 44, 249 (2008).

[7] A. V. Usatov et al., Eur. J. Inorg. Chem., 2041 (2003).

141



BIOGRAPHIC DATA OF DR DMITRY YU. PARASCHUK

Dmitry Yu. Paraschuk graduated Faculty of Physics, M.V.
Lomonosov Moscow State University (MSU), Russia, and
finished his PhD thesis in 1991 and DrSci thesis in 2005 at
MSU. At present he is a team leader on photophysics of
organic nanomaterials at Faculty of Physics &
International Laser Center, MSU. His main research
interests are spectroscopy of semiconducting polymers and
related materials (Raman, ultrafast, photothermal,

electroabsorption etc.), organic photovoltaics, and

picosecond photoacoustics.

142



Part IX:

Solar cells / OPV 2






Functionnalized single wall carbon nanotubes significantly improve the

performances of polymer solar cells

H. Derbal™‘, C. Bergeret®, J. Cousseau®, J.-M. Nunzi®® *

“ PPF Cellules Solaires Photovoltaiques Plastiques, Université d’Angers, 2 Bd. Lavoisier,
49045 Angers, France
b Institut des Sciences et T echnologies Moléculaires d' Angers, UMR CNRS 6200,
Université d’Angers, 2 Bd. Lavoisier, 49045 Angers, France
© IM2NP Laboratory, Equipe OPTO-PV, casier 231, Paul Cézanne University,
L’escadrille Normandie Niemen, Aix Marseille III, France.

Y Department of Physics and Department of Chemistry, Queen’s university, Kingston,
Ontario K7L 3N6, Canada

¢ XLIM CNRS UMR 6172, Université de Limoges, 123 Av Albert Thomas,
87060 Limoges, France

Several attempts to incorporate carbon nanotubes in the active layer of bulk
heterojunction solar cells (BJH) have been reported. E. Kymakis et al. very early reported a
solar cell in which single walled carbon nanotubes (SWCNTSs) replaced the fullerene in the
polymer BHJ." Interestingly, such cells could result in a large open-circuit voltage of
0.75V,? whereas the open circuit voltage of fullerene BHJ cells is currently in the range of
0.6 V.> CNTs should be present as few wt% quantities in the polymer:fullerene BHJ to
yield acceptable efficiencies and promising applications.*® B. Pradhan er al. have
introduced functionalized multi walled carbon nanotubes (MWNTs) into the BHJ,* while
Berson et al. have reproduced state-of-the-art results by incorporating pristine SWCNTs or
MWCNTSs in the BHJ without annealing procedure.” More recently Stylianakis et al. also
obtained state-of-the-art results with large fill factor by insertion of functionalized
SWCNTs in the BJH.® In this paper, we report on the achievement of an exceptionally
large open circuit voltage V,. above 0.8 V, together with large fill factor and short circuit
current, through the incorporation of HiPco ester-functionalized SWCNT in a poly(3-
hexylthiophene) (P3HT) : 1-(3-methoxycarbonyl) propyl-1-phenyl[6,6]Cs; (PCBM) bulk
heterojunction.

The pristine HiPco SWCNTs 1 were transformed into corresponding ester
derivatives 4, in order to obtain carbon nanotubes easily dispersible in organic media. This
overall transformation is achieved after three main steps, as depicted in Scheme 1: i)
purification-oxidation in order to eliminate metallic catalysts and amorphous carbon, and
to create carboxylic acid groups,” ii) formation of corresponding acid chloride group,””'

ii7) esterification through reaction with the alcohol CH3-(OCH,-CH,);-OH.
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a) HNO; 2 6M soct,

125°C, 48 h DME HO(CH,CH,0);CH;
ap-SWCNT = SWCNT-CO,H—® SWCNT-COCI - SWCNT-CO,(CH,CH,0)3CH;
1 b) "piranha" solution 5 70-75°C 3 95°C 4
H,S0, 96%/ H,0, 30% 4/1 24-48 h 96 h
45°C.15h

Scheme 1. Synthesis of SWCNT ester derivatives 4

Characterization of the functionalized SWCNT 2 and 4 was achieved through use of
thermogravimetric analyses (TGA) and infra-red spectra. On thats basis, the average
degree of functionalization in SWCNT derivatives 4 was estimated as one ester group for
each ca. 45 carbon atoms.

In order to precisely evaluate the influence of SWCNT 4 on the photovoltaic
characteristics of cells composed of SWCNT 4:P3HT:PCBM blends, the blends were
prepared as follows. A SWCNT 4/P3HT mixture was first prepared, starting from the
previous SWCNT 4 dispersion in chlorobenzene : a v volume (mL) of this dispersion was
added to P3HT (10 mg) dissolved in a chlorobenzene volume v’ = (1-v) mL, so that the
obtained mixture contains 0.1-0.4 wt% SWCNT 4 related to P3HT in a final 1 mL volume.
Then PCBM (8mg) is added to the solution. The final blend is thus characterized by three
constants: the amounts of P3HT (10mg) and PCBM (8mg), and the chlorobenzene volume
(1 mL). As a consequence, the thickness of the active layer of the corresponding BHJ cells
is expected to be invariable whatever the SWCNT 4:P3HT:PCBM blend studied.

Current/voltage characteristics of the various devices: ITO/PEDOT: PSS/ SWCNT
4:P3HT: PCBM: /LiF-Al, before and after annealing, are presented in Figure 1.
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Figure 1: J-V characteristics under illumination with 107 mW/cm2 of the organic solar
cells based on the composites SWCNT 4:P3HT: PCBM, before (a) and after annealing (b)
at 100°C for 10 min.
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P3HT :PCBM Before annealing After annealing
(089 X%\ ) | e em?) | FF | 0% | Vae) | Je(masem®) | FF | 5%
SWCNT

0% 0.53 6.8 0.50 1.9 0.58 12.1 0.54 4.0
0.1% 0.84 9.8 0.42 3.2 0.83 12.2 0.49 4.7
0.2% 0.82 9.8 0.41 3.1 0.81 11.3 0.42 3.6

0.3 % 0.64 10 0.46 2.8 0.77 10.4 0.45 3.4

0.4 % 0.67 8.8 0.41 2.3 0.69 890 47 2.7

Table 1. Photovoltaic parameters under 107 mW/cm® illumination, before and after

annealing at 100°C during 10 minutes.

Photovoltaic parameters extracted from the J-V characteristics in Figure 1 are given
in Table 1. Figure 1 confirms that the presence of SWCNT 4 in the active layer improves
the PV characteristics of the solar cells before annealing.” The best improvement is
obtained with cells incorporating 0.1 and 0.2 wt% SWCNT 4. State-of-the-art efficiencies
are obtained after annealing of the BJH.? Most importantly, a record open circuit voltage of
0.83 V is obtained with 0.1% SWCNT 4, whereas the open circuit voltage of pristine
annealed solar cells is 0.58 V. Interestingly, a large open circuit voltage is a common
feature to all the SWCNT-doped cells studied in this work.

The influence of SWCNT 4 on the active layer was studied by UV-Visible
spectroscopy before and after annealing. The evolution of the shoulders at 550 and 610 nm
in the absorbance correlates with the increase of the m—m-stacking of the conjugated
polymer in the BHJ.> The behaviour is also strongly correlated with X-ray diffraction
(XRD) data.

In conclusion, we have obtained a significant improvement in the photovoltaic
properties of P3HT/PCBM based PV cells through the incorporation of SWCNT-ester
derivative 4 into the active layer. We may expect that the improvement is mostly due to the
fact that the covalent functionalization of pristine SWCNTs strongly diminishes, if not
suppresses, the metallic character of the initial carbon nanotube network, as previously
observed.'"'? Furthermore the maximum open circuit voltage that is accessible to a
solar cell is related to the energy difference between the conduction level of the
acceptor material and the valence level of the donor material (the flat band regime)®,
minus a voltage drop that is related to the build-up of a space charge field either
at the electrode interfaces or inside the BHJ.'* The 0.3 V drop that was currently
admitted can be overcome by the use of lower bandgap photovoltaic polymers in

which, at constant  open-circuit  voltage, the  short circuit current
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can be increased significantly."”” The idea was successfully applied by several authors in
order to break successively the world record efficiency accessible to BHJ- cells.'®'® The
technique demonstrated herein may open new margins for an extra ca. 30% efficiency
enhancement using state-of-the-art low band-gap BHIJ solar cells through the increase of

the open-circuit voltage.
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Abstract

The thienopyrazine-based low-bandgap poly(phenylene-vinylene) (PPV) PM-19 was
success-fully applied in flexible and rigid polymer:fullerene solar cells. [6.6]-Phenyl-
Ce1(71-butanoic acid methyl ester ([60]-PCBM, [70]-PCBM) were used as acceptors. The
comparison of the device parameters of PM-19:[60]-PCBM vs. PM-19:[70]-PCBM (1:2
w/w) yield an increased short circuit current applying [70]-PCBM but finally nearly the
same power conversion efficiencies (2.32% vs. 2.38% on ITO PET, 2.86 % vs. 2.84 % on
ITO glass substrates). For PM-19:[70]-PCBM (1:2 w/w) devices with 1.8-octanedithiol as
an additive we found a strong in-fluence on the film morphology, the external/ internal
quantum efficiency, the charge carrier separation and consequently on the solar cell
efficiency in dependence on the amount of the thiol given to the polymer:fullerene
solution. The best results were obtained with an polymer: thiol weight ratio (w/w) in the
range of 1:0.1 to 1:0.25 with an enhanced power conversion efficiency to about 3.23% on
ITO PET vs. 2.32 % without thiol. Light-induced electron spin resonance (LESR)
spectroscopy exhibits that the charge transfer to PCBM as acceptor occurs quite normally
and that the ESR line double integral intensity decreases if the thiol content is increased

from 1:0.1 to 1:2.4 polymer:thiol w/w.

Introduction

The technology and cost benefit for reel to reel processed solar cells based on soluble
conjugated polymers is undoubted. The development of new low-bandgap polymers (LBP)
whose absorption match the solar spectrum better than the well-known poly(3-

hexylthiophene) (P3HT) is a key issue. Up to now only a few low-bandgap polymers yield
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high power conversion efficiencies in the range of 5.1-6.1% (on glass substrates) [1-4], but
the majority of this kind of polymers typically show cell efficiencies <1.1% (seldom >2%)
[5] mostly linked to problems with the charge transport. In some cases clearly improved
cell efficiencies of P3HT:[60]-PCBM [6-7] and LBP:[70]-PCBM [1-2] devices were
obtained with the help of processing additives. Here we report the optical, electrical and
photovoltaic properties of a low-bandgap thieno[3,4-b]pyrazine phenylene-vinylene
copolymer (PM-19). The influence of a dithiol additive on the film morphology, the
external (EQE)/ internal (IQE) quantum as well as solar cell efficiency applying [70]-
PCBM as acceptor is reported.

Materials

The well-defined strictly alternating thieno[3,4-b]pyrazine phenylenevinylene copolymer
PM-19 was synthesized by a Horner polycondensation route [8-9]. Figure 1 shows the
chemical structure of the photoactive donor material (PM-19). [60]-PCBM and [70]-
PCBM) were used as acceptors (Solenne 99.5 and 99% purity, respectively).

Based on the cyclic voltammetric data measured in solid state the HOMO/ LUMO level
positions of PM-19 amount to -5.10 eV and around -3.11 eV, respectively (for PM-19 no
reduction peak could be obtained but for very similar polymer structures). The HOMO
position is energetically increased and the LUMO decreased related to the well known
MDMO-PPV homopolymer (poly[2-methoxy-5-(3’,7’-dimethyloctyloxy)-1,4-phenylene-
vinylene], HOMO: -5.31 eV, LUMO: -2.83 eV). The UV-VIS absorption spectrum of a
PM-19 film (from chlorobenzene) shows 3 peaks at 356, 468 and 660 nm and the
absorption edge is shifted to lower photon energies indicating a lower optical bandgap (1.6
eV) than MDMO-PPV (2.2 eV).

7\

CeH130 N N OCgH13
OCgHy7
DSl
CeH130 CeH130 n

Mp: 32100, Myy: 65100, PDI: 2.0, P,: 26 (GPC)
Figure 1: Chemical structure of the low-bandgap PPV (PM-19)

Solar cell devices without an additive
PM-19:[60]-PCBM (1:2 w/w) and PM-19:[70]-PCBM (1:2 w/w) solar cell devices were
prepared on indium tin oxide (ITO) covered polyester (PET) films (Cadillac Plastic, 100 nm

151



ITO, surface resistance: 60 ()/square) or on ITO glass substrates (Merck Displays, 125 nm
ITO, 13 Q/square). The usual device configuration was applied by spin-coating a thin layer
(~80 nm) of PEDOT:PSS (poly(3,4-ethylenedioxythiophene)-poly(sty-renesulfonate)
(Baytron PH or Baytron Al 4083, H. C. Starck/ Germany) followed by a drying step (5-10
min at 80-120°C). Subsequently, the photoactive polymer:fullerene composite layer (~70-
100 nm, solvent: chlorobenzene) was deposited again by spin-coating without a subsequent
annealing (film preparation outside a glovebox). The aluminum cathode was thermally
deposited (~ 50 nm) through a shadow mask, the I/V curves were recorded on ambient
conditions.

Table 1: Photovoltaic parameters of PM-19:[60]-PCBM and PM-19:[70]-PCBM
devices with and without 1.8-octanedithiol (Aldrich, purity >97%) as an
additive (Pv: 100 mW/cm?, AM1.5 white light, Steuernagel solar simulator,
A: 25 mm?)

PM-19:PCBM 1:2 w/w Isc [mA/cmz] Voc [mV] FF Nami.s [ %]
(PM-19:thiol w/w)

[60]-PCBM (1:0)* 6.20 584 0.64 2.32
[60]-PCBM (1:0)** 7.71 553 0.67 2.86
[70]-PCBM (1:0)* 7.40 606 0.53 2.38
[70]-PCBM (1:0.1)* 8.74 606 0.61 3.23
[70]-PCBM (1:1)* 4.95 597 0.57 1.68
[70]-PCBM (1:2.4)* 4.17 603 0.51 1.28
[70]-PCBM (1:0)** 8.24 564 0.61 2.84
[70]-PCBM (1:0.25)** 8.59 616 0.60 3.17
[70]-PCBM (1:2.4)** 5.20 581 0.54 1.63

* on ITO-PET (Cadillac Plastic, 60 €3/ [),

** on ITO glass (Merck Displays, 13 €/ [), thiol: 1.8-octanedithiol
The comparison of the device parameters of PM-19:[60]-PCBM vs. PM-19:[70]-PCBM
(without any additive, Table 1) show mainly an increased short circuit current (Isc)
applying [70]-PCBM, whereas a less decreased Voc (open circuit voltage) or FF (fill
factor) finally yield nearly the same power conversion efficiencies. This is the case on ITO
PET (2.32% vs. 2.38%) as well as on ITO glass (2.86 % vs. 2.84 %). It agrees with the
external quantum efficiencies (EQE), which give nearly the same overall EQE for both
composites, but the spectrum with [70]-PCBM shows less features. The EQE peak value
comes up to ~42 % for the blend with [60]-PCBM (Figure 2, IQE peak value ~54%) and is
among the best for low-bandgap polymers [5]. The higher Isc results from the clearly lower
optical bandgap of [70]-PCBM (~1.75 eV) related to [60]-PCBM (~2.4 eV), which
contributes to the light absorption [10]. The appearance of the film colour changes from

olive-green to red brown going from PM-19:[60]-PCBM to PM-19:[70]-PCBM (1:2 w/w).
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Figure 2: Comparison of the external quantum efficiencies for devices with [60]-

PCBM and [70]-PCBM (left) as well as EQE vs.IQE for the device with
[60]-PCBM (right, in both figures without an additive)

Solar cell devices with a thiol additive

Peet et al. [1] and Lee et al. [2] reported about a clearly enhanced power conversion
efficiency of low-bandgap polymer:[70]-PCBM solar cell devices in the presence of
dithiols with different alkyl spacer length [1] and different 1.8-functionalized alkanes [2].
Both attributed the role of the additive as a processing agent, which mainly acts via its
higher boiling point than the host solvent applied for the film preparation as well as by a
selective solubility of [70]-PCBM.

For PM-19:[70]-PCBM (1:2 w/w) devices with 1.8-octanedithiol as the additive we found
a strong influence on the film morphology, the external and internal quantum efficiency,
the charge carrier separation and finally on the solar cell efficiency in dependence on the
amount of the thiol given to the polymer:fullerene solution. The PM-19:fullerene phase
separation is lower and the surface roughness smoother related to the reference (Figure 3)
applying less thiol (PM-19:thiol 1:0.1 w/w, Figure 3b) and is strongly increased using
much thiol (PM-19:thiol 1:2.4 w/w, Figure 3d) (AFM surface roughness: without thiol 3.82
nm, PM-19:thiol 1:0.1 - 1.08 nm, PM-19:thiol 1:1 - 1.22 nm, PM-19:thiol 1:2.4 - 13.88
nm/ root mean square deviation, internal value of the Anfatec AFM apparatus). The AFM
and the field emission scanning electron microscopic (SEM) images show for the highest
thiol content broad hill-like features with a diameter of ~500 nm attributed to large
fullerene clusters (Figure 3d, 4b). A special circular phase distribution was observed only
for PM-19:thiol (1:1 w/w, Figure 3c¢).

The short circuit current is clearly increased after addition of less thiol (PM-19:thiol 1:0.1
w/w) and the power conversion efficiency enhanced to about 3.23% on ITO PET (vs. 2.32
% of the reference cell without thiol, Table 1/ Figure 5). A thiol content higher than 1:0.25
polymer:thiol drastically decrease the device performance due to a too large phase

separation.
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b) with PM-19:thiol 1:0.1 w/w ratio
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d) with PM-19:thiol 1:2.4 w/w ratio
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Figure 3: Influence of the amount of 1.8-octanedithiol on the AFM film morphology
of PM-19:[70]-PCBM (1:2 w/w) layers (phase images, 5 x 5 um, on ITO
PET)

00023888 . —— 500nm " 00023488
a) without a thiol additive b) with PM-19:thiol 1:2.4 w/w ratio

Figure 4: Scanning electron microscopic images of a PM-19:[70]-PCBM (1:2 w/w)
films on ITO PET (SEM: JEOL JSM 6300-F FESM recorded @ 5 kV)

The higher device performance is also proved comparing the external and internal quantum

efficiencies before and after less thiol addition (Figure 6). The EQE rises up from 34 to 58%

and the IQE from 40 to 64% at ~460 nm. Although these values are among the best ones

reported for low-bandgap polymer based solar cells [5] the clear difference between EQE

and IQE demonstrates the considerable reserves concerning an optimal thickness of the
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photoactive layer. Here the interplay between the spectral dependence of the optical

constants and interference effects plays an important role.
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Figure 5: I-V characteristics of PM-19:[70]-PCBM (1:2 w/w) devices on ITO PET
(Cadillac Plastic, 60 Q/ [1) with different 1.8-octanedithiol content (Ppy: 100
mW/cm2, AM1.5 white light, Steuernagel solar simulator, A: 25 mm®)
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Figure 6: Comparison of the external (left) and internal (right) quantum efficiencies

for PM-19:[70]-PCBM devices without and with 1.8-octanedithiol
(polymer:thiol 1:0.25 w/w)

Additionaly, an influence of the amount of added thiol on the charge separation process
could be detected by light-induced electron spin resonance (LESR) technique. Figure 7
shows the recorded LESR spectra of frozen solutions of pure PM-19 (S;) and of PM-
19:[70]-PCBM (1:2 w/w, S,) (in chlorobenzene, T: 77 K, CW Xe-lamp illumination,
Bruker X-band spectrometer ELEXYS E500 operating at 9.4 GHz). The frozen solution
spectra are better resolved (smaller spectral linewidth) and more intensive (PM-19) than
the spectra of film samples. Therefore they were used to clarify the spectroscopic data of
the complicated superposed donor (PM-19) and acceptor ([70]-PCBM) spectra. The
experimental LESR spectrum of PM-19 exhibits an inhomogeneous line shape (Si,
Figure 7) and corresponds to the positive polaron (P*") on the polymer chain. S4 in
Figure 7 is the simulated PM-19 polaron spectrum obtained with Ss=n*S,
(here n = 4.2 determined by the simulation). Subsequently, the [70]-PCBM" * radical
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anion (S3;) may be extracted as the difference spectrum of S;=S,-S4. The determined g-
factor components of the PM-19 polaron (P") as well as the [70]-PCBM radical anion (R")
are listed on top of Figure 7. To the best of our knowledge the g-factor components of
[70]-PCBM" ° are still not reported to date. LESR using thin solid dropcasting films
(0.6£0.1 pum) of PM-19:[70]-PCBM show that the ESR line double integral intensity
(DInm) decreases continuously if the thiol content is increased starting from a
polymer:thiol ratio of 1:0.1 to 1:0.25 to 1:2.4 w/w. This fully agrees with the photovoltaic
parameters (Table 1, Figure 5). The normalised double integral intensities (DInyv) in
dependence on the thiol content (X) are inserted (F7) in Figure 7. However, the maximum

point of DInwm, which should be correlated with the best solar cell, was not determined

definitely.
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Figure 7: Recorded LESR spectra of frozen solutions of pure PM-19 (S;), PM-

19:[70]-PCBM (1:2, S,) (in chlorobenzene, T: 77 K, CW Xe-lamp illumination, X-band,
9.4 GHz) and the simulated spectra for the PM-19" * polaron (S,) and the extracted [70]-

PCBM ' ® radical anion (S; = S,-S4). The insert F7 shows the dependence of the normalised

double integral intensities (DIny) on the thiol content X measured at PM-19:[70]-PCBM
films.

Conclusion

The thienopyrazine-based low-bandgap PPV PM-19 was successfully applied in flexible
and rigid polymer:fullerene solar cells. The LESR exhibits that the charge transfer to
PCBM as acceptor occurs quite normally differently to many other low-bandgap polymers
in the literature [5]. The comparison of the device parameters of PM-19:[60]-PCBM vs.
PM-19:[70]-PCBM (without any additive) show an increased short circuit current applying
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[70]-PCBM, whereas a less decreased Voc or FF finally yield nearly the same power
conversion efficiencies.

For PM-19:[70]-PCBM (1:2 w/w) devices with 1.8-octanedithiol as an additive we found a
strong influence on the film morphology, the external and internal quantum efficiency, the
charge carrier separation (detected by LESR) and finally on the solar cell efficiency in
dependence on the amount of the thiol given to the polymer:fullerene solution. The best
results were obtained with a polymer:thiol ratio in the range of 1:0.1 to 1:0.25 w/w.

The understanding of the thiol as a processing agent [1, 2] is possible, because its strong
influence on the film morphology is undoubted and also clearly shown by our
investigations. But based on our LESR results and the notice, that small amounts of the
thiol give the highest solar cell efficiency enhancement, it seems to be another approach,
that the thiol additionally improves the charge carrier separation and transport by an easier
overcoming of deep traps and finally modifying the product of charge carrier mobility and
lifetime. Peet et al. [6] discussed it in a similar way and Pivrikas et al. [7] proved a strong
decay of the charge carrier mobiliy with the time for cells without n-octanethiol but a
nearly time-independent mobility after addition of this thiol to P3HT:[60]-PCBM

composites.
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USE OF NANOFIBERS IN BULK HETEROJUNCTION SOLAR
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The observation of electron transfer between a conjugated polymer and a Cgo molecule,!"!

and the development of the bulk-heterojunction concept in polymer:fullerene devices,* *!
have led together with several developments in materials and device design to polymer
solar cells nearing 6% efficiency.” A well-documented example of a polymer:fullerene
bulk heterojunction solar cell (BHJ solar cell) is the poly(3-hexylthiophene) (P3HT): [6,6]-
phenyl -Cg;-butyric acid methyl ester (PCBM) solar cell, a materials combination for
which several research groups reported efficiencies near 5%.°7 P3HT has favourable
electronic and optical properties and a good processability. Furthermore, it has a strong
tendency to crystallize. Well-developed crystals of P3HT have a fibrillar shape, can be
several micrometers long and have a cross section of approximately 20 x 4 nm.*'" More
importantly, these fibers have been identified as the main hole conducting channels in

"I and field-effect transistors

optimally annealed, state-of-the-art BHJ solar cells!
(FETs).["?!

The goal of the presented work is to establish the effect of the alkyl side chain length of
P3ATs on device properties.!'*! Nanofibers offer an attractive way to study the influence of
alkyl chain length on material and device properties on a more equal footing, since
nanofiber formation by crystallization in solution is expected to give more evolved and
relaxed systems than those that can be obtained by thermal annealing.

The regioregular P34Ts were synthesized by us from 2,5-dibromo-3-alkylthiophenes using
the Rieke method (Figure 1). This yielded polymers P3Pr(opyl)T to P3N(onyl)T in 50—
80% yield with high regioregularities (RR > 94.5%).' Molecular weights were measured
with GPC versus a polystyrene standards. The M, values obtained for P34T to P39T are in

a fairly narrow range; between 17 and 28 kg mol .
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Figure 1: Synthesis of poly(3-alkylthiophene)s (P34T).

Fibers were prepared by the slow cooling to room temperature of a heated solution of

P3AT in a suitable solvent. *!°

I To allow for spin-coating layers of sufficient thickness
(>20 nm), we aimed at fiber formation in the concentration range of ~0.3 to 1 wt %.

The UV-Vis spectra of thin films of the isolated fibers of P3PrT to P3NT clearly show
(Figure 2) that the increase in alkyl chain length in going from P3PrT to P3PT induces a
strong increase in the vibrational structure. Also the band maximum red-shifts with
increasing alkyl side-chain length. Simultaneously, the relative intensity of the first

vibronic transition around 610 nm slightly increases at the cost of the third vibronic

transition around 520 nm.

— P3PIT
P3BT
P3PT
—— P3HT
P30T
—— P3NT

Scaled Absorbance

Figure 2: UV-Vis spectra (normalized for an absorbance of 0.2 at 250 nm) of drop-casted
films of the isolated fibers of P3PrT to P3NT on quartz.

The motivation to use nanofibers to produce BHIJ solar cells was based on the phase
diagram that was determined for P3HT:PCBM blends.!"> For that purpose, different
compositions of P3HT and PCBM were produced by dissolving the components in
chlorobenzene. Subsequently the solutions were deposited by drop-casting on large glass
plates in a glove box under a nitrogen atmosphere to form films. After drying the

remaining solid films were scratched off the glass substrates in the powder form and
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collected for the DSC and MTDSC measurements. The collection of all data delivers the
phase diagram depicted in figure 3. The most important result towards practical
applications relates to the evolution of the glass transition temperature (7;) in function of
blend composition. No indication of phase separation in the molten state of the blends is
found, as a single glass transition is observed for all compositions. This 7} of the blend
starts at the 7, of pure P3HT (= 12 °C) increases as the PCBM content increases till the 7,
of pure PCBM (= 131 °C). The phase diagram also shows that the morphology of the
blends with an f;,"“®™ of 45-50 wt%, giving the highest performance in a solar cell, is
intrinsically unstable at the desired maximum operating temperature of 80 °C, as the 7} is
less than 40 °C. Possibly the use of nanofibers to produce solar cells can create a kind of

thermostable state not relying on a phase separation process.
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Figure 3: Phase diagram of P3HT:PCBM blends: melt crystallization temperature ( A ) and
melting temperature (@) of P3HT; melt crystallization temperature (A), cold crystallization
temperature (0), and melting temperature (©) of PCBM; and Tg (x) with its range (vertical
bar) of the blends.

Crystallinity in P34AT:PCBM solar cells has previously been shown to be important for
solar cell performance. For P3HT nanofibers, we can show that the fiber content can be
easily controlled by varying the solution temperature. In this way, the overall MW of the
P3HT in the blend is kept constant!'®'”). Also fiber isolation is not needed and the use of
solvent mixtures is avoided. We found an optimal efficiency at a 42 % fiber content of the
casting solution and show that it can be linked to the morphology of the active layer!'®).
The fiber content was determined using UV/Vis measurements of the dispersion. The
results obtained show that the fiber content of the solution is very sensitive to temperature.

When raising the temperature from 37 to 50 °C, the fiber content of the solution decreases

from 60 % to 14 %. The solar cell efficiency displays an optimal efficiency of ~3.2 %
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found for a solution temperature of 45 °C. At this temperature, the fiber content was as
stated 42 %.

From Transmission Electron Microscopy (TEM) images and Selected Area Electron
Diffraction (SAED) measurements of the active layers!'™) it was established that the initial
increase in efficiency with temperature of the casting solution is caused by an increased
solubility of PCBM in the casting solution. At lower temperatures PCBM forms large
(> 50 um) needles in the casting solution, resulting in poorly mixed active layers and low
efficiencies. At temperatures equal or above 45 °C, the PCBM dissolves well and, after
reaching its maximum, the solar cell efficiency decreases again with decreasing fiber
content. The variation, so observed, in characteristics of the nanofiber solar cell can be
understood as a consequence of variation in the nanomorphology of the active layer.

Also the extent to which P3AT side chain length as such, influences photovoltaic
characteristics of P3AT:PCBMBH] solar cells!'” was investigated. For that purpose blends
of P3BT:PCBM (1:0.8), P3PT:PCBM (1:1), and P3HT:PCBM (1:1) were used to produce
BHJ solar cells. The active layers were prepared by spin-coating from solutions in o-

dichlorobenzene at 90 °C, followed by an annealing step of 5 minutes at 140°C.

Table 3: Photovoltaic parameters of the best performing P3BT:PCBM (1:0.8),
P3PT:PCBM (1:1), and P3HT:PCBM (1:1) BHJ solar cells (thickness 260 + 10 nm).

Blend Jse Voc FF Efficiency
(mA/em’) (V) (%)
P3BT:PCBM 11.2 0.54 0.53 32
P3PT:PCBM 12.5 0.55 0.62 4.3
P3HT:PCBM 12.0 0.57 0.68 4.6

These processing conditions should also allow to achieve similar conditions of morphology
development for all blends, as o-dichlorobenzene is a good solvent for all derivatives.
Table 3 depicts all the photovoltaic characteristics for the three types of solar cells
produced. The photo-current was recorded under white light (A.M. 1.5) of intensity 100
mW/cm?®. It is quite surprising that all polymers yield highly efficient BHJ solar cells. In all
cases high photo-currents are observed (> 10 mA/cm?) irrespective of the length of the side
chain. To probe the effect of balanced charge-transport, the bipolar transport in the
polymer:PCBM blends in OFET devices was investigated for the non-annealed as well as

thermally annealed films. Mobility values were extracted from the slope of the OFET
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transfer characteristics in the linear regime. According to these data, the hole mobility of
the P3BT:PCBM blend is about an order of magnitude larger than its electron mobility
under all treatment conditions. Similar results were obtained for the hole and electron
mobilities of the P3PT:PCBM blend. These differences are reduced upon annealing at 140°
C. In the P3HT:PCBM film, however, holes and electrons exhibit well balanced mobility
for both thermally annealed and non-annealed samples. The varying bipolar transport with
side chain length can be attributed to local morphology variations . These results
indicate that unbalanced bipolar charge-transport in P3BT and P3PT devices does not
crucially limit the photo-current output of the different devices. It, however, affects fill
factor significantly. In conclusion, using o-dichlorobenzene as a solvent for producing
P3B(utyl)T, P3P(entyl)T and P3HT based BHJ solar cells power conversion efficiencies of
3.2, 4.3, and 4.6 % were obtained, respectively. This implies that P3PT is proved to be a

potentially competitive material compared to P3HT.
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One of the anticipated attractive features of flexible polymer solar cells is the high
production speed. One can use conventional roll-to-roll deposition technologies to deposit
an ink containing a polymer:fullerene mixture, onto a suitable substrate. Investigated roll-
to-roll deposition technologies include printing technologies, for example ink jet, gravure
and flexo-graphic, and coating technologies such as curtain and slot die coating. These
deposition techniques enable production speeds in the order of square meters per second.

In a conventional polymer solar cell the photoactive layer, consisting of the
polymer:fullerene blend, is sandwiched between two asymmetric electrodes. The hole
collecting electrode is formed by an ITO layer, coated with PEDOT:PSS, whereas the
electron collecting electrode is a low workfunction metal such as Ca, Ba or LiF/Al. It is a
challenge to fabricate this complete layer stack with roll-to-roll deposition technologies at
a high speed against low cost with satisfactory power conversion efficiencies and lifetimes
that are sufficient for the first commercial applications

In order to meet the demands with respect to performance, stability and/or
applicability, several novel device structures have been developed which have anticipated
benefits, compared to conventional polymer solar cells. The application of metal-oxide
layers in polymer solar cells enables the fabrication of these unconventional devices.
Transparent solar cells have added value because of to the unique optical properties and
appearance, while inverted solar cells may show increased lifetimes and enable polymer
solar cells on metal foil. In all these novel polymer photovoltaic devices, the metal-oxide
layer plays a crucial role.

We report on the proof-of-principle of a series of unconventional device concepts,
enabled by the inclusion of thin solution processable metaloxide layers in polymer solar
cells. Finally, we discuss efforts to replace the relative expensive and brittle ITO by a
printable transparent composite anode based on a highly conductive transparent polymer

(PEDOT:PSS) supported by a metal grid structure.
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We report the investigation of photovoltaic performance of ca. 200 composite systems
composed of 20 different fullerene derivatives blended with 10 different conjugated
polymers. We showed previously that efficiency of organic solar cells based on poly(3-
hexylthiophene) (P3HT) is strongly influenced by the solubility of the fullerene derivative
used as electron acceptor counterpart. However, it was unclear if the
solubility/structure/device performance relationships revealed for P3HT-based cells will be
valid for systems comprising other donor polymers. To answer this question we
investigated 10 different polymers combined with various fullerene derivatives in
photoactive layers of organic solar cells. This comprehensive study showed that
photovoltaic performance of every polymer/fullerene system indeed is governed by relative
solubility of the materials and their molecular structures. However, exact fashion in which
solar cell performance depends on the solubility of the fullerene-based component might
be different for different types of polymers. Molecular structure, in particular, side chain

effects are supposed to be responsible for the observed behavior.
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Interface engineering in organic field effect transistors (OFETs) has become the
key issue implementation of high-performance devices. The crucial part is to design the
interface between the dielectric and the organic semiconductor. State of the art OFETs
usually apply bilayer dielectrics consisting of an oxide which is modified with an organic
interlayer on top. Thin polymeric insulators and resins as well as self assembled
monolayers (SAMs) grown on silicon dioxide and Al,O; serve as surface modifiers [1].
Recent studies show that the overall device performance improves when interlayers are
applied [2].

The role of such modifiers is often interpreted as passivating the oxide surface
removing hydroxyl groups which are considered to act as traps. Factors ranging from
changes in film morphology through to issues of electronic level alignment could all be
playing a role. While device activity has concentrated on modifying the inorganic
dielectric surface with SAMs or polymer dielectrics, little work has considered the
possibility of charge rearrangements at the interface of such modifiers with the organic
semiconductor. Recently theoretical modelling has suggested that improvements in transfer
characteristics and ridged shifts of the threshold voltage can result from the introduction of
permanent space charge or dipole layers at the organic semiconductor / dielectric interface
[3]. In particular the introduction of a BCB divinyltetramethyldisiloxane-
bis(benzocyclobutene) interlayer between the inorganic dielectric (Al,Os3, SiO;) and the
organic semiconductor has been reported to yield low operating voltages and high

mobilities [4]. Apart from suggestions of it acting as a passivation layer little is known of
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its function. We focus on the energy level alignment at the interface, which is characterized
in a combined device and photoemission study. We present a method probing the
electronic levels directly at the interface by means of photoemission spectroscopy and we
find a direct correlation between the energy level alignment and the transistor performance
[S].

Transistors using Cep as semiconductor and a bilayer of BCB — Al,O; have been
reported to excel in low threshold voltage and high mobility (<3 cm®V™'s™). This system is
chosen to explore the role in the improved performance due to the BCB interlayer. We
present a complementary study of two device structures, with and without BCB. We
compare the performance of the field effect transistors and show that the improvement of
the OFET with BCB can be directly related to the differences in energy level alignment as
measured by ultra-violet and X-ray photoemission spectroscopy: When BCB-interlayer is
applied the secondary electron cut-off — the work function — and the valence bands as well
as C 1s core levels of the Cq shift concomitantly to lower binding energies. Compared to
the oxide-only structure the organic interlayer exhibits a huge dipole. The investigations
indicate that this dipole is the prime determinant for enhancement of the transistor
performance. Moreover, from studies of each interface the improvement in device
performance arising from the BCB interlayer is shown to be generated by an inbuilt
potential at the interlayer/organic semiconductor interface. The magnitude and mechanism
of the inbuilt-potential suggests detailed studies into tailoring organic-organic interfaces on

the gate dielectric could be very promising for optimizing device performance.
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Figure 1. (a) Shift of threshold voltage AUireshold in the second derivative of the transfer
characteristics in OFETs with (dark) and without (light) BCB layer. (b) The UPS of Cgy on
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AlLOs (light) and on BCB (dark) referenced to the Er. The shift in the valence bands and in

the secondary electron cut-off A® is indicated.
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Abstract

Efficient polymer solar modules require a thoughtful design of the device layout based on
the constraints arising from the choice of electrode materials — especially when considering
the high sheet resistance in transparent conducting oxide.[1] Therefore the series resistance
of monolithically interconnected solar cells has to be optimized according to sheet and
contact resistances. Here geometrical factors play an important role.[2] Our approach for
polymer solar cell processing is based on the slot dye coating technique, allowing a fast,
precise and economic use of feed materials. Since the coating is a full area deposition, an
additional structuring process is required. To minimize inactive area losses, we apply laser
ablation for very fine structuring of the solar cell interconnects.[1, 3, 4] We present first

results of solar modules processed by this technology.
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