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NANOSCALE ULTRAVIOLET AND OZONE DEGRADATION OF
P30T THIN FILMS STUDIED BY SCANNING PROBE MICROSCOPY
AND RELATED TECHNIQUES

J. ABAD", N. ESPINOSA?, A. URBINA?, J. COLCHERO!

'Dep. Fisica, Centro de Investigacion en Optica y Nanofisica-CIOyN (Campus Espinardo),
Universidad de Murcia, 30100 Murcia, Spain
Dep. de Electronica, Universidad Politécnica de Cartagena, 30202 Cartagena, Spain

In the field of organic solar cells the power conversion efficiency and the durability
are issues that have to be addressed before this technology could be competitive with
traditional silicon solar cells. One of the research lines of our group is devoted to a better
understanding of how the nanoscale properties determine the macroscopic behaviour of
such devices [1-4]. In order to study the durability of plastic solar cells, we investigate in
the present work the modification of thin P3OT films by ultraviolet (UV) radiation and
ozone degradation. Films of 50-200 nm thickness have been prepared by spin-coating on
conducting as well as insulating substrates. The morphology and electrostatic properties of
the thin films were studied at room temperature and ambient conditions using scanning
force microscopy (SFM). A commercial SFM system with a phase locked loop
(PLL)/dynamic measurement board [5] was used with Olympus OMCL-AC-type
cantilevers (nominal force constant: 2 N/m; resonance frequency: 70 kHz). Unless
specified otherwise, imaging was performed in non-contact dynamic SFM (NC-DSFM)
using the oscillation amplitude as feedback parameter. A special home build piezo and
sample holder allowed us to perform a nanoscale studies of the same area of the sample in
order to attribute the observed changes to the real effect of radiation as compared to
possible statistical variations of surface properties. The prepared P30T thin films were also
characterized using macroscopic electronic transport techniques. Since the resistance of the
samples is very high, the conventional four probe configuration can not be used and
therefore the experimental set up has been a two probe system, where a controlled voltage
is applied to the sample with a programmable voltage source acting as active load
(Keithley Mod. 220) while the current is measured with an electrometer (Keithley Mod.
6514) which allows us to measure ultra-low currents [6]. All measurements were
performed at room temperature and dark conditions. Tungsten probes with controlled
contact pressure have been used. Therefore, we will present a detailed study of the
correlation between nanoscale structure and macroscopic measurements, which ultimately

will deliver important consequences on the final performance of the devices.
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Results

Figure 1 show images (20x20 um?) of a P30T thin film (108 nm thickness) before
A) and after UV irradiation B) 5 minutes, C) 7 minutes, D) 10 minutes, E) 15 minutes, and
F) 30 minutes. It is important to note that always the images show the same zone of the
sample. Figure 1 A) is a typical image of this kind of thin film, a flat surface with many
balls, we think that these balls are polymer aggregates which have not been well dissolved
during the preparation method. During the first 5 minutes of exposure no significant
changes on the morphology of the samples are observed, figures 1 B), only some holes
appear (marked in the image with an I) with a depth around 9 and 18 nm. After 7 minutes a
new hole appears in the largest ball (lower part of the image) and the balls are surrounded
by a fuzzy rim. These rims are clearly observed after 10 minutes of UV irradiation, figure
1D). However, the main changes are observed after 15 minutes, figure 1 E), where small
grains like structures appear over the surface and in the case of the largest structure, the
hole reaches all the way down to the glass substrate (depth about 100 nm). Finally after 30
minutes, figure 2 F), the small grains like structures coalesce to form larger features
making the surface more blurred and the surface roughness has significantly increased, as

it is analyzed in detail in figure 2.

Figure 1: A series of SFM topographic images (20x20 pm?) showing the morphology of the P30T thin film
(a) pristine sample, (b) after 5 minutes, (c) 7 minutes, (d) 10 minutes, () 15 minutes and (f) 30 minutes of
UV irradiation. In all images Az = 50 nm.
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Figure 2 shows the root mean square (RMS) roughness evolution as function of the
UV irradiation. In order to calculate the RMS roughness a rectangle of 10x13 pm? centered
in the feature marked II has been analyzed for each image of figure 1, allowing to
determine RMS roughness on the same area of the sample, thus we can attribute the
observed roughness changes to the real effect of radiation as compared to possible
statistical variations of surface properties. In the graph we observe that within the
experimental error the roughness is almost constant in first 10 minutes of UV irradiation
and increases after 10 minutes. Therefore in view of the figures 1 and 2 the main

morphology changes are produced between 10 and 15 minutes of UV irradiation.
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Figure 2: RMS roughness, from the images of figure 1, as function of the UV irradiation.

To estimate the height of the films, these were very carefully scratched off in order
to expose the substrate. The corresponding trench was imaged by SFM to determine the
film thickness after each cycle of UV irradiation to study the relationship between UV
irradiation time and film thickness. We have found that in the first 10 minutes of
irradiation the film thickness is almost constant (around 100 nm). However, after 10
minutes the thickness decreases linearly with the time exposure until a value of 25 nm for
60 minutes of irradiation. It is remarkable that the change in the thickness versus time
exposure dependence coincide with the main changes observed in the morphology of the
samples (roughness increase).

The observed nanoscale structural changes have been correlated with the macroscopic
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transport properties. After each irradiation cycles following the SFM measurement [-V
transport curves have been acquired. A summary of results is presented in figure 3. After
every exposure, we applied a voltage sweep and recorded the current. From both values we
obtain the resistance presented in the figure. With further analysis, correlated with the
thickness obtained by SFM, and considering the probe configuration, the conductivity
behaviour can be obtained. The trend is therefore clear: an exponential dependence of the
conductance of the film against the UV time exposure is obtained: the conductance
decreases exponentially with increasing time exposure. Only after more than 10 minutes of
exposure a conductance increase is obtained and is related with the thickness decrease of
the thin films. Further UV exposure reduces strongly the thickness of the sample and we

can not perform macroscopic transport measurements.

1E-12 ¢ =

S 1E-13}

1/R
1]

1E-14}

T
—
1
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UV irradiation time (minutes)

Figure 3: Macroscopic two-probe electronic transport measurements on P3OT thin films for different UV

irradiation times in a low voltage linear regime (from -1 to 1 volts)
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RESIDUE-FREE NIL STRUCTURING TECHNIQUES FOR
SUBMICRON OTFTs

C. AUNER*!, B. STADLOBER', H. GOLD', A. HAASE', U. PALFINGER',
T. HABER?, M. SEZEN?, W. GROGGER?; G. JAKOPIC!

!Joanneum Research, Institute of Nanostructured Materials and Photonics, Franz-Pichler-Strasse 30,
8160 Weiz, Austria

*Graz University of Technology, Institute for Electron Microscopy, Steyrergasse 17, 8010 Graz, Austria

In this study we report on innovative nanoimprinting processes for the fabrication of
patterned submicron OTFTs in a bottom-gate configuration. The methods are based on
UV-Nanoimprint Lithography (UV-NIL)' and thermally initiated radical polymerization
based Nanoimprint Lithography (TIP-NIL)?, respectively. These techniques are combined
with a novel imprint resist whose outstanding chemical and physical properties are
responsible for the excellent results in structure transfer on both rigid and flexible
substrates.

The UV-NIL core process implies no extra temperature budget, imprints residue-free thus
making etching obsolete, is time saving due to short curing times, eco-friendly due to a
water-based lift-off and completely r2r compatible. It is shown that the UV-NIL technique
works perfectly even if ultra-thin organic and hybrid films are used as gate dielectrics. On
this basis, entirely patterned functional submicron OTFTs with pentacene as the
semiconductor are fabricated showing clear saturation, low switch-on voltage (~3V) and a
sufficiently high on-off ratio (103). In Fig. 1 a SEM image of an UV-NIL imprint result is

shown.

The principle of the UV-NIL process is
illustrated in Fig. 2. The first step (A) is to align
the silicon stamp, which contains the relief
pattern of the source-drain electrodes, with
respect to the gate electrode. Then the aligned
stamp is pressed into the low-viscous resist,

thus displacing the resist underneath the source-

drain structures (B). Here, the innovation is an

Figure 1: SEM image of the imprinted resist.

etch-free process enabled by residue-free

displacement of the UV-NIL resist due to a high difference in polarity of resist and stamp.
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Curing is performed by UV exposure for up to 2 min, depending on the initiator

concentration, whereby the source-drain pattern is permanently transferred into the resist.

After removing the stamp (C) the source-drain material - in our case gold - is evaporated

onto the device (D). The subsequent

lift-off is performed by dissolving the

) C) Release

A) Alighment i

) Alg T T T T B) lit off
N |

resist with deionized water, the

s | E—

evaporated gold layer on top of the

resist is removed while the imprinted

B) Imprint

low pressure

——

D) Au evaporation F) OSC evaporation

areas are preserved (E). Finally the
active layer, which is pentacene here,
to the

is  evaporated complete

transistor structure (F).

TT w TT
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Figure 3: Output characteristics of an UV-NIL
patterned OTFT

The electrical performance of
submicron OTFTs fabricated by UV-
NIL is very convincing. In this case
the gate dielectric consists of a double
layer of benzocyclobutene (BCB) and
polyvinylene cinnamate (PVCi) both
applied by spin coating. Due to the
fact that gate dielectric layer thickness
is smaller by more than a factor 5 than
the channel length, an unbalanced
increase of the lateral electric field
with respect to the vertical one can be
devices with

avoided, even for

channel lengths down to 500 nm. The

effect of proper downscaling of device dimensions is illustrated in Fig. 3. The drain current

at higher drain voltages fully saturates indicative of an insignificant influence of channel

length modulation.
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In Figure 4 a scheme of the TIP-NIL process is shown: A silicon stamp containing the
source—drain structures is aligned roughly onto the substrate (A). The stamp is pressed into

the resist thus completely displacing the resist under the source—drain structures (B).

Subsequently, the resist is cured | ) aignmert D) Au evaporation
A
by thermal initiated
A

polymerization. After the stamp

removal (C) the source—drain

B) Imprint E) lift off [ lgate
material is evaporated onto the pressure ) dielectric layer
OO DN NN R EEEE
substrate (D). [N TIP resist

The imprint resist is dissolved | w1 a1 17

with water, which leaves the C) Release F) OSC evaporation (] organic semiconductor
. T T T T
metal source—drain  electrodes | s —
AR A S [ R

well preserved (E). Finally, the

sample is covered by the organic

active layer, pentacene (F). Figure 4: Scheme of the TIP-NIL process

2.3 ym channel
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Figure S: Imprint- and device characterisation (TIP NIL Process)

To characterize the imprint result, the specimens were investigated by transmission
electron microscopy. Post column energy filters were used for zero-loss imaging and
elemental mapping. The cross section lamellae of the samples were prepared using a
focused ion beam instrument (FIB). A TEM bright field image of the lamella is displayed
in Figure 5b, showing the troughs for the electrodes on the sides and the appearance of the

resist (bright trapezoid) in the middle acting as place-holder for the channel. The organic
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layer of the resist can clearly be distinguished from the Si/SiO, substrate. In order to
investigate whether the imprint is residue-free or not, a close-up of the region near the
resist edge was analyzed by energy filtered TEM, which enables the distinction of
materials according to their elemental composition. Figure 5c represents an elemental map
of the nitrogen distribution. Here, regions of materials containing nitrogen, such as TIP-
NIL-ACMO, appear bright. It clearly reveals the limited spatial distribution of the
imprinted TIP-NIL-ACMO layer in the channel region and its absence in the electrode
areas. This is explicit evidence that the resist is displaced completely during the TIP-NIL
process; no residue of the resist is observed in the imprinted areas. After lifting-off the gold
layer on top of the TIP-NIL-ACMO resist by using deionized water, pentacene is thermally
evaporated to finalize the transistor structure as shown in Figure 5a. Here, a cross section
TEM image is presented. As expected, the gold electrode is perfectly preserved in the
imprinted region (right and left parts of Fig. 5a), whereas it is gone in the channel where
the TIP-NIL-ACMO was dissolved. Thereby, it is proven that the introduced TIP-NIL

route gives excellent downscaled transistor structures.

In summary, we have fabricated well performing OTFTs with submicron channel lengths
using an improved NIL processes. The UV-nanoimprinted OTFTs are comprised of
pentacene as active semiconductor and an ultra-thin double layer gate dielectric composed
of BCB and PVCi. With the novel UV-NIL process fully functional devices with channel
lengths down to 700 nm could be fabricated showing complete drain current saturation and
low switch-on voltages. The process is based on a special formulated UV-NIL resist
optimally adapted to fast and precise nanoimprinting of organic electronic components.
Since no heating step is involved in the process, thermal stress can be disregarded and,
more importantly, thermally unstable materials can be used as substrates and gate
dielectrics. Furthermore, the resist is cured by UV light which reduces the fabrication time
decisively, thus enabling a high throughput. Remarkable is the absence of any residual
layer after the imprint step, which makes etching obsolete. O,-etching of organic
dielectrics is known to increase the gate leakage and the number of OH-groups acting as
traps at the interface. Furthermore, reactive ion etching is hard to implement in a standard
printing line. Finally, the resist allows a lift-off with deionized water, which is a big
advantage with respect to ubiquitous availability, the potential for immediate recycling and
environmental sustainability, resulting in a decrease of the production costs and an increase

of process safety. All in all UV-NIL has a huge potential as a high-resolution patterning
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process for large-area fabrication of flexible organic electronics in a roll-to-roll

manufacturing environment.

The TIP-NIL process also enables residue-free imprinting with the same advantages as

described for the UV-NIL process. Furthermore, this process implies only moderate

temperature budgets in comparison to Hot
Embossing, is eco-friendly due to a water-
based lift-off and provides complete r2r
compatibility. To validate the process OTFTs
with sub um patterened source and drain
contacts with pentacene as the semiconductor
were fabricated showing excellent transistor
behavior parameterized by a low switch-on
voltage of Vso =-3V, an on-off ratio of more
than 10> and a charge carrier mobility of p =

0,25 cm?*/Vs (see F igure 6).

los (A)

Figure 6: Transfer characteristics TIP-NIL
OTFT with 950nm channel length.

'C. Auneret al.; Organic Electronics, Volume 10, Issue 8, December 2009, Pages 1466-1472
2C. Auner et al.; Organic Electronics, Volume 11, Issue 4, April 2010, Pages 552-557
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REEL-TO-REEL WET COATING FOR THE FORMATION OF THIN
FUNCTIONAL LAYERS IN BULK-HETEROJUNCTION POLYMER
SOLAR CELLS

Lars Blankenburg, Karin Schultheis, Steffi Sensfull, Mario Schrodner, Hannes Schache

TITK Rudolstadt, Department Functional Polymer Systems and Physical Research
Breitscheidstrafie 97, D-07407 Rudolstadt, Germany; e-mail: blankenburg@titk.de

Conjugated polymers and fullerene derivatives received attention for photovoltaic energy
conversion. The primary step in the operation of such a polymer solar cell (PSC) is a fast
photo-induced electron transfer from the conjugated polymer to the fullerene in a so-called
“bulk heterojunction” (BHJ) architecture. With the realization of efficiencies (single layer)
up to 7.9 %" on glass and about 5 % on flexible substrates'®! in lab and life times of about
2000 sun hours in the meantime the performance is close to that of amorphous silicon cells.
The next step to a real production would be a test of large scale processing instead of
discontinuous spin coating or doctor blading.

After the feasibility of BHJ-PSC on plastic foil using a reel-to-reel (R2R) slot die coating
processm could be demonstrated, the current focus is on search for alternative solvents,
especially non-chlorinated because of environmental reasons to enable mass-production™.
For the R2R-preparation of the photoactive layers (P3HT:PCBM) we now tested xylene in
comparison to chlorinated standard solvents. We reached in these first experiments with

this solvent promising light power conversion efficiencies up to 1.17 % as maximum value
(Fig. 1).

There is still much potential for further improvements to raise efficiency and processing
speed. This will be part of the upcoming work.

Current [mA/cm?]

30
36

Bias [V]

Figure 1: Slot die coating of low viscosity solution P3HT:PCBM (xylene, 1 m/min, 5 cm on PET/ITO
foil with 2 m/min R2R coated PEDOT:PSS) at TITK e.V. coating machine LBA-200 (left) and I/V-
characteristics of flexible solar cells; system: PET/ITO/ PEDOT:PSS-R2R (2 m/min)/P3HT:PCBM-
R2R (1 m/min; different solvents)/Al; AM1.5, cell size 0.25 cm? (right)

[1] Solarmer Energy, Inc. press release 3" Dec 2009

[2] TITK e.V. press release May 2010

[3] L. Blankenburg, K. Schultheis, H. Schache, S. Sensfuss, M. Schrédner, Solar Energy
Materials & Solar Cells 2009, 93, 476-483

[4] Y. Galagan, I. de Vries, R. Andriessen, S. Veenstra, J. Kroon, 8" European Coating Symp.
7-9 Sept. 2009, Conf. Book, 179-182
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POLYANILINE-SILVER COMPOSITES

P. BOBER; M. TRCHOVA; J. STEJSKAL

Institute of Macromolecular Chemistry, Academy of Sciences of the Czech Republic, Heyrovsky Sq. 2, 162
06 Prague 6, Czech Republic

Polyaniline is one of the most famous conducting polymers on account of high
electrical conductivity, environmental stability, ease of preparation from common
chemicals, good processibility and relatively low cost. In the last years, the interest in
polyaniline—silver composite grew, because the presence of silver can still improve their
conductivity. Such materials may also potentially be useful in applications, such as water
treatment, noble-metal recovery, antibacterial substances, electrode materials,
electrocatalysis, etc. [1,2].

Aniline was oxidized with silver nitrate in the solution of formic acid. The structure
and properties of composites were characterized by Fourier-transform infrared (FTIR),
Raman, and UV-visible spectroscopies, transmission electron microscopy (TEM),
scanning electron microscopy, thermogravimetric analysis, density, and conductivity

measurement.

4n @mz + IOI’ZAgNO3

HA
@ — @
NH NH NH NH
© \— e
NO; NO; "

+10n Ag+ 8 n HNO3

Fig. 1. Aniline is oxidized with silver nitrate to polyaniline—silver composite. HA is arbitrary acid, here,

formic acid.

The true PANI-silver composites are produced at different concentration of formic
acid, 0.1-5 mol L™". This is confirmed by UV-visible, FTIR, and Raman spectroscopy of
products [3,4]. The highest conductivity of the composites was of the order of 10' S cm™".

The high conductivity of composites after the deprotonation of PANI to its non-conducting
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base form suggests that the overall conductivity is controlled rather by silver than by
PANI. Silver nanowires of 20—80 nm diameter, as well as silver particles in the similar size
range were coated with PANI, the hairy polymer overlayer having a thickness of 50-150
nm (Fig. 2).

\ &a

Fod i

C d

U o

Fig. 2. The products of the oxidation of aniline with silver nitrate in (a) 0.1, (b) 0.5, (c¢) 1.0, and (d) 5.0 M

formic acid.
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Abstract

A promising concept to improve the efficiency of polymer/fullerene bulk heterojunction
solar cells is to replace the fullerene component by inorganic semiconductor nanoparticles.
The size-dependent, tunable optical properties of the nanoparticles should allow a better
exploitation of the solar spectrum, and the possibility to use elongated nanoparticles should
be favorable for efficient electron transport. Despite these advantages, efficiencies reported
for hybrid solar cells are usually even below those of purely organic solar cells. In this
contribution, hybrid solar cells containing a bulk heterojunction of poly(3-hexylthiophene)
(P3HT) and colloidally prepared CdSe nanoparticles were investigated. Systematic studies
of correlations between the device performance and blend morphology are presented.
Furthermore, the charge separation process was studied in detail by photophysical
methods. Results point to the existence of a large amount of trap states which could

provide an explanation for the still limited efficiency of this type of solar cells.

INTRODUCTION

Organic polymer/fullerene bulk heterojunction solar cells are perspective for low cost
photo-voltaics, but their efficiency is still limited to about 5-6% [1,2]. One approach for
improvement is to replace the fullerene component by inorganic semiconductor
nanoparticles such as CdSe nanocrystals, giving rise to so-called hybrid solar cells. These
have potential advantages over organic polymer/fullerene solar cells: First, based on the
quantum size effect, tunable absorption properties enable a better exploitation of the solar
spectrum [3]. Additionally, the possibility to use elongated semiconductor nanoparticles is

regarded to be favorable for efficient electron transport because of a reduced number of
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hopping steps [4]. However, despite these advantages, the efficiencies that have been
reported for polymer/CdSe solar cells are still limited to about 3% [3,5]. The limited
efficiency might partly be related to the morphology of the hybrid material blends which is
even more difficult to control than in the case of purely organic composites. Additionally,
more fundamental properties inherent to the nanoparticles might play a role.

In this work, we prepared hybrid solar cells with blends of poly(3-hexylthiophene) (P3HT)
and CdSe nanoparticles. The mixing ratio was systematically varied, and the performance
of the cells was characterized by current-voltage and quantum efficiency measurements.
Atomic force microscopy (AFM) was used to study the structural properties of the films,
and transport properties of charge carriers were investigated by measurements of the
charge carrier mobility in organic field effect transistors (OFETs). Relationships between
the structure, the charge carrier mobility and the device performance were analyzed.
Moreover, light-induced electron spin resonance (L-ESR) and photo-induced absorption
(PTA) spectroscopy were used to study the generation of long-lived charge carriers as well

as their recombination kinetics.

EXPERIMENTAL

CdSe nanocrystals were prepared by colloidal synthesis with oleic acid as stabilizing
ligand as described elsewhere [6]. After synthesis, the nanocrystals were treated with
pyridine in order to remove the oleic acid ligand shell. The mean diameters of the
nanoparticles prepared within this work were in the range of ~3-4 nm. Composites with
different CdSe-to-P3HT mass ratios of 4:1 up to 12:1 were prepared under nitrogen
atmosphere by mixing regioregular P3HT dissolved in chlorobenzene with CdSe
nanoparticles dissolved in pyridine. Laboratory solar cells were prepared as described in
Ref. [6] with the active layer consisting of the CdSe/P3HT blend sandwiched between an
ITO/PEDOT:PSS anode and an aluminum cathode.

ESR and PIA measurements were performed as described elsewhere [7], a 532 nm cw laser
was used for optical excitation. OFETs were prepared using highly doped p-Si wafers as
the gate electrode. The gate insulator was a 200 nm layer of thermally grown SiO,. Bottom
Au contact devices were used in this study. The nanoparticle/ polymer blend was deposited
by spin-coating and annealed for 20 min to 140°C afterwards. Solar cells were
characterized by standard current-voltage (IV) measurements using a class B solar
simulator for measurements under AM 1.5 conditions. Measurements of the external

quantum efficiency (EQE) were performed with a xenon arc lamp as described in Ref. [6].
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RESULTS AND DISCUSSION
Fig. 1 shows typical TEM images of CdSe nanoparticles after synthesis and after the ligand
exchange with pyridine. After ligand exchange, the particles have a higher tendency to

aggregate, indicating the successful removal of the comparably thick oleic acid shell.

M S, S A

Figure 1 — TEM images of CdSe nanoparticles before (a) and after (b) ligand
exchange with pyridine.

Figure 2 shows IV curves and EQE data for hybrid solar cells prepared with a
systematically varied mass ratio of CdSe nanoparticles to polymer. At low nanoparticle
content (ratio 4:1), the open circuit voltage, short circuit current density and fill factor are
rather low and the efficiency under standard conditions (AM 1.5 irradiation, 100mW/cm?)
is limited to ~0.2% [6]. At higher nanoparticle content (ratios around 10:1), the efficiency
increases to ~0.6-0.7% [6], which is typical for hybrid solar cells based on quasi-spherical

CdSe nanoparticles and P3HT [8,9].
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Figure 2 — EQEF data (left side) and 1V curves (right side) of CdSe/P3HT solar
cells with varied CdSe-to-P3HT mass ratio.
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The dependence of the performance on the CdSe-to-P3HT ratio was found to correlate
with the morphology of the blends that was studied by tapping mode AFM (see Fig. 3) [6].
The phase images show contrast that is not correlated with the topographical features,
meaning that this contrast can be attributed to material contrast. At low nanoparticle
content (4:1), there is almost no phase contrast observable, suggesting that phase
separation is not pronounced at this blending ratio and that percolation pathways for
efficient charge transport are not sufficiently established. At higher nanoparticle content
(around 10:1) material contrast indicating phase separation and the establishment of

percolation pathways can be observed [6].

CdSe:P3HT CdSe:P3HT
4:1 10:1

Topography:

70nm[

Phase analysis:

Figure 3 — AFM topography and phase images of CdSe/P3HT blends with
different CdSe-to-P3HT mass ratio. The corner on the top of the topography
images corresponds to the left upper corner in the phase images.

Preliminary experiments on the influence of the blending ratio on charge carrier transport
were carried out by measuring hole mobility in OFET structures. At a mass ratio of 10:1
where reasonable power conversion efficiency is obtained, it was found that the presence
of the nanoparticles does not reduce the hole mobility in the polymer phase [10].

ESR and PIA measurements were carried out in order to study charge separation and
recombination in organic P3HT/PCBM and hybrid P3HT/CdSe blends [7]. Fig. 4 shows
the temporal development of an ESR signal that can be attributed to positive polarons on
the polymer. Under light-excitation, realized by switching on a 532 nm laser source, the

signal increases in both cases, because additional polarons are generated as a consequence
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of successful charge transfer at the donor/acceptor interface. However, when switching off
the excitation source, a different recombination kinetics is observed for the organic and the
hybrid blend. In the P3HT/PCBM blend, the charges recombine relatively fast and the
polaron signal decays to its initial level. In contrast, in the hybrid blend, a fast and a slow
decay are superimposed. Part of the signal decays very slowly, giving rise to the
interpretation that part of the charge carriers is captured in trap states. PIA measurements
supported this picture [7]. The presence of more and deeper trap states might play a key
role for the comparably limited efficiency of CdSe/P3HT hybrid solar cells.
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Figure 4 — ESR signal of positive polarons on the polymer in P3HT/PCBM and
P3HT/CdSe blends. The intensity of the signal is monitored over time while
switching the laser excitation on and off. The temperature was 50 K.
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P3HT-PERYLENEIMIDE SOLAR CELLS: PERFORMANCES OF
BULK HETEROJUNCTIONS VS. BILAYER ARCHITECTURES

C. CARBONERA'", A. BERNARDI', G. ALLEGRAMENTE'?, A. PELLEGRINO',
R.PO’!, G. GIANNOTTA', A. SAVOINI'

'Research Center for non-Conventional Energies Istituto ENI Donegani, Via G. Fauser 4, 28100 Novara

(Italy)
? University of Turin, Department of Inorganic, Materials and Physical Chemistry, Via P. Giuria 7, 10125

Turin (Italy).

Poly(3-hexylthiophene):N,N-dialkylperylenetetracarboxydiimide ~ (P3HT:PTCDI) bulk
heterojunction (BHJ) solar cells have been already described in the i
literature, but the reported efficiencies are not high, probably because

of the unoptimal morphology, caused by PTCDI aggregation [1]. With

the aim to get a deeper insight on the subject, we have compared BHJ
with bilayer devices obtained either through evaporation of a neutral ° .,

PTCDI (Fig. la, also indicated as PDI) or spin coating of an anionic,

Figure 1
3.34 3.80 water soluble PTCDI (Fig. 1b, also indicated as PPDI)
i 4.28 on top of P3HT.
50 The HOMO-LUMO energy of PDI and PPDI are
5.24 5.80 depicted in Figure 2; they are suited for the photovoltaic
PDI process.
ITO PEDOT:PSS P3HT Ag
PPDI The efficiencies
Figure 2 of the bilayer cells

FF

did non show a significant improvement over the

literature reported data. However, with this

approach, not subject to morphology influence, we

Jse (mAfemz)

were able to increase, to some extent, both the Fill

.

Factor and the Open Circuit Voltage (Vo).
As a comparison, BHJ] P3HT:PCBM and bilayer
P3HT/C60 cells have been also prepared and

WVoc (V)

characterized. Provided that the BHJ architecture is

the best performing one, PTCDI bilayer exhibit a

higher Vo than C60. In Figure 3 the main e \éwn_
BHJ BILAYER

BHJ 2
PIHT:PCEM
aHY
T-PDI
Bitayer 3
G
Bilayer 2
PIHTIPDY
Bilayer 1
PIHTIPPCY

parameters are represented for comparison.
Figure 3

1. S. Rajaram, P.B. Armstrong, B.J. Kim, J.M.J. Fréchet ; Chem.Mater. 2009 , 21, 1775
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LOW VOLTAGE SOLUTION PROCESSED ORGANIC LIGHT EMITTING
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Organic light emitting devices (OLEDs) have been investigated intensively because of
their potential for low cost and large area signage. Significant progresses towards higher
efficiencies were achieved by utilizing new material systems for the active layer. A key
issue for highly efficient OLEDs is a low driving voltage. The p-i-n architecture with its
low injection barriers for charge carriers and subsequently low driving voltage is one
solution for this problem. In terms of fabrication costs, solution processing will potentially
be superior to vacuum process techniques when it comes to large area signage and display
applications. Because of the solvent limitations it is challenging to build a p-i-n
architecture completely from solution. In this work we present solution processed p-i-n
OLEDs and investigate the dependence of the driving voltage of OLEDs on the n-doped
buffer layer between the active layer and the cathode.

For the fabrication of a solution processed p-i-n OLED, the established poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) was used as the p-doped
hole transport layer. On top of the p-doped layer Super Yellow was chosen as emitter
because of its easy processability.

The OLEDs without any buffer layer below the cathode have been investigated first. These
devices exhibit an unbalanced charge carrier flow through the device, i.e. high current
density at low brightnesses, and thus very low efficiencies. By adding a
bathophenanthroline (BPhen) layer the non-radiative recombination at the organic/cathode
interface was minimized leading to a significant reduction of the current density. However,
the OLEDs with a pristine hole blocking layer need high onset voltages of almost 5 V. It is
known that the onset voltage can be reduced by n-doping of the buffer layer under the
cathode. As a stable dopant we chose cesiumfluoride. Subsequently, a cesiumfluoride
doped bathophenanthroline (BPhen:CsF) layer fabricated from solution was utilized for
efficient electron injection through an ohmic contact with the cathode. The onset voltage of
the p-i-n-OLED was successfully reduced to 2,6 volt for the OLEDs with a n-doped
interlayer. Consequently, the luminance and the efficiency of the device increased

significantly due to improved and balanced charge carrier injection.
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The main purpose of this work has been to evaluate a set of well-known and available
commercially film-forming techniques from plastic packaging industry. Coating and
printing techniques compatible with a roll to roll processing are the most promising
manufacturing methods in the field of organic solar cells (OSC) in order to transfer the

technology from laboratory scale to a large scale polymer solar cell industry [1].

Several attempts of this kind of processes have been carried out recently, mainly in
European research centers [2, 3, 4], reaching power conversion efficiencies in the range of

2-3%; still well below the performance of small scale model cells.

A typical OSC structure device comprises a multilayer structure formed from different
polymers, mainly polythiophenes and fullerene blends. Given that the deposition of these
organic materials could be entirely from solution, each layer could be deposited by an
individual film-forming technique. Nevertheless, an ideal process should involve

multilayer solution processing, reducing coating and printing steps.

This assessment has provided us with an initial evaluation of the suitability of a given
technique in the field of polymer solar cells. The analysis of the operation parameters of
these technologies will lead to propose a low-cost patterning technique capable of a

successful high-volume manufacturing of full organic solar cells.

The first stage consists of establishing the window of coatability or product requirements
range, and preparing a basic data document specifying these requirements. During the
second step, different coating or printing methods capabilities and operation data have
been evaluated. There are approximately 1000 different coating configurations that are
available and actually in use. We have considered the coating and printing methods shown

in Table 1 as alternatives for the decision problem.

* nieves.espinosa@upct.es
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Table 1. Set of deposition methods considered as alternatives

Coating methods

Printing methods

Al. Doctor blade

A2. Knife over edge

A3. Slot die
A4. Slide
A5. Curtain

A6. Screen

A7. Inkjet

AS8. Gravure

A9. Flexography
A10. Offset

The operating range of any method depends on solution viscosity and wet thickness, line

speed, desired quality level, thickness uniformity, cost, the fluid flow mechanisms in the

method and the manufactured precision of the applicator. Quantitative and qualitative

parameters, such as technical issues, environmental impact or reproducibility of the

fabrication output, have been taken into account in the study, reaching to the following

main criteria;

1) Design control, C1
2) Ink properties, C2
3) Reproducibility, C3
4) Energy input, C4

These four criteria are comprised of subcriteria and after having collected the information

and data for each alternative film forming technique, they have been ordered in a so called

decision matrix, as it is shown in Table 2.

Table 2. Matrix of decision making

INK

DESIGN CONTROL PROPERTIES ENERGY INPUT
Thickness Control REPRODUCI-
. s Max.
i i Viscosi BILITY
Wet Speed Dlugenilmlla Nfulmber ty e I:rI;ﬁon Ink waste | Throughput En::::ided
thickness | Volatility A ontrol | otlayers | (Pa-s) | Prep (m*/h) &

(nm) (m/min)
gll_"A[:)%CTOR 10-100 medium |0.001-0.1 0 1 0.01-40 simple very low low low high
gﬁ'&NIFE OVER 10-750 low 1-100 0 1 0.05-100 moderate very low very low 5000 medium
A3.SLOT DIE 10-500 medium | 1-1000 1 3 0.01-300 | moderate high very low 50000 low
A4. SLIDE 25-250 medium | 1-1000 pse“‘;‘/’gq“as‘ 17 0.01-300 critical high very low 100000 low
A5. CURTAIN 5-500 high [ 10-1000 [ PNy 00152 | critical high verylow | 100000 Tow
A6. SCREEN 3-500 low 0.01-100 2 1 0.1-100 demanding low very low 100 high
A7.INKJET 0.3-500 high 0-1 digital master 1 0.001-0.01 [ moderate medium very low 50 high
A8. ) . .
FLEXOGRAPHY 0.8-200 very high | 1-1000 2 1 0.01-1 demanding high very low 50000 very low
A9. GRAVURE 0.8-80 very high | 1-1000 2 1 0.01-2.5 difficult high very low 100000 very low
A10.OFFSET 3-210 very low | 3-300 2 1 2-100 deé‘;fgf:ﬁg' medium very low 50000 medium
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Data have been extracted from related literature [7, 8, 9], and coating and printing
companies of new OSC markets and of the traditional packaging industry [10, 11, 12].
When uncertainty about a particular parameter was found, qualitative information from

expert surveys was used.

Multi-criteria decision methods (MCDM) can serve as useful decision support for carrying
out this assessment. The multi-criteria technique proposed herein [13], is a combination of
an analytic hierarchy process (AHP), implemented in order to prioritize the criteria and
organize the alternatives in descending order, and the fuzzy set theory, introduced by
Zadeh [14] to deal with vague, imprecise and uncertain problems, commonly used as a

modelling tool for complex systems.

Both criteria and subcriteria have been valued, according to the decision-maker
preferences, with linguistic labels. The analytic hierarchy process (AHP) which was
developed by Saaty (1980), is a simple but useful MCDM, when dealing with unstructured
and multi criteria problems [15]. It consists of decomposing a complex problem into its
components, organizing the components into levels and therefore generating a hierarchical
structure. The purpose of constructing this hierarchy is to determine the impact of the
lower level on an upper level, which is achieved by paired comparisons provided by the
decision-maker. In AHP problems, where the values are fuzzy, not crisp; instead of using
lambda as an estimator to the weight, we will use the geometric normalized average, in Eq.

1:

1
Y = (H ',’-zl(aij’sz’cij)) ' a1
i = - A q.
)y (H j:l(a[f’bi/’c"f )

i=1

In this case, the Fuzzy AHP was only used in order to obtain the weight of each criteria in
the decision problem. As a result of the AHP method application in the problem of a

deposition method selection, the normalized weights of the criteria are obtained.

The Technique for Order Performance by Similarity to Ideal Solution (TOPSIS) is one of
the well known classical MCDM methods, developed in 1981 by Hwang and Yoon [16]. In
this study, the TOPSIS method was used to select the preference order of the alternatives.
The chosen alternative should have the shortest distance from the positive ideal solution
(PIS) and the farthest from the negative ideal solution (NIS). Therefore the final ranking is
obtained by means of the closeness index. In Table 4, the fuzzy numbers of the ranking

score are presented.
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Table 3. Importance weight of criteria

Normalized
Cl1 0.3636 0.3947 0.4138
Cl1 0.2815 0.3148 0.3348
Cl11 0.1987 0.2344 0.2592
Cl12 0.0248 0.0335 0.0432
C113 0.0331 0.0469 0.0648

C12 0.0313 0.0350 0.0418
C13 0.0352 0.0450 0.0558
C2 0.0606 0.0789 0.1034
C21 0.0303 0.0395 0.0517
C22 0.0303 0.0395 0.0517
C3 0.3636 0.3947 0.4138
C4 0.0909 0.1316 0.2069
C41 0.0022 0.0060 0.0110
C42 0.0352 0.0837 0.2648
C43 0.0176 0.0419 0.0662

Table 4. The ranking score, computing the distance to ideal solution d+ and the negative ideal solution d-, by
fuzzy numbers.

A, 0.0512 0.0772 0.1239
A; 0.0508 0.0744 0.1228
A;  0.0466 0.0692 0.1169
A; 0.0790 0.1211 0.1548
As 0.0210 0.0347 0.0660
As 0.0290 0.0436 0.0899
A; 0.0268 0.0407 0.0753
Ag  0.0264 0.0347 0.0672
Ay 0.0250 0.0340 0.0672
A, 0.0281 0.0403 0.0683
Ay 0.0404 0.0643 0.0740
A; 0.0401 0.0639 0.0631
As; 0.0423 0.0667 0.0815
A, 0.0314 0.0478 0.0770
As 0.0670 0.1023 0.1244
As 0.0794 0.1214 0.1464
A; 0.0812 0.1235 0.1557
Ag  0.0802 0.1244 0.1594
Ay 0.0812 0.1258 0.1594
A, 0.0796 0.1226 0.1572
A; 0.2044 0.4545 0.8072
Ay 0.2159 0.4621 0.6937
As; 02131 0.4908 009174
Ay 0.1355 0.2829 0.6971
As 0.3518 0.7465 1.4150
As 03360 0.7355 1.3509
A; 03515 0.7522 1.4414
Ag 03542 0.7820 1.4940
Ay 0.3583 0.7873 1.5002
A, 0.3533 0.7527 1.4584

d+
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Considering Fig. 1, where the score corresponding to each technology is represented in

fuzzy numbers, a defuzzyfication process is needed in order to obtain the order of

preference of the alternatives [17].

0.9 -
0.8 - —A1
07 . —A2
—A3
0.6 —_Al
—A5

3.5
Ab
0.4 A7
A8
0.3 - A9
0.2 - A10

0.1

O T - T T 1 T T 1

0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60

Fig. 1. Ranking score graphically.

From these results, we can conclude that three groups seem to appear in which the

technologies have similar score:

First scored group, formed by Gravure, Flexography, Offset, Inkjet, Curtain and
Screen Printing. All of them have a short distance to positive ideal solution, because
their operation values are inside the window of coatability, and they could fulfil the
coating requirements of an organic solar cell. Furthermore, this first group reveals a

certain predominance of printing techniques over coating ones.

Second scored group, formed by Slot die, Doctor Blade, Knife over edge. The cited
technologies have a farther distance to ideal solution, but could be acceptable

methods.

The third group is Slide coating scored as the worst technique for the purpose of
organic layers deposition, mainly due to the low score in criteria such as: Thickness
control, Reproducibility and Maximum throughput; which are parameters with high

weights in the criteria selection process.
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As a result no one method is capable of applying a quality coating over the wide range of
potential coating conditions, and each method has an optimum range in which it should be

operated. Outside of this optimum range quality and reproducibility will deteriorate.

The results have revealed a relative predominance of printing techniques over coating
ones, which was, in some way, expected. Further refining of the parameter definition and
relative importance of the weights of the used criteria, as well as environmental and cost

considerations will provide a more accurate and definitive selection of technology.
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STABILITY IN BOTTOM- AND TOP-GATE ORGANIC FIELD-
EFFECT TRANSISTORS

S. Georgakopoulos*, D. Sparrowe**, M. Shkunov*

*Nano-Electronics Centre, Advanced Technology Institute, University of Surrey, Guildford GU2 7XH, UK
**Merck Chemicals Ltd., Chilworth Technical Centre, University Parkway, Southampton SO16 7QD, UK

1. Introduction

We have produced and investigated Bottom-Contact (BC), Bottom- and Top-Gate
(BG, TG) Polymer Field-Effect Transistors (PFETs), in an effort to understand the
challenges presented by BG and TG fabrication and any correlation to long-term mobility
degradation, ultimately allowing greater flexibility in organic integrated circuit design. As
PFETs are planar channel structures (Fig. 1), the gate can be deposited either above or
below the channel yielding respectively TG and BG. The differences between the two gate-
modes were investigated by producing Dual-Gate (DG) structures with a novel process,

allowing for the direct comparison of gate-effects in a single transistor channel.

2. Device Structure

b

& Polymer Insulator

Il Au
Glass Substrate

The gates of the DG PFETs were fabricated by thermally evaporating Au through a
shadow mask. The electrodes were defined by evaporating Au and performing
photolithography on the layer. All remaining device elements were deposited from
solution. Devices were fabricated, stored, and characterized under ambient
conditions. Both insulator layers were fabricated by spin-coating solutions of
CytopTM, an excellent organic insulator in terms of resilience to atmospheric
contamination and electrical stability'. The semiconductor used is an amorphous air-
stable conjugated polymer, offering significantly reduced disposition for
morphological non-uniformity compared to crystalline organic semiconductors.

W. L. Kalb, T. Mathis, S. Haas, A. F. Stassen, and B. Batlogg. Organic small molecule field-effect transistors
with Cytop™ gate dielectric: Eliminating gate bias stress effects. Applied Physics Letters 90, 092104. (2007)
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3. Implications of different processing

In TG, as the insulator is deposited after the semiconductor, the semiconductor
surface properties will determine the interface. Spin-coating is well suited for the
formation of such interfaces as film uniformity is high. Also, it is crucial for the insulator
solvent to be orthogonal to the semiconductor to avoid contamination®. In this work

orthogonality is ensured by using Cytop' ™, a fluoropolymer insulator.

In BG, the semiconductor is deposited over the insulator. Reversing the deposition
presents two challenges in fabrication. Firstly, spin-coating a hydrophilic semiconductor
solution on Cytop'™ is impossible, unless the surface is exposed to appropriate surface
chemistry modifying species. Even so, reproducing consistent film thicknesses can be hard,
depending on the quality of the surface modification treatment. In this work, the

hydrophobicity of the bottom-insulator is reduced by exposure to O, plasma.

Top-Gate Bottom-Gate

++++
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+ +
ol — -=ai—
Vo Vo

[ Polymer Semiconductor
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I Au
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[F Charge Flow

The second challenge for BGs is related to the source and drain electrode deposition.
As the BC configuration is used in this work, electrodes were deposited on the
bottom-insulator layer. The electrodes were fabricated by evaporating a thin Au film,
depositing and defining a photoresist structure onto the Au surface, etching,
photoresist removal and cleaning. The bottom-insulator layer can thus be
contaminated by the evaporated Au particles, the Au etchant, and photoresist during
removal. In this work the damage sustained by the bottom-insulator is assessed by
examining four indicators: the FET hysteresis, FET onset voltage, AFM images of the
bottom-insulator surface, and FET mobility variation between the two gate modes, as
described in the results section.

K. Taegeun, B. Changhoon, and H. L. Hong. Top-gate pentacene thin film transistor with spin-coated
dielectric. Organic Electronics 8, 615-620. (2007)
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4. Results

illin Ilin .0 nm
S00.0 nm S00.0 nm “Ijj

Atomic Force Microscope (AFM) images were taken by a Veeco Dimension 3100 in
tapping mode at 1.5 Hz with 256 line resolution. Figure 4a shows the as-made
Cytop™™ surface exhibiting a roughness of 0.41lnm. The surface in figure 4b has
undergone Au evaporation and etching, and exhibits a roughness of 0.49nm. Finally,
figure 4¢ shows an O; plasma ashed surface. The insulator roughness does not change
significantly following electrode deposition and cleaning.

Electrical measurements were taken by a Keithley SC-4200 semiconductor parameter
analyzer under dark ambient conditions. Three DG PFETs were characterized over a
102 day period. Transfer characteristics were taken by sweeping the gate voltage from
10V to -30V in steps of 0.5V, and stepping the drain voltage between -2V (linear
regime) and -30V (saturation regime). No hysteresis can be observed from forward
and reverse scans (Fig. 5). The onset voltage Von was extracted from semilogarithmic
transfer plots at Ip on=1pA. Von values are stable within a window of 2V (Fig. 6). The
difference in onset voltage (Vonr1c=-1V, Vonpc=15V) is attributed to the positive
charging of the bottom-insulator interface caused by the O, plasma ashing required
to clean the electrodes. Both gate modes of the transistors exhibit an on/off ratio of
10° for Vp=-2V and 10’ for Vp=-30V over a range of V¢-Vox=20V (Fig. 7). Figure 7a
displays the transfer characteristic of a PFET 6 days after fabrication and 7b displays
the same device 84 days after fabrication. On/off ratios are maintained. The
subthreshold swing for TG is stable at 0.5V/dec. For BG the initial value of 0.6V/dec
increases to 0.8V/dec.

Output characteristics were taken by sweeping the drain voltage from 0V to -30V in
steps of 0.5V and stepping the gate voltage from 0V to -30V in steps of -10V. Injection
is linear (Fig. 8), as expected from the high workfunction thiol-treated Au electrodes
used. The currents vary for TG and BG for 2 reasons: a) the two gate modes are
experiencing different gate potentials due to different onset voltages, b) if the
semiconductor thickness is 150nm and the electrode thickness 40nm, injected charges
traverse a 100nm low conductivity region before entering the highly conductive
channel, acting effectively as series resistance. This “access” resistance drops current
output and results in mobility underestimation.
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Field-effect mobilities were calculated with the classic equations for linear and
saturation regimes. Mobility values represent peak values of a somewhat curved profile.
Figure 9 displays the evolution of mobilities for 3 DG PFETs. For TG, an initial variation
in mobilities settles down to more stable values after 2 weeks. The mobility then exhibits a
steady decay of 5%-7%/month. For BG, the mobility degrades in a more rapid rate until
day 60, at which point it also seems to stabilize to a similar decay rate, though with higher

variation.

Conclusion

DG PFETs with similar interfaces have been successfully fabricated. Examination of
the onset voltage reveals positive charging of the bottom-insulator interface. This is
attributed to the O, plasma ashing treatment used to decrease the hydrophobicity of the
bottom-insulator layer. The subthreshold swing is stable for TG at 0.5V/dec throughout
device lifetime. For BG, the initial value of 0.6V/dec degrades to 0.8V/dec. The increased
initial value of BG is attributed to slight (10%) mismatch between top- and bottom-
insulator thicknesses. As the subthreshold swing is a measure of the deep traps in the
semiconductor’, it is concluded that the bottom-insulator has sustained a moderate amount
of damage, manifesting as higher interface deep trap density (30%) and onset voltage
difference of 6V between BG and TG. The initial mobilities for TG and BG were calculated
at 0.03cm’/Vs and 0.05 cm?/Vs respectively. This difference is very likely caused by the
TG mobility underestimation due to high access resistance. Degradation-wise, TG decay
appears steady and mobilities exhibit low variation. The decay for BG could not be
measured precisely as variation is higher, though it appears to stabilize to TG-similar rate
after 2 months. It is concluded that TG and BG exhibit similar performance. The surface
chemistry modification step of the bottom-insulator layer is identified as the critical step in
fabrication as it influences semiconductor thickness and thus access resistance for TG,
charge accumulation at the bottom-insulator/semiconductor interface thus shifting the onset
voltage, and deep trap density thus reducing the mobility and increasing the subthreshold

swing.

W. L. Kalb, B. Batlogg. Calculating the trap density in organic field-effect transistors from experiment: A
comparison of different methods. Physical Review B 81, 035326 (2010)
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The Topic P11
from Dr. Enrico da Como
“Recombination via charge transfer excitons in
polymer/fullerene blends: the role of morphology and
molecular conformation”

was changed to a short lecture.
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PRODUCION TECHNOLOGIES FOR LARGE AREA FLEXIBLE
ELECTRONICS AND OPV

T. KOLBUSCH'; C. DITTRICH*

*Coatema Coating Machinery GmbH, Roseller Strasse 4, 41539 Dormagen, Germany

The poster gives an introduction to the variety of devices out of the area of large area
printed electronics and polymer solar cells and the technology challenges implemented in
these developments.

These influencing parameters are explained for the different coating and printing processes
and systems used for flexible electronic systems and organic photovoltaic. A complete
overview on the existing printing and coating methods used today is given.

Further an outlook on the development of different technologies and the possibility for
scaling-up of processes during the next years is provided. Equipment in clean room
conditions is described and specific Roll to Roll solutions in inert atmosphere are
explained to the audience. Furthermore a case study of a European FP7 project called
FACESS in which a printed thin film battery is powering an autonomous sensor is
explained. The printed battery itself is powered by a printed polymer solar cell. Therefore a

demonstrator will be shown.

226



BIOGRAPHIC DATA OF CHRISTOPH DITTRICH

Given Name: Christoph
Last Name: Dittrich

Nationality: German

Organization: Coatema Coating Machinery GmbH
Present Position: Technical Sales Manager
Address: Roseller Str. 4

41539 Dormagen

Germany

Tel:+49 2133 9784 126
Fax:+49 2133 9784 170

E-Mail: cdittrich@coatema.de/ www.coatema.de

Education
1998-2002 University of Technology Aachen: Mechanical Engineering
2002-2005 Niederrhein University of Applied Science, Economics

2005 Diploma Thesis in Economics

Working Experience
Current position: Technical Sales Manager at Coatema
2002-2005 Consultant for business start-ups

1999-2002 Chair of commercial information technology, University of Technology
Aachen

227



POLYANILINE, MWCNTSs/PANI COMPOSITES — THEIR
PROPERTIES AND POSSIBLE APPLICATION

E.N. KONYUSHENKO," M. TRCHOVA, J. STEJSKAL

Institute of Macromolecular Chemistry, Academy of Sciences of the Czech Republic, 162 06
Prague 6, Czech Republic, e-mail: elenak@imc.cas.cz

Polyaniline (PANI) is one of the most interesting conducting polymers. It has
unique electrical and optical properties and good environmental stability. Aniline or aniline
hydrochloride can be oxidized by ammonium peroxydisulfate in the aqueous solutions of
various acids to PANI. We have observed that, if we change the acidity of the reaction
mixture, we can modify the morphology and properties of the final product.

The great variety of properties displayed by the organic conducting polymers has
led to a large array of applications. These include conducting coatings for loudspeaker
membrane, gas sensors (‘electronic noses’) to identify the presence of small quantities of
different gases, battery electrodes, membranes to separate unwanted ions from solutions,
corrosion-resistant coatings to prevent rusting, and cheap disposable electronic chips, and
many others .

Multi-wall carbon nanotubes (MWCNTSs) coated with conducting polymers have
been proposed for widely differing applications including an amperometric biosensor for
DNA or choline, a sensor for nitrogen oxide or an acidity sensor, as a contact in plastic
electronics, and in electrorheology. The PANI-coated MWCNTSs might prove to be an even
more promising material.

The oxidation of aniline (or aniline hydrochloride) by commonly used oxidant,

ammonium peroxydisulfate, is shown below:'

+ H
N\ N
4n @NHZHCI + 5n (NH,),S,0, — -
Cl T
N n
Cl H

+ 5n H,80, + 5n (NH,),SO, + 2nHCI

Polyaniline film is formed during polymerization on any surface, preferably on
hydrophobic ones. This property can be used for coating of MWCNTSs by polyaniline
(Figure 1).
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Figure 1. SEM images of pure MWCNTSs (left top) and 50 % composite PANI/MWCNTs (left bottom) and
TEM image of coated carbon nanotube by PANI (right).

Scanning electron microscopy (SEM) illustrates a uniform coating of MWCNTs

with PANI. The coated MWCNTs become thicker as the amount of deposited PANI
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Figure 2. Conductivity of PANI coated MWCNTs.
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increases. The uniform deposition of
PANI on the MWCNTs is similarly
demonstrated by transmission electron
microscopy (TEM), which shows the
bilayered  structure = of  coated
MWCNTs. As the internal cavity is
well discernible, we conclude that the
coating with PANI takes place only at
the outer surface of the MWCNTs.?
Such composite materials have good
conductivity, which depends on the

thickness of PANI film (Figure 2).



The conductivity is determined by the PANI as the main component at low
fractions of MWCNTs. It increases moderately from 0.42 Scm ' for neat PANI with
increasing MWCNTs content. The decrease in the contact resistance of MWCNTs afforded
by a PANI coating results in the maximum composite conductivity of 25.4 S cm ' at
70 wt.% MWCNTs. The increase in the conductivity of MWCNTs coated with PANI base
with increasing content of MWCNTs is moderate. At low concentrations of MWCNTs, the
direct electrical contact between MWCNTs is prevented by the surface coating with a non-
conducting PANI base and the percolation threshold is thus practically not distinguishable.
Yet, the coating with PANI base seems to reduce the contact resistance between
MWCNTs. The resulting conductivity of MWCNTs coated with PANI base thus reaches
19.6 S cm™ at 70 wt.% CNTs. The conductivity is thus comparable with that of the
MWCNTs coated with protonated PANI.?

Another interesting way to

modify MWCNTs is to carbonize

100 MWCNT ]

MWCNT/PANIbase

MWCNT/PANI |

polyaniline film, which is deposited

on the surface of MWCNTs during

80
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the degradation in air (Figure 3).
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heating decomposes completely. in air (bottom).

230



TGA was done for the pure MWCNTs and PANI base form in order to show that
individual PANI is the least stable of materials; on the other hand MWCNTs are the most
stable. The combination of these two components gives us the composite with good
stability and excellent conductivity properties.

Carbonized MWCNT/PANI composites represent a novel material which, in
nanotubular form, may be considered in various applications. This is especially true when

nitrogen-containing MWCNTs are desired.
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NOVEL LOW BAND GAP ELECTRON DONOR MATERIALS
FOR ORGANIC SOLAR CELLS

V. A. Kostyanovskiy,* P. A. Troshin,® Diana K. Susarova, Ekaterina A. Khalina,* A.
Getachew,” A. S. Peregudov,C and V. F. Razumov®
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(€T A. N. Nesmeyanov Institute of Organoelement Compounds, Vavylova St. 28, B-334, Moscow, 119991

Here we report synthesis, spectroscopic and electrochemical characterization of
different types of conjugated homopolymers and copolymers bearing
cyclopentadithiophene units. Optical and electronic properties of the synthesized polymers
can be easily modified by electron withdrawing units introduced either into the polymer
backbone or attached as side chains. At the same time, physical properties of the polymers
can be turned efficiently by appropriate selection of the solubilizing side chains.
Preliminary data on photovoltaic performance of the synthesized polymers will be

presented.
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Introduction

Electrochromic materials change their optical properties in response to an electric field.
There are three main types of electrochromic materials in terms of there optical properties.
To the first type relate materials, that have at least one coloured and one bleached or
transparent state, where the chromophore absorbs only in the UV-region. Wide used
examples are wolfram oxide, viologens and PEDOT (poly(3,4-ethylenedioxythiophene).
Application fields of these materials are absorption/transmission-type devices such as
smart windows and optical shutters. The electrochromes with two coloured states
constitute a second class of electrochromics and are useful for display-type applications,
also as optical filters and chameleon materials. A third type of chromophore exhibits more
than two coloured states and attracts extensive attention in the electrochromic field. This is
the area, where electrochromic polymers have several advantages over inorganic
compounds, namely outstanding coloration efficiency, rapid response time, long lifetime as
well as thin film flexibility, cost effectiveness and fine-tuning ability of the band gap (and
the colour) through chemical structure modification [1].

Triphenylamine (TPA)-containing polymers have received considerable interest as
electrochromic [2] and hole-transport materials for use in organic electroluminescence
devices [3], because of their relatively high charge mobility and low ionization potentials
[4-5]. The TPA radical cation is not stable and tend to dimerize rapidly forming
tetraphenylbenzidin (TPB) by tail-to-tail coupling. The last is more easily oxidized than
the starting TPA and undergoes further oxidation at the applied potential [6]. The coupling
reaction could be prevented by incorporating at the para-position of phenyl group electron-
donating substituents [7-8]. So far, had been done some attempts to introduce TPA units
into the main or side chain of the polymer backbone and in this way have been prepared

new high-performance systems with novel optoelectronic functions [9-15].
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Results

In this paper is reported on electrochromic properties on triphenyldiamine-based polymer.
The synthesis of poly[(4-methylphenyl)imino-4,4’-diphenylene-(4-methylphenyl)imino-
1,4-phenylene-phenylmethylene-1,4-phenylene-phenylmethylene-1,4-phenylene]  (poly-
TPD (4Me)-DPX) polymer and lasing characteristics are described in [16-17]. It is a non-
conjugated copolymer having alternating triphenyldiamine and diphenylxylylene units in
the backbone with good amorphous film forming properties and high glass transition
temperature of T, ~ 240°C. The structural formula with oxidation scheme is presented in

the Fig.1.
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Fig.1 Electrochemical oxidation of poly-TPD(4Me)-DPX.
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The oxidation is carried out in two steps with consistently oxidation of amino groups and
creating radical cations and dications. The optical and electrochemical properties of poly-
TPD(4Me)-DPX were investigated by UV-vis spectroscopy and cyclic voltammetry. As
can be seen from Fig. 2 (a) the polymer solution exhibited two reversible oxidation
potentials because of successive forming radical cation and dication. Anodic oxidation was
cycled over 50 Cycles without noticeable change. At that time, in polymer film on FTO-
glass the two peaks substantially merge together to become indistinguishable, where the

anodic shoulder corresponds to the radical cation state (Fig.2 (b)).
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Fig.2. Cyclic voltammograms of poly-TPD(4Me)-DPX ; (a) in solution of methylene
chloride, ¢ = 0.005 mol/l, BuyNPFs, ¢ = 0.1 mol/l, 50 Cycles, GE: Pt-disc electrode and (b)
in film on FTO-Glass, Electrolyte: 0.5 mol/l LiTf,N (Lithium-bis(trifluoromethansulfonyl)
imide) in H,0, 5 Cycles, GE: Pt-sheet; RE: Ag/AgCl, scan-rate 15 mV/s.
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The electrochemical characterization of polymer film is summarized in Table 1.

Table 1. Cyclic voltammetry data (Pt-Electrode, Ag/AgCl, Et4NBF4in CH3CN)

Material | E,”*vs. | Eone” vs. [HOMO | E;""vs. | Egpeet ' vs. | LUMO | E,&" | E™
Ag/AgCl | Ag/AgCl | [eV] | Ag/AgCl | Ag/AgCl | [eV] | [eV] | [eV]

Poly-TPD- | +1,00V | +0,98V | -526 | 2,02V | -1,96V | -2,32 | 2,94 | 3,05
(4Me)-DPX

HOMO, LUMO energy levels were calculated from CV and referenced to ferrocene (4,8 eV)
LUMO: HOMO (CV) + E,*

HOMO/LUMO __ :
E - ['(Eonset (vs. Ag/AgCl) — E onset (Fc/Fe+t vs. Ag/AgCl))] - 478 eV (On Fllm)

Electrochromism of the spin-coated poly-TPD(4Me)-DPX thin film on FTO-glass was
monitoried by a UV-vis spectrometer in 0.5mol/l LiTf;N in H,O at different applied
potentials. Experiments were done in a quartz cuvette of 1 cm path length by assembling as
electrochemical cells with polymer coated FTO-glass as working electrode, Ag/AgCl as
reference electrode and Pt-wire as counter electrode. Poly-TPD(4Me)-DPX film showed
multicolor electrochromic behaviour and colour was changed from neutral colourless to
orange and then to blue. The measured transmittance spectra of the neutral and the two
oxidized forms of the polymer film are shown in Fig. 3. When the applied potential
increased positively from 0 to 0.25 V, the film turned into orange to give an intensive

absorption band at 480 nm.
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Fig.3. Transmission spectra of poly-TPD(4Me)-DPX film on FTO-glass and its two
oxidized states) at E=0.25 V (orange, A=480 nm) und at E=1.2 V (blue, A=780 nm) , RE:
Ag/AgCl, GE: Pt-wire, Electrolyte: 0.5 mol/l LiTH,N (Lithium-
bis(trifluoromethansulfonyl)imide) in H,O.
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Further raising the voltage up to 1.2 V resulted in the colour change of the film into blue
accompanying the increase of absorption around 780 nm.
characteristics of the poly-TPD(4Me)-DPX film are summarized in Table 2.

Table 2. Electrochromic behaviour of the poly-TPD(4Me)-DPX film

Characteristic colourless/orange colourless /blue
(A=480 nm) (A=780 nm)
electrochrome contrast, A%T 51 82
optical density
OD =10g (Tgeuching/T cotouring) 0.34 1.0
Coloration efficiency (cm’/C)
1N =102 (Thyeaching/ T colouring) /Q 486 357
Switching time, T (sec) <10 <10

The electrochromic

Thus, the electrochromism of poly-TPD(4Me)-DPX film was firstly studied in detail in
present paper. The polymer demonstrates anodic multichromic behaviour with fine colour
change from colourless to orange and blue and attractive coloration efficiency as well as
good electrochemical stability.
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GRAYSCALE INKJET PRINTING OF PHASE-CHANGE MATERIALS
WITH INCREASED RELIABILITY

INGO REINHOLD,"” MORITZ STURMER,' FRANK STEINHAUBER,! ANDREAS
MADJAROV, ' TOM SUTTER,> WOLFGANG VOIT,' WERNER ZAPKA'

! Xaarjet AB, Elektronikhéjden 10, 175 43 Jarfélla, Sweden
? Dow Chemical Company, Electronic Materials Group, 455 Forest Street, Marlborough,
MA 01752, USA

Inkjet printing has lately proven to be a viable alternative to a lot of subtractive patterning
techniques. For some of these applications inkjet printing provides sufficient resolution,
volume control and positioning accuracy, where the advantage of the versatility of fluids is
of major interest to researchers and industrial users. In this paper we extend our previous
study on inkjet printing of phase-change materials beyond the Xaarl26/50 binary
printhead' and move forward to the Xaarl001 technology,” which has been shown to
reliably dispense droplets in grayscale up to 42 pL with a nominal increment of 6 pL and a
natural resolution of 360 x 360 dpi. The investigated system utilizes Through-Flow
Technology ™ (TFT), which enables continuous circulation of the fluid through the
channels and therefore increased reliability as a consequence of the removal of air bubbles
and particles, which alter the acoustics of the channel. We show droplet formation and
substrate interaction using Dow’s LithoJet™ Resist series material alongside with a
proprietary phase-change ink supply system.

While common inkjet ink formulations exhibit viscosities in the range of 10 mPa s, phase-
change inks have drawn the attention due to the high contact angles achievable,’ resulting
in high aspect ratio structures. For this evaluation of feasibility we selected LithoJet'™ 210
Etch Resist to allow for evaluation and optimization of the required high temperature ink
system alongside with the assessment of required driving waveforms and printouts.
LithoJet™ 210 Etch Resist is a UV-curable phase-change ink designed for use as an acidic
etch resist. It can be used for acid etching of copper, brass and steel substrates. Commonly
used in applications such as printed circuit boards and chemical milling, this resist is

removable in a caustic stripping solution.

As phase-change materials are characterized by relatively high viscosities at room
temperature, the ink system needed for handling these kinds of fluids in the Through-Flow
Technology ™ unique to Xaar 1001 printhead requires careful system design in order to

allow for constant low viscosities and the prevention of hot and cold spots. The former
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would result in a decomposition of the ink upon excess temperature exposure, whereas the
latter restricts circulation and therefore results in inconsistent operation and/or loss of the
necessary meniscus vacuum (MV). The fluid is heated by a controlled arrangement of
resistive elements, which are incorporated into the aluminum body of the header tanks, the
printhead as well as around the transition path (cf. Figure 1). The fluid tanks, as can be
seen in Figure 1, are positioned above the printhead to generate a hydrostatic overpressure.
In order to generate a through flow and prevent the fluid from leaking through the nozzles,
underpressure will is applied to the outlet cavity, establishing a pressure gradient between
in- and out tank alongside with a constant meniscus vacuum. For convenience and larger
operational windows, vacuum as well as overpressure may be attached to both tanks.

Recirculation is ensured through a diaphragm pump.

Float sensor

Vacuum connections
Inlet- and outlet cavities
Diaphragm pump
Transition to printhead

Xaar1001 printhead

Figure 1: Schematic overview of the assembled ink system with a cut revealing the interior of the outlet
tank

The performed experiments were carried out at temperatures of 90 °C and 100 °C and a
meniscus pressure of —8 mbar. Printing was carried out on a Xy-printer at printspeed of
0.1 m/s corresponding to 1500 Hz jetting frequency at a resolution of 360 dpi. Optical
evaluation was performed using Quick Vision Elf pro (Mitutoyo).

Figure 2 shows print samples of LithoJet™ 210 Etch Resist operated at different
temperatures onto unheated substrates. Apart from a well-defined drop placement resulting
from the high droplet velocities of approx. 6 m/s, the influence arising from the differing

temperatures can be clearly seen. Figure 2 (a) and (b) are clearly discerned by their
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respective dot gain at a constant level of 1 drop per dot (dpd). While actuation was held
constant lower viscosities may, due to the reduced dispersion of the acoustic wave in the
channel, result in higher droplet velocities and higher discharge of volume including the
formation of longer ligaments, which after disintegration are reflected as higher satellite
counts on the prints. This alongside with the higher thermal mass of a larger droplet and
the ensuing lower viscosity upon impact promotes a broader spreading of the droplet as a
result of higher kinetic energy and reduced amount dissipated energy due to friction.*
Figure 2 (c) and (b) show clear transitions from fulltone areas to separate features with a

pitch of 141 pum utilizing 7 dpd (approx. 42 pL).
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Figure 2: Print samples produced using LithoJet™ 210 and Xaar1001 at temperatures of 90 °C and
100 °C [driving frequency 1500 Hz, MV -8 mbar, 360 x 360 dpi]

Figure 3 furthermore underlines the visual results from Figure 2 (a) and (b) by measuring
the deviation of printed dots from their designated location. The resulting error lies on
average well within = 5 um for both investigated temperature regimes. The appearance of
outliers is currently not fully understood, but may be most probably attributed to residues

of fluid attached to the nozzle due to insufficient heating of the nozzle plate as well as
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particle obstructions due to the lack of filtering in the current system causing strong angle

deviation.
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Figure 3: Dot placement accuracy cross machine (CM) and in machine direction (MD) for both
actuator rows of Xaar1001 (o -- row 1, x -- row 2) with LithoJet 210™ Etch Resist at 90 °C
and 100 °C.

Conclusion and Outlook

We have demonstrated first approaches of using the Xaar 1001 and its Through-Flow
Technology™ in conjunction with phase-change materials at temperatures of 90 °C and
100 °C. First results indicate the basic applicability and good performance with respect to
dot placement, coverage and channel recovery, while obvious outliers in the printouts still

need further attention and system optimization.

References

! Wolfgang Voit, Werner Zapka, Andreas Menzel, Florian Mezger, Tom Sutter, Inkjet Printing of Phase-
Change Materials, Proc. Digital Fabrication Conference, 2008, 678-683.

2 www.xaar.com, 2010.

3 V. Chovancova, A. Pekarovicova, P. Fleming III, Hot Melt Inks for 3D Printing, Proc. Digital Fabrication,
2005, 143-147.

* M. Rein, Drop-Surface Interaction. Springer, 2004.

242



PRINTED FULL-SWING INVERTERS USING CHARGED
DIELECTRICS
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Complementary circuits are desirable because of the high signal integrity and low power
consumption but printable air-stable n-type semiconductors are rarely published yet [1].
One way to overcome these problems is the use of a so-called electret material as the
dielectric in the organic field effect transistor (OFET). An electret is a type of dielectric
that exhibits a quasi-permanent electric field due to dipolar polarization or trapped
homopolar charge layers [2]. Electrostatic charging be means of corona discharges, as
well as contact charging can be used to create electrets properties in organic field-effect
transistors [3-5]. The high stability of the electret state, which is known to be higher than
10 years for some materials [6], makes electrostatic charging a promising technology for
the realization of certain mass-printed circuits.

Here, we report on the successful fabrication of full-swing charged organic inverter circuits
by means of continuous mass-printing technologies. Using an electrostatic charged
perflourinated gate dielectric (Cytop™), we demonstrate depletion-mode and
enhancement-mode transistors with the same organic semiconductor (TIPS-Pentacene) in
top-gate device structure. All functional layers are applied by a combination of
flexography and gravure printing. The threshold voltage of the printed p-type transistors
can be shifted by injecting stable positive charges by means of a corona discharge or
contact charging, as illustrated in figure 1. Consequently, the transistors can be brought
from enhancement-mode to depletion-mode due to an internal electrical generated by the
injected charges.

1E-4 o i

1E-6 4 2 a .
1E6 i

1E-T .

1 = pristine 5
1E-8 4 pristine reverse .

1 & 200Vfor1s .
after 1 month
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—————— T
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figure 1: Semilogarithmic Ips-V curve of a transistor before (pristine), after contact charging (blue triangles)
with a writing voltage of V,= 200 V for 1 s and one month after charging (green triangles).
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The excellent charge stability is proved by repeated measurement of the transistors. After 1
month the threshold voltage reduces to 5-10% of its original value after charging,
depending on charging parameters (electrical field, charging time...).

Consequently, we built up inverters, which consists of a p-type accumulation-mode drive
and a p-type depletion-mode load transistor, each with the same geometrical dimensions
(W/L ratio = 500). The uncharged printed transistors were brought from accumulation
mode to depletion mode by applying a writing voltage of Vwiiee = + 200 V for t = 1s. The
static voltage characteristic of a unipolar inverter device is shown in figure 2.
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figure 2: Static voltage transfer characteristic of a printed inverter device measured for supply voltages Vpp
of
-20'V, -40 V and -80V. The inset shows the circuit diagram of the inverter comprising of a p-type depletion-
mode load and a p-type enhancement drive transistor.

For negative values of drive voltages (Vpp) and input voltages (Vix) the inverter works in
the third quadrant of the output voltage (Vour) vs (Vin) plot. Our devices show nearly full
swing characteristic with a small hysteresis, similar to complementary inverters reported
recently [7,8].
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FULLY PRINTED PVDF BASED PYROELECTRICAL SENSORS
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2 Acreo AB, ICT Research AB, Box 787, 60117 Norrkdping, Sweden

Innovative sensors enable diverse objects to see, hear, taste, smell and feel. Thereby, more
and more applications emerge nowadays and in the future realizing advanced interactions
of humans and objects. Successful and satisfying communication between objects and
human beings often relies on the object’s capability to recognize tactile information and
distinguish humans from inanimate objects by sensing temperature and pressure and
recognize their modulations in the ambience.

In this context we have developed a process for the fabrication of ferroelectric, organic
sensor elements based on a PVDF-TrFE copolymer capacitor on PET foil serving as a
flexible substrate. The various properties of PVDF make it suitable for a wide range of
applications. Spin coating, screen printing and bar coating have been applied for producing
the thin film capacitor arrays. With respect to the intended purpose — the detection of
human-body radiation — the absorbance of the impinging IR-light is dramatically increased
by the application of printed carbon/PeDot top electrodes, hence meeting the requirements

for a cheap large area fabrication process.

1. Ferroelectric sensor material

PVDF is a well known semi-crystalline dipole electret, composed of ferro- or paraelectric
crystallites embedded in amorphous regions with a quasi permanent dipole orientation
polarization and Maxwell-Wagner compensation charges at the interface between
amorphous and crystalline regions [1]. According to crystallization conditions, PVDF can
crystallize into three structures: Form I (B-type crystal with planar zig-zag conformation),
Form II (a-type crystal with TGTG™ conformation) and Form III (y-type crystal with the
TTTGTTTG  conformation) [1]. When PVDF crystallizes from melt, it normally forms the
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paraelectric a-phase, but adding different amounts of TrFE (trifluorethylene) is known to
stabilize the ferroelectric B-phase. Within this work samples are discussed which are based
on a solution containing P(VDF:TrFE) in a ratio of 70:30mol%. This molar composition
emerged to be the most promising precursor for obtaining highly crystalline, sufficiently
flat, ferroelectric thin films by a low-temperature spin-on/printing process. 50ml of y-
butyrolactone is heated up to 453 K using a reflux condenser to avoid solvent evaporation.
A known amount of P(VDF-TrFE) pellets (VDF:TrFE composition: 70:30) is added and
dissolved under conditions of heating and agitating. The solution is kept at this temperature

for two hours and afterwards cooled down to room temperature for gelation.

2. Methods for fabricating the ferroelectric layer

Different methods are applied for making the samples. One process is a spin coating
technique: Aluminium layers with a thickness of 80nm are e-beam evaporated on the
substrate (Melinex or Pet foil) serving as a bottom electrode for the capacitive sensor.
Afterwards the sol is spin coated and calcined at 383 K. The samples are kept at this
temperature for 5 hours and then slowly cooled down to room temperature for increasing
the crystallinity of the P(VDF-TrFE) thin film. The average thickness of the pyroelectric
layer varies between 4um to 6um. Finally 80nm thick top electrodes are deposited by e-
beam evaporation of aluminum. As an IR-absorbing layer carbon is directly applied on the

top electrodes.

Another processes used for the fabrication of P(VDF:TrFE) thin films is screen printing. For
applying this technique a PET-foil with lpm thick aluminium covering is used as a
substrate on which the P(VDF:TrFE) gel is deposited via a stencil on the substrate. The
attached stencil forms open areas of mesh that transfer ink as a sharp-edged image onto the
Al/PET-foil substrate. A roller is moved across the screen stencil, forcing or pumping the
gel in the threads of the woven mesh in the open areas. The thickness of the resulting layers
varies between Sum and 8um. After the printing process the sample is kept at room
temperature for about 10 minutes and subsequently exposed to a calcination step at 373 K
for 75 minutes. As top electrode screen-printed carbon, inkjet-printed PEDOT or evaporated

aluminium is used.

A further process which is applied for producing P(VDF:TrFE) based sensor layers is bar
coating. This process is carried out using a “Byk Gardner Automatic film applicator”. The

substrate is the same Al/PET foil which was used for screen printing. Rods with a size of 15
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and 25um (resulting film thickness in pm) with a speed of 50mm/sec are used to deposit the
gel on the substrate. The rest of the process is done in the same way as described for screen

printing.

3. Pyroelectric Characterization

Different sensor stripes have been fabricated based on varying solution composition (12, 15
and 18weight% of P(VDF:TrFE) 70:30). Sensor stripes, electrodes of different materials
e.g. alumina, carbon paste or PEDOT and substrates (glass or PET foil) have been evaluated
with respect to their electric properties. As reference material commercially available
PVDF-sheets (Kureha®) have also been used for the fabrication of substrate-free stand
alone sensor stripes. For the usage as transducer material, the crystalline domains must be
aligned with respect to their electrical dipoles. Therefore a stepwise poling procedure above
the coercive field strength of the ferroelectric material (55MV/m) is applied using a
Keithley 6517A electrometer. The step-wise poling is performed by a series of pulses with
increasing field strength lasting several minutes. The pulse width is 4 min and the interval
between two pulses is 2 min. The maximum applied field strength is 100V/um, with a
constant increase of 20V/um per step [2]. The setup for the pyroelectric measurements
consists either of a Keithley 6221 function generator triggering a Newport 500B laser diode
driver, an infrared laser diode with an emission of 70mW at a wavelength of 808nm, or a
Synrad, Inc. Series 48 CO, laser with a variable emission ranging from 0 — 17W and a
wavelength of 10,6um. These lasers are intensity modulated with a sine wave and the
samples are placed in a position for illuminating the surface of the top electrode, which is
coated with a black graphite absorber to achieve better absorption. The induced temperature
variations in the sample generate pyroelectric current and voltage response. The responses
generated within the P(VDF:TrFE) layer can be measured using a lock in amplifier (EG&G
DSP 7280 with an input impedance of 100MQ).

4. Results

Varying sensor stripes have been fabricated based on different solutions, electrodes and
substrates and been evaluated with respect to their electric properties [Fig. 1]. Furthermore
the influence of absorbing electrodes, different sensor sizes and fabrication processes has
been evaluated and been verified using mathematic modeling of the electric measurements.

In order to enable flexible integration with diverse electronic devices such as displays,
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switches or read-out electronics, large-area industry-compatible processes such as screen

printing or bar coating have been used for the fabrication of the sensors. With respect to

the intended purpose for human body radiation the absorbance of the impinging IR-light is

dramatically increased by the

application of printed carbon/Pedot top electrodes [Fig. 1], hence meeting the requirements

for a cheap large area fabrication.
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Figure 1: Current (left) and voltage (right) response of a P(VDF:TrFE) sensor. The pyroelectric outputs

show a variation depending on the electrode material and the exciting wavelength due to changes in the

absorption behavior.

The modulated incident laser light generates
charge waves at the sensor electrodes and
thus the sensor acts as a modulated current
source. Via its intrinsic (very high)
impedance the sensor can be operated in the
voltage mode at least for frequencies higher
than the cut-off frequency f,. For potential
applications such as optothermal switches,
the sensors are connected to organic thin
film transistors. One electrode of the
capacitive sensor is connected to the gate of
the transistor thus biasing the gate-voltage

when excited by IR-light [3]. In this case the
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Figure 2: Reduction of the Voltage response of a
pyroelectric sensor when it is connected to an OTFT
caused by the gate current of the transistor
(impedance matching). The response was generated
with a square-wave modulated laser (45 mW, 0.01
Hz). The substrate was a PET film (Melinex) and the
pyroelectric layer was a 4um thick spin-coated
P(VDF-TrFE) layer.

impedance matching between the sensor and the transistor is crucial because the lowest

impedance in the circuit is limiting the voltage output of the sensor [Fig. 2]. In figure 3 it
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can be seen how the pyroelectric sensor voltage [Fig. 3 /left] leads to a drain current
modulation of the transistor [Fig. 3 right]. In the case that an absorber is applied on top of
the sensor’s electrode the drain current is modulated over 2-3 orders of magnitude (figure
2). Further information concerning the fabrication of OTFT’s and their integration with the

pyroelectric sensor elements is described elsewhere [3].
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Figure 3: (left) Sensor (=gate) voltage of an integrated flexible pyroelectric sensor and (right) modulated
drain current of the integrated OTFT before and after applying an absorbing graphite layer. The response was
generated with a square-wave modulated laser (45 mW, 0.01 Hz). The substrate was a PET film (Melinex)
and the pyroelectric layer was a 4 um thick spin-coated P(VDF-TrFE) layer.

5. Conclusion

We have shown that P(VDF:TrFE) based pyroelectric sensors have been fabricated by
different coating processes. The sensor elements have been produced in lab scale format
based on different solutions, electrode materials and substrates. The various electrodes
have also been applied by printing techniques. Superimposed graphite absorber layers onto
metal electrodes dramatically increased the pyroelectric output. Finally ferroelectric
sensors have been combined with organic field effect transistors on flexible substrates
being suitable for versatile sensor applications. Pyroelectric sensor outputs are biasing the

gate of an OTFT by changing the drain current over 2-3 orders of magnitude.
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It was shown recently that active layer morphology in organic solar cells can be controlled
using some additives that serve as co-solvents dissolving selectively one component of the
blend much better than another.
Here we investigated different types of chemical additives:
- small molecules such as 1,8-octanedithiole, 1,8-diiodooctane and etc.;
- fullerene derivatives possessing higher solubilities than conventional acceptor
material PCBM;
- conjugated oligomers and polymers possessing lower solubilities than
conventional material P3HT.
We showed that all types of chemical additives have strong influence on the device
performance. Changes of the lateral and vertical blend morphologies as well as
modification of the cathode/active layer interface are supposed to be the key mechanisms

of action of different types of additives.
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INVESTIGATIONS OF THE DEPENDENCE OF THE SATURATION

BEHAVIOUR AND CHARGE CARRIER MOBILITY ON THE FILM

THICKNESS AND CHANNEL LENGTH IN MDMO-PPV ORGANIC
FIELD EFFECT MEASUREMENTS

A.V. TUNC*; E. v Hauff; J. Parisi

University of Oldenburg, Department of Physics, Energy and Semiconductor Research Laboratory,
Carl-von-Ossietzky Str. 9-11, 26129 Oldenburg, Germany

In this study [2-methoxy,5-(3',7'-dimethyl-octyloxy)]-p-phenylene vinylene (MDMO-PPV)
based organic field effect transistors (OFET) with different semiconductor film thickness
and different channel lengths were investigated electrically. In the experiment, we use
heavily doped Si wafers as the gate electrode, with a 100-nm thick layer of thermally
oxidized SiO2 as the gate dielectric layer. Interdigitated drain-source geometry was used to
obtain higher currents for the short channel devices. The channel lengths were 2.5, 5, 10
and 20um with a fixed channel width of 10mm. The source-drain current and the field
effect mobility, determined in the saturation region of the OFET current-voltage
characteristics, were found to increase with MDMO-PPV film thickness. The field effect
mobility determined from the saturation region of the IV characteristics showed less
dependence on the film thickness. Based on these results we investigated the correlation

between the channel length and film thickness on device performance.
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DIELECTRIC PROPERTIES OF PET FILMS MODOFIED BY
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Thermoplastic composites with carbon carbon nanomaterials (CNM) have a great
potential as structural materials because of their superior mechanical properties and ease of
processing. It is reported about experiment on preparing and dielectric properties
measurements of polymer composites containing unmodified and CNM-modified in
different concentrations (0.1, 0.3 and 0.5 wt.%). Thermoplastic polyester — poly (ethilene
terephthalate) (PET) was used as a composite matrix All composite materials were
obtained by in situ polycondensation in molten state (i.e. during the synthesis of polymer
matrix). The process conditions were determined experimentally depending on the matrix
type. The presence of CNM (regardless of modification or concentration) in a reactive
mixture had no influence on the chemical reactions during synthesis what confirms a
usability of the in situ method to polymer nanocomposites preparation. A microscopic
analysis of composite structure revealed an uniform distribution of nanofillers in a polymer
matrix. Bulk composite materials, after granulation and drying, were subjected to injection
moulding in order to prepare samples for testing. The addition of nanofillers into polymers
didn’t affect their processability, even if the viscosity of composites was slightly higher

compared to homopolymers.

CNM were obtained from methane-air mixture upon atmospheric pressure without

catalyst on high voltage atmospheric pressure discharge set-up.

CNM specimens were studied by scanning (SEM) and transmission (TEM) electronic

microscopy. According to SEM and TEM data CNM diameters are within 12-60 nm.
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PET - based polymer composites containing different kinds of CNM (unmodified and
functionalized with — F, - COOH, - NH,, - C,Hs, - Fe(CsHg),, - (CHz);sCH3 groups) were
characterized by following techniques: SEM, DSC, DETA and mechanical tests. TGA and
WAXS/SAXS (for a few samples) analyses have been employed additionally for better
interpretation of the results. The effect of CNM addition on composite physical properties
depends on the character of polymer matrix significantly. Among PET-based composite
materials only some revealed an increase of mechanical properties i.e. tensile strength (up
to 14% for PET/unmodified CNM, PET/CNM-NH?2) and elongation at break (up to 25%
for PET/unmodified CNM, PET/CNM-F, PET/CNM-COOH). An increase of composite
brittleness resulted from CNM affect on crystallization of PET matrix and its final
crystallinity. The DSC and WAXS/SAXS analyses confirmed that CNM-containig
composites were characterized by lower/comparable crystallinity degree (in respect to
unmodified PET), however the crystals structure was more heterogenous and defected. It is
important to note that CNM used in this study included multi — walled carbon nanotubes,
nanofibres and amorphous graphite with the average diameter of 100 nm. The presence of
such relatively large inclusions in a polymer during condensation on one hand accelerated
the crystalization, on the other hand could disturb the process of crystals formation. It
could also contribute to lower molecular weight of polymer matrix, what rendered
composites more brittle: during polymerization a reaction of polymer chains growth was
difficult due to the presence of relatively large nanofibres increasing a viscosity of reactive
mixture and limiting macromolecular mobility. A lack of significant changes in
nanocomposite performance was also linked to low mechanical strength of nanofillers: the
microscopic analysis of nanocomposites structure revealed nanofibres failures visible on a
fracture surface. This CNM structure weakening could be a result of chemical
modification. In the case of PET-based composites containing different kinds of CNM a
slight increase of tensile stress (up to ca. 20% for all kind of composites) without an
influence on elongation at break was observed. This effect of slight reinforcement could be
attributed to nanofiller / polymer matrix interactions, as DSC analysis did not confirmed an
increase of crystallinity degree of PET hard phase, however a distinct acceleration of
crystallization process in the presence of CNM nanofillers was observed. In all cases the
presence of CNM additives did not affect thermal properties of composites: thermal
stability as well as characteristic temperatures (Tg, Tm) were comparable to
homopolymers. It indicated that the effectiveness of CNM chemical modification was not
sufficient to ensure strong polymer/ CNM bonding. The positive aspect of the addition of

unmodified or modified by CNM were changes of dielectric behavior of polymers in
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respect to current frequency. PET-based composites revealed changes in permitivity — a

decrease of dielectric loss in low and high frequencies.

The results of dielectric properties measurements of PET films with CNT added in a
various ratios are presented. Changes of capacitance and dielectric losses were measured in
a frequency range 102-104 Hz at 300 K. Influence of type and amount of CNT in samples
on dielectric properties was studied. Capacitance increase from 10 to 20% is observed even
for minimal CNT amount (0,05 wt. %). Dielectric losses coefficient is decreased while
CNT content increases. Approximation of dielectric spectrum with Havrilak-Negami

equation allowed to estimate changes of time constants of B-relaxation process.

This work was supported by INTAS - grant N 04-80-6932 "Polymer nanocomposites

with the addition of functionalized carbon nanotubes".
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Within OPV domain, the PCE and lifetime expectancies of devices are suitable for nomad
and indoor applications. To open up these markets, the OPV cells must be produced at low
cost which can only be achieved by printing technology. Depending to the application,
cells must be produced on flexible substrates allowing an important freedom of integration.
The development of an inkjet printing process allows reaching a technology compatible
with these types of substrates and with the criteria of productivity. The patterning
capability of inkjet would bring a real breakthrough for the elaboration of OPV cells, by
allowing the production on large and various substrates while easily varying the cell
layout.

SOLARJET project consortium brings together French partners, ARDEJE, the
coordinator, as well as INES (CEA Grenoble) and HUTCHINSON, to demonstrate that
OPYV technology can be scaled up to an industrial step with inkjet printing. Ending in 2011,
SOLARJET aims at developing an advanced OPV process and its associated
manufacturing equipments. Customized print modules, functional fluids and solar cell
architectures are developing jointly to meet the requirements and to ensure scalability to
production. The partners also address the key point of protection against moisture and
oxygen for OPV solar cells. The research is focussing on high-value plastic films and
encapsulations with high barrier properties to improve OPV solar cells lifetime.

Results presented here will mainly concern the setup of printing process of the OPV cells.
The whole organic solar cell (4 layers) was deposited by inkjet printing technique on
plastic substrates. Several parameters i.e. the choice of solvent, the annealing conditions,
the inkjet parameters, which influence the morphology of each layer and thus the
performances of the devices, were studied. First results can be obtained in a very short time
by this technique. For example, power conversion efficiency up to 3 % was obtained on
0.28 cm? devices, measured under simulated white light AM 1.5, at 100 mW.cm™. First
tests of stability were also conducted on these new devices.
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Metal-phthalocyanines are used in organic solar cells as strong electron donating
molecules. The structure of donor and acceptor components of organic solar cell is an
important parameter and needs to be understood and optimized. Usually such organic solar
cells are produced by vapor deposition, although low-cost wet chemical methods offer
more possibilities to control the structure of phthalocyanine nanoaggregates on surface. In
this case several parameters affect the nanoaggregate structures, such as the solvent, the
deposition methods and the temperature of the solvent and substrate, etc. One of the
reasons why vapor deposition is still preferred is the poor solubility of the metal-

phthalocyanines.

We present a solubility study of the metal-phthalocyanines with conventional organic
solvents, acids and ionic liquids. Several solvents with sufficient solubility are presented.
With these solvents phthalocyanine nanoaggregates are prepared by spray-pyrolysis, spin
coating and dip coating on silicon dioxide and indium tin oxide surfaces. Structures of
copper, iron and zinc-phthalocyanine are investigated by AFM and optical spectroscopy.
Solar cells based on a combined wet chemical and vapor deposition preparation procedure

show an efficiency of up to 2%.
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Organic semiconductors became a popular subject of research and development interests
over the past years. Efficient organic light-emitting diodes (OLEDs) and organic
photodiodes (OPDs) were demonstrated and are in the market already [1-4]. Further
research, such as material characterization and synthesis of new organic and
organometallic materials are still under development. Research activities on OLEDs are
mainly driven by display and general lighting applications, whereas most organic
photodetector research has been performed in the area of solar cells [5]. Generally, organic
devices can be fabricated in a cost effective way on a wide range of substrates. They emit
and absorb light in the entire visible spectrum, as well as in parts of the near infrared [6].
Furthermore, a photolithographic structuring of these devices enables complex device
layouts or an array patterning. Organic photo detecting semiconductor devices have been
in the focus of joint research endeavour during the past decade, particularly in the field of
photovoltaic [7]. Compared to the most common crystalline silicon solar cells, organic
solar cells (OSCs) exhibit multiple advantages, such as higher absorption, the promise of
low cost production by using roll-to-roll processing, as well as their mechanical flexibility
[8]. The drawbacks of organic materials are their low carrier mobilities and the high band
gap of organic semiconductors, resulting in smaller efficiencies for OSCs. A composite
film of a blend of functionalized fullerenes as electron acceptor and conjugated polymers
as electron donor bulk heterojunction is the most promising material class for organic
devices [9], as high external quantum efficiencies were demonstrated in bulk
heterojunction solar cells. In this type of structure the absorption of light results in
excitons, which are split into free carriers at the interface between the donor and the
acceptor material. The electron is transferred to the acceptor and the hole remains on the
donor. After the exciton splitting, hole and electron transport occurs through respectively

the donor and acceptor material towards the electrodes [10].

The integration of OLED and OPD on one substrate is a very promising perspective for
applications as bio sensing, chemical sensing, or optical integrated systems [11-14]. The

purpose of our group is to integrate two different optoelectronic devices, OLED and OPD,
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in a lab-on-a-chip system. Lab-on-a-chip systems are devices that integrate one or several
laboratory functions on a single chip of only millimetres to few square centimetres in size.
It can deal with the handling of small fluid volumes down to less than pico litres. For
realization of such a lab-on-a-chip system we investigate possibilities for manufacturing an
optical measuring system on a single substrate. One possibility is the integration of two
different spin-coated optoelectronic devices, OLED acting as a light source and OPD as
receiver, on a substrate. As light source a polymer OLED containing the polymer Super
Yellow (PDY-132) is used. On the receiver side of the optical system, we investigated
OPDs based on the concept of a bulk heterojunction using a composite material blend of
the polymer poly(3-hexylthiophene) (P3HT) and the fullerene-derivative phenyl-C61-
butyric acid methyl ester (PCBM). It shows high carrier mobilities and external quantum
efficiencies. The combination of the above described OLED and OPD material was
chosen, because the absorption of P3HT:PCBM matches the Super-Yellow OLED

emission in an advantageous manner.

The optical measurement system is fabricated on a glass substrate coated with an indium
tin oxide (ITO) layer as the transparent conducting anode. The substrate is treated by an
oxygen plasma in order to improve the wettability in the following spin coating deposition
of the hole transport layer (HTL) poly(3,4-ethylenedioxythiophene:poly-styrenesulfonate)
(PEDOT:PSS). In a second spin coating step the polymer Super Yellow (PDY-132) for
emitting layer (EML) is deposited. For the cathode magnesium and silver have been
evaporated through a shadow mask. After metal contacts were evaporated to complete the
OLED, one half of the substrate is freed of the organic semiconductor layer using oxygen
plasma treatment. In a subsequent step the OPD has been deposited by spin coating on the
substrate. The chosen OPD materials for this device are poly(3-hexylthiophene) (P3HT)
and phenyl-C61-butyric acid methyl ester (PCBM). PCBM act as acceptor material and on
other hand P3HT act as donor material. Metal contacts for the cathode were evaporated on
top of the polymer blend to complete the OPD, resulting in the desired integration of

OLED and OPD on a single substrate for realization of an optical measurement system.
In conclusion we reported a fabrication procedure for the integration of a spin-coated

OLED based on the emitting polymer Super Yellow and a spin-coated OPD based on
P3HT:PCBM on a single ITO-coated glass substrate.
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In recent years organic light emitting devices (OLEDs) have experienced a prolific time
in university research as well as in industry. A big advantage is the combination of
costeffectiveness with large area device fabrication. Even if OLEDs already appear in
commercial displays, their performance is still behind schedule for lighting applications.

Most of the light generated in the emissive layer is trapped inside the device, either as
waveguide modes in the ITO and organic layers or substrate modes in the glass substrate,
which is shown in Fig. 1. Light confined in the substrate can be extracted by established
methods such as applying microlenses [1] or by roughening the substrate-air interface [2].
The guided modes trapped in the ITO and organics however are a challenge to researchers
worldwide, since any change in the device structure within the layers does not only affect
the optical properties but also the electronic properties. Several approaches have been
made to extract these guided modes: via nanoparticles [3], via scattering particles [4], via
plasmonic cathode structures [5] or by structuring the ITO anode with Bragg-gratings
[6,7].
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Fig. 1 Scheme of the loss channels inside an OLED.

We examine two different methods for increasing the performance of OLEDs — one is
the roughening of the internal glass interface and the other is embedding one-dimensional
gratings of different grating depths in a high-index layer on top of the glass substrate.
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Roughening internal glass interface

In the first approach we fabricated ITO-free OLEDs on rough glass substrates with a
subsequent Ta205-layer. The glass substrates were roughened by glass etching cream,
sandblasting or grinding paste (see Fig. 2).
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Fig. 2 AFM images of glass substrates which were roughened using glass etching cream, sandblasting
or grinding paste (from left to right).

To prevent too high roughness peaks, the samples were then finished with a polishing
paste. Afterwards, a transparent Ta205 layer was evaporated. It had a thickness of 50 nm
and a refractive index of n = 2.1 (at a wavelength of 550 nm). In order to get a smooth
surface a layer of SU-8 was applied on top of the Ta205 layer. ITO-free OLEDs were
fabricated as described in the following. The anode was processed by spincoating a
solution of PEDOT:PSS and DMSO onto the smooth SU-8 layer, resulting in a
conductivity of about 300 S/cm. The emission layer was also applied by spincoating of Ph-
PPV (Super Yellow).

Furthermore, a cathode of calcium and a cover layer of aluminum were evaporated. As
a last step, the OLEDs were encapsulated with epoxy resin adhesive and a glass slide. The
electroluminescence measurements are shown in Fig. 3.
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Fig. 3 Relative intensity vs. the applied power.

The devices treated by sandblasting and by grinding paste exhibit an enhancement of up
to 1.25 compared to a reference device with a flat internal interface. Only the sample
treated with glass etching cream performed worse than the reference. This is most likely
due to a voltage drop that occurs along the anode if the roughness is too high. In principle,
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roughening internal interfaces can be suited for extracting both, substrate and guided
modes inside an OLED.

Introducing 1-dimensional gratings

In the second approach we processed ITO-free OLEDs on glass substrates with a
periodically nanostructured, transparent Ta205-layer, with a thickness of 300 nm and a
refractive index of n = 2.1 (at a wavelength of 550 nm). A one-dimensional grating with a
period of 370 nm was brought into the surface by a combination of laser interference
lithography and physical plasma etching. The OLED was then processed as described in
the previous section.
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Fig. 4 Luminous flux vs. current density (left) and SEM image of the cross section of a nanostructured
OLED (right).

The nanostructured devices had an up to 300% higher light output as compared to the
unstructured reference device (see Fig. 4). Even if the emission profile (not shown here)
reveals characteristic outcoupling peaks, they cannot account for this enhancement solely.
Apart from that the emission profile of the devices with grating changes to a more
Lambertian character, indicating that the substrate modes are strongly influenced. We
investigated two approaches for light extraction by incorporating nanostructures into
OLEDs. For ITO-free OLEDs with rough internal interfaces we found an enhancement of
the efficiency by a factor of 1.25. ITO-free devices with a periodic nanostructure in a high-
index layer showed an improvement by a factor of 4.
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NAFION MEMBRANE MODIFICATION FOR APPLICATION IN
FUEL CELLS
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Perfluorinated polymer with chemically bonded sulfonic groups (Nafion) is used as
a proton-conducting membrane in proton-exchange membrane fuel cells (FC). Nafion has
an excellent balance of the main properties: proton conductivity, chemical and mechanical
stability, long time durability. Membrane disadvantages include low temperature stability,
humidity dependence of properties and high permeability for liquid fuels that reduce the
efficiency of FC.!

The volume modification of Nafion by inorganic compounds and by conducting
polymers has been performed with the goal to minimize this disadvantage. When the
conducting polymers are used for modification, aniline or pyrrole monomers polymerize
inside of Nafion proton-conducting channels. This lowered the membrane dependence on
water content and diminished methanol cross-over but the proton conductivity of Nafion is
suppressed, too, because of the reduced transport of water inside Nafion channels.

The new approach consists in the surface modification of membrane while keeping
Nafion pores free.” The method of surface Nafion modification by two symmetric
polyaniline (PANI) layers with high level of electron and proton conductivity was

developed.

Fig. 1. PANI layer
deposited on the surface of

Nafion membrane.

S4700 15.0kV 11.8mm x10.0k SE(M)
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Nafion membrane modified with two PANI surface layers demonstrated the same
proton conductivity as a pristine Nafion. At the same time, methanol cross-over through
membrane diminished from 3 x10° cm? s to 1 x 10° em® s™'. The investigation of
thermal stability of surface modified Nafion showed that PANI lowered the membrane
humidity dependence and changed the temperature of sulfonic-groups degradation from
315 to 355 °C.

Conducting PANI layers were used for the deposition of platinum catalyst on the
membrane interface. Platinum particles of 20 nm diameter can be seen on the Fig 2c.
Adhesion of PANI layer to Nafion and platinum to PANI is excellent. The modified
membrane with catalytic layer can be used in the fuel cells with the direct oxidation of

liquid fuels.
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POLYANILINE: THE PRESENCE AND THE FUTURE
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1. Polyaniline nanostructures
Polyaniline, a conducting polymer, is prepared by the oxidation of aniline,

peroxydisulfate being the first choice of an oxidant (Fig. 1):

4nQNH2 ‘ S 1 (N804
POt SO

HSO, HSO,

+3n H2$O4 +5n (NH4)QSO4

Fig. 1. The oxidation of aniline with ammonium peroxydisulfate in acidic medium yields the emeraldine

form of PANI. Sulfuric acid and ammonium sulfate are by-products.

The reaction proceeds at room temperature, in aqueous medium, and it is completed
in tens of minutes with a yield close to 100 %. Polyaniline is obtained as a precipitate, its
conductivity is 4 S ecm' [1].
Sulfuric acid is a by-product. This
means that the acidity increases
during the oxidation of aniline.
Depending on the starting acidity
and acidity profile, various
morphologies are obtained [2—4]:
polyaniline granules in strongly

acidic media (Fig. 2), nanotubes at

4 mildly acidic conditions (Fig. 3).

Fig. 2. Granular morphology of polyaniline powder.
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Fig. 3. Polyaniline nanotubes.

At the same time, the surfaces immersed in the reaction mixture become coated
with a thin PANI film, ~100 nm thick [5]. This applies also to any particulate substrate,
such as silica gel, ferrites, titanium oxide, efc. In the presence of a water-soluble polymer,
such as poly(N-vinylpyrrolidone), polyaniline colloids having a particle size ~400 nm are

obtained [5]. Polyaniline can be thus obtained in various forms.

2. Polyaniline: a responsive polymer for sensors

Polyaniline is prepared in protonated form (Figs. 1,4), a so-called emeraldine salt,
which is conducting. In alkaline media this form is deprotonated to emeraldine base and
the conductivity decreases by nine orders of magnitude. This process is reversible and
makes a basis for the constructions of sensors. The most common is the sensor for
ammonia, which operates on the conductivity decrease; the acid gases, such as hydrogen
chloride, have a reverse effect.

The conversion of emeraldine salt to emeraldine base is also connected with the
change in optical absorption, the colour changes from green to blue, which makes the basis
for optical sensors. At the same time, the volume, the density, the permittivity, the
wettability, and magnetic permeability change as well, and such properties can be used in
sensing, too.

In addition to the "horizontal" acid-base processes, the vertical "reduction—

oxidation" transitions are available (Fig. 4). The conversion of emeraldine to oxidized
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form, pernigraniline, is similarly connected with the change in physical and chemical
properties and can be used in sensing of oxidants, such as peroxides, halogens, efc. The
reductants cause the conversion to leucoemeraldine. The chemicals, such as hydrogen,
hydrogen sulfide, hydrazine, etc., will cause the changes in physical properties of

polyaniline. Thin polyaniline films are best suited for the sensing.

Blue Protonated Pernigraniline Violet Pernigraniline Base
=\ o ® — +2H° = —
O T O (O

®
+e +H
+e
Green Protonated Emeraldine Blue Emeraldine Base

O | =t e O

Colourless Leucoemeraldine
o < > 4
NH NH
:>7 4<;

Fig. 4. Protonated emeraldine obtained after the polymerization of aniline can be oxidized to pernigraniline

or reduced to leucoemeraldine [6]. Emeraldine and pernigraniline may be deprotonated to the corresponding

bases.

3. Carbonization of polyaniline: new nitrogen-containing carbons

Polyaniline becomes carbonized to nitrogen-containing carbons above ~600 °C in
inert atmosphere [7], probably due to the cross-linking of polyaniline chains (Fig. 5). Such
carbons have low conductivity, improved hydrophilicity; the incorporation of nitrogen
atoms may be useful when applied as catalysts supports. The morphology of polyaniline is
preserved during the carbonization (Fig. 5). This means that polyaniline nanotubes can be
converted to carbon nanotubes; their structure, however, is different compared with

classical carbon nanotubes.
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Fig. 5. Crosslinking of polyaniline chain during the carbonization. The morphology of polyaniline, such as

nanotubes, is preserved after carbonization at 830 °C in nitrogen atmosphere [7].

4. Polyaniline and silver: highly conducting composites
Silver nitrate can similarly be used as an oxidant of aniline (Fig. 6). In such a case,
the reaction between two non-conducting chemicals yields a composite of two conductors,

a semiconducting polyaniline and a silver metal [8].

(¢ s

HA
® —\ ©
o \— o
NO; NO; .

+10n Ag+ 8 n HNO;

Fig. 6. Aniline is oxidized with silver nitrate to polyaniline nitrate and metallic silver. Nitric acid is a by-

product.

The composites can have various morphologies, polyaniline nanotubes
accompanied by silver nanoparticles or silver nanowires coated with polyaniline (Fig. 7)

depending on acids used to constitute the reaction medium. The conductivity of such
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composites may reach the order of 10° S cm ™. The reaction (Fig. 6), however, is slow and

takes several months to proceeds. The means of its acceleration is currently investigated.

Fig. 7. Silver nanowires or nanoparticles along with polyaniline.

Conclusions

Polyaniline can be used alone as a conducting or responsive polymer, in various
forms and morphologies. Its carbonized analogue represents a novel nitrogen-containing
carbon. The composites with noble metals may be used as materials having a high

conductivity.
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