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We report recent progress of ultraflexible organic devices such as organic thin film 
transistors (OTFTs), organic photovoltaic cells (OPVs), and organic light- emitting diodes 
(OLEDs)that are manufactured on ultrathin plastic film with the thickness of 1 µm [1-6]. 
Ultraflexible organic transistorintegrated circuits (ICs) exhibit extraordinary robustness in 
spite of being superthin. The electrical properties and mechanical performance of the 
transistor ICs were practically unchanged even when squeezed to abending radius of 5 
µm, dipped in physiological saline, or stretched to up to double their original size. These 
organic transistor ICs have been utilized to develop a flexible touch sensor system. Then, 
we have demonstrated OPV and OLED on 1 µm thick PEN. Moreover, the issues and the 
future prospect of flexible organic devices will be addressed. We will also describe our 
recent research activities to apply ultraflexible and stretchable electronic systems for 
biomedical applications. For example, organic transistor-based amplifier was 
manufactured on 1.2 µm thick films and utilized to fabricate sheet-type 64-channel surface 
electromyogram measurement sheet. 
 
 

    
 

Figure 1: (Left) E-skins with organic thin-film devices were applied on a robotic hand. (Right) Ultraflexible organic 
integrated circuits manufactured on a 1 μm-thick plastic film were applied on a human hand. 
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The generation of multifunctional and responsive hybrid 2D and 3D nanomaterials is 

key for a variety of technological applications. However, their practical use requires the 
optimization of the assembly process and the formation of robust multicomponent 
architectures in which each component brings into play an independent function. Therefore 
the decoration of these architectures with functional moieties provides easy access to 
multifunctional systems and materials. 

My lecture will review our recent findings on:  
(i) The harnessing of the yield of exfoliation of graphene in liquid media by mastering 

the supramolecular approach, leading ultimately to the bottom-up formation of optically 
responsive graphene based nanocomposites for electronics. [1] 

(ii) The use of Conducting-AFM in vertical and horizontal mode to study the 
extraordinary electrical characteristics of layer-by-layer grown metallo-organic molecular 
wires [2] and the exceptional band-like transport detected in single perylene-diimide 
fibers[3], respectively.  

 (iii) The tailoring of multicomponent films comprising photochromic systems and 
semiconducting macromolecules, and their exploitation to realise multifunctional devices 
such as optically switchable field-effect transistors.[4] 
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Rubrene (5,6,11,12-tetraphenyltetracene, RUB) gave rise to a strong interest in the field of 
organic semiconductors for optoelectronic devices because of its high hole mobility (5-20 
cm2/Vs) [1] and its long exciton diffusion length [2] measured in single crystals. Thanks to 
its good transport properties, RUB has become one of the best candidates for organic field 
effect transistor (FET) and solar cell applications. Nonetheless, the poor control over the 
thickness and lateral size of RUB single crystals are limitations on their exploitation in 
optoelectronic devices. Moreover, difficult processability of RUB hinders the possibility to 
achieve well ordered crystalline films by vapour deposition. Indeed, when RUB sublimates 
in vacuum, it gives rise to amorphous or polycrystalline films on a wide range of substrates 
[3]. The disordered structure reduces charge mobility drastically, due to the lack of the 
intermolecular π-orbital overlapping required to have good charge transport. Therefore, the 
deposition of RUB thin films with single crystal properties directly onto technologically 
relevant substrates to be integrated as semiconducting layer in thin film devices still 
represents a challenge.  
This study reports the strategy for the growth and device integration of RUB thin films with 
single crystal quality using organic molecular beam epitaxy (OMBE) on different organic 
single crystals at room temperature and without any post-growth treatments. We adopted 
a step-growth protocol [4] which involves the interruption of the OMBE growth after the 
deposition of the first few molecular layers (first step) and then the resume of the process, 
depositing the complete film (second step) up to the desired thickness. By means of 
morphological and structural characterization, RUB thin films were demonstrated to grow 
epitaxially in the orthorhombic polymorph, with (100) as contact plane, displaying an in-
plane peculiar orientation with respect to the substrate induced by surface corrugations. 
Water-soluble organic single crystals were selected as substrates in view of their ordering 
effect on small molecules through organic epitaxy, i.e. reaching a proper registry between 
substrate and overlayer crystal lattices [5]. The substrate solubility in water enables their 
removal after RUB deposition and transfer of millimeter-sized free-standing RUB thin films 
onto any substrate suitable for device fabrication in any desired architecture. To this 
purpose, working thin film FET in bottom-gate/top-contact configuration were fabricated 
using such free-standing RUB films transferred onto a Cytop® layer spun on ITO, acting 
as gate dielectric and gate electrode, respectively. Thereafter, source and drain gold 
contacts were deposited by thermal evaporation. The devices obtained show extremely 
good characteristics, with FET mobility exceeding 2 cm2/Vs, definitely assessing the 
quality of RUB films grown by the proposed strategy and the reliability and versatility of the 
wet-transfer process. 
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Organic semiconductors such as small molecules and conjugated polymers have been 
demonstrated as the active material in light-emitting diodes, transistors and photovoltaic 
cells. While innovation in new organic semiconductor materials and solution-processing 
techniques continues to improve the performance of organic devices, further research is 
required to gain crucial insights into the fundamental relationships between structure and 
optoelectronic properties and inform future design strategies. To achieve this goal, two 
main challenges must be overcome: (1) establishing an accurate and robust control over 
the microstructure of organic thin films and (2) developing techniques to characterise the 
thin-film properties at a sufficiently high resolution. In this talk, we will discuss the key 
advances on our understanding in these two main challenging areas. First, we will 
introduce a simple solution-deposition technique to print organic semiconductors in thin 
films with controlled structure and morphology. Second, we will demonstrate Raman 
spectroscopy as one of the most valuable structural probes for organic semiconductor thin 
films, addressing the application of non-resonant, resonant and polarized Raman 
spectroscopy to the characterisation of reaction, composition, crystallinity and orientation 
of molecules [1-6]. Based on these studies, we will discuss the impact of organic 
semiconductor microstructures on optoelectronic and charge transport properties. 
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Twenty years ago Heinz B¨assler published the seminal review article on charge transport 
in organic disordered semiconductors (ODS), which has become one of the most popular 
references in this research field. Thanks to this paper, our understanding of charge 
transport in ODS has been essentially improved in the past two decades. New theoretical 
methods have been developed and new results on various phenomena related to charge 
transport in ODS have been obtained. Analysis in Bässler’s review paper was based on 
the comparison between experimental data and the results of computer simulations.   
 
Theoretical research on charge transport in ODS is still often based on the numerical 
modelling with empirical fitting of the results by analytical expressions using several fitting 
parameters. Such empirical fitting does not bring, however, a fundamental understanding 
of the underlying physical processes. 
 
Therefore a detailed analysis of numerous theoretical results has been performed very 
recently [2] aiming to highlight the development of analytical theories for description of 
charge transport in ODS. It is shown that well-approved theoretical tools, used since 
decades for description of charge transport in inorganic disordered materials, are capable 
to account for the pronounced dependences of carrier mobility on the temperature, on the 
applied electric field, on the concentration of localized states, and on the concentration of 
charge carriers also in ODS. Among such tools are the percolation theory, the concept of 
the transport energy, the concept of the effective temperature and some other approaches 
reviewed in Ref. [2]. It looks almost miraculous that application of these methods to a 
model, in which complicated morphology of a disordered organic system is replaced by a 
set of randomly distributed point-like localization centres with Gaussian distribution of 
energies, yields a description of almost all experimentally observed features related to 
charge transport in ODS. Dependences of charge carrier mobility and diffusivity on 
temperature, electric field, carrier concentration and on material and sample parameters 
are discussed in detail. 
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The control of nanocrystallinity and trap density in organic thin films such as pentacene is 
crucial for the improvement of electronic applications. The distribution of crystalline phases 
and trap states at the emerging interfaces is, however, difficult to access experimentally. 
We have successfully developed a new imaging technique for trap densities in pentacene 
thin films by using essentially a pulsed laser scanning microscope to scan across the 
channel of an organic field-effect transistor during operation. [1] Here, filling of the trap 
states can be adjusted via the gate voltage and the trapped charges are subsequently 
released by exciton assisted trap clearing upon focused laser illumination. Detection of the 
charge release occurs via a light-induced change of the transistor current in dependence 
on the position of illumination. As this photoresponse is sensitive to the amount of trapped 
charges within the illuminated area, the recorded map mirrors the distribution of traps 
throughout the pentacene film and hotspots can be identified. While the laser focus of our 
trap imaging technique is diffraction limited, we also utilize s-SNOM imaging that allows for 
local excitation of an organic film with a resolution down to 20 nm due to near-field 
enhancement via a metalized tip. This resolution, being independent of the wavelength, 
also holds for mid-infrared light that excites molecular vibrations. We benefit from the 
sharp IR resonances of highly-ordered organic systems, which turn out to be sensitive 
even to the crystalline packing of molecules. Thus, IR-SNOM allows to image different 
crystalline phases of the same material in thin films for organic electronics. For the case of 
pentacene, we find that grains of a few microns size, which appear to be in the so called 
thin film phase, are indeed subject to massive nucleation of bulk phase pentacene [2]. This 
may explain contradicting reports on the correlation of grain size and carrier mobility in 
pentacene films. 
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Mixed-valence (MV) compounds are excellent models for gaining insight into fundamental 
intramolecular electron transfer (IET) phenomena. MV systems usually consist of two 
redox centers with different oxidation states, and are connected by conjugated or non-
conjugated bridges The strength of the electronic coupling between the redox sites (Ve) 
and the reorganisation energy (λreorg) determine the possibility to induce thermally the 
intramolecular electronic transfer (IET) process in which the excess of charge in one site is 
transmitted to the other one. By studying the thermodynamic process it can be determined 
which are the best bridges for the electronic transport. Polychlorinated triphenylmethyl 
radicals (PTM) have in addition to their paramagnetic properties a strong acceptor 
character that permits to generate their carbanion counterparts at low potential. We have 
used this property to generate mixed valence radical-anion systems with a variety of 
bridges and studied the IET phenomena by Electron Paramagnetic Resonance (EPR). The 
influence of the bridge topology, conjugation character and length in the electron transfer 
process will be presented.[1]  EPR has also been used to study the transport through a 
tetrathiafulvalene bridge by using neutral acceptor redox centres that generate stable 
radical anions.[2] 

 
 

 
 
 
 
 

Figure 1. Mixed valence TCNQ system with TTF as a bridge 
 

By other hand, we have also used PTM radicals to go inside the field of Molecular 
Spintronics in which the effort is being placed on exploring the spin transport properties of 
organic systems (i.e. spin injection and spin conservation). Our study relies on the 
transport properties comparison between two self-assembled monolayers (SAMs) based 
on polychlorinated triphenylmethyl (PTM) derivatives that exhibit small differences in their 
molecular structure but strongly differ in their electronic configuration, i.e. closed and open-
shell forms. The investigation of the transport properties were performed by the so-called 
3D operation mode of C-SFM. Similar measurements were carried out on SAMs prepared 
following two different approaches. In the first one, PTM molecules were grafted to a gold 
surface which was previously modified with a coupling SAM facing a binding group to react 
with the PTM derivative [3] and second a novel PTM molecule was designed to be 
anchored to the Au in one step leading to a fully conjugated system bonded to the surface. 
[4] In both cases the open-shell form resulted being significantly more conducting (Figure 
2). By density functional calculations, this observation was suggested to occur due to a 
single-unoccupied orbital (SOMO) mediated transport in the case of the open-shell 
system. 

	  
	  



	  
	  
	  
	  
	  
	  
	  
	  
	  
 
 
 

Figure 2. IV characteristics of two different SAMs formed by PTM radical (red) and the corresponding non 
radical derivative (black) 
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Regioregular poly(3-hexyl)thiophene (P3HT), widely regarded as the ‘fruit fly’ of polymer 
electronics, has been one of the most widely studied and utilised conjugated polymers for 
a variety of optoelectronic applications. Despite this widespread interest, many of the 
limiting properties of this polymer are still not fully understood. This is due to a combination 
of factors including variations in sidechain regioregularity, molecular weight, end-group 
chemistries and polydispersities being greater than 1. An additional complication is batch 
to batch variation is these properties. In this talk I will discuss the development of a 
continuous microdroplet reactor to facilitate the synthesis of well controlled and highly 
reproducible high molecular weight P3HT. In addition I will report the synthesis and 
detailed characterization of precisely defined isomers up to the 36mer. We find that these 
model compounds exhibit two different polymorphs, with distinctly different solid state 
microstructure and growth rates. By appropriate processing treatments these two 
polymorphs can be reversibly interconverted, allowing for the limiting properties of each 
structure to be fully probed. 
 



NEUTRAL GREEN ELECTROCHROMIC MATERIAL BASED ON   
5,7-DI(THIOPHENE-2-YL)2,3-DIPHENYL-THIENO[3,4-B]PYRAZINE 

D.Triantou, C.S. Asaftei, S. Janietz 
 Fraunhofer Institute for Applied Polymer Research, Department Polymer Electronics, 

Geiselbergstrasse 69, 14476 Potsdam, Germany 
despoina.triantou@iap.fraunhofer.de 

Conjugated polymers (CP) on poly(thiophene-pyrazine) basis had gained a lot of interest 
for a wide range of applications such as electrochromic devices (EC), mirrors,	  conducting 
films,	   efficient light-emitting diodes (LED) or camouflage material, due to their easy 
processability, environmental stability, flexibility, fine- tuning of the bang gap by structural 
modification. For design of EC devices with CP, they should switch between transparent 
state and one of the primary red, blue or green colours. The fervently problem of most CP 
is the absorption/reflection phenomena in their neutral states. For blue and red colour the 
solution was the absorption at only one dominant wavelength and tuning the band gap of 
these polymers. The problem with the green polymer cannot get so easily solved because 
these polymers absorb at two different wavelengths, where blue and red colors absorb and 
the control of these two bands in visible range is difficult. The challenge is that both these 
bands should simultaneously deplete upon oxidation by controlling the applied potential [1-

5].   
The aim of this work was the synthesis and the characterization of stable neutral state 
green electrochromic polymer films which can be used in multi-coloured electrochromic 
devices by electro-deposition methods.  
5,7-di(thiophene-2-yl)2,3-diphenyl-thieno[3,4-b]pyrazine (1) was synthesized according to 
the procedure describing in the literature[5]. The electropolymerization of (1) in 1 mM 
concentration was carried out in a solvent mixture of 0.1 M TBABF4 (tetrabutylammonium 
tetrafluoroborate) in acetonitrile : dichloromethane (MeCN:CH2Cl2) (1:1 v/v)  by  cyclic 
voltammetry (CV) on optically transparent tin oxide (ITO) electrode (Scheme 1).   
Figure 1 show the typical CV curves of (1) polymerized on ITO, 5 cycles at a scan rate of 
50 mV/s to form the poly(5,7-di(thiophene-2-yl)2,3-diphenyl-thieno[3,4-b]pyrazine) film (2). 
At first, we record the variation of the current density while the potential varies between 0 
to +1.4 V (vs. Ag/AgCl). It’s necessary to reach this potential in order to start the synthesis 
of polymeric film. During the first scan, the oxidation of the monomer appears at 1.1 V and 
its reduction (de-doping) at 0.90 V. Moreover, the reduction of the already formed polymer 
is observed at 0.45 V. On the second scan and onwards an oxidation peak is also noticed 
at about 0.75 V, due to the doping of the polymer. With increasing the number of scans, 
the oxidation peaks shift in an anodic direction and the reduction peaks shift in a cathodic 
one. This electrochemical behaviour indicates that the conducting polymer was formed, 
and a polymer deposition can be clearly seen after 5 cycles. The film formed under these 
conditions is partially reduced and its colour is light green.  Spectro-electrochemical data 
show (Figure 2) that the colour of the film started to change upon oxidation, i.e. at 0.8 V. 
The polymer film formed, exhibits a colour change from green (in the neutral) to grey/sky 
blue (in the oxidized state). This trend is a significant trait of CPs in electrochromic devices 
and displays.  In order to enhance the stability of the CP films on the ITO electrodes, 
anchoring layer of triethoxy-2- thienyl silane were introduced by silanazation[6]. The 
stability of the deposited films on the functionalized ITO was investigated under repetitive 
scans by CV, and accelerated aging experiments.  
In conclusion, we report for first time an easy, optimised method to design green CP films 
by electro-deposition which can be used for optically transparent	  electrochomic devices. 
The stability of such polymers films were improved by silinization. 



Scheme 1. Monomer (1) and the corresponding polymer (2)  
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Figure 1. Cyclic voltammogram of electropolymerization of (1) with 1 mM in 0.1 M 

TBABF4, in MeCN:CH2Cl2 (1:1 v/v)  on ITO electrode (area: 1.5 cm2), scan rate 
50 mV/s, vs. Ag/AgCl. 
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Figure 2.  Absorption spectra of CP film (2) in the neutral and oxidized states, in 0.1 M 

TBABF4 in MeCN at several potential.   
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Structuring organic semiconductors is a technological need for the industrial integration of 
organic thin film transistor (OTFTs) in devices such as microprocessors or displays. Many 
methods have been reported including mask deposition, soft printing, inkjet printing, nano-
imprinting, laser imaging or phtotolithography. The main drawbacks of these methods are 
the limitations on the minimum sizes achieved and the chemical incompatibility of the 
solvent used with organic semiconductors.[1] Some unconventional patterning techniques 
have been developed to overcome such problems. A new strategy recently developed is 
the so-called orthogonal processing which uses fluorous solvents.[2] It allows performing 
lithography processes on organic semiconductors avoiding any chemical incompatibility. 
OTFTs have already been produced with these chemicals by photolithography.[3] 
However, this technique still limits the minimum size of the features to the micron range.  
 
We use the orthogonal processing to produce OTFTs by e-beam lithography, opening up 
the possibility of the industrial integration of sub-micron OTFTs.  
The quality of the OTFTs produced with the orthogonal processing was checked by 
comparing two types of transistors: 1) FETs having bottom electrodes defined by 
conventional e-beam lithography previous to the deposition of the organic semiconductor; 
and 2) FETs with top electrodes defined on the organic semiconductor by using the 
orthogonal technique. Both types of transistors where produced in the same chip, so the 
organic layer was exactly the same in both kind of devices. 
Fully integrated OTFTs with top gating were finally produced.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Figure 1. Current-voltage characteristics of a Cu-phthalocyanine transistor having a 5 µm 
channel length and top source, drain and gate.  The insulating layer was polyvinylphenol 
(PVP).
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The applications of organic semiconductors in complex circuitry such as printed CMOS-
like logic circuits demand miniaturization of the active structures to the sub-micrometric 
and nanoscale level while enhancing or at least preserving the charge transport properties 
upon processing [1]. Here, we addressed this issue by using a wet lithographic technique, 
which exploits and enhances the molecular order in polymers by spatial confinement [2], to 
fabricate ambipolar organic field effect transistors and inverter circuits based on 
nanostructured single component ambipolar polymeric semiconductor. In our devices, the 
current flows through a precisely-defined array of nanostripes made of a highly-ordered 
diketopyrrolopyrrole-benzothiadiazole copolymer with high charge carrier mobility (1.45 
cm2V−1s−1 for electrons and 0.70 cm2V−1s−1 for holes). Finally, we demonstrated the 
functionality of the ambipolar nanostripe transistors by assembling them into an inverter 
circuit that exhibits a gain (105) comparable to inverters based on single crystal 
semiconductors [3]. 
 
 

Figure. Atomic force microscopy topography of printed nanostripes of ambipolar polymeric semiconductor 
printed inside an organic inverter structure. The inset shows a scheme of the device and the process used 

for patterning 
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Artificial photosynthetic systems capable of harvesting solar light for photocatalysis and 
energy production have attracted considerable interest over the last years.  
As a possible approach to such architectures we propose assemblies combining molecular 
antennas for effective and tuneable light harvesting with biological photoconverters 
optimized by billion years of evolution. 
This contribution will present the synthesis of hybrid bio-organic photoconverters by 
covalent functionalization of the photosynthetic Reaction Center (RC) of the bacterium 
Rhodobacter sphaeroides R26 with tailored π-conjugated fluorophores (figure). The 
organic fluorophores act as antennas to enhance the light harvesting capability of the RC 
in a wavelength range where the unmodified biological enzyme does not absorb1. 
Various π-conjugated dyes have been synthesized with bis-thiophene benzothiadiazole or 
bis-thiophene thiazoloquinoxaline core and have been covalently bound to the RC 
photoenzyme. The bio-conjugation protocol developed enables selective functionalization 
of the lysine amino acids of the RC which are best located for energy transfer processes. 
We have also demonstrated selective functionalization of one cysteine residue for 
anchoring the photoenzyme on graphene. 
Our study shows that it is possible to synthesize tailored molecular antennas and to 
assemble organic-biological hybrid photosynthetic machines for energy conversion. The 
resulting bio-hybrids outperform the natural systems in light harvesting and conversion 
ability as well as in the photocatalytic processes rate, thus paving the way to a new 
generation of materials for sunlight photoconversion.  
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Electronic readout of chemical and biological reactions has attracted a rising interest in the 
last decades as a suitable alternative to classical analytical techniques. In particular, field-
effect transistor-based sensors (bioFETs) have been widely studied for detecting and 
transducing several kinds of events related to a variation of the charge and/or charge 
distribution. In the last forty years, several examples have been proposed and different 
technologies have been employed. More recently, complementary to the standard silicon 
technologies, several examples of FET-based sensors based on the technology of organic 
semiconductors, have also been proposed. Organic electronics allows the replication of 
devices and systems on very large areas with relatively low costs, and this possibility 
suggests, quite naturally, the fabrication of disposable sensors, for biological, chemical 
and physical variables, on plastic substrates.  
However, the quantitative sensing of bio-, chemo-, and physical parameters is quite 
challenging for organic devices as it requires tools with characteristics that are sometimes 
in contrast with the commonly intended limits of organic electronics as sensitivity to harsch 
environment, relatively slow responses, etc. 
In this talk, we will focus on the concept of charge sensing and will show how, by playing 
with the device architecture, it is possible to obtain the necessary operational stability, 
sensitivity, response rapidity in order to get optimal performances in many kinds of bio-, 
chemo-, physical sensors. 
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The development of ultrasensitive diagnostic platforms is an urgent requirement in order to 
provide earlier diagnosis and useful therapeutic intervention. Bio-systems interfaced to an 
organic electronic device is presently one of the most challenging research activity that 
has relevance not only for fundamental studies but also for the development of highly 
performing bio-sensors [1]. Completely novel approaches either involving OFET devices 
comprising a Functional Biological Interlayer (FBI-OFET) or Electrolyte gated-OFET 
(EGOFET) integrating bio-recognition elements were recently proposed by our group. 
Specifically, in the FBI-OFET device configuration a biological layer, acting as biosensor 
recognition element, is fully integrated into the device structure, right at the interface were 
the OFET two-dimensional transport occurs [2,3]. A streptavidin embedding FBI-OFET 
was used for label-free biotin electronic detection reaching a femtomolar detection limit [4]. 
While a FBI-OFET integrating bacteriorhodopsin (bR) nano-assembled lamellae is 
proposed for an in depth study of the photo-induced proton translocation process detected 
by its impact on the device electronic transport. The investigation is extended also to the 
study of the electronic detection of protons translocation occurring as the bR FBI-OFET is 
exposed to volatile general anesthetic molecules such as halothane.  
In the EGOFET biosensing platforms the bio-recognition layer is deposited directly on the 
organic semiconductor or on the gate surface using strategies that allow a well-oriented 
immobilization of the biological molecules [5]. Both the structures have been successfully 
employed for the detection of biological molecules reaching low detection limits.  
The specific features of the proposed configurations as well as their performances in terms 
of device operation, selectivity and sensitivity will be presented. Outlining how these bio-
electronic platforms, besides resulting in extremely performing biosensors, can open to 
gather insights into biological relevant phenomena involving interfacial modifications that 
can be electronically detected. Besides, these device configurations are also 
implementable with organic electronic printing processes using paper and other flexible 
substrates. 
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Since the discovery of organic electroluminescent � materials such as tris(8-hydroxy-
quinolinato)aluminum�(Alq3), organic electroluminescent devices (OLEDs) have drawn 
our attention in electronics. Even though the development of OLEDs in last decades was 
very fruitful, the fully organic device is still not reached due to need of transparent 
conductive electrodes. These electrodes are usually fabricated from indium tin oxide (ITO) 
or doped zinc oxide (ZnO) thin films. However, recently have been demonstrated 
conductive polymers such as poly(3,4- ethylenedioxythiophene):(styrenesulfonic acid) 
(PEDOT:PSS), which is a promising candidate for replacing inorganic conductors and it 
was envisioned for the potential application of wet deposition techniques. Moreover, it has 
been shown that by careful doping the conductivity can achieve level of the ITO. There are 
few hypothesis of dopant role. Kim et al [1] asserted that the screening effect due to the 
polar solvent between the dopant and the polymer main chain plays an important role for 
charge transport properties such as conductivity and its temperature dependence. 
Petterson et al [2] allow that additive to act as a plasticiser. Ouyang et al [3] suggest that 
effect of the additive induces conformational change of PEDOT chains in the film. 
Obviously, there is no agreement on the role of dopant. 
 
This contribution illustrates increase of the conductivity by using three different dopants: 
dimethyl sulfoxide (DMSO), sorbitol, and ethylene glycol. We found that the sheet 
resistance of 100 nm thick PEDOT:PSS film achieved 100 Ω/sq by application of these 
dopants (see Fig. 1), what corresponds to the conductivity of 103 S/cm. Interestingly, the 
abrupt change of the conductivity is always present for dopant concentration of 0.5 wt% 
and subsequently saturates on the same level. In addition, the conductivity change is not 
related to the change of the surface morphology, as depicted in Fig. 2. Furthermore, the 
Raman spectroscopy did not revealed the presence of dopants in fabricated PEDOT:PSS 
films. Hence, the additives can be simply understood as dopants, but they affect the 
conductive polymer already in the solution. The H1-NMR of PEDOT:PSS solutions 
revealed increased solubility due to presence of additives and subsequent conformation 
changes. As a result, this study demonstrates that the dopants are acting as cosolvents for 
PEDOT:PSS water solutions newly enhanced properties persist even upon complete 
removal of the “dopant”. This understanding of processes increasing the PEDOT:PSS 
conductivity is crucial for future application of this polymer for thin transparent electrodes. 
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Figure 1: Sheet resistance for doped PEDOT:PSS films as function of different dopant.	   
 

 
 

Figure 2: Surface morphology of PEDOT:PSS film: (a) undoped, (b) with 10% DMSO doping, (c) 
10% ethyleneglycol doping, and (d) 10% sorbitol doping. 
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Fast scan cyclic voltammetry (FSCV) is an electrochemical method commonly used in 
neuroscience for spatiotemporal measurement of the concentration of dopamine and other 
electroactive species.[1] Since FSCV involves fast measurements of low currents, the 
technique is normally very sensitive to electrical noise and is typically performed inside a 
Faraday cage. In order to reduce the electrical noise and to enable measurements in an 
unshielded environment, we take use of an organic electrochemical transistor (OECT) to 
amplify the FSCV signals.[2] OECTs based on the conducting polymer poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) were microfabricated and 
characterized. A patterned 10 µm gold microelectrode was used as the sensing electrode 
and the FSCV signal was amplified by the OECT. With this approach, successful 
measurements of dopamine concentrations in the 10 µM range were performed in a 
completely unshielded measurement setup, which opens up for new opportunities of FSCV 
in various sensor and monitoring applications. The performed transient measurement of 
dopamine concentration indicates that concentrations down to a few µM may be detected 
by our system. Since the dopamine concentration in the brain varies from several µM 
down to the nM range, the presented device should be able to measure some of the 
dopamine transients of physiological interest. Fortunately, this is the first study of OECTs 
for FSCV amplification and thus major improvements in sensitivity are to be expected. 
Gold may not be the ideal sensing electrode material and thus the addition of electrode 
coatings or surface treatments might improve the sensitivity of the device. The scan speed 
and thus the selectivity can be increased by reducing the channel length of the OECT. The 
OECT and sensing electrodes are microfabricated and may therefore be integrated with 
other components and devices on various substrates. This is especially appealing within 
the context of recent progress in neuronal recording,[3] stimulation and biosensing with 
organic bioelectronics. By integrating several of these emerging technologies onto the 
same flexible substrates a new technology platform for signal transduction between the 
brain and electronics may be created. 
 
 

 



Figure 1. Device structure for on site OECT amplification in fast scan cyclic voltammetry. 

 
Figure 2. Transient measurement of dopamine. 
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Organic electrochemical transistors (OECTs) are currently emerging as a powerful tool for 
biosensing, bioelectronics and nanomedical applications owing to their ability to operate 
under liquid phase conditions, optimally integrating electronic and biological systems. In 
particular OECTs based on conductive polymers, such as PEDOT:PSS, have emerged as 
ideal platforms to interface bio-signalling with electronics. [1] These devices appear to be 
most suited for biosensing, due to their ability to work at low voltages (< 1V). In this 
respect, several works dealing with OECTs as sensing devices for different species of 
analytes, such as hydrogen peroxide, glucose or ions. More complex systems, such DNA, 
dopamine and cells have been reported in literature, together with some emerging 
developments in neuroscience such as the control of electronic ion signalling in individual 
cells, the monitoring of brain electrical activity and the delivering or detecting of 
neurotransmitters. The ability to sense and monitor complex bio-structures, such as 
liposomes, paves the way for very promising developments in biosensing and 
nanomedicine. [2] Here, we demonstrate that OECTs are effectively very efficient, reliable 
and sensitive devices for detecting liposome-based nanoparticles on a wide dynamic 
range down to 10−5 mg/ml (with a lowest detection limit, assessed in real-time monitoring, 
of 10−7 mg/ml), thus matching the needs of typical drug loading/drug delivery conditions. 
They are hence particularly well suited for real-time monitoring of liposomes in solution. 
Furthermore, OECTs are shown to sense and discriminate successive injection of different 
liposomes, so that they could be good candidates in quality-control assays or in the 
pharmaceutical industry. Drug loading and delivery by liposome-based structures is a fast 
growing and very promising field that will strongly benefit from real-time, highly sensitive 
and low cost monitoring of their dynamics in different pharma and biomedical 
environments, with a particular reference to the pharmaceutical and production processes, 
where a major issue is monitoring and measuring the formation and concentration of 
liposomes and the relative drug load. Beyond the capability of detecting a wide class of 
bioanalytes, OECTs represent also a useful tool for the monitoring of biological-driven 
phenomena, so that they can be employed as laboratory tool for the study of biomolecules 
electrochemical properties. In the second part of the talk, we disclose the unique potential 
of OECTs for detecting and investigating the electrical properties of insoluble eumelanin 
biopolymers. Gate current measurements on fine aqueous suspensions of a synthetic 
eumelanin sample from 5,6-dihydroxyindole (DHI) revealed a well detectable hysteretic 
response similar to that of the pure monomer in solution, with a formal concentration of the 
polymer as low as 10-6 M. Induction of the gate current would reflect electron transfer from 
solid eumelanin to the Pt-electrode sustained by redox active catechol/quinone 
components of the polymer. A gradual decrease in gate current and areas subtended by 
hysteretic loops was observed over 5 cycles both in the eumelanin- and DHI-based 
devices, suggesting evolution of the polymer from a far-from-the-equilibrium redox state 
toward a more stable electronic arrangement promoted by redox exchange with the gate 
electrode. OECTs are thus proposed as valuable tools for the efficient heterogeneous-
phase sensing of eumelanins and to gauge their peculiar electrical and redox behaviour. 
[3] 
 



References 
[1] G.Tarabella, F.M.Mohammadi, N.Coppedè, F.Barbero, S.Iannotta, C.Santato, F.Cicoira. “New 
opportunities for organic electronics and bioelectronics: ions in action”, Chemical Science, 2013, 4, 1395-
1409. 
[2] G.Tarabella, A.G.Balducci, N.Coppedè, S.Marasso, P.D'Angelo, S.Barbieri, M.Cocuzza, P.Colombo, F. 
Sonvico, R.Mosca, S.Iannotta. “Liposomes Sensing and Monitoring by Organic Electrochemical Transistors 
Integrated in Microfluidics”, 2013, 1830, 9, 4374–4380. 
[3] G.Tarabella, A.Pezzella, A.Romeo, P.D'Angelo, N.Coppedè, M.Calicchio, M.d'Ischia, R.Mosca, S. 
Iannotta. “Irreversible Evolution of Eumelanin Redox States Detected by an Organic Electrochemical 
Transistor: En Route to Bioelectronics and Biosensing”, J. Mater. Chem. B, 2013,1, 3843-3849. 



CONTROLLED VS. UNCONTROLLED ORIENTATION OF ANTIBODY FOR IMMUNO-EGOFET 
FABRICATION 

 
S. Casalini1, F. Leonardi2, C.A. Bortolotti1, A. C. Dumitru3, E.T. Herruzo3, R.F. de Oliveira4, R. 

Garcia3, F. Biscarini1 

1Life Science Department, University of Modena and Reggio Emilia, v. Campi n.183, I-41125 
Modena (Italy). 

2Institute of Organic Synthesis and Photoreactivity (ISOF), National Research Council (CNR), v. 
Gobetti n.101, I-40129 Bologna (Italy). 

3Instituto de Ciencia  de Materiales de Madrid (CSIC), 28049 Madrid, Spain. 
4 São Paulo State University, Unesp, Postgraduate Program in Materials Science and Technology, 

17033-360, Bauru, SP, Brazil 
stefano.casalini@unimore.it 

 
The ever-growing demand for new biosensors has boosted the materials processing and 
synthesis in organic electronics. As a result, different layouts of organic field-effect 
transistors (OFETs) are now suitable to be operated in aqueous solution. Among them, 
electrolyte-gated organic field-effect transistors (EGOFETs) are the ultimate example [1]. 
In particular, these devices rely on an electrolytic solution, which acts as a gate dielectric 
bridging the gate electrode and the organic semiconductor thin-film. Here, it has been 
designed and fabricated an immunosensor towards interleukin-4 and interlekin-6 detection 
(Fig.1).  

	  
Figure 1 On the right interleukin-6 and on the left interleukin-4. Aminoacids are colored as follows: positively 

charged (red), negatively charged (blu), hydrophobic (white) and hydrophilic (green). 

 
To achieve this sensitivity, it has been systematically addressed one key parameter: the 
antibody (Ab) orientation. The sensing core of our electronic device is the gate electrode 
[2]. Two different surface treatments have been verified: i) the use of an amine-terminated 
SAM activated by glutaraldehyde and ii) the exploitation of the recombinant protein G. 
Although the former protocol yields a covalent Ab grafting, it has a poor control on the Ab 
orientation during the immobilization. The latter leads to a highly oriented Ab layer on the 
gate electrode, making use of the biological functionality of protein G.  
The most efficient recognition between antibody-antigen has been successfully proved by 
AFM characterization, and the sensitivity has been assessed by the electrical 
characterization of the corresponding immuno-EGOFET down to nM scale. 
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The electronic conductivity of conjugated polymers has been studied extensively and is 
utilized in a vast array of experiments and applications, respectively. In the PEDOT:PSS 
material system the electronic conductivity of the PEDOT phase has reached beyond 103 
S/cm. This material can nowadays be coated and printed, using standard manufacturing 
techniques, to form electrodes for several applications, such as for capacitors, sensors, 
transistors, light emitting devices and much more. The PSS phase, i.e. the polymer 
counter ion, is a polyanion and in its hydrated state this phase exhibit high and selective 
conductivity for cations, in fact the conductivity of heavily hydrated PSS reaches 1 S/cm. 
So the PEDOT:PSS system can be considered as a p-type electronic and a p-type ionic 
conductive hydrogel system, and the via electrochemistry taking place in PEDOT the ionic 
and electronic charge carriers can be coupled. 
In biology, many signals are represented by ions, e.g. alkali ions, the neurotransmitters 
and more. Conjugated polymers doped by polyelectrolytes can thus serve as a translator 
system to bridge the gap between biological signalling and addressing signals in 
electronics. Further, by making devices and circuits from those organic iontronic materials 
one could envisage that complex electronic addressing signals can be translated into 
complex and highly specific chemical signal patterns to regulate functions and physiology 
in biological systems and also in humans. 
Here, organic iontronic devices and circuits are presented; a technology platform built up 
from the combination of conjugated polymers, polyelectrolytes and conjugated 
polyelectrolytes aiming at translating electronic signals into biological ones at high 
specificity, complexity and spatiotemporal resolution. Organic iontronic conductors, 
resistors, diodes and transistors will be presented along with different chemical circuit 
architectures. Those have been applied to regulate signalling in cells, tissues and organs, 
in vitro and in vivo. Our findings might blaze the trail for a completely novel technology 
possible to apply in future prostheses, drug delivery devices and also included in different 
scientific tools. Moreover, our platform has been explored in different Organic 
Bioelectronics applications, such as in therapy methods evaluated in different animal 
models. 
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Organic bioelectronics refers to the coupling of organic electronic based devices with 
biological systems, in an effort to bridge the biotic/abiotic interface(1). We focus on 
the unique properties of organic electronic materials that allow easy fabrication, and 
flexibility in design as well as chemical tunability, to develop state-of-the-art tools to 
(1) monitor cells i.e. for diagnostic purposes following exposure to toxins or 
pathogens(2, 3) and (2) control cells, for example to create more ‘in vivo’ like 
environments. We work not only with commercially available materials, but are also 
optimizing custom materials for use in devices by changing morphology, adding 
biomolecules to increase biocompatibility(4), and incorporating biorecognition 
elements directly into the materials(5). Our goal is to develop physiologically relevant 
in vitro systems with integrated monitoring systems that obviate the need for animal 
experimentation in diagnostics, toxicology or drug development. To this end, we have 
successfully demonstrated the use of the organic electrochemical transistor (OECT) 
for monitoring in vitro models of the gastrointestinal tract, the kidney and the blood 
brain barrier. We show improved temporal resolution and sensitivity compared to 
existing techniques, and further, take advantage of the flexibility of design and 
fabrication of organic electronic devices to include microfluidics, optical monitoring 
and multiplex acquisition systems. 
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Technologies based on the use of organic optoelectronic materials for the realization of 
active interfaces with living tissues are emerging as promising tools to control bioelectrical 
signal in vitro and for targeted biomedical applications in vivo. Combining such interfaces 
with the high spatial and temporal resolution offered by optical excitation is one of the most 
interesting applications of these technologies, for example in the field of vision restoration 
in blind people[1]. Indeed, we have already demonstrated that it’s possible to elicit electrical 
responses in different biological systems (like primary neurons[2] and astrocytes[3], as well 
as explanted retinas[4]) exploiting the optoelectronic properties of conjugated polymers. In 
this contribution we investigate in depth the physical mechanism that leads to cellular 
photostimulation in such interfaces. In particular, we exploit non-eloectrogenic cell lines 
(HEK293) to study the effect of polymer excitation with visible light on the cellular 
membrane potential. HEK293 cells are easily cultured on polythiophene-based thin-films 
and, since they do not generate active electrical responses, they are ideal model systems 
to study the charging of the cellular membrane following photoexcitation of the bioactive 
interface. Experimental data confirm that photostimulation of the polymer is able to induce 
a variation in the membrane potential also in HEK293 cells. Supported by both a physical 
characterization of the polymer/electrolyte interface and a numerical modelling of the cell 
membrane, we propose a mechanism able to explain the effect of photostimulation on the 
membrane potential. This insight on the biophysical mechanism at the basis of bio-organic 
interfaces opens the way to future optimization of this technology and its practical 
exploitation in biomedical applications. 
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Signaling in the nervous system, in both the healthy and diseased state, is based on 
chemical and electrical signals relayed via neurons. From a functional perspective, these 
specialized cells can be thought of as chemical-to-electrical-to-chemical transducers: 
biochemical input triggers the electrical action potential which conveys the signal to distant 
parts of the cell, which in turn triggers chemical output in the form of synaptic release of 
neurotransmitters. In this manner, the chemical signaling performed by neurons is highly 
selective in both its inputs and outputs. While a broad array of technologies – ranging from 
electrical simulation to nanofluidics – have been developed for treatment of neurological 
disorders, most efforts fall short of this simultaneous selectivity of both the triggering input 
and the chemical target. We have previously demonstrated [1,2] electrical-to-chemical 
signal transduction, analogous to neural transduction, exploiting electrophoretic transport 
in organic electronic ion pumps (OEIPs). The OEIP exemplifies a new breed of delivery 
technology, exhibiting precise, selective release of neurotransmitters and other small 
molecules in a diffusive, non-flow scheme. Extending the capabilities of the OEIP to 
include biochemical input completes the neural analogy. The resulting organic electronic 
artificial neuron (OEAN) utilizes biosensing technologies for detection of neurotransmitters 
to achieve self-regulated delivery of biochemicals. In this presentation, we demonstrate 
how OEANs can transduce the sensed concentration of the neurotransmitters glutamate or 
acetylcholine, into precise chemical delivery of secondary substances. We also 
demonstrate efficacy in vitro in the modulation of cellular Ca2+ fluxes in human 
neuroblastoma cells via regulated delivery of acetylcholine. These results illustrate how the 
OEAN, analogous to biological neurons, is capable of transducing chemical input into 
precise, localized, and non-
disruptive chemical output at 
some potentially distant point. 
We will discuss the future of 
artificial neuron technology, 
both in future in vitro studies, 
and in in vivo settings [2], 
where it can enable new 
therapies based on 
supplementing, augmenting, 
or even restoring neural 
signaling pathways.  
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Materials applied in multifunctional, implantable devices with application in medicine have to 
correspond to a large range of demands. Their mechanical properties and surface chemistry have 
to be engineered in order to optimize the interface with the biological environment and to reduce 
invasiveness without losing their electrical, chemical and mechanical functionality. Full organic 
devices with organic semiconductors or conductors as the active component can meet these 
requirements and are at the centre of research in Organic Bioelectronics. Finding common 
processing windows for organic electronics materials and biomaterials is necessary for the 
development of fully-fledged devices to be interfaced to living systems.  
I will present a brief overview of our main approaches in the fabrication of potentiometric sensors 
on bioresorbable substrates. In the contribution, a Water Gated Organic Field Effect Transistor 
(WGOFET) and an Organic ElectroChemical Transistor (OECT) fabricated on flexible, transparent, 
biocompatible and biodegradable substrate poly(lactic-co-glycolic acid) (PLGA) will be presented. 
In the first part, a novel technique for the fabrication of electrically active layers onto biomaterials 
will be introduced. The proposed approach, named “pattern and peel” is based on an inverse 
fabrication procedure in which the bioscaffold is deposited only after standard microfabrication 
techniques, thus avoiding its exposure to harsh chemical or thermal treatment. Key in the 
demonstrated fabrication procedure is a watersoluble sacrificial layer which allows to release the 
layer stack from the solid substrate. In the presented example we apply laser ablation to achieve 
highly interdigitated gold patterns serving as transistor electrodes. The subsequently processed 
bioscaffold layer is cast from solution as a transparent and flexible film. The resulting layer (Fig 1 a) 
results in a smooth biocompatible and bioresorbable substrate with embedded electrode 
structures. It allows patterning of proteins to promote cell adhesion at the interface with cell 
medium or tissue as well as semiconductor deposition. Water gated organic field effect transistors 
(WGOFET) were prepared by depositing 9 MLs of pentacene as a semiconductor. The resulting 
device showed good performance in phosphate buffer solution (PBS) (Fig 1 b) with mobility of ~10-

3 cm2/Vs and potentiometric sensitivity in the 100 µV range thus sufficient to sense bioelectronic 
signals[2],[3]. Although biodegradation and swelling sets-in, the device’s structural integrity of 
functional structures could be maintained for a useful time when immersed in cell medium.  
In the second part of our contribution I present an electrical transducer fabricated on a fully 
resorbable PLGA thin film. A simple fabrication process is established which allows patterning of 
active areas of the conducting polymer PEDOT:PSS contacted by gold electrodes on the 
bioscaffold. Fast and sensible potentiometric sensing of the conformable biodegradable and 
biocompatible device is demonstrated in physiologic solution. The recording of small bioelectronic 
signals is demonstrated by measuring the electrocardiogram with the device and the obtained 
signals are comparable to standard potentiometric measurements with Faradaic electrodes. The 
work paves the way towards simple bioelectronic interfaces processed on implantable bioscaffolds 
for recording and stimulation in muscular or nervous tissue. 
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Fig 1 a) Picture of the free standing PLGA film with four couples of gold highly interdigitated 
source and drain electrodes (details in the inset microscopy image). b) Output curve of the 
pentacene based device operated in WGOFET configuration. 
 
 

Fig 2 a) Wiring diagram of the ECG recording experiment. b) Photograph of the device 
showing its transparency and adaptability when attached to human skin. c) Measured drain 
current trace (red) as obtained during ECG recording. 
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We have recently demonstrated how we can use charge trapping/detrapping in an array of 
gold nanoparticules (NPs) at the SiO2/pentacene interface to design a SYNAPSTOR 
(synapse transistor) mimicking the dynamic plasticity of a biological synapse. This device 
(memristor-like), also called NOMFET (Nanoparticle organic memory FET) mimics short-
term plasticity (STP) [1] and temporal correlation plasticity (STDP, spike-timing dependent 
plasticity) [2], two "functions" at the basis of learning processes (Fig. 1). A compact model 
was developed [3], and we demonstrated an associative memory, which can be trained to 
present a pavlovian response [4]. 
 

Fig. 1. STP (short term plasticity) and  SDTP 
(spike time dependent plasticity) of a 

biological synapse (top) [5, 6], and 
corresponding behavior for the 
NOMFET (bottom) [1, 2]. 
 
Here we report on a detailed 

understanding of the electrical 
behavior of these synapstors. 

First, we analyze the 
relationship between structure 
and transport properties by 

measuring the current-voltage 
curves, in situ, during the growth of 

the pentacene over the NP network. In the presence of NPs the onset of current flow is 
shifted to thicker films with a percolation threshold at 5-6 ML (Fig. 2). During the film 
growth a second percolation process is observed when the pentacene film thickness 
exceeds the NP size. Second, temperature-dependant measurements of the charge 
carrier mobilities reveal a pronounced carrier trapping by NPs which leads to an activation 
energy of EA = 120 meV in contrast to EA = 70 meV in pure pentacene films (Fig. 2). These 
features, as well as a decrease of the hole mobility with NPs, is consistent with a more 
disordered pentacene film as also revealed by AFM [1]. 

 
Fig. 2. Left: Evolution of the 
mobility versus the 
pentacene coverage for 
OFET (without NPs) and 
NOMFET with NPs. Right: 
Arrhenius plot of the 
temperature dependence of 
the mobility in saturation for 

devices with and without NPs. 
 



 

 

 
Then we develop an electrolyte-gated version of this device for biocompatible applications. 
We report on a detailed understanding of the electrical behavior of these synapstors in 
physiologically relevant conditions. We compare synapstors operated by the traditional 
bottom gate structure in air and by a water-electrolyte gate geometry. We show that the 
increased capacitance of the pentacene/water interface leads to a large improvement of 
the synapse-like behavior of these devices. STP of comparable amplitude (about 50% of 
the total output current) is observed at a reduced working voltage (i.e. spike voltage of 
0.4V in water, instead of 10 V in air). Moreover, the typical dynamic time response of the 
synapstor is also decreased by about a factor 10 (∼ 0.2s instead of ∼ 2-5s) - Fig. 3. These 
synapstor were also fabricated on biodegradable substrates (PI, PEN) with similar  or even 
better performances : spike amplitude of - 0.1V and a typical response time of about 15 
ms(Fig. 4). These results represent major improvements towards the use of these 
organic/NPs synapstor in biocompatible applications e.g. as synapse prosthesis. 
 

 
 Fig. 3. STP response of an electrolyte-
gated NOMFET. 
 
  
 
 

 
 

 
 
 
 
 
Fig. 4. Optical image of patterned gold 
electrodes on PI, and typical STP response 
of NOMFET fabricated on these PI substrate 
with a top electrolyte gate (spike pulse of -0.1V) 
and typical device response time of 15 ms. 
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In organic and hybrid photovoltaics, the key process of charge generation and charge 
extraction occur at organic/inorganic interfaces in the active layer and/or between the 
active layer and the metal electrode. These processes are predominantly influenced by 
interfacial properties such as chemical composition, physical interactions and dipoles. 
Efficient photovoltaic performance, therefore, requires control over the non-homogeneous 
interfacial structure and composition. Here we will show that selected organic additives: 
surfactants, small molecules, dyes and precursors, can be used to promote direct contact 
between the organic and inorganic components, metal oxides or metals. A plethora of 
techniques are used to correlate the organic/inorganic molecular-level interactions with the 
photo-excitation dynamics and macroscopic photocurrent generation in photovoltaic 
devices. These include: small-angle X-ray scattering (SAXS), energy filtered transmission 
electron microscopy (EF-TEM), solid-state NMR spectroscopy, and X-ray Photoelectron 
Spectroscopy (XPS).  
 
 
 
 
 
 
 
 
   
 
 
 
 
 
 
 
 
 
 

 
 

Figure 1: XPS spectra of the organic surface and organic/metal interface confirming the 
diffusion of the additive due to metal deposition 

 
The contribution of organic/metal coupling to charge extraction in OPVs is demonstrated 
by carefully following the spontaneous formation of interlayers between the active layer 
and top electrode. To do so a series of additives were mixed into the commonly used 
PCBM:P3HT blend and the composition of the organic surface was followed as a function 
of additive concentration, annealing, and type of evaporated electrode. We found that the 
metal evaporation process can induce additive diffusion to the metal/organic interface to 
spontaneously form an interlayer. Additive-metal interactions are the driving force for 



additive diffusion, but can also be used to reduce energy barriers at the interface. Indeed, 
devices with judiciously selected additives showed noticeable improved performances 
associated with enhanced charge extraction at the organic/electrode interface.[1] These 
results also clearly demonstrate that characterization of PV films prior to metal deposition 
does not necessarily represent the actual morphology in the final device. 
 
Organic/inorganic coupling is also a prerequisite in hybrid photovoltaics composed of 
nanoscale interpenetrated organic donor and metal oxide acceptor phases. Here we will 
report on different strategies developed to promote physicochemical interactions and 
bonding at the organic/inorganic. These strategies include: i) the use of amphiphilic block-
copolymers to direct highly ordered hierarchical 3D mesostructures;[2,3] ii) the 
incorporation of selected dyes into self-organized polymer-titania composites;[4] and iii) 
the use of ALD to promote ZnO networks in P3HT. In all cases, the inorganic components, 
TiOx or ZnO are synthesized in–situ using sol gel chemistry. Finally, the macroscopic 
behaviour of photovoltaic devices based on these hybrid system is correlated to the 
chemical composition and film morphology of the hybrid PV film. The detailed 
understandings these correlations provide molecular-level criteria for the design, 
syntheses, and properties of hybrid functional materials. 
 
 

15	  nm
50	  nm

 
 
 

Figure 2: cross section HRTEM image and schematic illustrations showing the location 
and indentations of an organic dye inside a surfactant directed hybrid film composed of a 
conjugated polymer (bright spots in the TEM image) and titania framework (dark contrast 

in the TEM image) 
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This talk describes several novel methods for decreasing injection barriers at, or 
controlling the energetics of, organic molecular or polymer interfaces. Interfaces between 
active layers, electrodes, other organic films or dielectrics dominate charge injection and 
collection, charge separation, and charge transport through devices, and understanding 
and controlling their energy structure is of paramount importance. We first look at ultra-thin 
polymer films containing aliphatic amine groups, such as PEIE [1], which provide uniform, 
air-stable work function lowering for a number of different substrates (metals, dielectrics, 
organics), leading to efficient electron-injection interfaces. We then turn to the use of 
interface (n- or p-)doping to create high-conductivity low barrier contacts. We report on a 
new application involving lamination of ultra-thin doped polymer films, which allows the 
formation of interface doped layers on solution-deposited polymer-based devices [2,3].  
Finally, we report on the functionalization of organic polymer surfaces via deposition of a 
1-2 nm TiO2 layer by low temperature CVD process. The oxide layer serves as template 
for the anchoring of a self-assembled monolayer (SAM) of dipolar phosphonic acid 
molecules, which shifts vacuum level accordingly and modifies the energetics of the 
original surface [4]. 
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The use of scalable and cost-effective fabrication processes is mandatory for the 
commercialization of organic electronics products.  These should enable the fabrication of 
complementary logic, a prerequisite for low power dissipation and noise immunity. 
Moreover, transparency is an additional feature which may open up a series of very 
interesting applications.   Previous efforts were therefore dedicated to address these 
aspects, which can be hardly found combined in the same circuit, which is usually limited 
in terms of performances, mainly owing to a limited mobility in all-printed devices 
combined with the coarse processing resolution. So far, all-printed and all-organic have 
achieved at best oscillation frequencies and stage delays in the hundreds of Hz and 
milliseconds range respectively [1].        

In this work, we report so far the best performances for all-organic, all-printed 7-
stage ring oscillators, with an oscillation frequency up to 2.3 kHz and a stage delay down 
to ∼ 30 µs. We achieved this by combining inkjet printing and bar-coating techniques to 
fabricate complementary, top-gate staggered field-effect transistors on plastic PEN 
substrates with balanced mobilities in the 0.3 – 0.5 cm2/Vs range. For the electrodes and 
interconnections we adopted the highly transparent poly(3,4-ethylenedioxythiophene): 
poly(styrenesulfonate) (PEDOT:PSS), and for the active materials we adopted the n- and 
p-type polymer semiconductors  poly{[n,n’-bis (2-octyldodecyl)-naphthalene-1,4,5,8-
bis(dicarboximide)-2,6-diyl]-alt-5,5’-(2,2’-bithiophene)} (P(NDI2OD-T2)) and 
Diketopyrrolopyrrole-Thieno [3,2-b]thiophene Copolymer (DPPTTT). A polymer dielectric 
layer deposited thanks to a simple bar-coating process complete the all-printed device, 
which results highly transparent.   

Complementary FETs, for which the frequency characterization will be reported, 
were first combined into  complementary inverters with high noise margins (up to 15V at 
Vdd = 60V) and gain (> 10), which enabled the fabrication of ring oscillators of 3 and 7 
stages, where a solvent based via hole technique was adopted.  Our results demonstrate 
that simple printing techniques can be effectively combined to obtain all-printed, all-organic 
circuits on plastic which are semi-transparent and can achieve good performances, the 
current oscillation frequency is largely limited by the rather long channels length of ~ 50 
µm dictated by inkjet printing, which we can improve by combining this technique with fs-
laser machining, a high resolution direct-writing process compatible with plastic substrates.  
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Optoelectronic devices based on conjugated polymer semiconductors such as polymer 
solar cells (PSCs) and light-emitting diodes (PLEDs) have attracted tremendous interest in 
the last decade due to their potential for solution processability, advanced flexibility and 
low cost fabrication. Critical aspects for commercialization remain the high efficiency and 
enhanced stability. As these devices are typically comprised of different layers sandwiched 
between two electrodes, the presence of various interfaces has been found to critically 
influence device efficiency and lifetime and, overall, the device performance. Interfacial 
layers (i.e: interlayers) incorporated between the electrodes and the (photo)active layer 
have been shown to control charge injection/extraction and transport, depending on their 
functionalities.  
Herein, we report a family of polyoxometalate molecular oxides, that can be processed 
entirely from solution at low temperature and show excellent charge selectivity and 
enhance charge transport when they are incorporated in PLEDs1 and PSCs2. 
Representative examples will include tungsten and molybdenum polyoxometalates that 
have precisely controlled stoichiometry, tunable electronic structure/energy levels and 
enhanced conductivity. The beneficial role of these interlayers and the mechanisms for 
enhanced device performance will be unveiled through a combination of optical 
spectroscopic, electrical and morphological characterization techniques. As the multiple 
oxide functionalities renders their use as interlayers a universal approach to enhance 
device performance regardless of the light absorbing or emitting semiconductors used, this 
might pave the way for new, advanced, metal and molecular oxide formulations with well-
controlled optoelectronic properties that will allow their incorporation in exceptionally high 
efficiency and stability devices.   
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Nowadays conjugated oligomers are perspective materials for organic field-effect 
transistors (OFETs) due to high charge carrier mobility, air stability and possibility of 
processing with solution-based techniques [1]. Such methods include spin-coating, ink-jet 
printing and self-assembling from a solution and considered as promising for large area 
electronics. Thickness of the active part of the organic semiconductor in OFETs is a few 
nm, which corresponds to 1-2 monolayers. Thus, fabrication of the monolayer devices can 
lead to significantly reduced material consumption without losing electrical performance. 
Self-assembling allows obtaining a monolayer of the organic semiconductor on a dielectric 
surface [2]. But this process takes quite a lot of time (tens of hours), thus causing difficulties 
with its practical application. Langmuir-Blodgett (LB) technique is a process of self-
assembling of amphiphilic molecules on the water-air interface under a controlled barrier 
pressure. It allows fast and simple preparation of monolayer OFETs [3]. 

Figure 1. Morphology of O(Si-Und-4T-Hex)2 LB film, studied with atomic force microscopy (a) and 
output characteristics of the monolayer OFET (b). 

 
In this work monolayer films of monochlorosilyl derivative of quinquethiophene Cl-Si-Und-
5T-Et and quaterthiophene disiloxane dimer O(Si-Und-4T-Hex)2 were prepared with LB, 
spin-coating and dip-coating techniques. Both spin-coated and LB films were found to be 
crystalline (Figure 1, a) with vertical orientation of oligothiophene fragments. The OFETs 
based on such films showed electrical properties typical for “thick” organic transistors 
(Figure 1, b) with field-effect mobility up to 0.01 cm2/Vs [4]. The high film homogeneity 
allows developing integrated circuits consisting of many OFETs. These transistors have a 
potential application in the devices, where a moderate mobility is acceptable, for instance, 
in gas sensors. 
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Electronic devices operate through charge carrier injection and transport, which are 
strongly dependent on the electronic structure of the semiconductor. For organic 
semiconductors having structural, hence energetic, disorder, a Gaussian disorder model 
(GDM) was proposed, which establishes that all states are localized where thermally-
assisted tunnelling and trapping occurs simultaneously [1]. However, because the model 
mainly focuses at describing charge carrier transport mechanisms, charge carrier injection 
aspects have been overlooked in its application to device modelling. In addition, a 
comprehensive study of the injection process is gaining in importance, since organic solar 
cells, which are one of the major organic electronic devices, operate at low voltage under 
injection-limited regime [2]. In this communication, we systematically investigate the effect 
of the electronic structure on charge carrier injection, as well as the low voltage current-
voltage characteristics of organic rectifying diodes based on GDM. 

A key parameter that governs charge carrier injection is the injection barrier. In the 
multiple trapping and release (MTR) model [3], which distinguishes between extended 
states above mobility edge (ME) and localized tail states, the injection barrier is usually 
defined as the difference between the Fermi level of the contact electrode and the ME of 
the semiconductor, the latter being referred to as the band edge in a crystalline 
semiconductor [4, 5]. On the other hand, in the GDM, the ME is replaced by the transport 
energy (TE) around which hopping transport occurs. The TE can be determined through 
Monte Carlo simulation. However, it is difficult to obtain it through experimental means. 
Therefore, HOMO and LUMO edges are most often used to define the injection barrier [6], 
as provided by ultra-violet photoemission spectroscopy (UPS) and inverse photoemission 
spectroscopy (IPES). 

Figure 1 illustrates the electronic structure of an organic diode with a Gaussian 
density-of-states (GDOS). In order to study the effect of the width of the GDOS on the hole 
injection and transport process, the value of the injection barrier, following its definition in 
reference [6] is kept constant. Assuming unipolar conduction by hole, the hole injection 
barrier at the anode (Eb

an) is fixed at 0.3 eV, while that at the cathode (Eb
ca) is fixed at 0.8 

eV. In the meantime, the variance of the GDOS (σ) is changed as a parameter: σ = 0.05, 
0.10, and 0.15 eV. 

As shown in figure 2, the hole concentration at both sides of the organic layer (x = 0 
and 200 nm) varies with σ even though the injection barriers Eb

an and Eb
ca are kept 

constant. Considering that the degree of energetic disorder is connected to σ, this result 
implies the necessity of a more rigorous definition of the injection barrier that would 
comprise the effect of σ. 

A slight bending in the potential profile near the anode at equilibrium (Va = 0V) is 
observed with the change of σ (figure 3), similar to that occurring in a metal-insulator-metal 
diode when the injection barrier is reduced below 0.3 eV [2]. The current-voltage curves in 
both reverse and injection limited regimes were calculated as a function of σ (figure 4). 
The increase of the current with increasing variance brings evidence for an improved 
charge carrier injection. Note that the calculation does not account for the concomitant 
reduction of the mobility inferred by the increase of the variance. 
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Figure 4. Calculated current-voltage 
characteristics of organic diodes with 
various electronic structures (σ = 
0.05, 0.10, and 0.15 eV) 

Figure 3. Calculated potential profile in the 
organic diode for various electronic structures 
at three bias conditions: Va = -1, 0 , and 1 V. 
(note that the built-in potential Vbi is -0.6 V) 

Figure 2. Calculated hole concentration in the 
organic diode for various electronic structures at 
three bias conditions: Va = -1, 0, and 1 V. 
 
 
 

Figure 1. Electronic structure of 
the organic diode with a Gaussian 
density-of-states (GDOS). The 
variance of the GDOS is changed 
as a parameter: σ = 0.05, 0.10, 
and 0.15 eV. 
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Over recent years there has been tremendous progress in discovering new organic 
semiconductors that provide high charge carrier mobilities for both n-type and p-type device 
operation, good operational stability and other functionalities such as efficient 
electroluminescene, sensing or memory functions. These materials allow addressing an 
increasingly broad range of flexible and printed electronic applications based on  
controlled manufacturing of flexible plastic substrates by a combination of solution 
processing and direct printing. One of the sources of improvement in performance has 
been the versatility of organic chemistry to provide a broad range of new molecular 
structures and the ability to assemble these molecules into ordered structure with minimum 
degree of disorder. We will review recent insights into the device and charge transport 
physics of solution-processible small molecule as well as conjugated polymer organic 
semiconductors, with a particular focus on the microscopic processes that limit the 
field-effect mobility in these systems. We are also interested in understanding the spin 
transport physics of these materials and the relationship between molecular structure, 
microstructure and spin diffusion. Organic semiconductors may enable realisation of long 
spin relaxation times and long spin diffusion lengths due to the weak spin-orbit coupling in 
these carbon-based materials. We will present recent measurements of spin-transport in 
different molecular and polymeric semiconductors.  
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Nitrogen dioxide, NO2, is an air pollutant that is released by the combustion of fossil fuels. 
NO2 is toxic by inhalation. For human health and safety, detection of NO2 is desired. 
Commercial sensors are typically chemiresistors, which are limited in their sensitivity. To 
increase the sensitivity sensors based on field-effect transistors are being explored. In 
spite of numerous investigations, the NO2 sensing mechanism is not fully understood 
Here, we present our investigation on the detection mechanism using ZnO field-effect 
transistors. The dynamics of the response as a function of the NO2 concentration and the 
temperature is evaluated. The transistor current gradually decreases upon NO2 exposure. 
The decrease originates from trapping of electrons mediated by NO2. The obtained 
insights are translated into a sensor protocol that allows for real-time NO2 detection. A 
functional NO2 sensor prototype is built that can monitor extremely low NO2 concentrations 
down to 10 ppb. The sensor operates in ambient air and, apart from drying, no further 
precautions were taken, showing that the fabricated sensor is selective for NO2.  

 
. 

	  
Sensor verification. The measured NO2 concentration as a function of time is presented by the black line. 
The red line represents the NO2 content as simultaneously measured with a calibrated commercial reference 
sensor. The inset shows a photograph of the Teflon sensor cell containing a ZnO field-effect transistor 
mounted on a heater.  
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Conventional silicon electronics’ greatest strength has always relied on its ability to scale 
down the device dimensions and generate low-cost functions regardless the cost/area 
ratio. On the other hand, organic semiconductors have always held the promise of 
complementing the need for low-cost production as well as large-area applications by 
virtue of their characteristic chemical versatility and ease of processability. However, the 
dream of scaling the device size down is somehow getting to an end for the silicon-based 
electronics because of the photolithography limitations involved in the production process 
of the devices. In this regard, organic electronics cannot complement its inorganic 
counterpart and the relentless need of miniaturization unless new avenues are pursued.  
Hence, a grand challenge for organic electronics is to integrate multiple functions in a 
single material by combining organic semiconductors with an additional molecular 
component, which confers additional functions to the device. 
Here we report on the realization of a memory device through the engineering of the 
energy levels in a polymer semiconductor by blending two molecular components, a 
photochromic diarylethene (DAE) derivative and a poly(3-hexylthiophene) (P3HT) matrix, 
to attain phototunable and bistable energy levels for the P3HT’s hole transport, as 
previously reported.[1] In this study, the blend between DAE derivatives, which do not 
exhibit proper semiconductor behavior themselves but feature two different HOMO levels 
which depends on the irradiation wavelength, with an organic semiconducting polymer 
such as P3HT is used as a bi-component film forming the electroactive layer of organic 
thin-film transistors (OTFTs). 
The device illumination at defined wavelengths enables the erase/write operation of the 
memory through the switching of the diarylethene’s electronic states in the blend. The 
modulation of the output current is robust and features the highest number of well 
distinguishable memory levels (Figure 1a and 1b) if compared to photochromic/organic 
systems previously reported in the literature. [2-4] 
Furthermore, our study sheds light on the device switching mechanism which differs from 
other models proposed so far in the literature for memories integrating photochromic 
molecules and organic semiconductors at the same time.    
In addition, the above-mentioned memory devices have been integrated onto a 
Polyethylene terephthalate (PET) substrate (Figure 1c). The assembly of the device on a 
flexible and transparent substrate features transparency, low-cost production and ease of 
process making these devices suitable for large-area fabrication. 
 
 
 
 
 
 
 
 
 
 



 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1:  (a) Experimental IDS vs. time curve shows write-erase cycles performed at fixed illumination 
intensity: writing for 1 second at 313nm and erasing for 5 seconds at 546nm. (b) Experimental IDS vs. time 
curve: writing steps at increasing illumination intensities: writing for 10 seconds at 313nm. (c): Memory 
device integrated on a flexible PET substrate. 
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Organic electronic devices could be used for space applications where payload control is 
crucial, thanks to their low weight, low power consumption and flexibility, e.g. as skin-like 
pressure sensors for robotic arms or as non-invasive sensors to monitor human vital 
activities during space voyages. However, these applications require devices able to 
withstand relevant doses of ionizing radiation fields and very little work has been carried 
out so far on the radiation tolerance of organic devices.  In this work we present the first 
results obtained on the effects of proton irradiation on 6,13-
Bis(triisopropylsilylethynyl)pentacene (TIPS-pentacene) organic thin-film transistors 
(OTFTs). We monitor the modification induced by high-energy proton irradiation both on 
the transport properties, i.e. on the semiconductor mobility and the density of traps at the 
semiconductor-dielectric interface, as well as on the optical absorption of the TIPS-
pentacene thin film. We also investigate the radiation damage in the semiconductor by 
modelling the experimental data with Density-Functional-Theory (DFT) calculations. 
TIPS-pentacene was deposited by drop-casting at 60ºC on Par C/Al2O3 dielectric stack, 
grown on flexible Kapton substrate [1]. The thickness of the semiconductor film is ~100 nm 
and that of the dielectric layer is ~70 nm. The proton irradiation energy was 3 MeV and two 
different fluences of 1012 cm–2 and 1013 cm–2 were used. The mobility, µ, and threshold 
voltage, VT, were extracted from the drain-current vs. gate-voltage (ID-VG) characteristics. 
The photo-generated current was measured at wavelengths 500 nm ≤ λ ≤ 800 nm.  DFT 
calculations were performed using the Quantum Espresso simulation package, with the 
plane-wave pseudo-potential method [2,3].  
Figure 1 shows the ID-VG curves measured in the saturation region at VD=-2V, before and 
after irradiation at the maximum delivered fluence of 1013 cm–2. The high proton fluence 
reduces ID at VG=-2V by a factor of 3, due to the combined effect of the negative VT shift 
and the 50%-reduction of µ. Figure 2 shows the photo-current spectra for the reference 
and irradiated samples. Three resolved peaks are located at 690 nm, 640 nm and 580 nm. 
In the reference and low-fluence irradiated samples, absorption is maximum at 640 nm, 
whereas it peaks at 580 nm in the highly-irradiated TIPS-pentacene. DFT calculations 
suggest that the reduction of the absorption peak at λ=640 nm, which is observed for 
fluences ≥ 1013 cm-2, can be attributed to the damage of methyl groups.  
The density of states associated with the photo-current spectra is not severely modified by 
the irradiation process, indicating that the TIPS-pentacene film maintains its structure and 
electrical transport properties at fluences ≤ 1012 cm-2. The limited modifications induced by 
proton fluences as high as 1013 cm-2 on the TIPS-pentacene OTFTs suggest that organic 
electronic devices are potentially interesting candidates for radiation hard environments 
and space applications. 
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Fig. 1: ID-VG characteristics measured at VD = -2 V before (solid black lines) and after irradiation (red dashed 
lines) with 3 MeV protons at a fluence of 1013 cm–2.  
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Fig. 2: Photo-current spectra of the reference (blue dotted line), low-dose (1012 cm–2, solid black line) and 
high-dose (1013 cm–2, red dashed line) proton irradiated samples.   
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Molecular electronics hold great promise and may lead to devices that are difficult, 
or perhaps impossible, to make via conventional methods.[1] But one of the challenges 
that needs to be resolved is the origin of the vastly different electrical responses across 
test-beds with molecules of the same chemical structure. I will discuss our recent progress 
in the development of molecular tunnel junctions based on self-assembled monolayers 
(SAMs). We form SAM-based molecular junctions using top-electrodes of a non-invasive 
liquid-metal that forms stable features in microchannels. This liquid-metal alloy (a mixture 
of Ga and In stabilized by a conductive 0.7 nm thick layer of GaOx) forms good electrical 
contacts with SAMs. This platform makes it possible to perform detailed physical-organic 
studies of charge transport across SAMs and to address some long standing controversies 
in the field.  

The current that flows across a junction decays exponentially with the molecular 
length and is expressed as the so-called tunneling decay coefficient β. For aliphatic SAMs, 
the consensus value of β is 1.0 per CH2 moiety, but values as low as 0.4 have been 
reported.[2] Even more problematic, for the same molecular architecture a great variation 
of around 8-9 orders of magnitude of the injection currents have been reported.[3] For 
molecular electronics to continue to evolve, these discrepancies across test-beds have to 
be understood.  

We found that the topography of the electrode that supports the SAMs, and the 
supramolecular structure of the junctions, are of crucial importance.[4,5] By minimizing the 
number of defects, e.g., induced by grain boundaries that easily exceed the molecular 
dimensions, we are able to explain low values of β or high values of the injection currents. 
This knowledge we used to improve, for instance, the performance of molecular diodes, or 
to turn around a diode at the molecular level.[5-7] 
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Printed solar cells are presently considered as an emerging 3rd generation photovoltaic 
technologies which carry large expectations for substantial cost reduction due to the use of 
abundant, low cost organic materials and fast roll-to-roll manufacturing processes at low 
temperatures along with added functionalities such as low weight, flexibility, semi-
transparency, high speed manufacture, short energy payback time and environmentally 
friendliness. 
However, many of these advantages are difficult to realize and transfer into application. In 
parallel, the evolution of perovskite semiconductors brought a strong competitor into the 
research scene. Independent of that, the development goals of OPV are still up to date 
and imminent: Enhancing efficiency and lifetime for commercially close products. Although 
a steady progress has been reported on OSC during the last ten years – the power 
conversion efficiency (PCE) has increased by almost a factor ten reaching values above 
10% [1] – operational stability that was previously measured in minutes can now, under 
very favorable experimental conditions, exceed several thousands of hours – all this 
progress was obtained for different materials and device structures, independently of each 
other and only on laboratory scale devices. None of the high efficiency performing 
materials so far has been reported having also high stability and being used for large area 
roll-to-roll module preparation, and it is obvious, that significant further efforts are required. 
This presentation presents some insight into the performance and lifetime of R2R 
compatibly produced cells and modules, and outlines alternative material and device 
concepts for organic photovoltaics which may help pathing the way beyond 15 % efficiency 
for an industrial product scenario. 
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The growth rate of the sensors and microsystems market is high. Because of the cost 
pressure in the health care there is a demand for intelligent mobile solutions for a modern 
community health in the fields of ambient assisted living, mhealth, smart home, sport 
diagnostics, telemedicine, monitoring of vital parameters and electronic textiles. All these 
applications need a mobile and widely autarkic energy supply, which is lightweight and 
easily integrable into textiles. One possibility is the use of photovoltaics. Presently, there 
are only first examples to attach solar cells on electronic textiles, but really intrinsically 
textile based solar cells are a new approach. Presently, in the most cases of fibre-shaped 
solar cells metal wires serve as the substrate instead of really textile filaments [1]. 
The aim of this research project was the development of a really textile-based dye-
sensitized solar cell (DSSC), which demands corrosion-stable filament electrodes. One 
problem of our special type of DSSC is the incompatibility of the used silver-plated 
polyamide filament electrodes with the iodide/triiodide redox pair in the gel electrolyte 
typically applied for DSSCs. 
Therefore, differently from the classical dye-sensitized solar cells our approach was 
-‐ textile-based substrates instead of glass 
-‐ electrodeposited ZnO from solution instead of screen-printed or doctor-bladed TiO2 

without any sintering step 
-‐ galvanically plated or dip-coated platinum instead of the common sputter deposition of 

platinum electrodes 
-‐ iodide/triiodide-free organic hole conductor-based solid state electrolytes (or Co2+/Co3+ 

gel electrolytes) combined with silver-plated polyamide fibres or alternatively 
-‐ J-/ J3

- containing nitrile-free highly viscous gel electrolytes instead a nitrile-based liquid 
electrolyte using refractory metal passivated fibres 

 
The main focus of our group was the development of solid state electrolytes as well as gel 
electrolytes and the solar cell device processing. 
FTO glass-based model cells with electrodeposited ZnO and spiro-MeOTAD as the hole 
conductor yielded an AM1.5 power conversion efficiency (PCE) of 1.38% or 1.78% (with 
PIN = 100 or 47 mW/cm2), respectively. Reference cells on FTO glass/TiO2 with the same 
solid state electrolyte (spiro-MeOTAD ) led to an AM1.5 PCE of 4.69%. 
Fibre-fibre cells on Ag wire/ZnO substrates applying a new iodide/triiodide-free Co2+/Co3+ 
gel electrolyte gave ηAM1.5 = 0.98%. 
A full textile-based solar fabric based on silver-plated polyamide filament electrodes 
combined with a Co2+/Co3+ gel electrolyte was demonstrated (ηAM1.5 = 0.63%, still non-
optimized devices, Fig.1). 
 



 
solar fabric without gel electrolyte 

SE: PA/Ag/ZnO/Dye DN216

CE: PA/Ag

insulating fibre

coating with
Co 2+/3+ gel 
electrolyte

 
solar fabric with a Co2+/Co3+ gel electrolyte 

Fig.1 Light microscopy images of a fully textile based dye-sensitized solar cell based on a 
polyamide fabric and filled with a transparent J-/ J3

--free Co2+/Co3+ gel electrolyte (SE: 
solar electrode, CE: counter electrode, PA: polyamide) 

 
Fibre-fibre solar cells on Ta wire/ZnO substrates using a J-/ J3

- containing, nitrile-free gel 
electrolyte led to a PCE of ηAM1.5 = 1.79% (Fig.2). 
 

Ta52 500x

 

Ta52 100000x
 

Fig.2 SEM images of fibre-shaped dye-sensitized solar cells on tantalum wire substrates 
with a highly porous ZnO layer prepared by electrodeposition from solution 

 
A module using 10 of such fibre-fibre solar cells connected in series yielded an overall 
PCE of ηAM1.5 = 0.91% (6.1 V overall voltage under sun light). All cells were processed and 
measured under ambient conditions. First technology experiments using a laboratory 
filament coating machine were carried out. 
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Most of the printed Organic PhotoVoltaic (OPV) cells and Photo-Detectors (OPD) 
rely on the concept of “solution-processed Bulk HeteroJunction” (BHJ), introduced in 1995 
[1-2], and designed to perform efficient exciton dissociation as well as free carriers 
collection. As such solar cells can easily be made transparent by using thin electrodes and 
adequate substrate, such technology is of particular interest for building-integrated 
photovoltaics and integrated PV chargers for portable electronics [3]. 

However, an unexpected difference in term of charge collection efficiency when the 
device is illuminated from the top or the back contact is usually observed, as reported in 
[3,4]. This work aims at understanding the causes of this unknown internal dissymmetry. 

To investigate this issue, several inverted solar cells have been processed, 
featuring an active layer of various thicknesses, and electrons and holes transport layers. 
The typical architecture of the organic solar cells used in this work is shown in figure 1. 
Process details are given in [5]. Note that the active layer has been intentionally made 
thicker than usual, as this phenomenon is more pronounced in thicker blend layer.  

First of all, the External Quantum Efficiency (EQE) has been measured at two 
different polarizations (0 and -5V) from the two sides (Electron Collecting Layer (ECL), 
back side versus Hole Collecting Layer (HCL) (front side)). Results shown in Fig. 2 
indicate a large discrepancy between back and front EQE, the back side being 6 times 
more efficient than the front side at 0V and 620nm (see Fig.3). This discrepancy is 
reduced when increasing the reverse polarization. The optical absorption length has been 
calculated (using experimental value of optical indexes (n,k)), and plotted on the same 
curve than the EQE ratio (see Fig.3) : it turns out that the higher is the efficiency 
difference, the lowest is the absorption length, indicating that the difference of efficiency is 
stronger when the photo-generation of carriers occurs close to the electrodes. It also 
suggests that the charge collection at the HCL side is particularly inefficient. 

Simulations using 1D drift diffusion electrical model, coupled with 1D optical wave 
propagation, have been performed. First of all, as shown in Fig. 4&5, the optical properties 
differences of each contact can not fully explain the experimental results. Indeed, without 
introducing any electrical defects in the structure, simulations, accounting only for optical 
properties dissymmetry, lead to a front/back side EQE ratio of 1.2 (instead of 6) and fails to 
reproduce EQE dependency with wavelength and electric field. 

Moreover, capacitance versus voltage measurements have been performed (fig. 6). 
The result indicates the presence of a large depletion zone inside the active layer. This 
depletion zone may be the signature of doping or charged trap states [6]. Indeed, the 
presence of negative charges inside the active layer may explain the asymmetry of the 
performance. By creating an additional electric field, these negative charges penalise the 
collection of carrier at the HCL side. In this case, the repartition of the electrical potential 
becomes unfavourable close to the HCL electrode (fig. 7). In order to discriminate the two 
main possible causes, these negative charges (P type doping and acceptor deep trap 
states) have been implemented. Results indicate that the large discrepancy between front 
and back sides illumination can only be explained by trap states, and not by doping (fig. 8). 
Indeed, these trap states are more efficient than dopants in degrading performances, as 
they not only create an additional electric field, but also recombine photo-generated 
carriers. The physical origin of these acceptor deep states is still unknown, but this 



assumption is consistent with previously reported evidence of photo-oxidation of polymers 
[7]. 
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Fig. 1: Schematic of organic 
photodetector investigated in this 
work.  

Fig. 2: Experimental back and 
front side External Quantum 
Efficiency (EQE) measured at two 
respective polarizations (0V; -5V). 

Fig. 3: Experimental back and 
front side EQE ratio versus 
wavelength at two applied bias. 
The calculated adsorption length 
has also been plotted.  

	   	   	  
Fig. 4: Simulated EQE at 0 V and -
5V taking into account only the 
difference in term of optical 
properties. 

Fig. 5: Simulated back and front 
side EQE ratio, when only the 
difference in term of optical 
properties is included.  

Fig. 6: Capacitance – voltage 
characteristics measured in dark 
condition at a frequency response 
of 100Hz. 

	   	   	  
Fig. 7: Simulated potential in the 
active layer at 0V under 
illumination showing the impact of 
the acceptor like trap state on the 
potential distribution. 

Fig. 8: Simulated ratio of EQE 
versus trap or dopant 
concentration, showing that the 
ratio created by doping would 
never exceed a factor 3. 

Fig. 9: Simulated EQE at 0V and -
5V taking into account acceptor 
like trap state at a concentration of 
3E21/m3. Simulations are in good 
agreement with experiments. 
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The photovoltaic performance of organic solar cells is primarily governed by the excitonic 
nature of organic materials. Mechanisms of exciton dissociation into mobile charge carriers 
and charge transfer states at the interface between the donor and acceptor remain of 
intense scientific research. Hot excitons have been proposed to benefit the dissociation 
efficiency. And it was shown that hot CT excitons could enhance the photocurrent due to 
the re-excitation in the CT exciton manifold. However, most of these studies were focused 
on spectroscopic evidence while the critical question regarding the impact of hot excitons 
to the performance of actual devices remains. 
First, we have studied the impact of excess photon energy on excitonic dissociation 
efficiency in operational and efficient solar cells. We show that hot excitons are not 
beneficial for operational solar cells, because Internal Quantum Efficiency (IQE) is 
independent of photon energy [1]. IQE is observed to be essentially flat with no 
appreciable benefit from higher-energy photons. We demonstrate that methodology of IQE 
measurement is crucially important for unambiguous result interpretation and clarify the 
impact of optical interference effects and light absorption in the non-active layers in thin 
operational devices. An attention is directed to the importance of treating an OSC as a 
complex optical cavity. 
Second, we show the impact of excess photon energy on charge transport in several 
efficient polymer-based photovoltaic devices. Charge extraction is observed to be 
independent on photon energy suggesting that excitons lose their excess energy at times 
scales which are much shorter than the time scales of charge extraction [2]. Moreover, we 
show that the charge carrier thermalization effects can be neglected in operational solar 
cells, while charge carrier density loss during transport due to capture by trap states is 
crucial for efficient device operation. The impact of these results in regards to the present 
knowledge of charge transport is discussed.  
Finally, a number of novel techniques developed for the purpose of unambiguous electron 
and hole mobility measurements in operational devices is presented. A critical conclusion 
arising from our results demonstrates, in contrasts the commonly accepted knowledge, 
that efficient solar cells do not need balanced charge carrier mobilities [3]. This message is 
further elaborated and clarified that balanced mobility become important only in materials 
with strong non-Langevin recombination. The impact of Langevin and non-Langevin 
recombination on the photocurrent and fill factors is demonstrated in actual solar cells at 
near to operational conditions. 
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Over the last decades polymer solar cells (PSCs) have been extensively studied for the 
opportunity of large scale manufacturing at low cost[1], reduced energy payback time[2] and 
high power-to-weight ratio[3]. At the moment a competition is taking place in order to 
achieve ever higher efficiency[4,5] and the recent overcoming of 10% efficiency 
demonstrates that the gap with more mature photovoltaic technologies can be reduced. 
The challenge is to obtain significant efficiencies on large area devices. In fact, typical 
laboratory processing comprises technological routes (spin coating, vacuum step and 
nitrogen atmosphere) not compatible with large scale in terms of dimensions, costs and 
throughput.  
Furthermore up-scaling implies the use of different material formulations to adapt them to 
industrial coating and printing techniques. Several groups employ such techniques to 
fabricate organic photovoltaic modules; from the technological and performance point of 
view, interesting results have been reported for gravure printing[6,7] and for the combination 
of slot-die coating and screen printing[8,9].  
Also spray coating represents a convenient method for large area production of solar cells; 
it allows to deposit fluids with different rheologies in a simple and low cost way, minimizing 
the material waste. Another advantage is the capability of deposition on arbitrary substrate 
materials and geometries[10]. Although substantial improvement has been achieved for 
small area devices[11-13] and efforts have been performed to upscale the process producing 
wide solar cells [14,15], there is a few evidence about spray coating applied to organic 
photovoltaic modules[16,17].  
Moreover devices presented as “fully-sprayed” actually have an evaporated electrode in 
their structure. In this paper we report for the first time the fabrication of completely spray-
coated modules and the setting-up of an automated process all performed in ambient 
conditions.  
The devices are based on the inverted structure, chosen for its better operational 
stability[18], higher photocurrent[19] and easier manufacturing compared to the direct 
configuration. Starting from glass/Fluorine Tin Oxide (FTO) substrate, the sprayed stack 
consisted of titanium dioxide (TiO2), poly(3-hexylthiophene):[6,6]-phenyl C61-butyric acid 
methyl ester (P3HT:PCBM) and two different formulations of poly(3,4-
ethylenedioxythiophene):poly(4-styrenesulfonate) (PEDOT:PSS), known as PEDOT-CPP 
and PEDOT-PH1000. FTO is recognized as a promising material because it is chemically 
inert, relatively stable under atmospheric conditions, mechanically hard, high-temperature 
resistant and respect with to the most used indium tin oxide (ITO), it is less expensive and 
avoids problems with indium diffusion into the upper layers. TiO2 is an abundant material 
used as electron transporting layer in inverted PSCs[20] and it can be deposited by spray 
pyrolysis, an easy and consolidated method to deposit metal oxide in various 
applications[21,22]. Concerning P3HT:PCBM and PEDOT spray deposition, a considerable 
know-how has been developed over the years[23-25], mostly about the optimization of film 
morphology and the dynamics understanding of droplets covering.  



After the adjustment of working parameters for each layer, we were able to pile the 
sprayed layers realizing fully spray-coated devices which presented encouraging 
conversion efficiencies[26]. 

 
Figure 1: Fully spray-coated semitransparent 
organic photovoltaic module fabricated by 
using automated in-air process, based on 
inverted structure 
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Conjugated polymers have been proposed for application in a wide variety of next 
generation technologies including displays, solid-state lighting, transistors and organic 
photovoltaic devices [1-2]. The critical performance of organic electronic materials is 
closely related to their morphology and molecular packing. The typical microstructure for a 
semicrystalline semiconducting polymer would be nanoscale crystalline domains bounded 
by highly disordered “amorphous” regions with some molecules bridging neighbouring 
ordered domains [3]. The details of the microstructure are important because the local 
packing of nearby molecules determines the intermolecular electronic orbital overlap and 
the electronic structure of the polymer film, and because the connectivity of the domains 
determine the paths taken by charge carriers through the material. Additionally, the local 
packing of the molecules strongly affects larger-scale microstructural parameters such as 
the domain size and the connectivity between neighbouring domains. All of these 
structurally controlled physical properties combine themselves to determine the key 
electronic property that affects the performance of organic electronic devices: the charge 
carrier mobility of the polymer. In organic photovoltaics (OPVs), the dissociated free 
charges (electrons and holes) are generated at the interface between the donor (e-donor) 
and acceptor (e-acceptor) phases, and then transported to their respective electrodes, 
forming the external circuit. Therefore, increasing the interfacial area between the e-donor 
and e-acceptor phases and limiting the morphology of the heterojunction to the nanoscale 
are critical for improving the device performance since the exciton diffusion length in the 
conjugated polymer is limited to ~10 nm [4]. Blending polymers under specific conditions is 
an example of nanostructure formation by self-assembly.  
 
 
 
 
 
 
 
 
 
 
Figure 1. 10x10 µm scanning transmission X-ray microscopy (STXM) images of a film of 
1:1 P3HT:PCDTBT blend. (left) Calculated composition and (right) thickness map. 
 
In this contribution we will report on the structure-property or structure-performance 
relationships in all-polymer heterojunctions based on blends of poly[N-9'-heptadecanyl-2,7-
carbazole-alt-5,5-(4',7'-di-2-thienyl-2',1',3' benzothiadiazole)] (PCDTBT) and poly-3-
hexylthiophene (P3HT). Thin films of 1:1 P3HT:PCDTBT blends with thicknesses of 320, 
190, 75 and 40 nm were prepared by spin coating. The ability to correlate device 
performance and morphology relies critically on our ability to characterise film 
microstructure. Homogeneity and morphology of polymer films were investigated by atomic 
force microscopy (AFM). However AFM lacks of chemical sensitivity, making it difficult for 
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blends to decouple surface topography and surface composition or to determine domain 
purity. Quantitative composition maps have been obtained by scanning transmission X-ray 
microscopy (STXM) using synchrotron light (Figure 1). In addition, internal structure of thin 
films was investigated by grazing incidence small and wide angle X-ray scattering. 
In order to correlate structure and conductive properties of bulk heterojunctions, 
conductive atomic force microscopy (C-AFM) was used to study the nanoscale charge 
transport in films of 1:1 P3HT:PCDTBT blends with different thicknesses (Figure 2). 

 

 
 
 
 
 

 
 

 
 
 
 
 
 
 

 
Figure 2. Contact mode AFM images (5x5 µm) for samples with different thicknesses: (a) 
75 nm, (b) 190 nm, (c) 320 nm. (Top) Topography and (Bottom) conductive AFM (applied 
voltage -5 V). 
 
These results indicate that for the investigated samples there is a clear phase separation 
between the two polymers. Moreover, STXM data suggest that the higher regions consist 
of PCDTBT rich domains. In addition, C-AFM measurements indicate different conductivity 
for P3HT and PCDTBT domains and that the overall conductivity of the thin films increases 
with increasing thickness. 
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Functionalities of organic electronic devices are often determined to a large extent by the 
energy-level alignment at the various electrode/organic and organic/organic interfaces. 
Here we focus on the interfaces typically are formed under ambient conditions similar to 
the interfaces in organic electronic device process, e.g., in solution processing of 
polymers/molecule like spin-coating, ink-jet printing and screen sprinting.  We will present 
the detail of the integer charge transfer (ICT) model [1,2] in such surfaces, the application 
of the model to optimize the organic solar cell efficiency and to select loss-less electrode 
and effective donor-acceptor interface will be discussed. Furthermore, the ICT model can 
be extended to the weakly interacting organic interfaces under molecular doping. 
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Organic thin-film transistors (TFTs) are of interest for flexible electronics applications, such 
as rollable or foldable information displays and conformable sensor arrays. In advanced 
applications, such as integrated display drivers, the TFTs will have to be able to control 
electrical signals of a few volts at frequencies of several megahertz. 
The first requirement for achieving high switching frequencies is efficient charge transport 
in the semiconductor. This requirement can be met by choosing an organic semiconductor 
that provides good molecular ordering and large carrier mobilities even when processed at 
low temperatures. An example is the alkylated thienoacene C10-DNTT, for which mobilities 
up to 10 cm2/Vs have been measured [1]. 
The second requirement is a small channel length [2]. To meet this requirement we have 
developed a process in which the TFTs are patterned using high-resolution silicon stencil 
masks [3]. With this process, bottom-gate, top-contact organic TFTs with a channel length 
of 1 µm can be fabricated on plastic substrates [4]. 
Fig. 1 shows two photographs and the current-voltage characteristics of a C10-DNTT TFT 
with a channel length of 1 µm fabricated on a flexible polyethylene naphthalate substrate. 
The small thickness (5.3 nm) and large capacitance (800 nF/cm2) of the AlOx/SAM gate 
dielectric allow the TFTs to operate with voltages of about 3 V. The TFTs have an effective 
hole mobility of 1.2 cm2/Vs, an on/off current ratio of 107, a subthreshold swing of 
150 mV/decade, and a width-normalized transconductance of 1.2 S/m. 
Fig. 2 shows the transfer characteristics and the distribution of the width-normalized 
transconductance in an array of sixteen C10-DNTT TFTs with a nominal channel length of 
1 µm and a nominal channel width of 10 µm fabricated on a flexible PEN substrate. All 16 
TFTs have an on/off ratio of 107. Across the array of 16 TFTs, the width-normalized 
transconductance varies between a minimum of 1.16 S/m and a maximum of 1.40 S/m, 
with a standard deviation of 6%. 
The third requirement for achieving high switching frequencies is a small gate capacitance. 
One component of the gate capacitance is the parasitic capacitance that is formed by the 
geometric overlaps between the gate electrode and the source/drain contacts, so reducing 
the gate overlap in addition to the channel length can be helpful in view of high-frequency 
TFT operation [2,3]. Fig. 3 shows the circuit schematic and the photograph of an 11-stage 
ring oscillator with output buffer comprised of unipolar inverters with saturated load based 
on C10-DNTT TFTs fabricated on a flexible PEN substrate. In the most aggressive design, 
the TFTs have a channel length (L) of 1 µm, a gate overlap (LC) of 5 µm, and channel 
widths of 24 µm (for the drive TFTs) or 72 µm (for the load TFTs). In a more relaxed 
design, the channel length is 4 µm and the gate overlap is 20 µm. Also shown in Fig. 3 are 
the signal delays per stage measured in these ring oscillators and plotted as a function of 
the supply voltage. For the more aggressive dimensions (L = 1 µm, LC = 5 µm), the 
measured stage delay is 1.9 µs at a supply voltage of 1 V, 730 ns at 2 V, 420 ns at 3 V, 
and 300 ns at 4 V. These are believed to be the first organic TFTs on flexible plastic 
substrates demonstrating cutoff frequencies above 1 MHz at supply voltages below 10 V. 
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Fig. 1. Schematic cross-section, photographs, and measured current-voltage characteristics of a C10-DNTT p-channel TFT with a 
channel length of 1 µm fabricated on a flexible polyethylene (PEN) substrate. The TFT has an effective field-effect mobility of 
1.2 cm2/Vs, an on/off current ratio of 107, a subthreshold swing of 150 mV/decade, and a width-normalized transconductance of 
1.2 S/m. Also shown is the chemical structure of the organic semiconductor (C10-DNTT) employed for these TFTs. 
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Fig. 3. Circuit schematic, photograph and measured signal propagation delay per stage as a function of the supply voltage of 
11-stage unipolar ring oscillators fabricated with C10-DNTT TFTs with two different channel lengths (1 µm and 4 µm) on a flexible 
PEN substrate. For a channel length of 1 µm, the measured stage delay is 1.9 µs at a supply voltage of 1 V, 730 ns at 2 V, 420 ns at 
3 V, and 300 ns at 4 V. 
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This talk will describe ionic liquid (electrolyte) gating experiments on two benchmark 
organic semiconductors, poly(3-hexylthiophene) and rubrene. The goal of these 
experiments is to use the giant capacitance of ionic liquids to induce large carrier densities 
in the organic semiconductors and to explore transport in the high carrier density regime. 
We find that in the case of P3HT, the mobility becomes high enough at the 3D highest 
charge densities, near 1021 cm-3, that the Hall effect can be reproducibly observed. 
Furthermore, it is clear from extensive resistivity measurements versus temperature that a 
metallic state in P3HT is approached, though it is not realized likely due to gating induced 
disorder. In the case of rubrene single crystals, carrier mobilities as large a 4 cm2/Vs are 
achieved at 2D hole densities of 0.15 charges/rubrene, ~3 x 1013 cm-2. These large 
mobilities lead to an easily detected Hall signal that verifies the charge density estimated 
from capacitance-voltage measurements. Furthermore, at optimum carrier densities, the 
near-onset of metallic behavior is clearly observed for rubrene. In addition to these results, 
a general discussion of electrolyte gating for fundamental transport measurements will be 
presented. 



ALL-EVAPORATED OTFTS ENGINEERED FOR ROLL-TO-ROLL DEPOSITION 
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We report on the manufacture of organic thin film transistors using our roll-to-roll vacuum 
web coating facility (Figure 1). All stages of the manufacture use evaporation processes, 
ensuring that high-throughput roll-to-roll processing can be achieved. 
 

    
 

Figure 1  (Left) Oxford’s roll-to-roll vacuum webcoater: web handling side, and (right) 
schematic illustration of the system, illustrating the deposition of the insulator layer. 

 
In particular, we use an acrylic gate dielectric layer deposited by a flash evaporation 
process: condensation of a liquid monomer onto the surface of the substrate, followed by 
curing to a solid polymer. [1,2]  This, solventless, deposition process gives rise to a layer 
with well-controlled thickness and a very smooth surface, forming a pin-hole free layer 
over large areas.  Dinaphtho [2,3-b:2',3'-f] thieno[3,2-b]thiophene (DNTT) is a suitable 
semiconductor that can be applied to a flash evaporated polymer insulator layer to make 
bottom-gate top-contact transistors.  DNTT is shown to perform well in comparison to 
pentacene semiconductor, and transistor performance is further enhanced by inclusion of 
a low-polarity surface modification to the acrylate, such as polystyrene.  Table 1 gives 
typical performance characteristics of the devices. 
Table 1 Typical performance characteristics of devices 

 VT (V) µ (cm2 V-1 s-1) Ion/Ioff S (V/decade) 

TPGDA / DNTT -4 0.12 105 1.8 

TPGDA / Pentacene -12 0.04 103 8.0 

TPGDA / PS / DNTT -1 0.95 ± 0.17 107 0.5 

TPGDA / PS / Pentacene -10 0.57 ± 0.04 106 2.0 



Significantly, in a batch of nearly 100 devices, 100% yield of transistors with low gate-
leakage was achieved.  By contrast, a solution-deposited insulator layer led to significant 
gate leakage in a third of transistors. 
Logic elements and ring oscillator circuits have been demonstrated using these transistors. 
Unipolar inverters based on a unipolar, saturated-transistor load and coupled to a load 
capacitance of 48 pF and with VDD = -60V, were shown to be capable of undergoing a full 
switching cycle in ~0.4 ms corresponding to a switching frequency of 2.5 kHz. A 5-stage 
ring oscillator gave output frequency of up to 2.16 kHz, with VDD = -90 V. Simulations 
showed that the performance was limited by gate-source and gate-drain overlap 
capacitances. 

The devices show good environmental stability but we also demonstrate how they can be 
in-line encapsulated, without damage to the underlying transistor, with an acrylate and 
SiOx overlayer.  Without encapsulation, the transistors were stable under repeating 
measurements in a dry environment in the dark. They maintain a high mobility and on/off 
ratio after being held under bias for several days in dry air. Although bias stress, moisture 
and illumination could all alter the device behaviour moderately (Figure 2), the changes 
were mostly recoverable by storing the devices in dry air. 
 

 
Figure 2 Transfer curves of 10 repeating measurements (indicated by solid lines from 

black to blue) of a DNTT transistor with PS buffered TPGDA dielectric layer measured in 
vacuum of 10-2 mbar (upper), and air of relative humidity 30% at 20°C (lower) 

 
The hole carrier mobility was constant under all measurement conditions. The transistors 
could survive storage in dry or damp air, with or without illumination for more than nine 
months. 
Finally, a first demonstration is made of organic vapour jet printing of the DNTT to 
manufacture transistors with a high semiconductor deposition rate. 
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Organic electronics technology has developed rapidly. Fueled by the vision of the ‘Internet 
of Things’ many research activities in organic electronics focus on contactless 
identification transponders or smart labels.[1,2] The development of re-programmable non-
volatile memory (similar to the well-known Flash memory) is essential to store information 
in such applications. In almost all foreseeable applications, multiple memory devices are 
needed to store a multiple number of bits. The cross-bar type memory array device, where 
the resistance switching material is interposed between inter-crossing word- and bit-lines, 
is the most promising structure in this regard. This configuration allows for a high 
integration density due to a minimal footprint of 4F2, with F the minimum feature size. The 
extreme parallel geometry of the crossbar array, however, requires the implementation of 
a certain selection device to prevent read disturbance problems. Yet, it is highly beneficial 
that the resistance switching device would inherently possess rectifying characteristics, as 
for example possible with diodes containing a blend of an organic semiconductor and a 
ferroelectric polymer.[3] A 3×3 crossbar array on glass illustrated that it is possible to 
integrate these ferroelectric diodes in crossbar arrays, without the need for transistors or 
other additional electronic components.[4] The bit density was low, however, less than 3 
bits/cm2. In a theoretical study Kemerink et al. calculated that the maximum bit density for 
this memory technology could be as high as 1 Gb/cm2.[5] This has prompted us to 
investigate experimentally the scaling behavior of the semiconducting/ferroelectric blend 
memory diodes, both in device area as well as array size. 
In this manuscript, we demonstrate a scalable and low-cost memory technology using a 
solvent-processed phase separated blend comprising disk-shaped submicron sized 
domains of a semiconducting polymer poly[(9,9-di-n-octylfluorenyl-2,7-diyl)-alt-(benzo 
[2,1,3]thiadiazol-4,8-diyl)] (F8BT), dispersed in a matrix of the ferroelectric copolymer 
poly(vinylidenefluoride-co-trifluoroethylene) (P(VDF-TrFE)) on thin, flexible polyester foils 
of only 25 µm thickness (see Figure 1). It has been shown that the phase separation of the 
ferroelectric and semiconducting blend components occurs via spinodal decomposition 
during solution casting.[6,7] In such non-volatile resistive switches, the ferroelectric matrix 
component provides the binary state and data retention, whereas the semiconducting 
polymer domains provide the means to probe that state via an electrical signal.  
 

(a)

F8BT P(VDF-TrFE)

(b) (c)
110 nm

	  
Figure 1. Chemical structures of F8BT (red) and P(VDF-TrFE) (blue). 

 
By sandwiching this polymer blend film between rows and columns of metal electrode lines 
where each intersection makes up one memory cell, we made 1 kilobit cross bar arrays. 
Low temperature large area processing of thin blend layers of F8BT/P(VDF-TrFE) has 
been upscaled to 150 mm flexible foil based substrates. Discrete device yield was close to 
unity, allowing us to fabricate the largest re-programmable organic non-volatile memory 
arrays on flexible substrates reported to date.[8] Figure 2a presents a photograph of the 1 



kb flexible memory diode array consisting of 32x32 memory cells with an active area of 
3x3 mm2. 
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Figure 2. (a) Photograph of 1kbit crossbar array  with 120×120 µm2 memory elements on plastic. (b) 

addressing scheme used to write and read the memory arrays. (c) Neighbouring cells were programmed 
alternatingly to the ‘0’ state and the ‘1’ state in the so-called checkerboard pattern. (d) and (e) Measured 

output current of 1 kb arrays with different size of the active memory element, F, in 4F2 array. 
 
To program a memory cell in a crossbar array its row and column are set to a write voltage 
(Vwr) of -Vwr/2 and +Vwr/2, respectively. All other rows and columns are kept to ground 
(Figure 2b). Reading is performed by the application of the read voltage (Vread) of 7 V at 
one row, whereas all other rows are floating and columns are grounded. At a Vread of 7 V 
the ratio between the ON current and OFF current reaches its maximum value of 103. 
Figure 2d and 2e show the device currents of all devices in the arrays with BaAl cathode 
and 120×120 µm2 and 50×50 µm2 device area. Scaling down the device area by a factor 
~6, from 120×120 µm2 to 50×50 µm2, results in a decrease of the average ON current of 
the same magnitude. Hence, no scaling effects are found for a bit density up to 104 
bits/cm2. The ON and OFF currents are distinctly separated by more than two orders of 
magnitude, and, consequently, the programmed checkerboard pattern can easily be 
recognized. 
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Polarization fatigue of the ferroelectric polymer P(VDF-TrFE) is of great 

technological importance for application in random-access memories. However, its origin 
is still ambiguous. We have investigated fatigue in thin-film capacitors by systematically 
varying the waveform, frequency and applied bias.  

The bias dependence suggests that fatigue is related to the switching of the 
polarization. Under bias conditions that correspond to applied fields below the coercive 
field, the capacitor does not switch and is fatigue-free. As soon as the applied field is 
larger than the coercive field, the ferroelectric switches, and the polarization decreases 
with the number of cycles. The onset of the degradation occurs at about 104 cycles, but 
the degradation rate strongly increases with increasing bias.  

Similarly, at low frequency the polarization diminishes unambiguously with the 
number of cycles. At high frequency the polarization is not switching and the capacitor is 
fatigue-free. A high electric field alone does not induce fatigue. This is in agreement with 
the bias dependence that shows that polarization switching is a prerequisite for fatigue, 
excluding piezoelectricity as the origin. Moreover, a thermal analysis showed that thermal 
stress can be disregarded. 

We show that experimentally, fatigue measurements are severely hampered by 
delamination due to accumulation of gasses, expelled from the capacitor, under the 
impermeable top electrode. The origin is argued to be phase decomposition of P(VDF-
TrFE) by injected electrons, similar as reported for the inorganic ferroelectric PZT.  

When the gas barrier is removed and the waveform is adapted, a fatigue-free 
ferroelectric capacitor based on P(VDF-TrFE) is realized, which can be cycled for more 
than 108 times, approaching the programming cycle endurance of its inorganic ferroelectric 
counterparts. 

	  
A fatigue-free P(VDF-TrFE) capacitor can be realized when the device layout and the applied waveform are 

adapted to avoid electrode delamination. In our improved scheme the remanent polarization does not 
decrease even after 108 cycles, enhancing the programming cycle endurance of typical P(VDF-TrFE) 

capacitors by 4 orders of magnitude. 



VERTICAL ORGANIC FIELD-EFFECT TRANSISTORS FOR FLEXIBLE AMOLED 
BACKPLANES 

 
G. Schwartz1, H. Kleemann1, J. Blochwitz-Nimoth1 

1Novaled GmbH, Dresden, Germany 
gregor.schwartz@novaled.com 

 
Active-matrix organic light-emitting diode (AMOLED) displays have entered the mobile 
display market with great success due to their superior image quality. Being current-driven 
devices, OLEDs have high demands on the performance of the pixel driving circuits, which 
is why the major backplane technologies for AMOLED displays today are polycrystalline 
silicon and metal oxide thin-film transistors (TFTs). However, both technologies have 
limitations when it comes to next-generation flexible display applications. 
This is the point where organic TFTs have great potential to enter the game and become 
the core technology in flexible display backplanes if they can further improve their current 
driving capabilities. The obvious approach to achieve this goal is to develop organic 
semiconductor materials with high charge carrier mobility. However, this approach may not 
be enough to make OTFTs competitive for OLED display driving. 
We have recently introduced a vertical organic field-effect transistor (VOFET) concept 
which combines high on-currents from sub-micron channel lengths with high on-off ratios 
without the need for high mobility semiconductors.1 Currently, we are developing 
manufacturing processes for integrating such devices into OLED pixel drivers which are 
compatible with established display backplane mass production facilities. We present 
recent results on this ongoing development as well as our roadmap to implement this 
technology into next-generation flexible display backplanes. 
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The structure resolution of mass printing processes such as flexographic printing, gravure 
printing, screen printing or offset printing is typically found in the range of 100µm. Some 
higher resolution techniques such as laser ablation and ink jet printing are able to produce 
feature sizes down to 10µm and h ave been demonstrated in roll-to-roll. However, since 
there is always a trade-off between throughput and minimum feature size these serial 
patterning techniques are not compatible with industrial and low cost production. Contrary, 
R2R-UV-Nanoimprint Lithography (R2R-UV-NIL) is capable of patterning down to the sub-
µm and even nano-scale regime with production-fit throughput thus paving the way for 
high-resolution patterning on large-area flexible substrates. 
This work will show that substantial effort is needed to realize the vision of producing 
square-meters of complex nanostructures including the development of an appropriate 
imprint resist system, the fabrication of flexible polymer stamps as well as the surface 
treatment of the imprint tools. Applications ranging from biomimetic surfaces, over metallic 
nano-patterns to microfluidics - all realized on m2-areas - will be presented. 
In the second part an all-printed sensor technology composed of a matrix of capacitive 
devices based on very robust ferroelectric polymers and printable electrode materials is 
introduced. It captivates with its high sensitivity, the fast reaction time, the scalability, the 
self-sufficient operation and the excellent environmental stability. Applications are human-
machine interfaces, large-area pressure sensitive films for impact detection, as well as 
large-scale energy harvesting foils. 
 

 
 

Fig.1: High-troughput fabrication of subµm-features by R2R-UV-NIL 
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Nowadays organic electronics can be successfully adopted as an enabling technology for 
the development of a new generation of smart flexible sensors. In fact the ceaseless 
progress concerning organic materials and low cost fabrication technologies is pushing 
organic electronics towards applications difficult to conceive only a few years ago. In 
particular, in robotics, where the development of tactile sensor array is a critical issue, 
flexible sensing techniques based on new materials result mostly appealing for the 
fabrication of electronic skin. Tactile sensing can enhance the cognitive input that a robot 
can collect for acquiring fundamental information of the environment in which the robot is 
operating [1-3]. 
In this work we investigated flexible tactile sensors fabricated by integrating an ultrathin 
piezoelectric capacitor based on PVDF-TrFE film with an OTFT made on a PEN substrate 
by using a multi-foil approach [4-5] (see fig.1). The sensing element is a non-coplanar 
circular structure with an area of 2 mm2 and the thickness of PVDF-TrFE is 2 um. The 
sensor has been fabricated on a flexible polyimide substrate reaching a final thickness of 7 
um. P-channel OTFTs, with staggered top-gate configuration were fabricated on a PEN 
foil, 125 um thick, adopting the following materials: 1) evaporated gold for source-drain 
contacts; 2) solution processed pentacene derivative, namely SmartKem® p-FLEX™ 
supplied by SmartKem Ltd,	   about 30nm thick, as organic semiconductor; 3) a 
fluoropolymer (CYTOP) film, 500nm thick as gate dielectric; 4)aluminium as gate 
electrode. The active material and the dielectric were deposited by spin-coating technique 
and lithographically patterned. The OTFTs dimensions were designed ranging from 2 
to100 um as channel length and 50, 100 and 200 um as channel width. The devices show 
very high performance with field effect mobility up to 3cm2/Vs, low threshold voltages (0.2 
V) and sub-threshold slope (2 V/dec) and excellent stability, making them good candidates 
to drive a sensing system. The sensor was then mounted on a flexible PCB and inserted 
into a mini-shaker to measure its response at different mechanical stimuli in terms of 
applied force (up to 3 N) and working frequency (up to 1.1 kHz). The device was analysed 
in thickness mode, thus exploiting the higher piezoelectric coefficient d33 that for PVDF-
TrFE is of about 30 pC/N. The sensor was then connected in a common-source amplifier 
configuration by using a load resistance of 8 MOhm. Due to the non negligible value of the 
impedance used in the circuit the output signal was read through a trans-resistance 
amplifier (see Fig.2) placed on the source terminal of the DUT. Virtual ground has been set 
at the input to make a more reliable measure. 
The linear response of the sensor measured for a sinusoidal stimulus at 200 Hz is shown 
in fig.3. The offset of about 10mV has been verified to be due to an internal offset of the 
trans-resistance amplifier only. In fig.4 the behaviour of the sensor at increasing working 
frequencies is analysed for an incoming stimulus of 1 N. The output increases with the 
frequency due to the circuital high-pass filter composed by CPVDF-TrFE and RGG at the gate 
terminal of the OTFT. The behaviour in the range of 500-700Hz is due to a structural 
resonance of the mechanical setup. 
 
 
 
 
 



 

  
Fig.1: Cross section of the tactile sensor formed by the 

piezoelectric flexible capacitor and by the high performing 
OTFT 

Fig.2: The experimental setup used for the electromechanical 
characterization of the tactile sensor 
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Fig.3: Tactile sensor output for increasing impinging forces 
at a working frequency of 200 Hz 

Fig.4: Tactile sensor behaviour for increasing working 
frequencies of a mechanical stimulus of 1 N. The resonance 
around 600 Hz depends by the specific configuration of the 

mini-shaker. 
 
 
 
 
 
References  
 
[1] T. Someya, Y. Kato, T. Sekitani et al., PNAS, vol.102 n35, 12321–12325 (2005). 
[2] K. Ishida, T.-C. Huang, T. Sekitani et al., Proc. 2011 IEEE 54th International Midwest Symposium on 
Circuits and Systems (MWSCAS), (2011)  
[3] J. A. Rogers, Z. Bao, K. Baldwinet al., Proc. Natl. Acad. Sci. U.S.A. 98, 4835 (2001) 
[4] L. Maiolo, A. Pecora, F. Maita et al., Sensors and Actuators B, 179 114–124 (2013)  
[5] L. Maiolo, F. Maita, A. Pecora et al., Procedia Engineering 47 526-529 ( 2012 ) 



MULTIFUNCTIONAL ORGANIC SPINTRONIC DEVICES 
 

V. Alek Dediu1, A. Riminucci1, M. Calbucci1, R. Cecchini1, P. Graziosi1, I. Bergenti1, F. Borgatti1 
1ISMN-CNR, via Gobetti 101, 40129 Bologna, Italy 

a.dediu@bo.ismn.cnr.it 
 

Information and communication technology (ICT) is calling for solutions enabling lower 
power consumption, further miniaturization and multifunctionality requiring the 
development of new device concepts and new materials. A fertile approach to meet such 
demands is the introduction of the spin degree of freedom into electronics devices, an 
approach commonly known as spintronics. This already lead to a revolution in the 
information storage (GMR readheads) in the last decades. Nowadays, the challenge is to 
bring spintronics into devices dedicated to logics, communications and storage within the 
same material technology [1]. In this context the electric control of the magnetoresistance 
represents one of the most promising issues enabling both further miniaturization and 
multifunctional operation of spintronic devices. Likewise, also the electronics community is 
committed to follow the Moore’s law, and one of the promising approaches is the use of 
arrays of crossbar memristors capable of information processing and storing (‘stateful’ 
logic) [2].  
We show that an electrically controlled magnetoresistance can be achieved in organic 
devices [3] combining magnetic bistability (spin-valve) and resistance switching effects. In 
such devices the GMR effect can be turned ON and OFF by a programming bias that sets 
the device in low or high resistance state respectively. The magnitude of the GMR 
depends on the bias history and can be recovered up to the pristine value [4]. Such 
devices operate like a magnetically modulated or spintronic memristor (SPM). SPMs can 
be operated in both memory and logic gate applications  - two logic gates AND and IMP 
have been experimentally realized on the basis of a single SPM. We believe that devices 
merging together spintronic and electronic approaches pave the road to new future 
information processing paradigms [5]. 
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The development of molecular devices based on magnetic molecules is one of the most 
active fields of research joining together chemistry, physics and material science. Single 
Molecules Magnets (SMM) represent the magnetic molecule by definition for the richness 
of their magnetic properties [1]. In these molecular systems classical properties, like the 
magnetic hysteresis, coexist with quantum features such as the resonant quantum 
tunnelling of the magnetization [2] or topological effects due to interference of the 
tunnelling pathways [3]. Some of these phenomena have recently been observed also at 
the nanoscale [4–6] thus encouraging the perspective of finding a common future between 
molecular magnetism and molecular spintronics [7–9]. Recent works successfully 
demonstrated for instance that spin transport features attributable to the presence of a 
SMM can be observed in single molecule junction-based devices [5, 6, 10–12].  
All these results have been achieved by selecting structurally and chemically robust SMMs 
that tolerate nanostructuration processes based on sublimation or on the rational 
functionalization of the magnetic core for wet chemistry-based assembly strategies [13]. 
Here we will report an overview of these strategies focusing on the multi-technique 
characterization procedure that must be followed to verify the intactness of SMMs in 2D 
architectures (i.e. monolayer or submonolayer deposits). Then we will present our last 
successful strategy to organize Terbium(III) bis(phthalocyaninato) complexes Tb on silicon 
surface through the functionalization , with linkers that  allow a covalent  grafting to the 
substrate. The obtained robust monolayer presents an enhanced SMM behaviour if 
compared to the pristine bulk material thus increasing the interest in working with this 
archetypal SMM. 
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We study the suitability of the recently synthesized charge-transfer material Picene-
F4TCNQ [1] for use as a gate-voltage controlled molecular switch. Based on the 
nonequilibrium Green's function method (NEGF) [2] and density functional theory (DFT) 
calculations [3,4], we evaluate the electronic transport properties of this novel molecular 
system weakly coupled to Au(111) contacts. We especially take into account the effects of 
external gate voltages on the I-V characteristics of the model device. We compare our 
results to calculations on the well characterized Anthraquinone-based [5,6] molecular 
system which is known to exhibit large switching ratios due to quantum interference (QI) 
effects [7]. Our calculations reveal that the Picene-F4TCNQ system without gate voltage 
resembles remarkable well the I-V characteristics of a classical diode. The reverse-bias 
current of this molecular diode can be increased two orders of magnitude by an external 
gate voltage and lead to a transistor like behavior. We show that the hybrid states formed 
by the Picene-F4TCNQ system are playing the key role to determine the transport 
properties. 
In Addition we study the coupling of the Picene-F4TCNQ system to magnetic leads to 
determine the contributions of the different spin channels to the transport.   
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The idea of utilizing molecular spins to build spin-based electronic devices has given 
impetus to the growth of molecular spintronics. Especially, in the last couple of years, 
study in this field is directed towards understand the interface interactions between an 
adsorbed molecule and a magnetic surface. Fundamental knowledge of the above is 
important to analyze the spin injection properties into organic films. For example, in the 
case of chemisorption, the surface-molecule chemistry can lead to the creation of new 
interface states, formed by the hybridization of molecular orbitals with the spin-polarized 
bands of the surface. This leads to a unique electronic and magnetic character of the 
interface which can be very different from the properties of the bulk.  Such a richness of 
the interface spin-chemistry and magnetism allows developing new handles to 
functionalize the properties of the adsorbed molecules which open up a molecular-genome 
initiative to develop spin-functional tailor-made devices. The use of carbon based aromatic 
molecules, both non-magnetic and open shell magnetic systems, have presented many 
interesting interface phenomena. In addition to the experimental demonstrations, these 
studies share a strong theoretical support from computational ab initio interface modeling. 
 
In this talk, we shall discuss our recent results involving adsorption of planar phenalenyl 
molecules on magnetic surface. Our results are manifold which includes demonstration of 
inducing molecular magnetism with stability up to room temperature, inducing & switching 
interface magnetic exchange coupling with strengthens of the order of thermal energy at 
and above room temperature, enhancement in the magnetic anisotropy of the surface, and 
lastly, demonstration of a spin-filtering response giving rise to interface 
magnetoresistance. Using DFT, we confirm the phenomena of spin-filtering leading to an 
interface magneto-resistance (IMR) effect. Unlike other magnetoresistance effects which 
require two magnetically decoupled FM electrodes, IMR effect is observed using only one 
ferromagnetic electrode (see Figure 1). Further, our recent results show the co-existence 
of IMR and tunneling magnetoresistance (TMR) effect in thin barrier films of the phenalenyl 
molecule, suggesting that the IMR response is an independent phenomenon that arises as 
a result of the interface hybridization (Figure 2). These results open-up new channels to 
develop molecular device designs for applications in sensor, memory and computing.  
 
This talk shall drive interest in the emergent subfield of interface assisted molecular 
spintronics, by presenting a strong foundation of the interface spin-physics and spin-
chemistry and propose novel schemes promoting the use of advanced spectroscopy tools 
for the investigation of molecular spin responses. Efforts to template molecules on 
surfaces offer a way forward towards molecular scaling-up, providing a future outlook to 
the field. 
 
 
 
 



Figures 

 
Figure 1: Interface magnetoresistance effect. a, Molecular structure of zinc methyl phenalenyl (ZMP) in a 
neutral state with no net spin (top). Charge transfer processes through hybridization on the ferromagnet 

surface can change the chemical state of the phenalenyl moiety from neutral to an anionic radical (bottom) 
with net moment. b, Magnetoresistance measurements (data points) of a device with a single ferromagnetic 

electrode (Co (8 nm)/ZMP (40nm)/Cu(12 nm)), measured at 15mV after cooling the device to 4.2K in a 
magnetic field (about 2550 Oe). Blue and red data points refer to positive and negative field sweeps 

respectively. The solid lines are guides to the eye. The magnetoresistance loop corresponds to the switching 
of the Co magnetization, as shown in the two insets, with respect to the hard magnetic layer forming at the 

interface (yellow). Left and right insets show the Co magnetization pointing in the negative and positive 
direction, respectively. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2: Magnetoresistance measurement of a Co/Al2O3(1.4nm)/ZMP (20nm)/Py which showed a dual 
response of TMR, corresponding to the relative switching of Co and Py and electrode and the IMR response, 

corresponding to the switching of the interface magnetic layer at large fields. 
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Understanding and manipulating exciton dynamics in organic light-emitting diodes 
(OLEDs) has for the past decade proven to be the key to applications. At the heart of 
exciton physics lies the correlation of the constituent charge carrier spins as either spin-
singlet or triplet. Contrary to materials optimized for triplet emission by the introduction of 
e.g. metal atoms with strong spin-orbit coupling, devices based on materials with low spin-
orbit coupling exhibit long spin dephasing times even at room temperature, and spin 
correlations of injected charge carrier pairs can be observed through their impact on 
charge transport, recombination and exciton formation. Delicate magnetic field sensor 
applications of OLEDs were recently demonstrated. [1] So far, studies of spin correlations 
were limited by the indirect nature of observations, monitoring differential currents due to 
spin-dependent electronic transitions. Although optical sensing methods can be extremely 
sensitive, direct detection of triplet/singlet ratios in such materials remained elusive due to 
the miniscule amounts of phosphorescence generated. [2] Introduction of trace amounts of 
metal locally enhances phosphorescence for the diffusive triplet species and allows optical 
observation of the triplet population, [3,4] but this comes at the price of at least local 
disturbance of the intrinsic spin behavior. 

Here, we report on the first direct optical observation of spin correlations in OLEDs based 
on materials without heavy-atom spin mixing. [5] It is shown that by efficiently suppressing 
non-radiative internal conversion from triplet to singlet states, phosphorescence can be 
recovered as an efficient triplet relaxation mechanism. At room temperature, such devices 
exhibit simultaneous fluorescence and phosphorescence as evidenced in their emission 
spectra and by an analysis of the transient electroluminescence response. Blocking of 
internal conversion is effective to a degree that emission from higher-lying triplet states, 
above the singlet, is observed at cryogenic temperature. We report the first results of 
studying intrinsic magnetic field effects on spin correlations by direct optical observation of 
singlet and triplet populations. 
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Figure 1: Room-temperature electrophosphorescence from metal-free organic compounds. a) Structures 
of the materials synthesized. b),  c) OLED electroluminescence spectra of 1 (left) and 2 (right) compared 
to solution PL (gray line) and delayed PL from dilute dispersions in polystyrene films (dashed line). The 
delayed PL is measured in vacuo to prevent triplet quenching. d),  e) Time-resolved EL of the triplet (red) 
and singlet (blue) bands. The phosphorescence decay of 2 under optical excitation is also shown 
(circles). 
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Dye Sensitized Solar Cells (DSSCs) are one of the possible promising alternatives to 
conventional photovoltaic devices based on silicon technology. The electronic properties of 
the interface between the semiconductor metal oxide, the molecular dye and the 
electrolyte play a fundamental role in the DSSC functioning: The ability to tailor them is 
therefore crucial for the optimization of the device performances. Aiming at elucidating the 

basic mechanisms that determine the energy 
level alignment between the HOMO and LUMO 
states of the dye, the metal-oxide bands and the 
Fermi level, we have investigated two prototype 
systems i.e. nitro-catechol and Cu-
phthalocyanine (Cu-Pc) adsorbed on the ZnO(10-
10) surface, by means of different electron 
spectroscopies. 
For both systems, the energy position of the dye 
occupied molecular levels relative to the zinc-
oxide electronic bands, as well as band bending 
and work function changes have been 
determined by UPS, while HREELS data 
provided information on the electronic transitions 
between molecular and substrate states. 
In the case of nitro-catechol, the experimental 
findings are also compared with DFT-based 
calculations. We found that the molecular dipole 

moment affects by the same amount both  the 
interface ionization potential and the electron affinity, 
increasing their value by 1.3 eV.  Changing the 
vacuum level position, the interface dipole layer can 
be therefore used to tailor the energy level alignment 
between the dye/semiconductor interface and the 
DSC electrolyte[1].  
 
During DSSC life, dye chemical modification, caused 
by light-induced aging, is often observed. 
Understanding the exact effect of these modifications 
on the cell properties and performances is an open 
and interesting issue. In this work, we therefore also 
investigate how the interface electronic properties are 
modified by dye chemical modifications: Upon UV 
irradiation, the nitro-moieties has been found to 
partially react forming amino-catechol. This reaction 



induces a significant variation (-0.7 eV) of the ionization potential, which can be traced 
back to a change in the average  interface dipole layer.  
 
In the case of Cu-Pc adsorption, the evolution of XPS core-level and UPS valence band 

spectra has been measured as a function of 
coverage. XPS data showed a shift towards 
lower binding energies of the molecular core-
level peaks upon increasing coverage. This 
behaviour is attributed to charge transfer, 
occurring from the dye to the surface for sub-
monolayer coverage.  The influence of charge 
transfer on the work function and on the 
HOMO position inside the semiconductor gap 
is also discussed.  
Moreover, the influence of solvent co-
adsorption on the electronic properties of both 
dye interfaces is also addressed. 
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Molecular doping is an established method to control the electrical properties of organic 
semiconductors and improve the performance of electronic devices such as solar cells and 
transistors1,2. However, the details of doping in these materials are far from being 
understood, while this understanding is of crucial importance for further development of 
molecular dopants, the optimization of material systems for organic electronics and the 
understanding of electronic interactions between conjugated polymers and ions which are 
at basis of phenomena often encountered in bio-organic electronics. 
An important class of polymeric semiconductors is represented by donor-acceptor (D-A) 
conjugated copolymers. In D-A polymers an electron donating and an electron accepting 
moiety are bound together to form the repeating unit (Figure 1c,d). Due to the remarkably 
high tunability of the optical and electronic properties, together with the ease of solution-
processing, D-A polymers are nowadays a central class of materials in organic 
electronics3,4. Thus far molecular doping has been studied mainly on homopolymers, such 
as polythiophenes (Figure 1a,b), leaving largely unexplored the nature of the electronic 
interactions between molecular dopants and D-A copolymers.  
In this communication we present our recent effort in understanding the doping of a series 
of D-A conjugated polymers using the small molecule F4-TCNQ as electron acceptor 
(Fig.1e). We probe the generation of charged states by monitoring the associated optical 
absorption bands in the near infrared below the optical semiconductor gap. In particular, 
we monitor the temperature dependence of these optical features in the range 10-300 K, 
observing different trends for different polymers: for polymers with HOMO energy above 
the acceptor LUMO, we assign the absorption bands to holes on the polymer backbone, 
formed as consequence of integer charge transfer to the dopant. This transfer is 
temperature independent and thus the absorption temperature independent. Instead, if the 
acceptor LUMO is energetically above the HOMO of the polymer, integer charge transfer 
does not occur. Rather, a charge transfer complex is formed and its temperature activated 
occupation needs to be taken into account to model the behaviour of the spectra with 
temperature. The absorption spectra are numerically simulated using DTF calculations, 
which give a detailed picture of the nature of the doping-induced charged species and 
support the interpretation. Further, we find that the formation of doping-induced holes by 
F4-TCNQ strongly depends on the position of the dopant molecule with respect to the 
donor and acceptor moieties in the polymer backbone. 
In conclusion, our study shows that the efficiency of molecular doping in D-A polymers is 
determined by two aspects: the energy levels of polymer and dopant and the position of 
the dopant molecule with respect to the different moieties in the D-A polymer backbone. 
The design rules for maximizing the efficiency of molecular doping in copolymers are 
outlined. 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: (a) example of homopolymer, Poly(3-hexylthiophene-2,5-diyl) (P3HT), and (b) 
schematic representation of repeating units (U). (c) Example of D-A polymer, Poly[2,6-
(4,4-bis-(2-ethylhexyl)-4H-cyclopenta [2,1-b;3,4-b′]dithiophene)-alt-4,7(2,1,3-
benzothiadiazole)] (PCPDTBT), and (d) schematic representation of the Donor (D) and 
Acceptor (A) moieties in the repeating unit. (e) structure of the dopant molecule 2,3,5,6-
Tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4-TCNQ). 
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Polymer/fullerene heterojunctions form some of the most promising organic solar cells to 
date, but there are still numerous loss processes that limit realized efficiencies.  In these 
solar cells, energetic offsets of the donor and acceptor materials are tuned to maximize the 
photo-generation and collection of charge carriers and selective contacts are used to 
efficiently extract free carriers.  However, localized deviations in both the energetic 
alignment and the local density of states at interfaces can arise at the atomic level.  Such 
atomic level dispersion may locally perturb rates of generation, recombination, and 
extraction, ultimately yielding losses in overall photo-conversion efficiency of devices.  
Energetic dispersions are difficult to control, and detection is complicated as the disorder 
often occurs at a buried interface.  This talk will discuss strategies to measure changes in 
electrochemical potentials at buried interfaces using two sets of model systems: i.) 
disordered, electrodeposited poly(3-hexylthiophene) (e-P3HT) and vacuum deposited 
C60as a model system for nanoscopic interfaces in blended heterojunctions; and ii.) two 
contacts with equivalent work functions but highly different predicted electron blocking 
capabilities.  In the first system, the hole density of the polymer was systematically varied 
through electrochemical oxidative doping, providing control of energetic distributions of 
states about the valence band.  Heterojunctions formed from e-P3HT and were then 
studied with photoelectron spectroscopy and used to build bilayer solar cells, yielding open 
circuit voltages as high as 0.8 V for P3HT/C60 interfaces.  Via careful probing of the buried 
interface, the initial polymer hole density was correlated to interfacial charge redistribution 
at e-P3HT/C60 interfaces.  In the second system, the contact choice was found to 
contribute to overall device performance via multiple mechanisms including injection and 
free carrier extraction efficiency.  Trends in open circuit voltage in the steady-state, as a 
function of temperature and light intensity, indicate the presence of Fermi level pinning and 
carrier accumulation near the injecting contact.  Such band bending results in photo-
induced changes in free carrier distributions and significantly alters the effective free 
carrier lifetime as a function of internal electric field and background photogenerated 
carrier density, as probed by transient photocurrent decay.  This talk highlights the 
importance of accounting for energetic disorder when optimizing interfacial functionality in 
organic electronic systems, demonstrates control of interfacial charge redistribution, and 
emphasizes the need to characterize energetic alignments localized at buried interfaces.   
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In the contest of the ongoing research on organic photovoltaics (OPVs), the realization of 
photoactive layers based on bulk heterojunctions (BHJ) of electron donor and acceptor 
materials forming an interpenetrating network has received significant attention due to their 
potentially very low cost, high efficiency and ease of fabrication. Among the most explored 
materials, poly(3-hexylthiophene) and C61-butyric acid methyl ester (PCBM) blend films 
have yielded the highest power conversion efficiencies (PCEs) to date, with the drawback 
of relatively higher realization costs of synthesizing the photoactive materials. Perylene 
diimide (PDI) derivatives are a potential candidate for PCBM replacement, being cheaper, 
showing visible absorption and high electron mobility. However, the device performance of 
PDI-based OPVs is still inferior to that of the PCBM-based cells [1-3]. 
In order to provide a rationale for PDI device 
improvement, we here present a systematic 
study on PDI molecules blended with 
semiconducting polymers, such as (for brevity) 
F8BT, TFB, PCDTBT and PBDTT-E-O. In 
particular, we investigated the possible 
occurrence of vertical phase separation in the 
polymer:PDI blends by means of X-ray 
photoemission spectroscopy (XPS) and we 
checked its influence on the photocurrent 
generation efficiency of working devices. High 
resolution cross-sectional scanning electron 
microscopy images were acquired for some of 
the studied systems in order to corroborate the 
XPS findings. According to the XPS results, an 
enhanced segregation of the PDI component at the hole-collecting electrode of 
PEDOT:PSS is responsible for the low PCE of the ‘conventional’ OPV devices. The 
electrical characterization of inverted-OPV device geometries of the same polymer:PDI 
blend films supports the suggestion of the XPS study. We will discuss our findings on the 
basis of a surface energy matching between the PDI derivative and the PEDOT:PSS layer, 
as addressed by means of contact angle measurements. 
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The physics of organic field effect transistors (OFETs) is strongly correlated with the 
organization of the organic semiconductor. The optimization of device performance 
requires a deeper understanding on how the morphology evolves during the growth of the 
semiconductor. As reported in the literature, charge transport characteristics such as 
charge carrier mobility [1] and threshold voltage [2] is dependent on the thickness of the 
active layer of the OFET channel and on the growth condition [3]. In the case of molecular 
semiconductors, which are deposited on silicon oxide by high- or ultra-high vacuum 
sublimation, the molecular organization arises from the nucleation and growth phenomena 
occurring at timescales which are often not easily accessed by standard ex-situ 
characterization. We use in-situ dynamic scanning probe microscopy (SPM) to study the 
early stages of growth of a conjugated oligomer semiconductor, viz. sexithienyl (T6), on a 
technologically-relevant substrate, native silicon oxide/silicon wafer. In an ultra-high 
vacuum chamber (~10-10 mbar) a Knudsen cell produces a thermal beam of T6 molecules 
with a rate of about 1 Å/min. In order to capture the dynamics of local growth of T6, a quasi 
real-time Atomic Force Microscopy (AFM) measurement during growth is employed. 
During the AFM measurement, the molecular beam is blocked by a cell shutter which 
allows us to visualize a static image of the growth process. When the static image is 
acquired, the tip is retracted to a sufficient distance in order to prevent shading of the 
molecular beam and the next deposition begins. Non-contact AFM images of the same 

sample area is acquired every 20% ML, till 5MLs, to be mounted into a movie depicting the 
growth of the ultra-thin film. In Figure 1 it can be appreciated the evolution of the first 0.5 
ML of T6. A one to one correlation between same islands of different images is clearly 
visible due to the fact that we are scanning always the same zone. The coexistence of 
quasi-layer-by-layer and 3D growth modes, the latter promoted by heteronucleation on 
surface defects, is observed. By performing the experiment at different temperatures, RT, 
50°C, 80°C, 100°C and 120°C, we aim to extract the relevant molecular energy barriers of 
T6 thin film growth: desorption energy, layer-dependent diffusional barriers and Erlich-
Schwoebel barrier. Previous work [4], extended only up to 3 MLs, estimated the following 
values: 0.53 eV, 0.15-0.20 eV and 0.070 eV, respectively. The Erlich-Schwoebel barrier is 
cause of the transition from layer-by-layer to island growth, which appears to be universal 
occurrence in organic semiconductor growth with important implications in the charge 
transport in OFETs. 
 
 
 
 



 
 
Figure 1.  AFM images of T6 on SiO2 with different coverages (scan size 6 x 6 µm2). a) bare substrate; b) 0.1 ML; c) 
0.2 ML; d) 0.25 ML; e) 0.3 ML; f) 0.4 ML. 
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Charge transport (CT) in organic thin film transistors is gated by field induced charge 
accumulation in an almost 2D confined layer adjacent to the interface with the gate 
dielectric. Optimizing the CT  along this channel is central to realize applications of organic 
electronics in information technology. Major challenges in this quest are the improvement 
of the electronic coupling along the pi-orbital transport path and the reduction of energetic 
disorder. While the former is intrinsically related to the molecular structure of the organic 
semiconductor, the latter is largely influenced by extrinsic factors related to processing 
conditions or device architecture. In order to arrive at the ultimate limits of molecularly 
controlled transport, energetic disorder and the consequential broadening of the transport 
band have to be minimized.  
Here we report on two major causes for energetic disorder in small molecule organic 
transistors: (i) the thickness and morphology of the active layer and (ii) dipolar disorder at 
the dielectric interface. Experiments were performed in an in-situ real-time setup which 
allows fabrication and temperature dependent electrical characterization of pentacene 
transistors fabricated on untreated or HMDS modified silicon oxide surfaces (Figure 1a). 
By fast electrical characterization we study the field dependent transport during the growth 
of the active layer covering various thicknesses starting from percolation in the 
submonolayer regime (Figure 1b). The measured transfer curves are analyzed in terms of 
a modified Vissenberg-Matters model which takes the 2D confined transport channel into 
account and reproduces temperature dependent measurements.1 Fitting of the 
experimental data results in the band broadening as a function of layer thickness. Lowest 
energetic disorder is observed in the layer-by-layer growth regime on surfaces with low 
dipolar disorder (HMDS). In contrast, on surfaces with high dipolar disorder, the band 
broadening decreases with layer thickness even if a roughening transition occurs. We 
attribute this observation to the optimization of the transport path around defects which 
extend up to the third monolayer. 

,

 
Figure 1: In-situ real-time studies of pentacene field effect transistors with different 
dielectric layers: (a) Scheme of the device in which the active layer grows during electrical 



characterization; (b) transfer curves as a function of layer thickness for two kinds of 
dielectric surfaces and fit by a power law; (c) characteristic energy describing the 
broadening of the pentacene valence band. 
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The realization of devices with organic materials often requires the understanding and the 
control of the microstructure and of the electronic structure at the junction between two 
organic semiconductors.  
Negative transconductance (NTC) effect has been experienced in sexithiophene (T6) / 
N,N-bis(n-octyl)-dicyanoperylenediimide (PDI-8CN2) heterojunction field effect transistors 
[1]. In those devices, the effect has been explained in terms of gate-voltage-tunable 
recombination phenomena occurring in the hole/electron interface, assuming the formation 
of an accumulation junction at the interface and that the heterojunction could be modeled 
as formed by perfect parallel layers. 
 In this study, an alternative explanation for the NTC effect in T6 / PDI-8CN2 
heterostructure field effect transistors has been presented, which suggests an alternative 
route for the realization of organic junctions and field effect devices. Based on recent in 
situ x-ray (XPS) and ultraviolet (UPS) photoemission spectroscopy measurements [2], the 
explanation takes into account the actual tridimensional microstructure of the 
heterojunction interface due to the island growth of the organic semiconductors; moreover, 
it can be immediately extended to the case of PDI-8CN2 as lower layer, which was not 
clearly explained until now. 
This considerations suggest that with a careful control of the microstructure and a careful 
analysis of the energy levels at the junction between organic semiconductors, novel 
functionalities and device architectures can be achieved. 
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In the past decade organic semiconductors have gained a lot of attention for 

electronic application. Nevertheless, the development of highly performing solution 
processed n-type Organic Field-Effect Transistors (OFETs) is still a great challenge due to 
the difficulty of achieving high solubility and good air stability without undermining electrical 
properties. Among n-type organic semiconductors, perylene alkyldiimide derivatives have 
demonstrated good electrical performance as well as excellent processability and air 
stability [1,2]. In particular, the functionalization of the perylene core by means of cyano-
groups increases the ambient stability by lowering the energy of the lowest unoccupied 
molecular orbital (LUMO), while the presence of alkyl chains enhances the solubility of 
these molecules by decreasing the core planarity [3,4]. The introduction of side chains in π-
conjugated molecules is a widely adopted strategy to increase their solubility and thus 
improve processability in thin-film devices. Since the functionalization not only affects the 
molecular solubility, but also the self-assembly at the supramolecular level and 
consequently the electrical properties of a material, a cautious design must be 
implemented. 

In this work we compare the structural, electrical and morphological properties of 
solution processed thin-film OFETs based on two perylene derivatives (Figure 1): N,N’-
bis(n-octyl)-dicyanoperylene-3,4:9,10-bis(dicarboximide) (PDI8CN2, ActivInkTM N1200, 
Polyera) and a N,N’ethyl,methyl-dicyanoperylene-3,4:9,10-bis(dicarboximide) (Sepiloid 
N1400, BASF). These molecules have a similar design: they exhibit a perylene core 
functionalized with two cyano-groups and two alkyl chains. The difference between the two 
structures lies in the type of the alkyl side-chains: linear for PDI8CN2 and branched for 
N1400. Solutions of PDI8CN2 and N1400 in CHCl3 were spin-coated onto the surface of a 
bottom-gate bottom-contact OFET which was previously functionalized by 
hexamethyldisilazane (HMDS), in order to lower the electron trapping coming from the 
hydroxyl groups at the SiOx surface. The samples were successively annealed at 110° C 
for five hours. The thin-films were characterized by Grazing Incidence X-ray Diffraction 
(GIXRD) in order to determine the crystalline order within the organic layers and by Atomic 
Force Microscopy (AFM) and X-ray Reflectivity (XRR) to have information about the 
morphology, thickness and roughness of the thin-films. All the structural and morphological 
properties were at the end correlated with the electrical performance of the corresponding 
OFETs.  

The results clearly show that branched chains induce molecular disorder during the 
film growth from solution, effectively favouring 2D morphology. Conversely, molecules with 
linear chains self-assemble into 3D islands exhibiting the more compact bulk-phase 
structure. Post-deposition thermal annealing leads to a structural transition towards the 
bulk-phase for molecules with branched chains, still preserving the 2D morphology and 
allowing efficient charge transport between crystalline domains. For molecules exposing 



linear chains, 3D-islands keep their size constant and no major changes are observed in 
the OFET characteristics. This study definitely shows how the substitution of a 
dicyanoperylene molecule with asymmetric branched alkyl chains can be an effective 
strategy for obtaining, just after a simple thermal annealing, field-effect transistors with 
enhanced transport properties with respect to linear alkyl chains. These findings 
demonstrate that the disorder generated by the asymmetric branched chains in thin-films 
growth can be instrumental for enhancing charge transport.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Chemical structure of a) PDI8CN2 and b) N1400 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Schematic representation of molecular reorganization upon annealing of (top) 
PDI8CN2 and (bottom) N1400 molecules.  
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Organic–organic heterostructures, formed between two different organic materials, play an 
essential role in modern multilayer organic devices such as organic photovoltaic devices, 
organic light emitting diodes or in subject areas such as chemical doping. In particular, 
controlling the interface between a donor (D) and an acceptor (A) material has become the 
fundamental issue in organic photovoltaics. The crystallinity and specific morphology of the 
D/A heterojunction decisively influence the performance of such devices. Therefore the 
study and nanoscale characterization of organic-organic heterojunctions is, thus, the 
prerequisite for understanding the structure-property-performance relationships in organic 
devices.  
 
In this work we use present a quick while accurate approach to address the nanoscale 
structure of D/A heterojunctions formed by diindenoperylene (DIP) as donor and N,N´-
dioctyl-3,4,9,10-perylene tetracarboxylicdiimide (PTCDI-C8) as acceptor. Heterostructures 
of DIP and PTCDI-C8 deposited onto SiO2/Si have been grown, which exemplify two 
model interfaces for organic photovoltaics, with the π-staking direction either perpendicular 
or parallel to the heterointerface.  A complete morphological characterization of these 
architectures was performed using contact Atomic Force Microscopy (AFM). The lateral 
force, measured in Friction Force Microscopy (FFM) and Transverse Shear Microscopy 
(TSM), provides a tool for identification of DIP and PTCDI-C8 in the heterojunctions and 
the azimuthal orientation of the crystalline domains. 
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The precise control over crystallinity and morphology is of critical importance for efficient 
charge separation and transport in solution processed organic photovoltaics.  Conjugated 
polymers are leading materials in this field however their semicrystalline nature and 
polydispersity lead to unpredictable self-assembly in thin films. In this work we 
demonstrate effective strategies to control the thin-film crystallinity and morphology in 
conjugated polymers based on TT and DPP units. By precisely selecting the chain lengths 
(via Prep SEC) and characterizing the resulting thin-film microstructure (by AFM, TEM, 
GIXS) and mobility, we demonstrate control over the morphology and gain insight into the 
factors required for state-of-the-art performance when implemented in TFTs and OPVs. 
We further show it is possible to drastically improve the mobility in films of low MW 
polymers by over three orders of magnitude by adding only small amounts of high MW 
material, suggesting that long chains strongly affect the intermolecular interactions at grain 
boundaries.1 In an effort to unravel the roles of inter- and intra-chain transport on the 
overall mobility and to control the crystalline domain size independent of chain length we 
also present a new class of semiconducting polymers made of short, rigid conjugated 
moieties joined by flexible aliphatic linkers. Overall we show how our bottom-up approach 
defines new design rules to improve performance of both photovoltaic and transistor 
devices.2   
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Organic semiconductor materials including polymers and small molecules have been 
intensively investigated for the fabrication of organic light-emitting diodes (OLEDs), organic 
field-effect transistors (OFETs), and organic solar cells. Although many progresses have 
been realized in analysis of the electrical transport in devices, quantitative information on 
defects in these materials is still incomplete even in most popular semiconductors. Deep 
understanding of charge trapping is important not only for better understanding of chemical 
and structural defects in semiconductors; however, it brings a light to the energy band 
structure also. In details, the study of charge carrier transport and trapping still remains a 
key task for further research [2].   
 
This contribution demonstrates the study of correlation between three different electrical 
measurement techniques. The steady-state current-voltage (I-V) measurement, the 
impedance spectroscopy (IS), and the deep-level transient spectroscopy (DLTS) have 
been applied to characterize the charge transport and relaxations in organic diode. The 
device used in this study was Al/pentacene/Au sandwich structure, Fig. 1, where the Au 
and Al electrodes have been selected for the Ohmic and blocking contacts. The device 
has been investigated in vacuum in the temperature range from 150 K to 400 K to evaluate 
the activation energies. The IS and DLTS techniques were applied for voltage bias of 5V to 
study the injected carriers. The experimental results are depicted in Fig. 2. 
 

 
The I-V characterization revealed the activation energy of ΔEI-V = 0.293 eV, which 
represents the thermally activated conductance of organic semiconductor. However, the 
detail discussion on the origin of this energy is not possible. The IS measurements showed 
two relaxation processes, where the relaxation of organic semiconductor conductance 
exhibited ΔEIS = 0.263 eV. It should be noted here that this evaluation has been done 
using the equivalent electrical circuit to provide the steady-state parameters. The last but 
not least has been done the characterization using DLTS method [3]. The detail analysis 
showed few relaxation processes and also the energy of ΔEIS = 0.311 eV is present there. 
Hence, by the comparison of various complementary electrical characterization techniques 
we found common activation energy for pentacene diode, which represents the bottleneck 
for the charge transport. Furthermore, this energy level has been found as a hydrogen-

 

  
 
(a) 

 
        (b) 

Figure 1: (a) The sketch of device structure and (b) the energy band diagram. 



related defect (i.e. dihydropentacene, C-H2). As a result, this study deponstrates relation 
between the defects and activation energies observed by various electrical 
characterization methods. 
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Figure 2: The measurement results obtained from (a) I-V, (b) IS, (c) DLTS techniques. 

 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
 
 

 
Figure 3: The Arrhenius plots obtained from (a) I-V, (b) IS, (c) DLTS techniques. 
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Charge transfer (CT) at an organic-organic (O-O) heterojunction is a fundamental 
phenomenon in organic light emitting diodes (OLEDs), solar cells/Organic photovoltaics 
(OPVs), organic light emitting transistors (OLETs) and ambipolar thin film transistors 
(TFTs). CT depends on the specific interactions and electronic structure at the 
heterojunction of the electron donor and acceptor material. CT at the heterojunction 
between p- and n-type organic semiconductors is driven by the alignment of their Fermi 
levels. In our work, we elucidate the interplay of organic semiconductor growth and CT by 
monitoring in-situ real time the electrical characteristics of a field effect transistor(FET) 
whose channel is made of an n-type semiconductor (C60) ultrathin film grown on a p-type 
(pentacene) ultrathin film (Fig.1).  
In the experiment we observe that the formation of the ambipolar bilayer with excellent p-
type (µ = 0.14±0.05cm2/V.s) as well as n-type transport (µ = 1.4±0.3cm2/V.s ) occurs in 
two different stages: In a short initial stage the deposited C60 decorates terrace edges and 
grain boundaries of the underlying pentacene film. Due to this templated growth of one-
dimensionally confined C60 channels, an immediate rise in n-type current is observed, 
whereas the influence on p-type transport remains small. In a second stage, larger C60 
grains form on the basal plains. This is accompanied by interfacial CT between C60 and 
pentacene and manifests in a threshold shift of p-type transport characteristics. Finally the 
larger C60 grains percolate, giving rise to a massive increase in n-type transport, without 
further influencing on the p-type transport path. By varying the thickness of pentacene, we 
were able to quantify the number of CT states as a function of film thickness. The optimum 
charge transport occurs when the nominal thickness of pentacene is 3nm (2MLs) which 
corresponds to the thickness of the hole accumulation layer. As film thickness increases, 
the roughness of the pentacene film increases due to a higher number of terraced islands. 
This leads to a weaker coupling between the dielectric/pentacene interface and the 
C60/pentacene interface. Therefore “bulk” pentacene in between acts as a polarizable 
dielectric and causes electrostatic screening that determines the exponential decay of the 
density of CT states across the heterojunction. The observed changes in transport 
properties combined with morphological analysis demonstrates the role of interface 
morphology in charge transfer processes and dipole formation at the O-O heterojunction. 
 
         
 
 
 
 
  
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.1 : Schematic diagram of the bilayer transistor 
 

Fig.2(a) : Evolution of hole current (black dashed line) and electron current (red 
continuous line) during the growth of C60 on pentacene transistor. The current 
values are the ones extracted from the transfer curves recorded during growth. 
For p-type transport hole current was extracted at VG =-30V  and for n-type 
transport, electron current was extracted at VG = 30V for electron current. Fig. 
2(b) Logarithmic plot of current depicted in figure 2(a). From the log plot of 
electron current (top) one can see the two different regimes which correspond to 
the quasi 1D transport of charges in interconnected chains along the border of 
pentacene and the other 2D transport across the complete C60 film.  
 

(a) (b) 
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In recent years, organic field-effect transistors (OFETs) have been paid much attention 

for use in a wide range of flexible and wearable electronics. Particularly, the OFETs 
fabricated using soluble organic semiconductors (OSCs) are promising owing to the 
capability of low cost, easy fabrication, and design flexibility. Among the soluble OSCs, 
6,13-bis(triisopropylsilylethynyl)-pentacene (TIPS-PEN) exhibits relatively high mobility 
(over 8 cm2/Vs) in a top contact configuration with the help of lately developed coating 
techniques [1]. This provides a basis for practical applications of the OFETs in high speed 
integrated circuits [2]. However, in the short channel OFETs for the purpose of the high 
frequency operation, the charge injection in conjunction with the contact resistance needs 
to be improved besides the intrinsic characteristics of the OSC. Much effort has been 
made toward reducing the injection barrier [3] in a variety of the bottom contact-type 
configurations. For the top contact cases, the formation of an oxide/metal bilayer electrode 
[4] and the addition of a buffer or a doping layer between the OSC and the source/drain 
electrodes [5] have been suggested. 
 In this work, we introduce a semiconducting organic buffer layer (SOBL) between the 

active OSC layer and the electrodes for the enhancement of the charge injection and 
transport in addition to the adjustment of the energy level difference (Fig. 1). In our OFET, 
pentacene was used as the SOBL since it is a semiconducting material with high mobility 
and an organic material compatible with the active OSC layer of TIPS-PEN. The TIPS-
PEN active layer was prepared using a solution of 1wt% in anisole by drop-casting, 
followed by annealing at 70Cº for 30min. The gate insulator was a 300nm-thick SiO2 layer. 
A 10nm-thick pentacene layer for the SOBL was produced by thermal evaporation through 
a shadow mask. Au of 50nm thick was used for the source and drain electrodes. The 
channel length and the width of our OTFET were 150µm and 1mm, respectively. The 
transfer curves of our OFETS were determined by sweeping the gate voltage from −60 V 
to 60 V and vice versa at the drain voltage of −50 V. 
As shown in Fig. 2, it was found that the electrical characteristics were substantially 

improved when the SOBL was introduced. The mobility of the OFET with the SOBL (0.15 ± 
0.03 cm2/Vs) was larger than twice of the case without the SOBL (0.07 ± 0.04 cm2/Vs). 
The threshold voltage (− 6.0 ± 1.5 V) was reduced by a factor of one half (− 12.9 ± 3.8 V) in 
the presence of the SOBL. Such improvement seems to be attributed to the reduction of 
the energy barrier and the increase of the carrier injection due to the SOBL. The highest 
occupied molecular orbital (HOMO) level of pentacene (5.07 eV) [7] lies between the work 
function of Au (4.9 eV) [6] and the HOMO level of TIPS-PEN (5.3 eV) [7].  



In conclusion, we demonstrated that the introduction of the SOBL between the electrode 
and the active OSC layer provides an effective way of enhancing the overall electrical 
performance of the OFET in a top contact configuration. 

 
Figure 1. Schematic diagram of our OFETs  

(a) without and (b) with a semiconducting organic buffer layer (SOBL) 
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Figure 2. Transfer curves of our OFETs made of drop-casted TIPS-PEN  
(blue symbols: our OFET with the SOBL, red symbols: our OFET without the SOBL) 
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Thin film of organic semiconductors have been widely studied at different length scales, for 
improving the electrical response of devices based on them. Up to now, a lot of knowledge 
has been gained about how molecular packing [1], morphology [2], grain boundaries [3] 
and defects [4] affect the charge transport in Organic Field Effect Transistors (OFETs). 
However, in real application, the impact of an electric field on the organic semiconductor 
and thus the transport parameters needs to be taken into account in order to develop high-
performance organic device. Little is known about the structural changes of organic 
semiconductor within the active layer/channel and, thus, its relation with the OFET 
performances [5]. 
Here, we present the structural evolution of pentacene thin film observed during the OFET 
operation. This investigation was achieved by performing X-Ray Diffraction 
measurements, both in out-of-plane (XRD) and grazing incidence (GIXRD) geometries, in 
real time, i.e. during the application of drain-source (VDS) and gate (VG) voltages. In 
particular, selected Bragg reflections were monitored during OFET operation. The 
evolution of their integrated area and angular positions, over the bias duration, has shown 
that pentacene structure is strained in the region close to the dielectric interface, where the 
charge transport takes place. 
The structural phenomena is reversible as shown in Figure, where the (001) Bragg peak 
area (a), the (001) rocking curve peak position (b) and the threshold voltage, VTH, (c) are 
reported versus time during biases application and the recovery. VTH shifts towards more 
negative values and recovered once the bias voltage is switched off. This finding nicely 
correlates with the XRD analysis where the 001 peak position in the RC measurements 
shifts towards smaller angles upon application of the bias, and recovers after device 
relaxation. The (001) lattice strain is correlated with the strong increase in {1±1} in-plane 
peak intensity collected by real time GIXRD. 
Molecular dynamics and Density Functional Theory simulations simulated the effect of VDS 
and VG on the pentacene crystal structure. The interplay between the calculated changes 
of the structure and the experimental results allows to understand the structure evolution 
of operating transistors, to improve the description of the charge transport mechanism in 
organic materials and has the potential to lead to future improvements in organic devices. 
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Figure. a) Integrated intensity of the (001) peak extracted from θ/2θ scans, b) RC (001) peak position and d) 
VTH values extracted from transfer curves in time, during the application drain-source and gate voltages (ON) 

and during the recovery (OFF).  
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Melanins are a class of dark macromolecules found throughout in nature, mainly with 
pigmentary functions. In humans they act as photo-protectors for the skin and the eyes, 
but the presence in the brain stem and in the inner ear suggests other roles and 
functions.1 
Melanins have recently emerged as potential bioelectronic materials because of a unique 
combination of physicochemical properties including hybrid electron and proton 
conduction, which is strongly dependent upon the hydration state.2 
An effective employment of melanin-like materials as bioelectronic interfaces demands for 
convenient approaches to thin film deposition, such as solution techniques, but this 
contrasts with the characteristic insolubility of melanins in most solvents.3,4 
Polydopamines, which can be considered as an artificial variation of natural melanins, offer 
an helpful expedient toward melanin-like homogeneous thin layers: they can be deposited 
onto a wide range of surfaces by simple immersion of the substrates in aerated solution 
containing dopamine, the soluble precursor.5 
Moreover, the chemical and physical properties of polydopamine films can be easily 
customized by copolymerizing dopamine with suitable comonomers. In this case we report 
n-type performances in polydopamines doped with 3-amino-tyrosine and p-
phenylenediamine.6 
These results corroborate the promising outlook for polydopamines as a versatile and 
tunable platform for melanin-like films. 
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 A plethora of organic compounds can be grown and handled as single-crystals (SC) 
to fabricate useful photonic devices, while allowing molecular properties to be tuned 
without compromising the intrinsic characteristics of the materials. SCs have long-range 
order, are nearly defect free, and sub-µm crystals are flexible enough to bend without 
breaking. Thin crystals of different materials can be laminated on top of each other, 
adhering through simple electrostatics, so as to form simple bilayer junctions. 
Tetracyanoquinodimethane (TCNQ, electron acceptor) and tetrathiafulvalene (TTF, donor) 
crystals laminated together give rise to a 2D interfacial electronic system, with metal-like 
behavior [1]. Rubrene/TCNQ interfaces show improved charge-transport and, most 
importantly, high quantum efficiency [2]. In parallel, the concept of hybrid structure 
interfaces, based on PCBM films and rubrene crystals, has been recently developed, 
taking advantage of the extended spectral response of PCBM and quasi-band transport in 
rubrene to maximize photoresponse [3]. In all these examples, charge-transport and/or 
photocurrent generation was greatly improved over isolated constituents, due to 
appropriate material conjugation and conservation of pre-existing crystalline order. 
 Here, we focus on a series of phenoxy substituted perylenediimide (PDI) of 
increasing twisted backbone (see Figure 1), and fabricate charge-transfer interfaces with 
rubrene as donor layer. All interfaces showed enhanced dark conductivity (Rsq~5 MΩ), 
even with a striking different packing motif, and high responsivity (R=0.1-0.6 A/W) over the 
absorption range corresponding to both isolated PDI derivative and rubrene (400-700 nm). 
This indicates that primary excitons are being harnessed from donor and acceptor 
materials alike and efficiently dissociate at the interface, leading to devices with a wider 
photoresponse. 
 

 
Figure 1. Molecular structure and crystal packing of PDI derivatives (left), and responsivity 
spectra of single-crystal rubrene/PDI derivatives charge-transfer interfaces (right). 
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Organic field-effect transistors have attracted considerable attention for the fabrication of 
low cost electronic devices[1] and for their potential use in integrated circuits (ICs) for logic 
and memory chips, [2,3] smart cards and sensor arrays [4,5] and might also emerge in a 
large variety of new applications. We have recently reported a study on the generation and 
characterization of phototransistor based on a perylene di-imide that was unfortunately 
unstable in air.[6] In fact, one among the limitations of organic transistors is their air 
sensitivity, in particular when n-type systems are considered.  
           In this work, we demonstrate that solution processed, self-assembled fibers of an 
air-stable n-type semiconductor, N, N’-1H, 1H-perfluorobutyldicyanoperylenedi-imide, 
PDIF-CN2, (commercial name ActivInkTM N1100 by Polyera) are highly photoresponsive 
once integrated in field-effect devices. 
 Supramolecular PDIF-CN2 fibers were typically 20 µm long, 1-3 µm wide, 500-700 nm 
thick, and produced via solvent-induced precipitation (SIP) by promoting molecule-
molecule interactions. The fibers exhibited a greater crystallinity when compared to spin-
coated films of the same molecule.[7] Our specific goal is to improve the OFETs electrical 
performances via tailoring the interfaces of the semiconducting material with both the 
dielectric substrate (SiOx) and gold source/drain electrodes. In particular, UV-Ozone 
treatment as well as chemical functionalization by hexamethyldisilazane (HMDS) and 
octadecyltrichlorosilane (OTS) were tested on silicon oxide and compared to the case in 
which uncoated oxide is used. In the attempt of matching the work function of the gold 
electrodes with the LUMO of the electrodes, undecanethiols (C11H23-SH) were 
chemisorbed on the source and drain in order to improve charge injection into the LUMO 
of the semiconductor featuring a shift of ca. 250 meV towards the vacuum level. Our 
experiments revealed that the charge injection from the functionalized gold electrodes 
leads to negligible enhancements in both mobility and Vth. Conversely, significant 
improvements in the curve shape, yield of working devices as well as mobility and 
threshold voltage was observed when the silicon oxide was treated with OTS. The 
increased hydrophobic nature of the dielectric surfaces ensured a more ordered 
distribution of the fibers at the surface (Figure 1). This result is explained in view of an 
enhanced surface affinity of the fibers for the OTS coated substrate which exhibit a adlayer 
which is more compact and ordered than the HMDS one.  
 Higher field-effect mobilities were measured on on SIP fibers vs. spin-coated films, 
confirming that the fibers have a higher molecular order than the amorphous spin-coated 
films. The photoresponse of both types of devices was then tested to further elucidate the 
molecular order vs. photoresponsivity relationship. The photoresponsivity is defined as: 
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Our findings provide evidence for an increase in R when SIP-fibers are used as the active 
semiconductor layer in transistor devices. This enhancement is ascribed to the improved 
molecular order of the fibers which promotes a better transport of the photogenerated 
carriers to the electrodes. 



Besides the extraction of the major device parameters, Atomic Force Microscopy 
characterization of the fibers as well as optical absorption spectra (solution, spincast and 
SIP-fibers films) and Ambient Photoelectron Spectroscopy were performed in order to 
provide a complete morphological and energetical overview of this molecular system.  
 
 
  
	  

	  

	  

	  	  

	  

	  
Figure1. Output characteristics recorded on FET SIP devices with OTS (a) and HMDS (b) treatment of the silicon 
dioxide, functionalized source and drain gold electrodes with undecanethiol SAMs, L= 5 µm and W = 10 mm.  
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MICRO-RAMAN STUDY OF POLYMORPHISM AND PHASE MIXING IN THE 
SEMICONDUCTOR  

9,10-DIPHENYLANTHRACENE CRYSTALS  
 

T. Salzillo1, E. Venuti1, R. G. Della Valle1, A. Brillante1, M. Masino2  and A. Girlando2  

1Department of Industrial Chemistry “Toso Montanari” and INSTM-UdR Bologna, Italy 

2Department of Chemistry and INSTM-UdR Parma, University of Parma, Italy  
elisabetta.venuti@unibo.it 

 
The organic semiconductor 9,10-diphenylanthracene (DPA) has been found to exhibit both 
electron and hole transport [1] and it is a suitable candidate for application in ambipolar 
devices. Besides, its very highly fluorescence yield in the solid state [2,3] has been widely 
used in organic optoelectronics. This material is also characterized by high chemical and 
thermal stabilities and good solubility in a number of organic solvents and is therefore 
easily purified and processed. 
 
Unlike many 9,10-anthracene derivatives, DPA in the solid state can be found in different 
polymorphic phases with varying morphologies. 
Obviously, transport properties in single crystals must depend strongly on the the DPA 
polymorph considered [1]. Micro and nanocrystals [2,3] can be obtained from solution in 
the presence of a surfactant with a variety of morphologies, but it is not clear if and how 
different morphologies and size may influence the optical and transport properties of the 
material. Certainly, the coexistence of different solid phases (or phase mixing) is the 
source of physical impurities which have detrimental effects on the device performance. 
 
The information concerning the number and the way of obtaining the various polymorphs 
is not yet fully understood. Whereas only one kind of structure can be grown from solution 
(Monoclinic C2/c, with Z=4, a=10.716, b=13.563, c=12.283, ß=90.59) [4], from the melt or 
by Bridgman method [4,5] either this or another monoclinic structure (Monoclinic P21/a, 
with Z=4, a=9.4976 b=20.413, c=12.283, ß=112.307) have been obtained. In the two 
structures the molecular geometry is the same (nearly C2h

 
in both cases), but they appear 

to be monotropic polymorphs [5], as they do not transform into each other by thermal 
treatment. In the same batch grown from the vapor phase, different morphologies may 
correspond to the same phase (P21/a), but we have found that a phase mixing not fully 
characterized yet is obtained by changing the temperature. 
 
This situation has prompted us to investigate by confocal lattice phonon Raman 
microscopy [6] DPA single crystals grown in a variety of conditions from solution, melt and 
vapor. Although not widely used for this purpose, the spectroscopic technique is in fact an 
effective, prompt and reliable method of phase identification, with a very high sensitivity to 
structural and morphological changes. The technique can directly probe the lattice phonon 
frequencies or intermolecular modes, that is the collective motions of the molecules in the 
unit cell. These modes have Raman shifts in the range 10-150 cm-1, which arise from 
dynamical deformations of the crystal, and are very sensitive to even slightly different 
molecular packings.  
 
The Raman measurements have allowed us to identify in our samples three different DPA 
polymorphs. We can safely judge that two of them correspond to the known X-ray 
structures, and are easily identified on the bases of their spectral features, but not of their 
morphologies. They do not form a phase mixing with each other. An accurate description 
of the observed Raman modes has been attempted with the aid of polarized spectra on 
single crystals and are consistent with the X-ray information. A third polymorph has been 



identified, which is responsible for phase mixing, in various batches grown from melt and 
vapor. 
To rationalize the experimental findings, we have also performed energy minimization 
calculations for the polymorphs whose structures are known from the X-ray data. This has 
allowed us to check their relative stability. The structures of minimum energy, combined 
with a suitable model of the intermolecular potential, were then used to compute the 
Raman lattice phonons. Using the calculations as a guide, we have been able to explain 
the observed spectral differences.  
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Among organic semiconductors, π-π stacked perylene diimide derivatives have proved to 
be very promising materials for organic electronics, due to their excellent electron 
mobilities and photoluminescence properties, linked to high chemical and thermal 
stabilities [1]. 
In the condensed state the emission properties of this class of compounds are dominated 
by the presence of strong π-π intermolecular interactions, with the formation of excimer 
and charge transfer exciton states which can be generated by optical excitation. In thin 
films, these molecules tend to organize in aggregates with a degree of order that may 
depends on thickness, deposition conditions and subsequent thermal treatments [2,3].  
Among the possible approaches, useful information about the spatial organization and the 
assemblies characteristics of the chromophore molecules in the thin film phase can be 
provided by the spectroscopic study of their optical and electronic properties. In fact, thin 
films are supposed to behave differently from an electronic point of view both from the fully 
ordered bulk crystalline phase and the free molecule in solution, and the optimal utilization 
of the electronic excitation in these systems requires the knowledge of their energy 
transfer processes. 
The subject of this communication is the study of the photo-physical properties of sub-
monolayer and monolayer ultrathin films grown by high vacuum deposition of N,N'-bis(n-
octyl)-dicyanoperylene-3,4:9,10-bis dicarboximide (PDI8-CN2), which is representative of 
n-type semiconductors [4]. Quite recently, it has been shown that vapor grown ultra-thin 
films of PDI8-CN2 exhibit marked differences in molecular organization, crystal density 
and order, depending on the substrate temperature and it was interesting to investigate 
how this would reflect on the film emission properties and dynamics [3]. 

The films, with thickness ranging from 0.2 to 3.6 
ML, were found to exhibit an intense 
photoluminescence emission, even in the sub-
monolayer regime, when excited at 450 nm. The 
photoluminescence of the PDI8-CN2 films was 
found to be characterized by two main features, as 
typical of the perylene systems: the monomer 
emission, the only one present at a coverage of 
approximately 0.2 ML and prevailing at low 
molecular coverage, and the broad, red shifted 
excimer and excimer-like emission, whose 
increasing intensity marks the completion of the 
first monolayer. The latter emission, however, was 
detected as formed by the overlap of at least three 
bands: one at 666 nm, corresponding to the 
excimer emission in the bulk, albeit blue-shifted 
compared to this; a band at higher energy (620 
nm); and finally a long tail beyond 700 nm. The 
band at 620 nm, the intensity of which decreases 
with the film thickness, is not present in the 
multilayers and appears to be characteristic of the 



ultra-thin films. Interestingly, at a thickness of 3.6 ML, the spectrum virtually matches that 
of the bulk form.  
The analysis of the photoluminescence has been completed by the experimental 
determination of the fluorescence lifetimes, detected as a function of the molecular 
coverage of the film. These measurements confirmed that distinct and competitive decay 
channels are present in the system. In fact, the excimer emission grows at the expenses 
both of the exciton photoluminescence and of the 620 nm emission on increasing the 
chromophore concentration at the interface, with a trend which depends upon the 
deposition substrate temperature.  
We have qualitatively attempted to explain the subtle interplay between excitonic and 
excimer emissions in terms of the variation of the reciprocal orientation of pairs of adjacent 
PDI8-CN2 molecules at the interface and of the orientation of large domains with respect 
to the substrate.  
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 Transition metal oxides (TMOs) have been successfully employed as anode and/or 
as cathode interfacial layers in organic photovoltaics (OPVs) in order to improve charge 
injection/extraction between organic molecules and electrodes and to enhance device 
stability [1,2]. Especially, under-stoichiometric TMOs have drawn much attention due to 
their increased conductivity attributed to the formation of occupied gap states acting as 
favorable paths for hole transport [1]. However, the prerequisite high work function of the 
TMOs used as anode interlayers is significantly reduced when they become under-
stoichiometric.  
 Herein, vapor deposited under-stoichiometric molybdenum oxide films after 
subjected to microwave irradiation are used as low resistance anode interfacial layers in 
OPVs. We demonstrate that the microwave irradiation influences the crystallinity and 
conductivity of molybdenum oxide films, leading to the enhancement of device 
performance. A series of microwave irradiated Mo oxides are formulated and well 
characterized for their structural and electronic properties. Substoichiometric amorphous 
Mo oxide (hereafter termed as a-MoO3-x) layers with a thickness of about 30nm were 
deposited using a previously reported hot-wire deposition technique [1] and then were 
subjected to microwave irradiation for 3 minutes. Microwave irradiated molybdenum oxide 
layers (termed as mw-MoO3-x) were found transparent in the visible spectrum (where they 
exhibit transmittance values higher than 80%), as it can be concluded from the 
transmittance spectra of 30nm thick films shown in Figure 1, and thus, they are 
appropriate to be used at the anode side of the device, where the light insertion occurs. 
The crystal structure of these films is of great interest since the microwave irradiation 
enhances the crystallinity of the initially amorphous a-MoO3-x film, as we can conclude 
from the X-ray photoelectron spectroscopy and X-ray diffraction measurements. To shed 
light on the electronic structure of Mo oxides ultra violet photoelectron spectroscopy (UPS) 
measurements were performed (Figure 2). The most striking difference between the UPS 
line shape in the amorphous substoichiometric (a-MoO3-x) versus the crystalline microwave 
annealed ones (mw-MoO3-x), obtained after microwave irradiation, is the recovery of the 
high work function while they also exhibit occupied states near the Fermi level (gap 
states). OPVs based on P3HT:PC71BM and using mw-MoO3-x as anode interlayers 
exhibited enhanced short-circuit current compared with those embedding a-MoO3-x for hole 
transport (Figure 3). 
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Figure 1 Transmittance spectra of 30nm thick films of 
amorphous Mo (a-MoO3-x) and microwave-irradiated 
Mo (mwMoO3-x) oxide. 

Figure 2 The UPS photoemission spectra of the 
a-MoO3-x and the mw-MoO3-x films. Right panel: 
near EF region and left panel: secondary-
electron cut-off region. 
 

Figure 3  Current density versus voltage characteristics of 
OPVs based on P3HT:PC71BM and using Mo oxides as 
anode interlayers. 
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 The self-assembled aggregation, inherent to many planar molecules, may be used 
to improve the sensitivity of various fundamental processes by taking advantage of the 
orientation of molecules within films and at interfaces. Such processes include energy 
levels alteration, charge and exciton transport, all of which are critical to organic 
optoelectronics operation [1-3]. On the other hand, to improve their efficiencies beyond the 
state-of-the-art organic optoelectronic devices require the energetic losses at the 
interfaces of organic materials with metal contacts to be minimized.  
 Here we report on the large work function shift induced by the coverage with a 
porphyrin aggregated layer of an organic semiconductor, the poly[(9,9-dioctylfluorenyl-2,7-
diyl)-co-(1,4-benzo-{2,1’,3}-thiadiazole)] (F8BT), which is  commonly used in the field of 
organic light emitting diodes (OLEDs). In particular, the insertion between the organic 
active layer and the metal cathode of an H-aggregated interlayer based on the 
[H2TMPyP]4+Cl4,  porphyrin 1, with its molecules adopting a face-to-face alignment parallel 
to the organic substrate (Figure 1) resulted in large enhancement of the OLED device 
current efficiency reaching values up to 13.8 cd/A, a more than 4-fold improvement over 
the efficiency of 3.0 cd/A of the reference device (Figure 2). The enhancement in the 
devices efficiencies was attributed to the strengthening of the built-in-field as well as to the 
enhanced interfacial electron transport. The incorporation of a cathode interlayer based on 
the [ZnTMPyP]4+Cl4, porphyrin 2, with its molecules adopting an edge-to-edge orientation 
introduced more modest improvements in all cases, highlighting the impact of molecular 
orientation.  
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H aggregates of H2TMePyP4+

Figure 1 The demonstration of the face-to-face aggregation mode of poprhyrin 1: (a) The UV 
absorption spectrum of the molecule obtained in a chloroform solution with a concentration 10-6 M 
and (b) the spectrum of the self-assembled aggregated film (formed via spin coating at 2000 rpm 
from a methanol solution with concentration 0.7 % w/v). (c), (d) The region around 3000 cm-1 
wavenumber of the  IR spectra of the molecules and aggregates of poprhyrin 1, respectively. (e) 
Illustration of the self-assembly mode into H-aggregates with a face-to-face alignment. 
 

Figure 2 The impact of poprhyrin incorporation at the F8BT/metal cathode interface as long as the 
molecular orientation in the charge injection/transport. J-V characteristic curves in semi-log scale of 
(a) electron only and (b) hole only devices. (c) The OLED device structure, (d) Current density-
voltage (open symbols) and luminance-voltage (in log scale) (solid symbols) characteristic curves 
and (e) current efficiencies of the same OLEDs.  (f) Illustration of the large energy barrier for 
electron injection at the F8BT/Al interface. (g) Lowering of the electron injection barrier through the 
formation of large interfacial dipole after the coverage of the F8BT with the porphyrin layer. 
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In recent years, optoelectronic devices based on single crystals of conjugated organic 
molecules have gained the attention of the research community because of their potential 
in combining the high performances of molecular single crystals with the advantages of 
organic electronic devices as the low cost, low temperature processability, light weight and 
the possibility of covering large areas onto flexible substrates. Thanks to their high 
chemical purity and the low density of defects (e.g. grain boundaries, typical of 
polycrystalline semiconductor thin films), organic single crystals can be indeed considered 
as the most performing organic materials in terms of charge mobility, exciton diffusion 
length and stability against degradation [1]. In particular rubrene (5,6,11,12-
tetraphenyltetracene; C42H28) is one of the most promising molecular crystals for electronic 
and optoelectronic applications since it shows the highest intrinsic charge-carrier mobility 
(up to 20 cm2 V-1 s-1 at room temperature) [2] and the longest reported exciton diffusion 
length (2-8 µm), [3] Indeed, the integration of crystalline rubrene thin films, having the 
same performances as single crystals, in flexible electronic devices, would represent a 
crucial technological improvement. Even if some attempts in this direction have been 
recently reported [4], they lacked to demonstrate the achievement of films with full 
crystalline quality, thus possibly leading to faster oxygen contamination and to the 
formation of related trap states [5]. 
We present an investigation on high quality, millimeter-sized, crystalline and fully oriented 
rubrene thin films of different thicknesses (varying in the range between 10 nm and 100 
nm) realised by exploiting organic epitaxy following an innovative growing procedure 
based on molecular beam epitaxy on water-soluble organic single crystals as substrates. 
Their solubility in water enables their removal after deposition and the thin film transfer 
onto any substrate thus paving the way for the fabrication of electronic devices in any 
configuration. 
We studied the electrical transport properties of the thin films with Space Charge Limited 
Current (SCLC) analyses and determined the charge carrier mobility as a function of the 
thin film thickness, assessing how the thin films possess electronic-grade transport 
properties. 
Wavelength-resolved photocurrent spectroscopy applied to both rubrene bulk single 
crystals and thin films using coplanar contacts oriented along the high-mobility b-axis of 
rubrene with the light sent on the sample at normal incidence on the (b,c) plane of the 
crystal. In Figure1, we report the photocurrent spectra of rubrene thin films and bulk single 
crystals, showing comparable characteristics and therefore assessing the single-crystal 
quality of the thin films of all the investigated thicknesses. 
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Figure1: Comparison between the photocurrent spectra of a high-purity Rubrene bulk single crystal (blue 
line), and of thin films with three different thicknesses (75, 50 and 15nm). 
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In this work N-type OFETs were achievedwith special focus on the material that 
constitutes the active layer. Efficient N channel OFETs need highelectron transport with an 
enough deep LUMO level. Two different indenofluorene derivatives were investigated in 
this work. Both are based on the same bone composed from 3 phenylene cycles. The 
planar geometry of this central bone promotes the electron delocalization over the π-
conjugated system. The electronic transport is determined by the fragments fixed at the 
bridges of the bone. Here, the number of dicyano groups is modified in order to highlight 
the electroattractive property of (CN) group. The first material IF(C=O)(CN)2 possesses 
one dicyano fragment and a carbonyl group (Figure1-a), the second molecule 
IF(C=CN2)2possesses two dicyano groups (Figure1-b).  
Bottom gate bottom contact organic transistors were fabricatedusing these 2 materials as 
active layer.30 nm thick active layer of each material was thermally evaporated under the 
same conditions on 300nm SU8 resist 2000.5 (Microchem). This SU8 layer, used as gate 
insulator, was previously spin-coated on gate contact made of aluminum. Transistors were 
characterized under nitrogen ambiance just after the fabrication and after an annealingat 
90°C for 1h. The annealing improves the molecular organization of the active layer and 
leads to a comparatively better structural quality.Figure 2 shows the transfer characteristic 
of the transistors before and after the annealing. IF(C=CN2)2layer is more efficient as 
active layer of OFETs than IF(C=O)(CN)2. Indeed, dicyanoindenofluorenebased OFETs 
exhibit a much higher mobility, before and after annealing (µFE=3,8.10-4cm2/V.s 
andµFE=0,9.10-3cm2/V.s), than cyanocarboxylindenofluorene based OFETs(µFE=3.10-

7cm2/V.sand µFE=6.10-7cm2/V.s). This result is not surprising as the electronic transport is 
favored in more electro attractive system such as IF(C=CN2)2. The electrical parameters of 
both types of transistors are summarized on table 1.The electrical stability is also improved 
when moving from IF(C=CN2)2 transistor to IF(C=O)(CN)2one.This stability was evaluated 
by the gate bias stress method with 10V applied to the gate and a grounded VDS for 3 
hours. Every 10 minutes, the stress was interrupted and transfer characteristics were 
plotted at VDS=10V. The on current Ion is extracted at VGS=100V and represented as 
relative variation versus the stress time on the figure 3. Similarly, the mobilityvalue µFE is 
compared to initial one (at t=0) according to the stress time on figure 4. The relative 
variations of the on current and the mobility for OFETs made of IF(C=CN2)2 are very weak, 
only 13% for the on current for 3 hours stress and less than 9% for the mobility. In 
comparison, electrical performances of OFETs made of IF(C=O)(CN)2 decrease drastically 
and after 1 hour stress, no modulation could be observed.  
These results confirm the need of using two dicyano groups, removing then the carbonyl 
group and showing the way to improve both the on-current and the stability. 
 
 
 
 
 
 
 



(a)  (b)  
Figure.1  Chemical structures of (a) IF(C=O)(CN)2, (b) IF(CN2)2 

 

 
 

 
 
 
  
 
 
 
 
 
  

Figure.3 Ion behavior during stress for OFET made of 
IF(C=CN2)2 and IF(C=O)(CN)2 

Figure.4 mobility evolution during stressforOFET 
made of IF(C=CN2)2 and IF(C=O)(CN)2 

 

 

(a) (b) 

Figure.2 Transfer characteristics (a) IF(C=O) W/L=1000µ/10µ at VDS=10V, (b) IF(CN2)2 
W/L=1000µ/20µ at VDS=10V 

Before annealing 

 Vth(V) µFE  
(cm2/V.s) 

S (V/dec) Ion/Ioff 

IF(C=CN2)2 35.4 3,8.10-4 5 1,6.104 
IF(COCN2) 33.7 3.10-7 4.9 3.103 

After annealing 

IF(C=CN2)2 34.3 0,9.10-3 3.2 3,2.104 
IF(COCN2) 34.16 6.10-7 4.1 2,3.103 

Tab.1 Summarized characteristics of the transistors 
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In the framework of our chemical strategy aimed to exploit the directionality of sulphur-
sulphur non bonding interactions for the spontaneous supramolecular growth of 
anysotropic thiophene systems,1 we present here the synthesis and the self-assembly into 
functional microfibers of sexithiophenes containing the T4(SHex)4 inner core                       
(Figure 1). 
Insertion of the T4(SHex)4 fragment into the aromatic skeleton of thiophene hexamers 
promotes their spontaneous self-assembly on solid surfaces into stable crystalline 
microfibers displaying the same characteristics independently of the type of surface 
employed (glass, ITO, SiO2, Au).  
Insertion of T4SR4 fragments having a different regiochemistry of substitution or shorter 
alkyl chains does not lead to the formation of microfibers or microcrystalline compounds. 
The microfibers, which have been analysed by means of a variety of techniques, always 
display a circular dichroism signal indicating the formation of supramolecular chiral 
structures. 
We will show that functionalization of T4(SHex)4 at both terminal positions with a thienyl 
group bearing a variety of substituents (including fluorurated alkyl chains) leads to 
sexithiophenes forming microfibers with tunable electrical, optical, electrochemical and 
structural properties. 
Figure 2 shows the fibers formed on ITO by T4(SHex)4 functionalised with terminal 
unsubstituted thienyl groups. The figure shows the light transmission microscopy image, 
the microscopy image with cross polarizers oriented parallel and perpendicular to the 
images axes and the fluorescence microscopy image of the microfibers (from left to right). 
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Organic conjugated compounds are promising materials for 
low-cost, low-performance consumer electronics.  In 
particular, organic semiconducting single crystals (OSSCs) 
are the subject of intense studies, due to the absence of 
defects (grain boundaries, amorphous zones, etc) and to their 

high degree of order.  In 
this frame, we carried 
out in recent times a considerable amount of 
research 4-hydroxycyanobenzene (4-HCB, FIG. 1)-
based single crystals, which exhibited 3D anisotropic 
electrical properties[1],[2] along the three 
crystallographic axes a, b (constituting the main 
crystal flat face) and c (crystal thickness).  Moreover, 
we recently showed that OSSCs can be used as 
effective direct X-rays detectors[

3
].  Among the 

different crystal fabrication techniques, solution 
growth holds considerable interest, in view of its vast 
application potential.  In particular, solution growth is 
foreseen to be a key enabling technique for allowing 
fast and effective fabrication of OSSCs in organic 

electronics-based devices [4]. 
In this frame, we report over the influence of solvent 
types and temperature on the 4HCB crystal formation 
and development.  The effect of these parameters over 
both the time needed for the development of crystals 
and their quality (in terms of size and optical uniformity) 
have been investigated growing 4HCB crystals in a 
controlled (T, P) environment. 
We will hence show that it is possible to obtain good 
quality 4HCB single (Fig. 2) and poly-crystals properly 
controlling the solution composition (in terms of used 
solvent/solvent mixture and solution concentration) and 
the temperature/temperature gradient kept during the 
growth.  Moreover, the results of these experiments, 
together with conventional wisdom over the formulation 
of jettable inks and considerations over the 4HCB 
crystal-from-solution formation process, have been used as the basis for a rational 
formulation of inks for inkjet printing.  The resulting inkjet-based depositions were seen to 
be effective for generating 4HCB polycrystals (Fig. 3). 
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FIG. 1: Structural formula of 4-
hydroxycyanobenzene (4HCB). 

FIG. 2: 4HCB single crystal (surrounded by 
polycrystals) obtained by slow solvent 
evaporation technique (substrate: glass).  
Approx. size of the crystal: 600 x 700 µm. 

FIG. 3: 4HCB polycrystal obtained inkjet 
printing a precursor solution.  Approx. 
size of the polycrystal: 700 x 800 µm. 
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Metallosupramolecular structures[1] have been a subject of intense research interest due to 
their fascinating physical and chemical properties, and coordination-driven assembly of 
terpyridine based ligands with metal ions[2] has proved to be a versatile method to make 
defined macromolecules. Incorporation of organic chromophores into such defined 
assemblies to form organic-inorganic hybrid materials is of great interest due to their 
properties as the combination of the defined structures and the metal-ligand interactions 
produces novel optical and electronic properties, with potential applications in 
photovotaics[3], dye sensitized solar cells (DSSC)[4], non-linear optical limiting[5], light 
harvesting prototypes[6], etc. 
 
Two carbazole based bisterpyridine (1, 2) with terpyridine attached to the 3,6-position 
formed defined metallocycles upon coordination with Zn(II) ions, which was a pentameric 
structure for 1 with a hydrogen at the 9-position and a mixture of a tetramer and a 
pentamer for 2 bearing a dodecyl chain there. Such different assembly behaviors are 
proposed to arise from the better solubility and higher rotational freedom for 2 and Zn-2, 
while intermolecular H-bonding in Zn-1 resulted in a less soluble entity and favored a 
kinetic product[7]. 
 

 
Figure 1 Molecular structures of bis-terpyridine (1, 2) and Zn(II) complexes of 1 (Zn-1) 

 
The pentameric Zn-1 was studied in comparison with the un-coordinated bisterpyridine 1, 
and found to show stronger heat stability, more obvious wavelength dependent dual-
emission under both linear and two photon excitations, comparable fluorescence lifetimes, 
and comparable two-photon absorption cross-section[7,8]. As the linear excitation 
wavelength moved from 340 nm to 390 nm and the two-photon excitation wavelength 
moved from 710 nm to 760 nm, the fluorescence intensity of the peak at longer 
wavelength increased at the expense of the one centered at shorter wavelength for both 1 
and Zn-1, with more notable change for the more-rigid metallocycle due to coordination 
resulted locking of the terpyridine in a cis-oid orientation. The dual emission bands were 
determined to originate from localized excitation state and twisted intra-ligand charge 
transfer (TICT) band, respectively, by varying the concentration, the solvent (using solvent 
of different polarity, THF, ACN, and DMSO for 1), and comparing the absorption and 



excitation spectra. The localized emission band appeared both at 420 nm for 1 (lifetime: 
1.35 ns) and Zn-1(lifetime: 1.24 ns) in DMSO, and the other TICT emission showed up at 
470 nm (lifetime: 2.5 ns) for 1 and 540 nm (lifetime: 2.4 ns) for Zn-1. TPA cross-section 
from Z-scan experiment using femtosecond laser revealed the maximum values as 170 
GM for 1 and 160 GM for one repeat unit in Zn-1 (DMSO), and the comparable value 
indicated similar intramolecular charge separation distance and molecular dipole. Thus, 
the red-shift of 70 nm for the TICT band of Zn-1 was attributed mainly to the J-type 
molecular aggregation caused by H-bonding between the metallocycles. 
 

 
 
Figure 2. a: Normalized absorption and fluorescence spectra of 1 in THF and Zn-1 in DMSO, MeOH, ACN; b: 
excitation wavelength dependent emission of 1 in ACN; c: excitation wavelength dependent emission of Zn-1 
in ACN. Concentration for absorption: 10 -5 M; concentration for emission:  10-7 M  
 
A fluorescence quenching experiment of electron rich Zn-1 with C60 shows a high 
association constant of Ksv = 3.2 × 105 M-1, suggesting effective charge transfer between 
Zn-1 and C60 molecules. Molecular packing studies of Zn-1 with POM, TEM, AFM shows 
promising layering structure, implying both in-plane and out-of-plane H-bonds exist among 
the macrocycles, which might induce good hole transport between the carbazole units. 
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Within the last years a huge effort has been dedicated to the development and fabrication 
of electronic devices made with organic materials. The major part of this research has 
been put into the device level and the design of new, more stable materials with enhanced 
characteristics. 
Huge improvements were achieved regarding the performance of organic field effect 
transistors (OFETs) and the processability of organic materials themselves and there is a 
wide range of materials and device geometries established within the market. 
Accompanying this development the market demand changes from single or small scale 
transistor units to even larger and more complex units of a higher number of transistors 
and so the need of compact models of OFETs for the implementation in circuit simulators 
and circuit design tools is getting stronger. 
Unfortunately there are just a very few compact models able to describe the behaviour of 
OFETs, especially the variation of the structures and materials and the still not well 
understood charge transport properties are challenging. The most models are based on 
the idea threshold voltage as a constant parameter and consider a wide range of fitting 
parameters, which does not represent the given physics well enough (e.g. [1], [2]). 
The presented model focuses on the elementary physics. The source/channel metal-
semiconductor junction in connection with the metal workfunction and the HOMO level of 
the semiconductor is considered to be the main limiting factor of the charge injection [3]. 
The band bending at this metal-semiconductor junction mainly influences the overall 
injection behaviour. 
The source, drain and gate material data set is leaned on gold, the semiconductor 
properties are kept variable to represent different materials, but mainly a hole conduction 
is assumed. The mobility (µFET) of the charge carriers is gate bias dependent and capable 
of representing amorphous as well as polycrystalline materials [4].  

 
where NV is the effective density of states in the valence band and gd0 the concentration of 
localized states and T0 the characteristic temperature of the exponential DOS. 
The total current in the different regimes consists of the tunnelling, the thermionic and the 
possible channel current itself. Each of those currents can limit the overall current. 

 
To calculate the tunnelling and thermionic current contributions [5] it is necessary to solve 
the electric potential and electric field within the channel area as well as to describe the 
type of bend bending at the source/channel junction. The currents are calculated by using 
the conformal mapping technique. Here the 2D channel area is described as a 2-corner 
structure [6]. 
The channel current Ich is calculated by adapting a charge based current model from [7] 
assuming an accumulation mode for the case of organic semiconductor. The mobile 
charges at source and drain end of the channel, Qms’ and Qmd’, respectively, are given by 
a closed-form expression: 



 
where Qm0’ is the accumulated mobile charge at a fixed gate-to-channel voltage V0. This 
charge is calculated only once by numerically solving Poisson’s equation for the surface 
potential Φc: 

 
This model assumes an effective surface density of states Nc within a thickness dm of the 
accumulation channel [9], filled according to Boltzmann statistics. In the on-state of the 
device it is assumed that all traps Nt are filled. A time dependent trap filling rate is yet to 
implement. The channel current equation is given by the well-known expression [7]: 

 
It gets obviously that the density of trapped charge carriers Nt has a major influence on the 
resulting threshold voltage of the device. 
 

Figure 
1: Output characteristics calculated with the model 
(full lines) compared to measurements (dashed 
lines). Devices structure: bottom gate, bottom 
electrode on silicon wafer with oxide thickness of 
300 nm. L=30µm, W=100µm, gold source/drain 
electrodes, spin coated PCDTBT. In the model in 
addition to the drain current model parasitic contact 
resistances were taken into account. 

Figure 2: Modeled 
transfer 

charactersistics. A 
kink influneced by 
the different current 
contributions (see 
fig.3) gets obviously. 
The higher the 
barrier between the 
metal workfunktion 
and the HOMO level 
of the organic 

semiconductor the more obvious is the kink 
Figure 3: Modeled 
current contributions 
of the transfer 
characteristic. The 
possible source 
injection current 
(blue) limits the total 
current (red dashed) 
at low Vgs. At higher 
Vgs the intrinsic 
channel itself (green) 
gets the limiting 

factor. 
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The large-area, roll-to-roll fabrication of thin-film circuits on plastic foils demands layer 
thickness uniformity over large areas. Here, material growth with large process window 
and self-limiting growth mechanisms are advantageous. Previously we have developed a 
10-nm-thick, dry, bi-layer dielectric based on aluminium oxide (AlOx) and n-
octylphosphonic acid (C8PA) monolayer for organic thin-film transistors (OTFTs). AlOx was 
prepared by UV-ozone oxidation of Al [1] and C8PA monolayer was assembled from 
vapour in vacuum [2]. However, the oxide thickness produced by oxidation is limited. This 
paper investigates the atomic layer deposition (ALD) of AlOx as an alternative method to 
grow oxide with a range of thicknesses.  Such ALD-AlOx was incorporated into pentacene 
transistors and a comparison with UV-ozone-AlOx was sought.  
Four samples containing OTFT and metal-insulator-metal (MIM) structures were fabricated 
side by side.  Two samples incorporated thin ALD-AlOx (cca 9 nm) to replicate the 
thickness of UV-ozone-AlOx, and two implemented thicker ALD-AlOx (cca 24 nm).  The 
growth temperature was 160°C in all cases. Within each pair, one sample underwent a 
short UV-ozone clean prior to C8PA assembly. In addition, each sample contained OTFT 
and MIM structures with AlOx/C8PA dielectric and the reference (bare) AlOx structures.  

The capacitance of the thin ALD-AlOx is ∼ 0.40 µF/cm2 compared to 0.67 µF/cm2 of UV-
ozone-AlOx, a result of reduced relative permittivity of ALD-AlOx.  The leakage current 
density of ALD-AlOx is varied with values as low as ∼ 10-8 A/cm2 at 3 V, compared to UV-
ozone-AlOx consistently achieving 10-6 A/cm2.  The leakage current density of ALD-AlOx 
does not change after coating with C8PA but it reduces to 10-7 A/cm2 for UV-ozone-
AlOx/C8PA.  Furthermore, the chemisorption of C8PA molecules to ALD-AlOx is reduced by 
∼ 75% when compared to UV-ozone-AlOx.  OTFTs with bare ALD-AlOx exhibit 30% higher 
threshold voltage, a factor of three lower field-effect mobility and off-current when 
compared to OTFTs with bare UV-ozone-AlOx.  The functionalization of AlOx with C8PA 
marginally reduces the threshold voltage and off-current and increases the mobility for 
ALD-AlOx/C8PA OTFTs; and it slightly increases the threshold voltage and mobility and 
decreases the off-current for UV-ozone-AlOx/C8PA OTFTs.  The UV ozone pre-clean 
marginally improves the chemisorption of C8PA molecules to ALD-AlOx and results in a 
slightly reduced threshold voltage and significantly increased transistor leakage and off-
currents.  The primary effect of thicker ALD is a reduction in the transistor threshold 
voltage by  ∼  10% (0.1 V). Overall, the UV-ozone oxidation leads to a well reproducible 
AlOx with higher capacitance and better chemisorption of C8PA molecules, positively 
affecting the OTFT performance.   
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Phenacenes such as chrysene present greater oxidative stability than their linear 
counterparts1 and as yet have been far less investigated as organic semiconducting 
materials. Chrysene has been the subject of increasing interest in recent years as a fused 
PAH suitable for derivatisation2,3,4 and in 2007 the BHQ benzannulation5 was reported 
which formed the final step in the synthesis of 4,10-dichlorochrysene (1). Building on this 
further, our group has recently published a study of the electronic properties of 1 along 
with variety of 4,10 di- substituted derivatives accessible from it.6 Many A4 Tetra- 
substituted derivatives have also been synthesised by others and feature large 
bathochromic shifts in their UV-Vis/PL spectra.7  
 
Here we report work on orthogonally A2B2 substituted chrysenes with a focus on 
donor/acceptor substitution patterns. 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 – 2,8 and 4,10 A2B2 Substituted Chrysenes from 4,10-dichlorochrysene 
 
Initial couplings allowed the extension of the aromatic system of the chrysene core 
functionalising 2,8-bis(4-n-hexylphenyl) substituted derivatives with both phenyl (2) and 
naphthyl (3) substituents at the 4,10 positions. Then, to further capitalise on this A2B2 
functionalisation methodology, electron withdrawing 4-nitrophenyl substituents were 
coupled to the 4,10 positions on a weak donor substituted chrysene and a strong donor 
substituted chrysene to generate the two donor/acceptor chrysenes 4 and 5 respectively. 
 
We are particularly interested in the potential properties of 5 (figure 2) and alternative B2 
derivatives due to the incorporation of the triphenylamine moiety which should behave 
both as a particularly strong electron donor and is a commonly incorporated functionality in 
efficient hole transport materials.8  
 
It is expected that the novel derivatisations discussed will provide great opportunities to 
furnish electronically and structurally tuned chrysene derivatives for hole transport or 
semiconductor applications and we look forward to reporting these results shortly. 
 
 
 
 



 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

Figure 2 – 2,8-Bis(4-(diphenylamino)phenyl)-4,10-bis(4-nitrophenyl)chrysene 
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Graphene is a two-dimensional material and has been attracting much attention owing to 
its fascinating properties as an active layer for technological and electronic applications 
such as field effect transistor, sensors, memristor and etc. [1-3]. Most of the proposed 
devices require many complex lithographic steps or direct manipulation of graphene to 
fabricate which has often limited the application of graphene. 
Here we propose an original system where we demonstrate that graphene flakes can be 
directly used as electrodes for nanofabrication by in-situ parallel local oxidation lithography 
(LOx). The inherent simplicity of in-situ fabrication by LOx combined with formation of the 
electrochemical cell limited to the contact area between the graphene flakes and the 
silicon surface allows us the fabrication of SiO2 film conformal to the graphene flakes in a 
single step. Moreover, our system depicts that the fabricated nanostructures made of SiO2 
on silicon that replicate the graphene flakes which previously were patterned onto silicon 
surfaces, as prove-of-concept, can be used as a memristor. 
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As organic-based materials are increasingly penetrating the opto/electronics industry, the 
search for ever more efficient and durable substances persists. [1] Organic light emitting 
devices (OLEDs) have been showed to deliver remarkable performance in terms of 
brightness, viewing angle, color rendering and operating voltage, especially when 
compared to their inorganic-based counterparts. [2] Beneficial technological aspects such 
as low-cost deposition techniques on novel flexible substrates add on top of their lab-to-
application potential. [3] However, reliable guidelines concerning the design of the 
underlying functional materials still remain elusive. [4] 
In this work, we have devised and synthesized a series of novel derivatives (see Fig. 1) 
intended for incorporation in transporting/emissive layers in OLEDs. They are composed of 
a naphthalene core (A-C) and two identical triarylamine arms (dPh, Cz, dbCz or tBu2Cz) 
with triple carbon-carbon bonds serving as sterically non-demanding conjugated linkers. 
[5] In a typical optimized procedure for preparing the carbazole containing compounds 
(Fig. 2), starting material 1 first undergoes the Buchwald-Hartwig N-arylation in the 
presence of 2 followed by the removal of the triazene masking group. The resulting 
iodobenzene 3 reacts under Pd/Cu-catalysis with trimethylsilylacetylene (TMSA) to give 
terminal ethyne 4 which is eventually transformed to the corresponding organozinc 
compound 5. The latter is subsequently employed in the key step of the whole sequence, 
the Negishi cross-coupling reaction with dibromonaphthalene 6 to finally afford the title 
compounds. All reactions proceed with good to high yields. 
While easily oxidizable aryl-substituted amines provide hole-transporting capabilities to the 
material [6], the naphthalene central unit allows for the investigation of electronic 
communication through the aromatic core [7]. With this goal in mind, we varied the 
attachment position of the pendant groups (tBu2Cz) at the central unit (A: 1,4; B: 1,5; C: 
2,6) to evaluate the effect of different substitution patterns. In addition, we also set out to 
examine the influence of altering the electro-donating triarylamine moieties at positions 1 
and 4 at the naphthalene core - most remarkably “propeller-like” diphenylamine (dPh-A-
dPh) vs. more planar, carbazole containing derivatives (Cz-A-Cz, dbCz-A-dbCz, tBu2Cz-
A-tBu2Cz) – on the materials’ conducting and electroluminescent performance as well as 
on their processability. In this way, we expect to be able to determine the structure-
properties relationship of the substances under focus. 
Preliminary physico/electrical characterization together with computational analysis of the 
title compounds will also be presented. 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Molecular structures of the investigated organic materials. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Optimized synthetic route towards the carbazole based materials. 
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Organic semiconducting single crystals (OSSCs) are the subject of intense research due 
to their intriguing anisotropic, structural and electronic properties.[1,2] However, little 
attention has been given to their thermal expansion properties, despite the considerable 
importance that this property may have in practical applications of these materials, 
especially in view of the known strong dependence of their charge transport properties 
from the temperature.[3] Investigations over thermal expansion properties of OSSCs are 
usually carried out taking advantage from standard X-rays diffraction (XRD) techniques,[4] 
but it could be of interest to develop faster and more industry-friendly methods. 

Here, we present an alternative, simple, yet accurate, linearly polarized infrared (IR) 
spectroscopy-based method to determine the thermal expansion properties of OSSCs. 
The method was applied to solution-grown 4-hydroxycyanobenzene (4HCB) single 
crystals.  At first, the three anisotropic thermal expansion coefficients of 4HCB (one for 
each space dimension) have been calculated using standard XRD techniques.  After that, 
linearly polarized mid-infrared spectroscopy was applied to the crystals.  On the basis of 
experimental tests, and with the help of some mathematical assumptions, anisotropic 
thermal expansion coefficients have been derived also from the IR measurements.  A 
close match was found between the calculated coefficient values from XRD and IR 
measurements, validating the reliability and accuracy of the latter technique. 
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Organic nanowires are not only of interest in chemical sensing, photovoltaic device or 
future nanoelectronic circuitry, but may also provide insights into the fundamental 
processes of charge generation and transport in organic semiconductors under 
nanoscopic confinement. The optoelectronic properties of nanowires depend on the 
molecular structure of the included chromophores, the supramolecular π–π interactions 
between adjacent molecules and their defined aggregation into nanowires. Here, we 
demonstrate how a simple substitution of oligothiophene cores with polymer-oligopeptide 
conjugates results in nanowires with defined lateral dimensions that comprises a single 
stack of tightly π–π stacked chromophores at their core. The internal packing of the 
chromophores was beneficial for the formation of radical cations with surprisingly long 
lifetime of several days. The origin of their formation and their stability was investigated 
spectroscopically, and related to macroscopic transport in two-point devices. Our results, 
thus, provide an example of a universal organic nanowire model system that successfully 
links molecular design, well-defined supramolecular structure formation, charge carrier 
generation, and finally macroscopic charge transport. 
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The new developed conducting polymers (CP) based on 3,4-ethylenedioxythiophene 
(EDOT) and its derivatives have been and continue to be the subject of many studies 
devoted almost to their polymerization and to the optoelectronic properties of the materials 
obtained. The electrochromic properties of polymers based on EDOT are well-
documented, and they have received significant attention for several decades because of 
their wide range applications due to its high electrical conductivity and high stability. Stable 
polymer film modified electrodes, obtained by combination of EDOT moieties might act as 
electron donors (D), capable of fast electron-transfer reactions and acceptors molecules 
as pyridine (A) use in electrochemical processes, was expected to exhibit interesting 
optical, conductive properties or sensoring. The value of the band gap of the polymer is 
one of the most important factors for controlling its optical properties[1-3] The 
Nanoindentation (NI) is a powerful tool for investigation of nano-mechanical properties of 
polymers films with application in EC devices.  
The aim of this work was to synthesize a red colour CP by electropolymerization approach 
for electrochromic devises. The nano-mechanical properties of the films are studied in 
order to be correlated with their structure and morphology with regard on the conductivity. 
The coupling reagents 3,4-ethylenedioxythien-2yl trimethylstannane (1) was synthesized 
according to the procedure described in literature[4]. The monomer 2,5-bis(2-(3,4-
ethylenedioxy) thienyl) pyridine (2), was synthesized by Stille coupling reaction between 
(1) with 2,5-dibromopyridine using Pd(PPh3)4 as catalyst (Scheme 1). The poly(2,5-bis(2-
(3,4-ethylenedioxy)thienyl)pyridine) (3) was obtained by electro-polymerization of 
monomers (2) in 1 mM concentration in a solvent mixture of 0.1 M TBABF4 
(tetrabutylammonium tetrafluoroborate) in acetonitrile : dichloromethane (MeCN:CH2Cl2) 
(1:1 v/v)  by  cyclic voltammetry (CV) on optically transparent tin oxide (ITO) electrode 
(Scheme 1).  
Figure 1 show the typical CV curves of (2) polymerized on ITO, 4 cycles at a scan rate of 
50 mV/s, to form the CP film (3). At first, we record the variation of the current density 
while the potential varies between 0 to +1.4 V (vs. Ag/AgCl). It’s necessary to reach this 
potential in order to start the synthesis of polymeric film. During the first scan, the oxidation 
of the monomer appears at 1.2 V but the reduction does not take place. On the second 
scan onwards we also notice a decrease of oxidation peak (doping) and the corresponding 
reduction broad peak (dedoping) between 0.85 and 0.9 V.The electrochemical behaviour 
indicates that the conducting polymer is being formed, and a light purple partially oxidized 
film can be clearly seen after 4 cycles. The UV-VIS spectroelectrochemistry of the films 
shows that the colour of the film changes to red at 0 V in its neutral state.  
Through nanoindentation analysis it was possible to investigate the effect of 
oxidation/reduction of the films on their nanomechanical properties. The nanomechanical 
properties of films such as nanohardness (H) and Young’s modulus (E) values  were 
determined by a Hysitron® nanoindentation testing instrument[5]. The nanomechanical 
properties are directly connected to the application of these materials in the devices. 
Specifically, the mechanical properties define not only the performance of a device, but 
also their specific application (e.g. in flexible devices, camouflage applications).  



In conclusion, we report the synthesis of red electrochromic polymer films by electro-
deposition and their nanomechanical properties in correlation with the deposition 
parameters. 
 
Scheme 1. Synthetic route of 2,5-bis(2-(3,4-ethylenedioxy)thienyl)pyridine and the 

corresponding polymer 
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Figure 1. Cyclic voltammogram of electropolymerization of (2) with 1mM in 0.1 M TBABF4, 

in MeCN:CH2Cl2 (1:1 v/v)  at a ITO electrode (area: 1.5 cm2), scan rate 50 
mV/s, vs. Ag/AgCl  
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Since the discovery of photoconductivity in poly(N-vinylcarbazole) (PVK) by H. Hoegl [1], 
polymers containing carbazole have gained importance over the latest recent decades 
because of their possible applications connected mostly with polymeric light emitting 
diodes (PLED), as well as organic electroluminescence (EL) devices, photocopiers, non-
linear optical (NLO) systems, etc.[2,3]. 
Through a detailed investigation of the photophysical properties of polymers with different 
pendant carbazolyl groups and comparison with those of PVK, it was found that the nature 
and length of spacer linking carbazole moiety to polymer backbone as well as the 
stereoregularity of polymer microstructure can modify the photophysical properties and 
photoconductive behaviour of polymers [4]. 
Higher homologues of PVK with alkylene group between the polymer chain and the 
carbazole group, prepared by using heterogeneous Ziegler-Natta catalytic system were 
already reported [5], nevertheless no data on stereoregularity of polymers and their 
photoconductivity were described.  
Herein, we present the synthesis of poly(N-pentenyl-carbazole) (PPK) samples presenting 
different stereoregularity (isotactic or atactic) obtained by using 9-(pent-4-en-1-yl)-9H-
carbazole as monomer and the homogeneous Ziegler-Natta catalytic systems: rac-
[(CH3)2Si(indenyl)2]ZrCl2/methylaluminoxane (MAO) and 
(cyclopendadienyl)2ZrCl2/methylaluminoxane (Scheme 1).  
 

 
 

 
Scheme 1 

 
 
The microstructures of obtained polymers were fully determined by FTIR, 1H and 13C NMR 
and X-ray analysis. 



Furthermore cyclic voltammetries of the monomer, the isotactic, and the atactic polymers 
were performed. All the analysis were carried out in acetonitrile solution containing 
Bu4N+PF6

- as supporting electrolyte by evaporating a single drop of solution onto the 
working electrode surface. 
Noteworthy the isotactic polymer exhibits the first anodic signal at 0.5 V (figure 1), at 
significantly lower potential than those of the atactic polymer and of the monomer which 
both fall at about 0.7 V. 
 
 

 
 

Figure 1 Cyclic voltammetry analysis of the isotactic PPK sample. 
 

Molecular mechanics simulations, performed by Rotational isomeric state model, are in 
progress. 
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Combined systems of semiconducting polymers and aqueous electrolytes are emerging as 
a new frontier of organic electronics, with many promising applications in neuroscience, 
biomedicine and photoelectrochemical cells. A detailed characterization of the effect of 
direct, prolonged contact with water in working conditions, typically upon visible light 
illumination, is thus urgently needed. Here, we report a comprehensive study of processes 
occurring in thin films of regio-regular poly(3-hexylthiophene) (rr-P3HT), the election 
material for such applications, exposed to different environmental conditions. We 
demonstrate that the contact with saline solutions is not worst than contact with open air: 
in both situations the reversible formation of a charge transfer complex between polymer 
and molecular oxygen is the main phenomenon, enhanced by visible light illumination. 
Experimental data and theoretical modelling provide an insightful picture of the complex 
formation, as a precursor of photo-activated doping, and first unambiguously identify its 
spectral signature by means of vibrational spectroscopy techniques. In perspective, this 
work fully validates use of semiconducting polymers in contact with electrolytes, and 
represents a useful basis for applications in organic bioelectronics and organic 
electrochemical cells. 
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Organic Thin-Film Transistors were 
demonstrated to be stable in liquid 
environment in 2010 [1]. One of the 
possible layout (EGOFET) is shown 
in Fig.1. In this architecture, the gate 
dielectric is constituted by a small 
amount of electrolytic solution 
yielding an higher capacitive 
coupling with respect to the 
conventional dielectrics (i.e. from 
nF/cm2 to µF/cm2) and lower 
operational voltages (<-1V). The 

organic semiconductor is directly 
exposed to the aqueous solution, 
which guarantees high sensitivity to 
small changes at both interfaces: (i) electrolyte/gate and (ii) organic 
semiconductor/electrolyte.  
EGOFETs are extremely versatile, in fact biocompatible and biodegradable materials are 
being implemented for their fabrication, aiming at implantable devices.  
Within this context, pH monitoring is an ideal benchmark to test the EGOFET sensitivity. 
Local changes of pH are involved in several biological events, such as catalysis, 
inflammation, anomalous metabolic activity, etc.. So far, pH-meters based on Ion Sensitive 
Field Effect Transistors (ISFETs)[2], Dual-Gate Organic Field Effect Transistors [3] and 
EGOFETs [4] have been successfully reported.  
Here a pH-meter has been developed, exploiting an unconventional fabrication technique 
[5]. The whole layout has been firstly drawn thanks to a Computer Aided Drafting (CAD) 
software and then transferred on a golden quartz slide (featuring a thin-film of Ti 2nM thick 
and Au 40 nm thick) by means of laser ablation.  
A Pt wire acts as the gate electrode, which is immersed in the electrolyte confined by a 
polypropylene pool sealed onto the active area of the electronic device. A pentacene thin-
film (nominal thickness of 15 nm, namely 10 monolayers [6]) is sublimed by ultra-high 
vacuum deposition. Phosphate buffer (100 mM in H2O) is the gate “dielectric”, whose pH 
has been set adding HCl or NaOH solutions.  
Our EGOFET turns out to be sensitive for both basic (from 7 to 11) and acidic (from 7 to 1) 
environment. The threshold voltage (Vth) and the source-drain current (IDS) show pH-
dependent behavior. In particular, the Vth sensitivity is equal to 36 mV/pH at acidic pH, 
whereas is 25mV/pH at alkaline one. This means a negative Vth shift along with a IDS 
decrease, which is coherent with the site-binding model [7] combined with Gouy-
Chapman-Stern one [8]. At acidic pH, silanol protonation occurs on quartz substrate, thus 

Fig. 1Vertical cross-section of the EGOFET device 



the accumulation of positive non-mobile charges depletes the p-type channel. At alkaline 
pH, the ionic strength of the electrolyte increases, giving rise to higher electrostatic 
screening, which induces a weakening of the capacitive coupling between gate electrode 
and organic semiconductor. This means less available charges within the conductive 
channel.  
Finally, our device turns out to be sensitive in the whole range of pH (from 11 to 1) 
featuring a reversible and stable behavior. The mechanical compliance together with the 
extreme versatility makes our EGOFET appealing to a wide range of applications in 
different fields such as bio-sensing, food monitoring and diagnostics. 
 
References 
[1] L. Kergoat, L. Herlogsson, D. Braga et al., Adv. Mater., 22, 2565–2569 (2010) 
[2] P. Bergveld, lEEE Tranr Biomed. Eng., BME-17,70-71 (1970) 
[3] M.-J. Spijkman, J. J. Brondijk, T.C.T. Geuns et al., Adv. Funct. Mater., 20, 898–905 (2010) 
[4] F. Buth, D. Kumar, M. Stutzmann et al., Appl. Phys. Lett., 98, 153302 (2011)  
[5] A. Campana, T. Cramer, P. Greco et al., Appl. Phys. Lett., 103, 073302 (2013)  
[6] A. Shehu, S. D. Quiroga, P. D'Angelo et al., Phys. Rev. Lett.104, 246602 (2010)  
[7] D. E. Yates, S. Levine and T. W. Healy, J. Chem. Soc., Faraday Trans. 1,70, 1807-1818 (1974) 
[8] A. Härtl, J. A. Garrido, S. Nowy et al.,J. Am. Chem. Soc.,129, 1287 (2007) 



PH SENSOR BASED ON ORGANIC FIELD EFFECT TRANSISTOR 
 

M. Kucinska, B. Luszczynska, J. Ulanski 
Department of Molecular Physics, Lodz University of Technology,  

Zeromskiego 116 90-924 Lodz, Poland 
magdalena.kucinska@edu.p.lodz.pl 

 
Rapid development of organic electronics observed in recent years was driven 

mostly by synthesis of new organic semiconductors exhibiting improved physic-chemical 
properties like stability, solubility, appropriate HOMO-LUMO levels etc. In consequence 
devices such as organic field effect transistors (OFETs) are already used not only as  
a current control element in electronic circuits [1], but also for construction of the sensor 
devices [2].  

In this work, we present preliminary results of investigations of the sensor devices 
with floating gate construction. The first organic-based sensors of this type architecture 
sensitive to DNA hybridization were presented by Demelas et al. in 2011 [3]. In such 
construction the device consists of bottom floating gate, bottom drain-source electrodes 
and additionally, in comparison to the ‘standard’ OFETs, of top control gate. The control 
gate creates the capacitor with the floating gate and it is used to bias the floating gate. 
Moreover above the floating gate the sensing area for analyte is located (fig. 1). The 
charges are pulled by ion solution near the probe area, which leads to charge separation 
in the bottom gate electrode; this affects polarization of the dipoles in the dielectric layer 
what in turn modulates the current flowing in the OFET channel. The advantage of this 
design is the separated placement of the OFET and the sensing area onto the floating 
gate. It allows investigation of the solution without contacting it with the semiconductor 
layer in the OFET, which is easily destroyed when exposed to water environment.  

	  

 
Fig. 1. Scheme of floating gate sensor based on OFET construction. 

 
In this study TIPS-Pentacene was used as the semiconducting active layer in 

transistor. The highly oriented and anisotropic semiconductor layer (fig. 2) was obtained by 
the zone casting technique [4,5]. This solution based method allows to obtain large area of 
highly ordered crystalline layers, which have structure and electronic properties similar to 
those of a single crystal.  

The presented results demonstrate sensitivity of the OFET based sensors on the 
pH changes. The devices show different response of the source-drain current depending 
on pH of the solution (fig. 3). When the solution pH increases the threshold voltage shifts 
and the current flowing in the device decreases. This tendency is reverse to that reported 
in the literature [6] what could be caused by difference in the sensor configuration. In the 
device described in literature the probe area is located directly onto the floating gate, while 
in our construction the sensing area is separated from the floating gate by the dielectric 
layer. 



                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    
Fig. 2. POM images of the zone-cast TIPS-Pentacene layer on glass substrate. Yellow 
arrow indicates the zone-casting direction. White crossed arrows indicate the polarization 
planes of the polarizer and analyser 
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Fig. 3. Transfer characteristic of the sensor based on OFET before and after deposition on 
the sensing area the solutions with pH 2, 3 and 4. 
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The Organic Charge-Modulated Field-Effect Transistor (OCMFET) is a FET-based 
biosensor (bioFET) able to detect biochemical reactions by means of the field-effect 
modulation induced by the intrinsic charge of the molecules. The sensitivity to DNA 
hybridization is obtained by anchoring single-stranded DNA probes onto the device 
sensing area. The negative charge of the DNA strands determines a shift in the threshold 
voltage both after the probes anchoring and after hybridization (Figure 1).  Such device 
has recently shown record sensitivity and selectivity for the detection of the DNA 
hybridization significantly better than other organic-based devices proposed in literature 
[1]. Interestingly enough, such results were reliably obtained in a measurement 
environment with a relatively high salt concentration, despite the fact that this condition is 
generally considered unfavourable for the detection of biochemical reactions by mean of 
field-effect devices, being the intrinsic charge of the molecules screened by the ions in 
solution [2]. Such a limitation impedes filling the gap between in vitro and in vivo 
measurement setups with bioFET, also limiting their application in this latter case. 
Nevertheless, the obtained results suggest that the relationship between the device 
working state, the DNA strand’s characteristics and the ionic strength of the measurement 
liquid must be considered in a more exhaustive way. In particular, contemporary to the 
physical mechanisms related to the transduction principle, other phenomena influencing 
the micro/nano-structural properties of the molecules that are employed as bio-chemo 
receptors must be considered.  
In this paper, a detailed analysis of the working mechanism of the OCMFET is proposed. 
In particular, the tilting of the DNA strands induced by the bias imposed to the device has 
been hypothesized. Such an effect was already observed for DNA-coated electrodes in 
solution [3]: when an alternative voltage was applied between the solution and a metal 
electrode onto the oligonucleotides are anchored, a persistent tilting of double-stranded 
oligonucleotides was observed. In addition, the same electric field causing the molecules 
tilting determined the repulsion of the screening ions, thus further limiting the relevance of 
the ionic concentration in sensing applications. Despite the advantages related to these 
features for the detection of the intrinsic charge of the molecules, such effect was never 
investigated for bioFETs.  
From the obtained results, hybridization detection can be assumed only if tilting angle of 
the DNA double strands with respect to the normal of the surface are far larger than the 
one reported in literature [4]. By employing Cy-3 labelled oligonucleotides, the tilting of the 
strands was finally observed in real time during the normal operation of the device by 
means of fluorescence quenching related to the displacement of the fluorochromes with 
respect to the sensing area surface (Figure 2). Thanks to this feature, the OCMFET has 
been demonstrated to be, so far, the only bioFET capable to operate at relatively high salt 
concentration, thus representing a breakthrough step towards the application of FET-
based biosensor in vivo. 
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Figure 1: Device structure and working principle for DNA  
hybridization detection 
 
 

 
Figure 2: Tilting effect verified by means of fluorescence  
quenching; the brightness related to the emission of the  
fluorochrome is reported. 
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Electrolytic gated field-effect transistors based on organic semiconductors have recently 
received attention for their great potential in biosensing and bioelectronics, based on the 
use of electrolytes as transducing media. Polymeric semiconductors offer in general 
superior mechanical properties and easier processability with respect to small molecules, 
which could be advantageous for the development of cost-effective biosensors. 
 In this contribution, we report on polymer-based, electrolytic-gated, low-operating voltage 
organic-field effect device using a poly(2,5-bis(3-dodecylthiophene-2-yl)thieno[3,2-
b]thiophene) (pBTTT) semiconducting layer, resulting in a highly environmentally-stable 
device.  
 
A complete characterization of the transistor electrical properties has been performed in 
aqueous electrolytes containing HEPES buffer, showing a sub-threshold slope of   
230 mVdec-1, and with varying concentration of electrolyte ions. The sensitivity of these 
devices both to the ionic strength of the electrolyte and to the electrolyte’s pH will be 
discussed.   
Cyclic voltammetry experiments show the device stability in the potential region below ±0.6 
V versus Ag/AgCl, where no Faradaic current is present. Further, we will show that the 
devices are stable over several hours, with the drain-source current decreasing by less 
than 10% during continuous cycling of the source-gate voltage for more than 3 h, which is 
enough for possible application as disposable sensing devices.  
The results reported in this presentation are of relevance for the development of novel bio-
organic sensors with enhanced properties in terms of sensitivity and stability. Further, this 
work suggests new avenues for the successful exploitation of organic based field effect 
transistors in biological interfaces. 
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In the latest years the research activity in the field of retinal prosthetics has been intense 
and several different approaches have been investigated, involving both traditional and 
unconventional methods. The development of a polymeric artificial retina belongs to this 
latter branch and recent promising results [1,2] suggest that this could represent a viable 
alternative to the mainstream silicon-based approaches. Among the specific advantages of 
organic materials, we mention their increased biocompatibility and the fact that power 
supply is not a structural limitation of the technology. Nevertheless, such hybrid interfaces 
are still not extensively investigated and many fundamental aspects are currently under 
debate. In this respect, a mathematical description of the involved phenomena can provide 
a crucial support in the interpretation of the experimental measurements and in the 
comprehension of the device working principles. 
The considered prototype consists of a few nanometers thick substrate of P3HT, a 
conjugated polymer commonly used in photovoltaic applications, deposited on a 
transparent and flexible contact. This layer, which represents the photosensitive part of the 
device, is immersed in an electrolytic solution reproducing a biological environment, and 
some cells (HEK, neurons) or even a piece of animal retina are grown onto it. When the 
device is illuminated, a depolarization of the cellular membrane occurs and, if the 
biological substrate has spiking ability, elicitation of active potentials is observed. The 
origin of such behavior might be ascribed to several phenomena but it is still not clear 
which is the predominant one. An established concept is that upon illumination free 
charges are generated in the polymer, determining the flow of capacitive currents in the 
junction region between cell and substrate and hence a change in the local electric 
potential. Moreover, light absorption also determines heat production, and consequently 
the temperature of the solution close to the cellular membrane is increased, modifying the 
properties of this latter, like resting potential, capacitance and conductivity. These effects 
are both suitable candidates for explaining the observed membrane depolarization and 
most probably a combination of them might occur. 
In order to better understand the role of the polymer substrate in the device, a simplified 
configuration with no biological elements is tested using several experimental techniques, 
such as transient photovoltage and photocurrent measurements. Then the system is 
modeled using a set of approaches with different degree of refinement in order to 
reproduce the experimental results and to validate the hypotheses on the device operation 
principles. 
In a first approximation a lumped parameter approach is considered, in which the device is 
represented by an equivalent electric circuit whose elements reproduce the behaviour of 
each device part. The constitutive laws of the parameters are obtained by a proper 
reduction of a more refined Drift-Diffusion (DD) model that is formulated by adapting to the 
present case the analysis carried out in [3,4,5] developed in the framework of organic 
photovoltaics modeling. A fitting procedure is then performed in order to calibrate the 
parameter values by comparison between lumped model predictions and measure trends 
observed by consistently changing the experimental conditions, such as device thickness 
and light intensity. Then also the DD model is implemented, and numerical simulations are 



performed in order to validate our hypotheses on the aspects of the device operation 
principles which are not accountable for with the lumped parameter approach. 
As for the above mentioned effect of temperature changes on the device upon illumination, 
a thermal diffusion model is also developed for determining the evolution of temperature 
profile. Predictions of this latter variable are then coupled with the known dependency on 
temperature of ion channel conductivities, membrane capacitance and equilibrium 
potential in order to understand the dynamics of membrane voltages obtained under patch 
clamp conditions. 
The results of the simulations conducted so far show a good agreement between model 
predictions and device behavior in fast illumination regimes. Future work will be devoted to 
considering in more detail phenomena occurring in the case of prolonged illumination of 
the device, such as oxygen photodoping and irreversible degradation of the polymer. 
Moreover we plan to couple the electric and thermal effects in a unified model in order to 
identify the configurations in which either phenomenon is predominant in determining the 
device operation. 
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This contribution describes the preparation of ferrocene functionalized PEDOT:PSS 
through a two-step procedure consisting in the electrodeposition of PEDOT-N3 followed by 
copper-catalyzed azide–alkyne cycloaddition of ethynylferrocene, one of typical click 
reactions which has attracted interest for its high reaction yield and mild reaction condition 
[1, 2].  
 
 
 
 
 
 
 
 
 
 
 
The PEDOT-ferrocene:PSS (PEDOT-Fc:PSS) based films have been prepared on ITO 
transparent glass electrodes, which enable also a spectroelectrochemical characterization 
of the polymer.  
The ITO coated electrodes have been characterized by CV before and after the ferrocene 
immobilization: the signal of PEDOT-N3:PSS is characterized by a capacitive shape, 
typical of conducting polymers, whereas  completely different is the shape of the curve 
recorded at PEDOT-Fc:PSS coated ITO, which is dominated by the reversible faradaic 
signal of ferrocene with the presence of two redox peaks located at 0.38 V and 0.27 V vs 
SCE, values typical of ferrocene redox couple (Figure 1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. CV curves recorded at ITO electrodes coated with PEDOT-N3: PSS and PEDOT-
Fc:PSS in 0.1 M LiClO4 solution. Scan rate: 0.05 V s-1. 
 



To demonstrate the successful functionalization the polymer has been characterized by IR 
and XPS, which highlights the partial transformation of the of the azide group into the 
1,2,3-triazole unit bound to the terminal ferrocene head and the presence of Fe (II) and 
Fe(III) species. 
To probe the ability of the device to work as amperometric sensor it has been used for 3,4-
Dihydroxyphenyl ethylamine, dopamine (DA), detection. Figure 2 shows the linear scan 
voltammetries under increasing DA additions. The ferrocene anodic peak current 
increases as DA concentration increases, up to a 1 mM DA concentration, demonstrating 
that ferrocene can mediate the electroxidation of dopamine. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Linear scan voltammetries recorded in 0.1 M LiClO4 solution containing different 
DA amounts. Potential scan rate: 0.05 V s-1. 
 
The PEDOT-Fc:PSS films can be used to realize chemical sensors based on Organic 
Electrochemical Transistors (OECTs). The faradaic reaction of the ferrocene mediator 
occurs in the voltage range of OECTs; as a consequence, when the PEDOT-
ferrocene:PSS film is used as gate electrode, OECTs are able to detect chemical species 
involved in oxidation or reduction processes in the presence of ferrocene. 
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Solution processability of organic materials gives opportunity to use the printing 

technique and therefore to reduce costs of manufacturing of organic electronic devices.  
Series of novel organic semiconductors, dielectrics, conductive inks and also several new 
solution-based manufacturing methods were developed in recent years which essentially 
should allow to produce on large scale such devices as organic light emitting diodes, 
organic photovoltaic cell or organic thin film transistors [1]. 

The main problem limiting common application of organic electronic devices is their 
poor air stability. It is known, that humidity and oxygen molecules are the main factors 
responsible for poor performance of organic electronic devices, since they may cause 
chemical deterioration of the components and also result in trapping of the charge carriers. 
It is assumed that this problem can be solved by encapsulation of the organic electronic 
devices using appropriate barrier materials. It is however not well determined, at which 
step of the device manufacturing, the process should be performed in an inert atmosphere 
– this is a fundamental problem from the point of view of production costs.  

In this paper we describe an influence of moisture on performance of Organic Thin 
Film Transistors (OTFTs) based on N,N’-bis(4-n-butylphenyl)-1,4,5,8-naphthalene-
tetracarboxylic-1,4:5,8-bisimide (NBI-4-n-BuPh) [2] and poly[bis(4-phenyl)(2,4,6-trimethyl-
phenyl)amine] (PTAA) used as the n- and p-type semiconductors, respectively. It was 
found, that these OTFTs exhibit strong relationship between the working parameters 
(charge carrier mobility and threshold voltage) and humidity levels both during the 
manufacturing and measuring of the devices. The obtained results show that the devices 
based on NBI-4-n-BuPh prepared at high humidity (c.a. 50%) exhibit charge carrier 
mobility lower by two orders of magnitude as compare to the devices prepared under lower 
level of humidity (c.a. 30%). It is worth to highlight that the decrease of humidity by only 
6% has caused an increase of the charge carrier mobility by ca. one order of magnitude 
(see fig. 1). It was found also, that working parameters of the investigated OTFTs change 
in partially reversible way with changing humidity level during the measurements. For 
example for the transistors based on PTAA the correlation between the changing humidity 
and the threshold voltage during electrical measurements was observed (fig. 2). When the 
humidity increase the threshold voltage increase also for transistors based on PTAA.  
Partial  reversibility of this effect suggests that the active layer was not seriously 
chemically deteriorated.  
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Figure	  1.	  An	  influence	  of	  humidity	  on	  the	  charge	  carrier	  mobility	  determined	  for	  OTFT	  with	  different	  length	  
of	  the	  channel.	  The	  NBI-‐4-‐n-‐BuPh	  layers	  were	  zone-‐cast	  in	  air	  with	  different	  humidity	  levels:	  sample	  1	  –	  

30%,	  sample	  2	  –	  36%,	  and	  sample	  3	  –	  50%	  humidity. 
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Figure	  2.	  The	  correlation	  between	  the	  changing	  humidity	  and	  the	  threshold	  voltage	  during	  electrical	  

measurements	  of	  OTFT	  with	  PTAA. 
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Sight restoration is one of the new frontiers for prosthetic devices that enable the electrical 
stimulation of neurons. In particular, diseases affecting the retinal pigment epithelium and 
photoreceptors but preserving the inner retinal layers are preferential targets for 
implantation of visual prostheses. We recently discovered that primary neurons can be 
successfully grown onto a photovoltaic organic polymer and electrically stimulated by light. 
This result was confirmed by restoring light sensitivity in retinas explanted from albino rats 
with light-induced degeneration of the photoreceptor layer. After implantation of the 
interface in Royal College of Surgeons (RCS) rats, we are now evaluating the efficacy of 
the implant in restoring light sensitivity in-vivo. Here, we will report on fabrication of the 
organic artificial visual prosthesis, its characterization before implantation and functional 
evaluation by means of in-vivo experiments. In particular, we performed pupillary light 
reflex, electroretinogram, visually evoked field potentials, and behavioral tests in both 
implanted and not implanted rats (either RCS or RCS-rdy). Optical coherence tomography 
and immunofluorescence assays were also performed to verify the correct positioning of 
the prosthesis after the surgery and its long-term tolerability. 
Preliminary data demonstrate the long-term tolerability (up to 5 months) of the organic 
prosthesis, and suggest the possibility to partially restore light sensitivity in-vivo. We found 
a statistically significant improvement in the pupillary light reflex, the recovery of the 
visually evoked field potentials and a behavior in the Dark/Light test statistically 
comparable with the non-dystrophic animals. 
In conclusion, our in-vitro and in-vivo results demonstrate the potential application of 
organic semiconductors for a new generation of artificial retinal prosthesis. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 LIGHT-SENSITIVE, PROTRUDING MICRONEEDLES FOR EFFICIENT CELL PHOTO-
ACTIVATION 

 
C. Bossio1, T. Zandrini1, F. Bragheri2, R. Osellame2, M. R. Antognazza3 

1 Politecnico di Milano, Physics Department, P.zza L. da Vinci 32, Milano 20133, Italy. 
 2Istituto di Fotonica e Nanotecnologie – CNR, P.zza L. da Vinci 32, Milano 20133, Italy. 

3Center for Nanoscience and Technology, IIT@PoliMi, via Pascoli 70/3, Milano 20133, Italy. 
Caterina.Bossio@iit.it 

 
Three-dimensional neuronal cultures are nowadays widely used to reproduce the 
complexity of directional growth and connections (i.e., the complexity of brain networks) 
and to better study cell-cell interactions by minimizing interactions with the substrate.  
Use of 3D patterns of protruding electrodes for intracellular electrical recording and/or 
stimulation is also extremely interesting, since it reduces the contact impedance and 
allows to improving the signal to noise ratio [1].  
Recently, it has been demonstrated by our group that cellular activity can be efficiently 
elicited in an all-optical fashion in the visible light range, by making use of conjugated 
polymers (Cell Stimulation by Polymer Photo-excitation, CSPP process) [2,3]. Optical 
stimulation is by definition a non-contact technique, and it is not affected by the limitations 
of electric stimulation; however, use of sub-microstructured substrates might be 
advantageous by promoting the cellular adhesion, by spatially controlling the cellular 
networks development, and by enhancing the capacitive coupling between the cell 
membrane and the polymer substrate.  
In this work we couple the CSPP paradigm to the adoption of microstructured substrates, 
covered by the organic, light sensitive semiconductor. Arrays of microcones are fabricated 
by two photon polymerization (2PP) under femtosecond laser irradiation, an innovative 
technology which has already demonstrated its huge application potential in several fields, 
including the production of photonic elements and the realization of scaffolds for 
regenerative medicine [4]. First, we investigate adhesion and seeding of Human 
Embryionic Kidney (HeK) cells on patterned, light sensitive substrates, as compared to 
cellular networks grown on flat polymer thin films. In addition, we study the effect of the 
semiconductor-coated scaffolds on the intrinsic electrophysiological properties of the cells, 
by making use of the patch clamp technique. Finally, we critically evaluate possible 
enhancements in the polymer-mediated photoexcitation of the cells grown directly on 
micropatterned substrates. 
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Electrical signals govern in large part the functionality of our human body. Interfacing 
them provides important means for medical diagnosis and therapy and is at the heart 
of modern electroceutical treatments.1 New generations of implantable 
electroceuticals have to be developed which combine the bioelectric medical activity 
with low invasiveness during device implantation, operation and removal. In our 
contribution we present an electrical transducer fabricated on a fully resorbable 
poly(L-lactic-co-glycolic) (PLGA) thin film. A simple fabrication process is established 
which allows patterning of active areas of the conducting polymer PEDOT:PSS 
contacted by gold electrodes on the bioscaffold. Fast and sensible potentiometric 
sensing of the conformable biodegradable and biocompatible device is demonstrated 
in physiologic solution. The recording of small bioelectronic signals is demonstrated 
by measuring the electrocardiogram with the device and the obtained signals are 
comparable to standard potentiometric measurements with Faradaic electrodes. The 
work paves the way towards simple bioelectronic interfaces processed on 
implantable bioscaffolds for recording and stimulation in muscular or nervous tissue.3  

a) Photograph of the 
device showing its 
transparency and 
adaptability when 
attached to human 
skin; b) Wiring 
diagram of the ECG 
recording experiment; 
c) Measured drain 
current trace (red) as 
obtained during ECG 

recording and comparison to a normal potentiometric recording with standard 
disposable leads (black). 
This work was funded by the EU 7th Framework Programme [FP7/2007-2013] under 
Grant Agreement No. 280772, Implantable Organic Nanoelectronics (iONE-FP7) 
project 
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The cell adhesion is a central process in tissue morphogenesis and it is affected by soluble 
and insoluble chemical signals, by mechanical stiffness and by micro and 
nanotopographical features. Consequently the tissue engineering has focused on the 
development of new materials that exploit these phenomena.  
The discovery of the conducting polymers (CP) has represented a huge opportunity in the 
improvement of interfaces between electronic materials and living cells, because of their 
biocompatibility and their ability to conduct both ionic and electronic charges. Moreover, 
their surface properties (e.g., surface charge, wettability, and conformational and 
dimensional changes) can be changed reversibly by electrochemical oxidation or 
reduction. In 1994, Wong et al. [1] discovered that aortic endothelial cells grow differently 
on oxidized versus reduced polypyrrole films, paving the way for non-invasive control of 
cell behaviour by electrical means. In the last years, some devices based on CPs were 
employed to control with electronic stimuli the cell adhesion, but their working principle 
was not yet fully understood. 
Fraboni’s research group is studying the growth of human dermal fibroblasts cells on poly 
3,4-ethylene dioxytiophene doped with polystyrenesulfonate (PEDOT:PSS) depending on 
its redox state that was changed before the cell seeding. The aim of this contribution is to 
study the modifications of oxidized/reduced PEDOT:PSS (vs its native state) that occur 
when the thin films are soaked in different mediums, such as the Dulbecco's modified 
Eagle's medium (DMEM).  
The PEDOT:PSS, that was deposited as thin film by spin coating or electropolymerization, 
was oxidized/reduced applying a potential of +0.8/-0.9 V versus a saturated calomel 
electrode (SCE). The behavior of these thin films was investigated in DMEM, buffer 
phosphate and deionized water using absorption spectroscopy (visible and near infrared) 
and recording the open circuit potential. The obtained results show that both the reduced 
and oxidized forms of PEDOT:PSS go back to the native state when the material is soaked 
in DMEM or buffer phosphate. On the other hand the PEDOT:PSS films in all the studied 
redox states are stable in deionized water. The Figure 1 shows the disappearance kinetics 
of the PEDOT:PSS neutral form that is obtained by cathodic polarization.  
Finally the  PEDOT:PPS was studied using absorption spectroscopy and atomic force 
microscopy when the electrode was biased for very long time (> 10 h) in order to highlight 
the transformations due to the polarization.   
 
 
 
 
 
 
 
 
 
 
 



 

 
Figure 1. Kinetics of disappearance of the reduced PEDOT:PSS when it is soaked in 
DMEM, buffer phosphate and deionized water. The kinetics were obtained from the 
evolution of the absorbance at the peak maximum (640 nm) of the PEDOT:PSS neutral 
form that is obtained by its reduction. The absorbance is expressed as the percentage of 
its starting value. 
 
References  
[1] Y. W. Wong, R. Langer, D. Ingber, Applied Biological Sciences, 91, 3201-3204 (1994). 



FABRICATION AND CHARACTERIZATION OF POLYMER-BASED RETINAL PROSTHESIS 
USING SILK FIBROIN AS A BIOCOMPATIBLE SUBSTRATE 

 
L. Laudato1, I. Donelli2, S. Perissinotto1, K. Vishunubhatla1, M. R. Antognazza1, G. Freddi2, G. 

Lanzani1 

1Center for Nano Science and Technology@PoliMi, Istituto Italiano di Tecnologia, Via Giovanni 
Pascoli, 70/3, 20133 Milano 

 2 Innovhub - Stazioni Sperimentali per l'Industria, via Colombo 83, 20133 Milano, Italy  
lucia.laudato@iit.it 

 
It has been recently demonstrated that organic semiconductors are able to partially restore 
light sensitivity in explanted retinas affected by photoreceptors degeneration [1].  
This result opened the way to the exploitation of semiconducting polymers for the 
realization of an artificial retinal prosthesis, and in-vivo experiments in rats affected by 
genetic retinal diseases are currently on-going.  
The realization of a reliable, implantable device puts important conditions to be fulfilled, in 
terms of geometry, biocompatibility, flexibility, long-term durability.  
Here, we describe all the steps necessary for the realization of the polymer-based implant. 
We choose silk fibroin as a substrate, due to its excellent biocompatibility and mechanical 
properties; thickness, flexibility and compatibility with active materials were carefully 
optimized by properly selecting the type of silk and the fabrication parameters. 
Different techniques, including spray coating and spin coating, have been then considered 
for the subsequent deposition of the anode (PEDOT:PSS) and the active material  (rr-
P3HT). The geometry of the implant has been engineered to best fit with the rat retinal 
area and the surgical procedure adopted for implantation; the artificial retinal prosthesis 
has been realized in the proper shape by making use of femtosecond laser 
micromachining technique.  
The prosthesis has been finally characterized by a combination of different techniques, 
including mechanical strength, wettability, optical spectroscopy and microscopy. 
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The use of conducting polymers as active materials for bioelectronics is a rapidly-growing 
research field. Their mechanical and electrical properties, together with their excellent 
biocompatibility, make them more suitable for being used as an interface between 
electronics and cell tissues than “traditional” inorganic semiconductors. Moreover, the fact 
that the electronic properties of conducting polymers can be modified in response to 
electrical stimuli creates the opportunity to use these materials as active substrates for cell 
growth.   
Recently, conducting polymers were proved to influence cell behavior, in terms of cell 
adhesion and growth, by a change in their oxidation state [1-3]. The cell-substrate 
interaction involves many different parameters, both physical (surface roughness, surface 
energy), chemical (pH, surface oxidation state) and biological (extra-cellular matrix 
formation, protein conformation), but the way these parameters are related to each other 
and to cell behavior is still not clear. Gaining a better understanding of the processes that 
control cell adhesion is crucial in order to use conducting polymers as a new tool in basic 
research, medical diagnostics, and tissue engineering. 
We employed two different techniques, spin-coating and electro-polymerization, to deposit 
thin films of a bio-compatible conducting polymer widely used in organic electronics, 
poly(3,4-ethylene dioxytiophene) doped with poly(styrenesulfonate) (PEDOT:PSS). These 
techniques impart quite different physical and chemical properties to the films, namely 
surface roughness, electrical conductivity, and redox-state properties. We characterized 
the effects of these deposition methods by atomic force microscopy, optical absorption, 
surface resistance measurements and cyclic voltammetry. Using these techniques, we 
also studied the effects of a change in the oxidation state of PEDOT:PSS. The redox 
reaction was obtained by applying a continuous oxidizing (positive) or reducing (negative) 
bias for one hour to the polymer films, while they were kept in phosphate buffer saline 
solution (PBS) 0.1M. After this process, we observed that the surface morphology of our 
films was not altered by a change in their oxidation state, while a peak in the absorption 
spectra appeared at  λ=650nm for the reduced samples, whose intensity is proportional to 
the applied voltage, as shown in Figure 1. The stability of the redox state has been 
monitored as a function of time by optical absorption spectroscopy. 
Finally, we studied the effects of cell adhesion and proliferation on the PEDOT:PSS films 
by growing primary human dermal fibroblasts (hDF) cell culture. The cells were kept in a 
CO2 incubator while cell adhesion, proliferation and tissue formation were on line  
monitored for a time interval up to 168h (seven days) by automatized optical microscopy. 
As a result, we observed that cell growth was enhanced on reduced films of PEDOT:PSS, 
as shown in Figure 2, while cell growth over non-biased and oxidized samples was 
comparable to the standard Petri dishes used as control.  
  



 

 
Figure 1. Absorbance spectra for spin coated PEDOT:PSS biased at different redox 
potentials. 

 

 
Figure 2. Human dermal fibroblasts after 120h from cell seeding on oxidized (a) and 
reduced (b) electro-polymerized PEDOT:PSS. 
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Biofilms constitute a protected mode of growth that allows the survival of bacteria in a 
hostile environment, characterized by increased tolerance to stress, biocides (including 
antibiotics) and host immunological defenses.[1]  Biofilms often play a negative role in 
several fields, including medical implants,[2,3] industrial facilities,[4,5] as well as hulls of 
ships. Although there are many negative connotations for biofilm formation, there are also 
cases in which biofilms are beneficial, such as in bioremediation, anti-corrosive treatment 
and bioreactors.[6] Therefore, the control of bacterial biofilms is of interest for many 
different industries. In this work we demonstrate that differential control of biofilm formation 
can be provided by altering the redox status of films of the conducting polymer poly(3,4-
ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS). Conducting polymers have 
recently received renewed attention due to potential applications in bioelectronics, due to 
their low cost, ease of fabrication and biocompatibility.[7] We demonstrate a microtiter plate 
based on PEDOT:PSS fabricated by means of photolithographic techniques. This device 
was used for studying the effect of the oxidation state on the ability of Escherichia coli 
bacteria to adhere and form biofilms. Specifically, our results show that non-biased and 
reduced PEDOT:PSS have an intrinsic antifouling effect, while oxidized surfaces promote 
the formation of E. coli biofilms. Some preliminary tests on the effect of a negative 
electrical bias on the proliferation rate of bacteria are also presented. This work aims to 
provide a better understanding of the factors that influence the formation and the stability 
of bacterial biofilms, in order to more effectively hinder the phenomenon of biofouling. 
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Monitoring cellular viability in response to drugs is of fundamental relevance for 
pharmaceutical research and for optimization of drugs treatments. Cell death is typically 
discussed dichotomously as either apoptosis or necrosis, a “programmed” and passive cell 
death, respectively.[1] Thus, cell death can represent sometimes a pathological event and 
sometimes a physiological process, making cell death detection a critical diagnostic issue. 
A wide number of methods are commonly used for cell death detection, although 
expensive biological kits, laboratory equipments and scientific expertise are often 
required.[2] The major aim of this work is to develop an easy, portable and low cost 
diagnostic tool based on Organic Electrochemical Transistors (OECTs) for the in vitro 
monitoring of cellular stress and death. Organic-based devices, such as OECTs, have 
increasingly gained relevance in interfacing sensors with biological systems,[3,4] due to the 
unique ability of conducting polymers to conduct both electronic and ionic carriers. Herein, 
a human lung adenocarcinoma cell line (A549) was exposed to the apoptosis-inducing 
anticancer drug doxorubicin, and the cell death was investigated by means of an OECT-
based device. Cells were cultivated on the micro-porous membrane of a Transwell (T-well) 
support, establishing a suitable cell seeding density in order to reach a confluent and tight 
cell layer. Upon integration of the electrolyte-containing T-well (the cell culture medium) 
with the OECT, the dose-dependence and time-course of viability reduction of A549 cells 
treated with doxorubicin were determined by monitoring the electrical signal of the OECT. 
It was found that 4-, 8- and 24-h exposure to 2 µM doxorubicin increased the electrical 
response, with the most severe effect observed at 24 h in comparison with non-exposed 
cells. For a series of incubations for 72 h, it was found that concentrations as low as 1 µM 
caused a detectable electrical signal. The electrical responses of the OECT were 
correlated to more traditional methods (fluorescence staining for cell death quantification 
and MTT viability assay) in order to confirm the relation between the device responses and 
the cell death condition. OECT-based sensors are intended as a complementary tool to 
classical cell viability assays, for preliminary screening of cell stress and death. 
Discrimination of the cell death mechanism (i.e., apoptosis vs. necrosis) is the challenging 
as well as appealing target of the current research. 
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a: schematic view of an OECT; b: control cell stained with Hoecst 33342 fluorescent dye; c: necrotic cells 
positive to propidium iodide; d: apoptotic cell stained with Hoecst 33342 (apoptotic bodies are visible).       
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In recent years, studying the behavior of electrogenic cells aggregates has become an 
interesting and powerful method of analysis in several fields such as neuroscience, 
pharmacology and toxicology. Micro Electrode Array (MEA) technology is widely used 
since the 70s for monitoring and stimulating living cells and represents the gold standard 
for studying single cells and tissues. Devices based on organic semiconductors offer the 
possibility of implementing innovative applications using low-cost processing techniques. 
Because of the many interesting properties (such as flexibility, transparency and 
biocompatibility) of the materials employed in organic electronics, these devices could be 
very promising for monitoring electrical phenomena occurring at the bio-electronic 
interface. Though organic electro-chemical transistors (OECTs) have been successfully 
employed for electrophysiological applications both in-vivo and in-vitro, Organic Thin Film 
Transistors (OTFTs) have not yet been employed so far to this aim because of two 
limitations: first, high voltages are usually needed to operate organic transistors; second, 
the low charge carriers mobility that characterize organic semiconductors puts a serious 
limit on the frequency range of the signals that might be applied as input. Moreover, the 
need of an external reference electrode represents a strong limitation in 
electrophysiological applications. 
 
We propose here a new system based on a particular OTFT device (namely Organic 
Charge Modulated Field Effect Transistor - OCMFET) that has been specifically designed 
to overcome the above-mentioned limitations. The OCMFET is a low-voltage floating gate 
OTFT with a control gate to set its working point and a sensing area upon which the cells 
are cultured. The peculiar structure of the OCMFET allows keeping the sensing and the 
active area separated, thus preventing the organic semiconductor from getting in contact 
with the culture’s liquid environment. The transduction principle is based on a shift of the 
threshold voltage caused by the bioelectrical activity of the electrogenic cells cultured 
above the sensing area. The modulation of the threshold voltage of the transistor 
determines a variation of the output current that can be filtered and amplified by a simple 
dedicated readout electronics. Moreover, thanks to the presence of the control gate, the 
system does not require any external reference electrode. The proposed system, which 
consists of an organic sensor (an array of up to 16 OCMFET with common control gate 
and source) and a front-end electronics for the signal conditioning, has been successfully 
tested with ventricular rat myocyte cultures in order to demonstrate that such an organic 
charge sensor is suitable for electrophysiological applications. 



	  
Figure 1. Spontaneous activity of an embryonic rat cardiomyocytes culture (8 Days In Vitro - DIV) measured 
with the OCMFET system. (Inset) Magnification of a single cardiac action potential. 
 
 
These features (low voltages, broad bandwidth and absence of an external reference 
electrode) and the intrinsic biocompatibility of the materials employed make this device an 
innovative, powerful tool for electrophysiological monitoring of electrogenic cells’ 
aggregates both in-vitro and in-vivo. 
 
 
 



MEMERISTIVE/ADAPTATIVE PROPERTIES IN  
HYBRID ORGANIC-LIVING CELL ELECTROCHEMICAL DEVICES:  

A WORKING MEMRISTIVE SYSTEM BASED ON  
PEDOT:PSS-PHYSARUM POLYCHEPHALUM  

	  
G.Tarabella, A.Cifarelli, A.Dimonte, T.Berzina, V.Erokhin, P.D’Angelo and S.Iannotta 

 Institute of Materials for Electronics and Magnetism (IMEM) - National Research Council (CNR) 
Viale Usberti 7A, Parco Area delle Scienze 37/A – 43124, Parma (Italy),  

giuseppe.tarabella@imem.cnr.it 
 
Organic Bioelectronics offers ideal platforms to build artificial devices to study the living 
beings by mimicking their properties, from the simplest to the most complex ones, such as 
learning and adaptation. The feasibility idea of bio-based/bio-inspired systems is 
extraordinary intriguing, but currently we are far from reproducing the simplest living cell 
property. The concept of memristive devices and systems are particularly well suited for 
mimicking learning behavior in biosystems and in information processing systems. (1) 
since they are capable of coupling inherently memory and logic capabilities On another 
hand an emerging, powerful platform, devoted to interfacing biology with electronics, is 
attracting much interest, i.e. the organic electrochemical transistors based on conductive 
polymers, which are fully biocompatible devices capable of working in liquid phase at low 
voltage and with high sensitivity. (2, 3) Herein, we disclose the possibility to build a hybrid-
bioelectronic organic electrochemical transistor (OECT) based on the living being – the 
slime mould Physarum Polychephalum (PP) – acting as a biological electrolyte 
implementing the device operation. We demonstrate for the first time that this hybrid- 
OECT shows memristive properties. The slime mould Physarum Polychephalum (PP) is a 
eukaryote cell increasingly investigated thanks to its unique properties of intelligence, 
creativity and capacity of learning. Recent progresses in PP have shown that it can be 
used as the main material in non-conventional-computing, robot-Physarum and PP-based 
network circuits. (4) Thus, we can consider the PP-OECT as a proto-type of a hybrid living, 
artificial – man made device. (5) The device characterization has been carried out with 
different kinds of gate electrodes materials, namely Platinum (Pt), Silver (Ag) and Gold 
(Au) both under the OECT-based configuration and with 2-terminal device in a memristor-
like configuration by cyclic current-voltage measurements. The building of a logic element 
with “living” cells realizes an effective living technology platform. 
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    Organic semiconducting polymers are attractive materials for a variety of optoelectronic 
applications. The merits of these materials include facile processing routes, deposition on 
a variety of conformal substrates and the choice of wide range of absorption wavelengths. 
In addition to these properties, documented biocompatibility of thiophene-based materials 
makes them ideal candidates for interfacing with biological tissues. Recently, an organic 
film of poly(3-hexylthiophene) (P3HT) has been successfully used for restoring light 
sensitivity in blind retinas affected by photoreceptor degeneration, thus efficiently replacing 
the missing light sensitive layer [1]. This outcome established the first light-activated 
neuronal interface based on organic semiconductors and provided a base for developing a 
new generation of retinal prosthetic devices.  
    In this work, we use different organic semiconducting polymers (including low band-gap 
polymers and poly-phenyl vinylene-based materials), sensitive to different absorption 
wavelengths and closely matching the responsivity of natural human photoreceptors. We 
extensively characterize the polymer/electrolyte interfaces by means of photovoltage and 
absorption measurements. Moreover, we demonstrate how all selected materials support 
the growth of human embryonic kidney cells (HEK). The polymer effect on the 
electrophysiological properties of the cells is finally investigated by means of the patch 
clamp technique; in particular, we show that visible light photo-stimulation of the 
semiconducting polymer depolarizes the resting membrane potential of HEK cells. These 
findings provide a useful tool for cell optical stimulation all over the visible range and 
suggest the possibility of combining three different organic materials for the fabrication of 
the first color-sensitive artificial retinal prosthesis. 
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In recent years, fabrication of non-volatile memory devices using a combination of 
inorganic/organic materials has attracted a great deal of interest in the scientific 
community. As memory devices are an essential element of any kind of electronic system, 
the development of organic based memory devices is fundamental in order to extend the 
application of organic materials to different electronic circuits. Among different possible 
structures, resistive memories are particularly promising and interesting, thanks to some 
advantages such as low operation voltages and simple processing. The basic feature of an 
organic resistive memory is to exhibit a bistable behaviour: a such kind of device 
possesses two stable resistance states which can be reversibly modulated by external 
electrical stimulation. Resistance bistability has been found in different organic materials.  
This work presents a non-volatile resistive memory device based on a new combination of 
materials. Each memory element is obtained by sandwiching a hybrid organic/inorganic 
active layer between two metal electrodes. The active layer is a nanocomposite material 
made of an organic semiconductor and metal nanoparticles (NPs). In particular, 
ActiveInkTM N1400 (Polyera) is employed as organic semiconductor and it is interesting for 
the fabrication of memory elements as it is highly stable in ambient conditions, while gold 
and aluminium (deposited in different ways) are tested for defining the NPs layer in the 
sandwiched structure. At first ITO bottom electrodes are patterned by means of standard 
photolithography, afterwards a first layer of N1400 is deposited by thermal evaporation. 
The third step consists in the deposition of a NP layer. In this case, two different 
approaches are employed: i) Al NPs are deposited by thermal evaporation; ii) Au NPs are 
deposited by electrospray. Finally, a second layer of N1400 is deposited and the top Ag 
electrodes are patterned by thermal evaporation through a shadow mask. The schematic 
of the final device structure is reported in Fig. 1.  
Interestingly, the devices showed a reproducible behaviour and good resistive switching  
proprieties, with on/off current ratio usually ranging around 104 and remarkably long 
retention times of more than 107 seconds (6 months), as reported in Fig. 2, and this 
behaviour was found over tens of different fabricated devices. Moreover, the memories 
maintained their state even after the power had been turned off (non-volatility), and a 
steady current level was maintained in both the states even after a prolonged period of 
continuous readout voltage, proving the stability of the devices. Finally, a morphological 
characterization of the hybrid nanocomposite was performed in order to shed some light 
into the switching mechanism. It will be shown that such resistive switching, seems to be 
induced by the formation of metallic filaments inside the hybrid matrix, and that this 
behaviour is triggered by the presence of metallic nanoparticles dispersed into the organic 
layer. It will also be discussed about the observed differences in the electrical 
performances obtained in devices fabricated using different metal nanoparticles.  
 
  
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: Structure of the fabricated 
hybrid memory device. 

Figure 2: Typical current voltage characteristics 
of the hybrid memory device. 

Figure 3: Retention time test. 
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Organic Thin Film Transistor-based memories have been fabricated on highly flexible 
plastic substrates by using a very simple approach. The device structure consists in an 
aluminum gate electrode on which an ultrathin oxide layer, nominal thickness of 6 nm, is 
grown by means of UV-Ozone treatment. At the top of this structure, a second ultrathin 
insulating layer (thickness from 40 to 70 nm), made out of Parylene C, is deposited from 
vapor phase, and on top of it, metal source and drain electrodes have been patterned by 
means of photolithography. In all cases, TIPS-pentacene was employed as organic 
semiconductor. Thanks to the high capacitance coupling induced by the ultrathin double-
layer insulating film, such devices can be operated at ultralow voltages, as low as 1V, 
showing mobility up to 0.4 cm2/Vs, Ion/Ioff up to 105 and remarkably low leakage currents 
(100 pA), with a typical breakdown field higher that 5MV/cm. 
Interestingly, thanks to the particular double-layer structure employed as the gate 
dielectric, it is possible to operate these devices also as non-volatile memory elements. It 
was found that by applying a negative pulse of VGS, higher than the nominal breakdown 
voltage, it is possible to induce a pronounced threshold voltage shift towards higher 
negative voltage values, thus indicating that positive charges are trapped into the gate 
dielectric stack. In particular, the positive charges are injected from the device channel  
into the Parylene C low-k dielectric (called electret), whereas, the high-k Al2O3 layer acts 
as blocking dielectric avoiding trapped charges to move further towards the gate electrode. 
It was found that applying a gate voltage pulse of -20V for 10 ms gives rise to a threshold 
voltage shift higher than 1.5V in the same verse of the applied field. In other words, the 
device is strongly driven to its off state. We have observed a remarkably high Ion/Ioff ratio, 
usually in the range of 103, measured at -1V, and retention times higher than 105 s are 
typically obtained.  It is noteworthy that, when a high, positive voltage is applied to a 
previously programmed transistor, the threshold voltage shifts back to its previous state; 
therefore, the memory element can be writtten and erased.  
We will also show that by properly tuning the thicknesses of the two insulating layers and 
the program parameters (amplitude, duration and number of pulses) it is possible to 
dramatically increase the retention time up to 107 s.  
Moreover, we have fabricated similar devices on a highly flexible (13 um thick) Kapton 
substrate, and we will demonstrate that the electrical performances of the fabricated 
OTFTs are not affected by a continuous mechanical deformation, and that the fabricated 
memory elements are able to retain the data even after more than 500 cycles at bending 
radii as small as 150 um. 
The flexibility of the proposed structure and the simplicity of the employed fabrication 
procedure make this approach very interesting for practical applications. 
 
 



 
Figure1: Structure of the fabricated memory device (left) and variation of the transfer characteristics induced 
by different program voltages (right). 
 
 

 
 
Figure2: Transfer characteristics of the OTFTs at different bending radii showing the remarkably good 
mechanical stability (left). Transfer characteristics before and after programming showing that a continuous 
deformation at very small bending radii does not affect the status of the memory element (right). 
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Graphene is a two-dimensional material and has been attracting much attention owing to 
its fascinating properties as an active layer for technological and electronic applications 
such as field effect transistor, sensors, memristor and etc. [1-3]. Most of the proposed 
devices require many complex lithographic steps or direct manipulation of graphene to 
fabricate which has often limited the application of graphene. 
Here we propose an original system where we demonstrate that graphene flakes can be 
directly used as electrodes for nanofabrication by in-situ parallel local oxidation lithography 
(LOx). The inherent simplicity of in-situ fabrication by LOx combined with formation of the 
electrochemical cell limited to the contact area between the graphene flakes and the 
silicon surface allows us the fabrication of SiO2 film conformal to the graphene flakes in a 
single step. Moreover, our system depicts that the fabricated nanostructures made of SiO2 
on silicon that replicate the graphene flakes which previously were patterned onto silicon 
surfaces, as prove-of-concept, can be used as a memristor. 
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Solution-processed organic thin-film transistors (OTFTs) have gathered great focus in the 
last decade because they hold a great potential as key components for large-area 
electronics and logic circuit2. Nowadays, one among the greatest challenges in such a field 
of research relies on the increase of the structural and functional complexity of the devices 
by tailoring and exploiting, multicomponent, hybrid films and more generally sophisticated, 
nanocomposites3. In this framework the use of gold nanoparticles (AuNPs) represents a 
viable approach to add functions,4 and because of this reason they are widely used to 
design memristor, floating gate devices5 and inverters6.  
In this work we have explored how charge transport within p-type polymeric 
semiconducting P3HT films can be modulated via blending with AuNPs having different 
sizes and coatings. For this purpose we employed two sizes (1.3 nm and 3.0 nm) and 
three aromatic coating with increasing length, i.e. thiophenol, biphenyl-4-thiol and 1, 1’, 4’, 
1’’-terphenyl-4-thiol. The two size have been chosen because metallic nanoparticles 
undergo a transition between metal and semiconductor below 1.5 nm7 while the 
oligophenylene moieties have been selected because while their packing and work 
function once chemisorbed on Au (111) is pretty unchanged, the increasing length offers 
an increased conjugation8.   
We performed extensive statistical analysis on the electrical properties of the films in order 
to compare the relevant characteristics such as mobility, threshold voltage and maximum 
current for different load of NPs in the blends for each combination of size/coating. To gain 
complementary insight into the structure within the bi-component films, we analysed the 
effect of the size and the coating of the AuNP on the P3HT crystalline structure using H-
aggregates theory9 for UV-VIS absorption. Furthermore we focused on the electrical 
interaction between the two components, NPs and P3HT, performing ionization potential 
measurements with ambient photoelectron spectroscopy. 
We fabricated bottom contact – bottom gate OTFTs incorporating the P3HT- coated AuNP 
blends. We found that 
the the length of the 
AuNP coating 
monolayer plays a 
subtle but not 
negligible role AuNP’s 
whereas the size of 
the AuNP represents 
a crucial factor for 
modulating the OTFTs 
performances. In 
particular, it affects 
drastically the mobility, 
with small 
nanoparticles enhancing it, while the bigger ones acting just as scattering impurities. 
Space-Charge-Limited Current (SLCL) analysis showed that the decrease in the number 
of trap in the active layer is directly related to mobility enhancing effect of small AuNPs. 



The different coating exhibited markedly different aggregation tendency, as revealed by 
HR-TEM studies, thereby affecting the aggregation of NPs in P3HT thin films, thus the 
crystallinity of the polymer, and ultimately modifying the threshold voltage shift. 
In summary, the use of coated AuNPs based blends for organic electronics is a highly 
modulable approach to control and enhanced performances in devices as well as to confer 
new functions for logic circuits. 
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Dye-sensitized solar cells (DSSCs) represent a potential, effective and low-cost alternative 
to silicon-based devices for the fabrication of photovoltaic devices. [1,2]  Standard DSSC 
structures are based on a layer of titanium dioxide (TiO2) nanocrystals (about 25 nm in 
diameter, anatase phase), deposited as a dense paste on a transparent conductive oxide 
(TCO)-covered glass support [3].  A photosensitizer dye, that has the function of light 
harvester, is then deposited as monomolecular layer on the surface of the so-obtained 
nanostructured TiO2 [4].  The relatively high efficiencies (up to >12% [5]) reached up to 
now in these devices are possible thanks to the highly developed surface area, that allows 
a high number of dye molecules, able to generate photoexcited electrons, to be adsorbed 
on the oxide nanostructures. Nowadays, research activities on DSSCs are aimed at 
improving the overall device efficiency.  To reach this goal, a key step is to increase the 
nanostructured oxide surface area, in order to ensure a higher dye loading of the 
photoanode, and consequently a higher number of photogenerated carriers. 
Here, we apply to the nanocrystalline titanium dioxide a novel wet processing-based 
method, using sublimating materials [6,7], able to produce a considerably enhanced TiO2 
surface area with respect to analogous systems fabricated with conventional methods, 
with negligible changes to the standard photoanode fabrication procedures.  The so 
obtained nanostructured TiO2 layer showed to absorb up to 280% more dye molecules 
than in conventionally fabricated TiO2 photoanodes (i.e., up to 0.78 molecules/nm2 vs 
0.28-0.31 molecules/nm2) [8,9].  DSSCs fabricated through this approach delivered current 
densities, hence efficiencies, about 30% higher than those using photoanodes fabricated 
with conventional techniques.  Some insights into the effectiveness of the method, its 
practical implementation in devices as an outlook for future practical applications will be 
given. 
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Many phenomena take place at the interface between two or more materials: in organic 
field-effect transistors, the first few molecular layers of the semiconductor supported on a 
dielectric substrate account almost entirely for the macroscopic drain-source current of the 
resulting device.  
In addition to that, the charge transport is also affected by the morphology and the 
molecular packing of the active layer. Given the importance that surfaces have in tinkering 
the properties of an overlying material, we present here a detailed characterisation of the 
morphology and structural properties of a common nematic liquid crystal (LC) supported 
over various substrates of technological significance. We modelled the LC/substrate 
interface with atomistic molecular dynamics simulations, and found that the surface-
induced ordering of the LC is influenced by the magnitude of the anchoring energy and the 
morphology of the substrate. We found that the molecular organisation of the LC changes 
in response to the chemical composition of the surface, its morphology and roughness. 
The predicting power of the present methodology allows us to determine the molecular 
organisation of a given material without any a priori knowledge, as it is based only on the 
accurate representation of its components. 
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Organic – inorganic hybrid heterojunctions combine the advantages of organic materials 
(good process ability etc.) and inorganic semiconductors (e.g. high quality of electronic 
properties). Based on these novel materials, a new class of devices is developing and 
among them hybrid photovoltaics are one of the most promising applications. However, 
there are some problems that need to be addressed in order to improve the efficiency of 
these devices. One of the most challenging subjects is to improve the interface between 
the organic and the inorganic part of the heterojunction [1]. In the case of silicon (Si), the 
possibility of attaching organic molecules by Si-C bonds through chemical or 
electrochemical processes permits the modification of the surface [2,3]. This can lead to a 
better organic – inorganic interface, especially when conducting polymers are used. The 
aim of this work is to study the surficial modification of crystalline Si by electrochemical 
Grignard reactions, in order to create hybrid photovoltaic cells with poly(3-hexylthiophene) 
(P3HT) having enhanced performance.    
The Si substrates used for studying the electrochemical grafting of Grignard reagents were 
phosphorus doped, hydrogen terminated n-Si(111)-H wafers, with thickness of 0.5 mm. 
Hydrogen termination was performed by sequential dipping the initial Si(111) wafer in HF 
(5%), piranha (a 1:1 v/v mixture of 96 % H2SO4 and 30% H2O2 solutions) and NH4F (40%) 
solutions for 10, 10 and 8 min, respectively, followed by rinsing with deionized water (18 
MΩ*cm) and drying with pure nitrogen. The electrochemical treatments were carried out in 
a one compartment electrochemical cell with three electrode setup: the n-Si(111)-H wafers 
were the working electrode, a Pt plate was used as counter electrode and a non-aqueous 
Ag/Ag+ electrode as reference. Since Grignard reagents are highly reactive to water and 
oxygen, all electrochemical experiments were performed inside a glove box. Commercially 
available solutions of 2-thienylmagnesium bromide (1 M 2-ThMgBr, THF) and 3-thienyl 
magnesium iodide (0.5 M 3-ThMgI, THF) were used. After the electrochemical treatment, 
the wafers were sonicated in THF, methanol and H2O, and dried with nitrogen. The 
photovoltaic cells were created by spin coating a thin P3HT layer, drying at 70 °C followed 
by the thermal deposition of a semi-transparent  Au front contact.  
Even though it is reported in the literature that the resistance of the Grignard solutions is 
high and does not permit investigation by electrochemical methods [2], we were able to 
perform (and study) the electrochemical treatment using cyclic voltammetry (CV). Figure 1 
presents the CVs in 2-ThMgBr solution for a sequence of potential sweeps in the region 
between 0 and +3.0 V. The prominent feature during the first sweep is the broad oxidation 
peak centred at about 1.5 V, which disappears during the subsequent sweeps. Likewise, 
the active current during the first sweep is large, but in subsequent sweeps it decreases 
abruptly. Similar behaviour has been observed in various electrochemical systems (e.g. in 
4-nitrobenzenediazonium solutions with glassy carbon electrode) and can be interpreted 
as the formation of a thin coating (monolayer) by grafting onto the Si surface that causes 
the passivation of surface [2, 4]. Figure 2 presents the effect of the different potential 
region during the first sweep CVs for the two thiophene-based Grignard reagents. In the 
case of 2ThMgBr, in the potential region from -3.0 V to +3.0 V, there is also a small and 
diffuse reduction peak beginning at about -2.0 V. By comparing 3-ThMgI with 2-ThMgBr, 



no peaks (oxidation or reduction) appear in the CVs. However, the density of the passing 
current is larger for 3-ThMgI. 

  
Figure 1. CVs of n-Si(111)-H in 2-ThMgBr (1 M) 
solution for increasing number of scans. Scan 
rate: 100 mV/s. 

Figure 2. First scan CVs of n-Si(111)-H in 2-
ThMgBr (1 M) or 3-ThMgI (0.5 M) solution in 
various potential regions. Scan rate: 100 mV/s. 

 
Figure 3 presents the infrared elipsometric spectra of the Grignard-modified Si surfaces 
with respect to the initial n-Si(111)-H surface. An additional Si wafer is included, treated 
electrochemically under galvanostatic conditions that have been used in the literature [3]. 
In all the cases the spectra showed the peak at around1600 cm-1 due to the aromatic ring, 
indicating the presence of the thiophene on the Si surface. 
 

 
Figure 3. IRSE spectra of the Grignard electrochemically modified n-Si(111)-H wafer referenced to 
the former H-terminated Si surface.  
 
The behaviour of the photovoltaic cells with and without such a formed interfacial layer will 
be presented and the effect of this layer on the properties of the solar cells will be 
analysed and discussed.  
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 The polymer morphology and chain alignment need to be controlled simultaneously 
and favorably in order to obtain high mobilities and enhanced exciton dissociation. In the 
commonly used blend of regioregular P3HT and [6,6]-phenyl C71 butyric acid methyl ester 
(PC71BM) the most effective strategy toward constructing the nanoscale donor/acceptor 
percolated networks with well-optimized morphology  is the application of a post annealing 
treatment at high temperature. However, in contrast to OPVs based on P3HT as donor in 
the BHJ, which require thermal annealing to achieve their highest efficiency, devices 
based on the new generation donor materials and exhibiting small band gap to offer a 
more efficient light harvesting of the solar spectrum, such as PCDTBT, are better 
performed without the post thermal annealing step. It was found that π-π stacking of the 
PCDTBT molecules is reduced upon annealing, resulting in simultaneous reduction of hole 
mobility and device performance. As a consequence, the ubiquitous post annealing step 
applied in the P3HT-based OPVs is considered prohibitive for devices using new donor 
materials as the PCDTBT copolymer. Hence, the optimization of polymer morphology and 
chain alignment in OPV devices not allowed to be heated is still a challenge. 
 In this work, hydrogenation of metal oxides, which are widely used at bottom 
electrodes to enhance carrier extraction rates (i.e. tungsten, molybdenum, zinc and 
titanium oxide), is proposed to improve polymer crystallinity/order and enhance organic 
photovoltaic (OPV) device performance. Organic active layers based on blends using 
different polymers, in particular poly(3-hexythiophene) (P3HT) and poly[(9-(1-octylnonyl)-
9H-carbazole-2,7-diyl)-2,5-thiophenediyl-2,1,3-benzothiadiazole-4,7-diyl-2,5-thiophenediyl] 
(PCDTBT), which normally differ in both morphology and electronic structure, were both 
benefitted from deposition in hydrogenated metal oxide substrates as they exhibited 
enhanced π-π interaction of their chains resulting in better edge-on and, especially, face-
on orientation, as it was revealed from X-ray diffraction measurements (Figure 1). Open 
circuit voltage (Voc), short-circuit current (Jsc) and fill factor (FF) of OPVs using these 
hydrogenated metal oxides at bottom electrodes were all improved regardless of the 
polymer donor in the photoactive layer (Figure 2). This is explained as a result of the 
increased crystallinity/order and favorable morphology of the polymer, as the metal oxides’ 
surface becomes hydrogen rich, followed also by reduced recombination losses and 
increased carriers lifetime, as was verified by transient photoluminescence measurements. 
As a result, the power conversion efficiency (PCE) of OPVs using hydrogenated metal 
oxides and based on blends of P3HT or PCDTBT, with a fullerene acceptor reached 
values of 4.5% and 7.2%, respectively, an increase of about 30% compared with devices 
using metal oxides not subjected to hydrogenation. 
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Figure 1 XRD graphs of P3HT:PC71BM  films deposited on top of the hydrogenated or not 
metal oxide substrates: (a) on tunsgen oxides, (b) on molybdenum oxides, (c) on zinc 
oxides and (d) on titanium oxides. 
 

Figure 2 Variation of (a) Jsc and (b) Voc with the hydrogen content (the amount of M-OH 
relative to M-O bonds, where M reffers to metal cations, as derived from the O 1s XPS 
core level analysis) for P3HT:PC71BM based devices. (c) and (d) The same Jsc and Voc 
variation, respectively, versus the metal oxide’s hydrogen content for PCDTBT:PC71BM 
based devices. 
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Organic field effect transistors (OFETs) have recently received a lot of interest mainly be-
cause of their low cost per transistor and their potential to be fabricated from solution pro-
cessable materials on large surfaces. Although remarkable improvements have been 
made in organic semiconductors in the last few years, the insulator used as gate dielectric 
represents one of the limiting factors to the further development of this technology route. 
To date, the insulators mainly used are either inorganic thin films (e.g. SiO2) or conven-
tional organic insulators (e.g. PMMA). The former are not solution processable, while the 
latter have a dielectric constant k comparable or even lower than the one of silica (3.9). 
Large voltages are generally required to operate these transistors, in the order of many 
tens or even hundreds of Volts, which prohibit any OFET application in the rapidly growing 
field of mobile devices. Thus, in order to further progress the state of the art of OFETs, 
there is the urgent need to develop solution processable high-k insulators. We address this 
problem by presenting the fabrication and characterisation of metal-insulator-metal (MIM) 
crossbar capacitors using a solution processable photocrosslinkable hybrid organic-
inorganic high-k insulator based on TiO2 nanorods (TiO2-NRs), capped with phosphonate 
terminated coumarin (TiO2-NR-Xlink). Data regarding the dielectric properties of TiO2-NRs 
nanocomposite films is very scarce. White et al. [1] and Yang et al. [2] studied TiO2-NRs 
composites as dielectric films in OFETs and reported dielectric constants of 6.5 and 7.3 
respectively. Thus, here we use a metal-insulator-metal (MIM) configuration to investigate 
the frequency dependence of the dielectric properties. We obtain a dielectric constant as 
high as 8 at 1 MHz which represents the highest value reported for photocrosslinkable ma-
terials to date in the literature. A TEM image of the TiO2-NR-Xlink, which were synthesized 
by modifying the technique reported in [3], is shown in Fig. 1. XRD measurements showed 
that the nanorods synthesized with the above mentioned technique are crystalline (ana-
tase phase). Thin films of the composite were prepared as the insulating layer of a MIM 
structure, shown in Fig. 2, by spin coating. The electrical characterization of these capaci-
tors was carried out in air and at room temperature with a SI1260 impedance analyzer to-
gether with a SI1296 dielectric interface and with an Agilent SMU  B2912. In Fig. 3 is 
shown the frequency dependent dielectric constant, corrected for the leakage using the 
parallel RC model, for three different TiO2-NR-Xlink films' thicknesses. The relative dielec-
tric constant is around 8 at 1 MHz and increases to 10 at 1 kHz, independent from the film 
thickness, while at frequencies below 100 mHz it becomes thickness dependent indicating 
a volume contribution to the overall polarization of the film. The loss tangent, shown in Fig. 
4, seem to support the above mentioned results. Leakage current measurements, pre-
sented in Fig. 5, show that for increasing film thickness the leakage current at any given 
bias decreases. By plotting the leakage data in the way shown in Fig. 6 it is possible to 
conclude that an electrode limited conduction mechanism, e.g. Schottky emission, must be 
responsible for the observed leakage through TiO2-NR-Xlink films.         



 

  

Fig. 1. High resolution TEM im-
age of the TiO2 nanorods used in 
this work (magnification 500k). 
The mean rod size is 5 nm (di-
ameter) x 20-25 nm (length) i.e. 
aspect ratio 4-5. 

Fig. 2. MIM crossbar structure 
used to characterize the dielec-
tric properties of the hybrid insu-
lator used in this work.  

Fig. 3. Frequency dependence of 
the relative dielectric constant 
(corrected from losses) of TiO2-
NR-Xlink films for several thick-
nesses.  

 

   
Fig. 4. Frequency dependence of 
the dielectric loss of TiO2-NR-
Xlink films for several thickness-
es.  

Fig. 5. Current density - bias 
voltage characteristics of TiO2-
NR-Xlink films for several thick-
nesses. 

Fig. 6. Plot of the voltage bias 
needed to reach a leakage cur-
rent of 1 mA/cm2 for each given 
film thickness of the TiO2-NR-
Xlink film. The dashed line is just 
a guide to the eye and repre-
sents the slope that someone 
would expect for a "good" high 
barrier insulator e.g. SiO2.  
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Graphene oxide (GO) does not only represent a viable route to obtain graphene in large 
quantity: thanks to its peculiarities, it has been proposed as novel material in many fields 
and applications. In order to fully exploit its potentialities, a deeper understanding of its 
electrical properties is however still necessary. Here we address in details the electrical 
transport in thin film of thermally reduced graphene oxide (rGO), showing that the electrical 
properties can be controlled by changing the degree of annealing. . 
We deposited GO via spin coating on a Si/SiO2 wafer and then metallic contacts are 
fabricated via thermal evaporation. The reduction is performed by thermal annealing at 
different temperatures in high vacuum. 
By increasing the treatment temperature we found a decrease of the two-probe resistance, 
which in turns reflects a higher level of reduction of our graphene oxide. We have been 
able to tune the room temperature resistance by more than 2 order of magnitude.  
Low temperature transport measurements show an agreement with a 2 dimensional Mott 
variable range hopping behavior down to 40 K, in accord with previous measurements 
reported in literature[1][2][3]. We observed that the characteristic temperature T0 of the 
hopping transport (and therefore the average distance between two defects) scales with 
the degree of reduction of the GO.  
We have also performed micro-Raman measurements on the reduced samples. We 
observed a slight increase of the I(D)/I(G) peaks ratio by increasing the annealing 
temperature, which is another indication of a higher degree of reduction. 
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A crucial factor for the industrial development of the Dye Sensitized Solar Cell (DSCs)  is 
the device stability, which can be limited by aging and degradation mechanisms that affect 
chemical constituents, especially in particular bias conditions. 
In fact, when shadowing phenomena induce current mismatch in a series connected cells 
of a module, the least performing cell is forced to work under Reverse Bias (RB) regime 
and to behave as a dissipating load. 
Thus reverse biased solar cell undergoes  strong degradations of both dye and electrolyte 
solution like gas bubble formation inside the cell, solvent loss and permanent dye molecule 
chemical modifications that lead to the  device’s complete breakdown. 1 
It’s possible to reproduce RB regime by an accelerating procedure that consists in 
applying a fixed current of about 120 mA (three times the short circuit current at 1 Sun 
solar irradiation) to the cell.2,3 
Largely before  device’s breakdown, we observe a gradual and visually evident cluster 
shaped browning of platinized counter-electrode (CE) in contact with electrolyte solution . 
Raman spectroscopy reveals that the observed cluster-shaped browning on counter-
electrode is due to aggregations of polyiodide ions on poor catalytic micro-sized platinum 
particles. 
In fact, in RB working conditions, device’s degradation takes the form of a gradual 
increase of anodic operating voltage (VRB) that can induce the oxidation of triiodide to 
iodine and consequently  favor polyiodide formation. 
Furthermore new chemical species in electrolyte solution are evident in the marked 
fluorescence background, that affects Raman spectra of cluster shaped browning on CE. 
Fluorescence measurements on RB stressed solutions, each containing a single 
electrolyte component in 3-methoxypropionionitrile (MPN), reveal that photoluminescence 
emission is mainly related to degradation mechanisms that induce strong unbalance in 
redox couple I-/I3-. 
Consequently, the formation of various associated structures between 1-methyl-3-
propylimidazolium iodide (PMII) ions is favoured4  and these can be detected by observing 
the Red Edge Effect (REE) in fluorescence emission spectra of stressed solutions. 
In conclusion, polyiodide formation in RB stressed DSCs is an important depletion 
channels of triiodide anions that should be taken into account in designing new stable and 
efficient solvent based electrolytes. 
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The generation of renewable H2 through an efficient photochemical route requires 
photoinduced electron transfer from a light harvester to an efficient electrocatalyst in water 
[1]. Different approaches have been faced by the scientific community for water splitting [2] 
ranging from inorganic semiconductors [3] as real breakthroughs to organic ones [4], much 
less studied. The Photoelectrochemical hydrogen production through hybrid 
organic/inorganic interfaces (PHOCS) project is actually devoted to such state of the art 
problem, based on the role of organic electronics for energy applications [5]. Here we 
report our latest findings on pursuing suitable candidates for full photoelectrochemical 
devices based on organic active layers and inorganic electrodes combinations in form of 
thin films. Conductive polymers in conjunction with fullerene-based acceptors compounds, 
sandwiched between electron and hole selective interlayers were assembled and 
characterized by means of electrochemical measurements, spectroscopic techniques and 
microscopy. Results are discussed in terms of tuning the optical band gap for charge 
transfers processes, the mesostructured character of inorganic transition metal oxides as 
scaffolds for suitable coupling with polymer at ohmic contact and surface modifications to 
minimize energy barriers, work function and electron collection; thus enhancing higher 
photocurrents. The implications of the results presented shed light into the forthcoming 
optimization processes pointing to the full photoelectrochemical devices as a proof of 
concept for hydrogen generation. 
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Open – circuit voltages are strongly dependent on the density of states in solar cells based 
on disordered semiconductors. In this work, organic solar cells based on 
tetraphenyldibenzoperiflanthene (DBP) and fullerene C70 with a bilayer structure were 
fabricated to investigate the variation of the solar cell performance with the temperature of 
the substrate during deposition of the donor. Best performances were achieved at a donor 
substrate temperature of 60 ºC, with a maximum open circuit voltage of 0.89 V (Figure 1). 
 
Moreover, Thin-Film Transistors were fabricated to study the electrical properties of the 
DBP layers. Transfer characteristics measured at different temperatures allowed to 
determine the activation energy of the channel conductivity as a function of the gate bias. 
From the dependence of the derivative of activation energy with respect to the gate bias, 
the density of localized states was estimated (Figure 2). A strong correlation between 
density of states and the electrical performance of the solar cells was found. 
 
Finally, a coevaporated solar cell with a p–i–n structure was fabricated at the optimum 
substrate temperature, and a power conversion efficiency of almost 4% was obtained 
(Figure 3).  
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Figure 1. Photovoltaic parameters of organic 
solar cells versus DBP substrate temperature. 

Figure 2. Density of states of DBP as function 
of the substrate temperature. 

Figure 3. Current – Voltage characteristic of a coevaporated  
p–i–n solar cell. 
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By making use of our previous experience in small molecule organic solar cells 
fabrication1, and parting from the extensive research done on transition metal oxides as 
hole transport layers in organic solar cells2, this work tests the suitability of these materials 
in silicon-based solar cells. We prove a novel HIT (Heterojunction with Intrinsic Thin layer) 
cell concept consisting of an n-type c-Si wafer and a thin MoO3 layer (<30 nm) acting as p-
type emitter. For the back contact we used an ohmic contact based on laser-fired 
aluminium and a passivating back-reflecting double layer of a-Si:H/a-SiCX:H. The front 
contact consisted of ITO as an antireflection layer and Ag finger electrodes (Figure 1). 

 
 
 

 
 
 
 
 
 
 
 

Figure 1. Cell structure. 
 

The HIT cells were fabricated with and without intrinsic a-Si:H (4 nm) and varying the 
MoO3 thickness (0, 10, 20, 30 nm). The MoO3 was thermally evaporated in high vacuum 
(10-6 mbar) and was selected due to its good hole extraction ability. The maximum 
conversion efficiency was 12.5% for 20 nm MoO3 and no intrinsic layer, with a JSC of 29 
mA/cm2 and a VOC of 610 mV. It is worth nothing that this is the highest open-circuit 
voltage reported to date in this kind of hybrid structures (Figure 2).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2. Current density-Voltage characteristics and External Quantum Efficiency (0.1 sun current bias). 

The fill factor (FF) was limited by the series resistance RS, but Suns-VOC measurements showed a potential 
FF increase up to 80% 
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As recently reported3,4, MoO3 can be used as a hole selective contact in silicon-based 
solar cells, and since it can be evaporated at low temperatures or spin-coated, it would 
decrease the thermal load needed during solar cell fabrication by circumventing the high 
temperature diffusion of dopant gases. Furthermore, MoO3 has recently been reported to 
be a n-type wide-bandgap semiconductor and not a p-type2. This suggests that the same 
hole extraction mechanism proposed by Meyer et al. for MoO3/organic interfaces (based 
on the transfer of an electron from the conduction band of MoO3 to the semiconductor5) 
could also occur in the MoO3/n-type silicon interface. 
 
Although HITs typically use a very thin intrinsic a-Si:H layer between the wafer and the 
emitter to improve surface passivation, our cells showed better efficiencies when the 
intrinsic layer was absent (Figure 3). This could be attributed to a lower fill factor when 
using an intrinsic layer, probably due to degraded hole-extraction. This issue, along with 
eliminating the MoO3/ITO optical interferences and minimizing reflection losses, will be the 
focus of future improvements in design. 
 

 
 
 
 
 
 
 
 
 
 
 
 
  
  
  
  
 
 
 
 

Figure 3. Influence of the intrinsic a-Si:H layer. 
 

In conclusion, our results show that transition metal oxides which have been widely used 
in organic photovoltaics (such as MoO3) can be incorporated successfully into silicon 
heterojunctions and avoid silicon doping. We believe that this concept enriches the 
discussion about hole transport materials as well as their role in interface charge transfer. 
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The energetic disorder of electronic states plays an important role in description of charge 
transport in amorphous organics. Some basic properties of this disorder – like its density of 
states (DOS) – are assumed, and have been escaping direct experimental verification. We 
present a microscopic-level simulation of a thin-film device behaviour during a dark-
injection transient (DITS) measurement. Our aim is to see what restrictions need to be 
placed on the form of the DOS to obtain the kind of a DITS response observed in many 
polymer films, which features significant current attenuation following a distinguishable 
transient current maximum. We find that the most prevalent model of energetic disorder, 
which postulates a Gaussian shaped DOS, cannot explain the observed current 
attenuation, and that it is necessary to modify it by widening the tails of the DOS (i.e. by 
assuming a so-called Gaussian-exponential DOS). The modified, wide-tail DOS manifests 
itself in a characteristic timescale-free attenuation in the DITS response. Such attenuation 
also affects the interpretation of results of a DITS measurement, such as the estimation of 
charge mobility and electrode injection efficiency from a recorded current transient. 
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The Vertical Organic Triode (VOT) is a novel transistor technology enabling high current 
transmission without the need for cost-intensive structuring techniques. These devices 
consist of three coplanar electrodes, which are separated by layers of organic 
semiconductor. The outer electrodes act as emitter and collector, the middle electrode as 
base. Due to the vertical current transport, VOT offer short channel lengths in the range of 
few 100 nm as well as very low operation voltages. Efficient devices based on n-type 
materials like C60 exhibiting very high current densities and current gain have been 
reported recently.[1,2] Here, we present VOT based on the high mobility p-type material 
pentacene, as well as their optimization by tuning the morphology of the semiconductor 
layers and the built-in field.  
An efficient transistor operation requires the charge carriers to be transmitted through the 
base, i.e. openings are required in the base layer. Different approaches for creating a 
permeable base can be found in literature, like the co-evaporation of semiconductor and 
metal or the use of small polystyrene spheres as shadow masks.[3,4] In this contribution, 
we present a new and simple method to create these openings in the base layer. 
Therefore we add a morphology modifying gold layer on top of the bottom electrode. This 
layer changes the growth of the pentacene, which is known to grow differently on different 
substrates.[5,6] In Fig. 1 the structure of the base can be seen, which can be described as 
a grid-like layer. That way a permeable base with openings in the nanometer-range is 
formed without using expensive structuring techniques. Instead, only a thin, unstructured 
aluminium layer serves as base electrode. As shown in Fig. 2 this modification improves 
the differential transmission, which is defined as the derivative of the collector current with 
respect to the emitter current, from only 2% to more than 80%. 
Further improvements of the device can be achieved by incorporating doped layers. At the 
emitter, a doped layer enhances the charge carrier injection and allows the VOT to drive 
high current densities. A doped layer on the collector even further increases the 
performance of the device by modifying the built-in field in the base-collector diode. This 
built-in field improves the charge carrier gathering by the collector and therefore increases 
the transmission of the device. Additionally, the collector currents start to saturate already 
at operation voltages VCE of only -0.5V, even if the base potential is much lower (Fig. 3). 
This low voltage drop across the VOT results in a low power consumption making this 
device a good choice for high current applications. The effect of the built-in field of the 
base-collector diode can be maximized by optimizing the device geometry. With a reduced 
intrinsic semiconductor thickness at the collector, an increase of the current transmission 
exceeding 98% can be observable. This behaviour is attributed to higher electric fields and 
a more efficient charge carrier gathering by the collector even at lower operation voltages. 
 



 
Fig. 1: SEM image of grid-like aluminum base with gold layer at bottom electrode. 

 

 
Fig. 2: Transmission for devices with (filled squares) and without (open squares) gold layer 

on the bottom electrode. 
 

 
Fig. 3: Output characteristics at different base-emitter voltages for an optimized device.	  
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Organic light-emitting diodes (OLEDs) have received attention as next-generation 

information technology for example transparent display, flexible display and emotional 
solid-state lighting source. Solution processed OLEDs offer an attractive alternative to 
small molecule devices, due to their considerably reduced production cost OLEDs[1~2]. 
Nevertheless, the efficiency of solution-processed OLEDs cannot be further improved 
because of the limitations of the multilayer structure fabrication. To solve the problem, 
crosslinking polymers to enable deposition of sequential layers from solution has been 
used [3~5]. However, low luminance efficiency or extremely roll off of luminance efficiency 
of OLEDs still remain.  
In this paper, we propose thermally crosslinking polymer with triarylamine as a good hole 

transport materials to obtain low roll off luminance efficiency in solution processed OLEDs. 
Newly designed hole transport materials have functional group which increase solubility in 
organic solvent and capable of forming the polymer network thermally. Even though, 
device with new crosslinking hole transport layer have high turn on voltage, it shows low 
efficiency roll off.  Thus, we plan to reduce the turn on voltage by device structure control.  
 

            
Figure 1. (a) Luminance vs voltage characteristics  (b) Current efficiency vs voltage 

characteristics of of the conventional solution processed OLED device and device with 
thermally crosslinking hole transport layer. Embedded graph shows Current density vs 
voltage characteristics. 
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Renewable and clean energy is a challenge of present society. Therefore new energy 
sources are necessary that brings cheap and easy solutions into market. 
Regarding to production technique of organic solar cells evaporation in vacuum is 
expensive and complicated. More promising method is solution processed solar cells [1,2]. 
This method allows using less expensive ink jet printing or spin-coating for solar cell 
production. Nowadays most popular materials for solution processable solar cells are 
polymer poly(3-hexylthiophene) (P3HT) and fullerene derivative [6,6]-phenyl C61-butyric 
acid methylester (PCBM) used in bulk heterojunction solar cells. Lot of investigations are 
in the field of new low molecular weight materials field for organic electronics to replace 
the polymer. Low molecular weight materials offer lower production costs, better 
repeatability of synthesis and easy recycling [3]. 
Among organic semiconductors, group of indandione fragment containing azobenzene 
compounds are good candidates for use in design of novel molecular electronic devices 
due to their possibility to form amorphous structure from solution.	   
In this work three following compounds were investigated: 2-(4-(4-N-ethyl, N-
tritylethylamino)-phenyl-diazylidene)-benzylidene-indene-1,3-dione (DMAAzi-3Ph), 2-(4-
((4-(Bis(2(trityloxy) ethyl) amino) phenyl)diazenyl) benzylidene)-1H-indene-1,3(2H)-dione 
(DMAAzi-6Ph), 2-(4-(4-N,N-di-triphenyl sililoxyethyl- amino)-phenyl-diazilidene)-
benzylidene-indene-1,3-dione (DMAAzi-Si-6Ph).  

In case of DMAAzi molecule indandione part works as an electron acceptor and 
azobenzene as an electron donor. Photoinduced electron transfer between electron donor 
and acceptor parts forms an exciton. 
Similar excitation processes occur in 
DMAAzi compounds. 
These compounds have high absorption 
in visible region, thus one of the 
possible applications is organic solar 
cells. The absorption maximum is very 
similar for all three compounds and is 
about 530nm (Fig.1). The absorption 
spectra of investigated compounds 
cover the same absorption spectra as 
P3HT but with higher absorption 
coefficient. That also allows expecting 
these compounds useful for organic 
solar cells. 
Bulk heterojunction solar cells were made (Fig.2.), photovoltaic properties were 
investigated and characteristics of the cells containing DMAAzi-3Ph, DMAAzi-6Ph, 
DMAAzi-Si-6Ph were determined (power conversion efficiency, fill factor, Uoc and Isc). 

 
Figure 1 Absorption spectra of studied compounds. 



 

Figure 2 Scheme of the sample: glass substrate (1), ITO (2), PEDOT:PSS (3), DMAAzi compound (4),     
BaF (5), Al (6). 
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In this contribution, we report the synthesis of a novel donor-acceptor poly(2,7-carbazole-
alt-benzothiadiazole copolymer (Figure 1) via Suzuki coupling polymerization and we 
investigate its interesting optoelectronic properties by using a combination of 
complementary optical and electronic spectroscopy techniques such as optical absorption, 
photoluminescence spectra and lifetime and ultra-violet photoelectron spectroscopy. Film 
morphology was probed using atomic force microscopy, whereas an almost complete 
quenching of its fluorescence was observed upon blending with a PCBM fullerene 
acceptor.  
This copolymer was then employed as an electron donor in the fabrication of relatively 
high open circuit voltage and efficiency bulk-heterojunction polymer solar cells with PCBM 
in the following, simple, device configuration: ITO/PEDOT:PSS/copolymer:PCBM/Al. 
Optimization of the donor:acceptor ratio and the photoactive layer thickness was carried 
out and preliminary results  are reported.   
 
 
 

 
 
Figure 1. Chemical structure of the poly(2,7-carbazole-alt-benzothiadiazole copolymer. 
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Polymer solar cells (PSCs) are emerging as promising alternatives to silicon-based 

solar cells [1] thanks to light weight, mechanical flexibility, processability and low costs. 
One of the common polymers used in PSCs are 3-alkyl substituted polythiophenes, but a 
low band gap alternative is needed in order to reach better cell performances [2]. 
Copolymers bearing thienothiophene (TT) and benzodithiophene (BDT) alternating units 
are widely studied as donor material in Bulk Heterojunction Cells [3]. In this poster 
communication we report on the synthesis and spectroscopic electrochemical, photovoltaic 
characterization of two thiophene based copolymers bearing thienyl substituted-BDT units 
alternating with bithiophene and TT-units respectively. 
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Many low work function metals are very reactive and present a fast oxidation process in 
presence of moisture that leads to a high probability of device failure and to fast 
performance degradation. Several approaches to solve this critical issue have been 
proposed. A first approach involving a vacuum deposition that represents a limit toward 
roll-to-roll processes, is to use an ultrathin buffer metal [1].  A method to reduce the work 
function of less reactive metals, without changing the optical transmittance and making 
possible a low-cost upscaling,  regards the use of a surface modifier such as a conjugated 
polyelectrolytes[2] or  nonconjugated polyelectrolytes water based[3,4]. In this work we 
present the realization and characterization of Bulk Heterojunction (BHJ) Solar Cells in 
which we use a polyethylenimine ethoxylated  layer as electron transporting layer 
deposited from a full water solution. We investigated several concentrations of PEIE in 
solution  characterizing the chemical and electrical behavior of PEIE coated FTO 
substrates. We realized BHJ solar cells using P3HT:PCBM as active layer achieving a 
maximum efficiency of 4% that outperform the device realized with 2-methoxy-ethanol 
based PEIE solution. Moreover, devices realized with water based PEIE showed a higher 
shelf-life stability compared to the one made with 2-methoxy-ethanol based PEIE solution. 
The performances of the devices realized with water based solution were characterized in 
a period of more than 6 months showing a decrease of 30% of efficiency.  
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PTB7 is a promising polymer for Organic Photovoltaics (OPVs), having achieved 
efficiencies of over 9% for inverted devices based on blends with PC70BM, but suffers from 
instability and short operational lifetime due to photochemical degradation. We have used 
resonant Raman spectroscopy to study the effect of degradation on the molecular 
vibrations of PTB7, finding distinct spectral changes associated with alteration of the 
polymer structure by exposure to light and oxygen. DFT simulations have correlated these 
spectral changes to oxidation to a specific section of the polymer backbone, which can 
help inform the design of analogue polymers with reduced susceptibility to oxidation during 
operation. We have also probed the kinetics of degradation using in-situ resonant Raman 
under accelerated conditions, which revealed that the identified photochemical oxidation is 
the first step of degradation, followed by extensive loss of chromophores with prolonged 
exposure, and that the initial photochemical oxidation is accelerated by blending the 
polymer with PC70BM. 
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Since the 80s [1], [2] the power conversion efficiency (PCE) of perylene diimide (PDI)-based 
organic photovoltaic (OPV) devices has remained inferior to the PCE of fullerene-based 
OPV systems. The main reason for the poor device performance is the energy losses that 
occur upon the activation of PDI homo-molecular charge transfer (CT) states after light 
absorption in the PDI columnar aggregates of the OPV layer [3]. It was recently 
demonstrated that PCEs of ~2% can be obtained by PDI-based OPVs if the size of the PDI 
aggregate remains shorter than the diffusion length of the PDI homo-molecular CT state [4]. 
On the other hand the presence of PDI aggregates is imperative for supporting the transport 
of photogenerated electrons to the device electrodes [5]. Therefore, high PCEs should be 
expected by OPV devices with PDI-based photoactive layers in which the PDI aggregate 
size is appropriately tuned for balancing charge generation and transport. 
Here we present an efficient solution-processed PDI-based OV system that delivers a PCE 
of 3.7% under simulated solar light illumination (AM1.5G, 0.98 Suns). In our study we have 
used the low-cost, commercially available PDI monomer of N,N'-bis(1-ethylpropyl)-perylene-
3,4,9,10-tetracarboxylic diimide (PDI) derivative mixed with the low band gap polymer of 
poly[(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)-benzo[1,2-b;4,5-b’]dithiophene)-2,6-diyl-alt-(4-(2-
ethylhexanoyl)-thieno[3,4-b]thiophene))-2,6-diyl] (PBDTTT-CT).  The optimization of the 
PBDTTT-CT: PDI device performance is achieved after the fine tuning of the PBDTTT-CT: 
PDI composition [6] and after the accurate engineering of the PDI aggregate with the use 
additives [7].  
 
The electrical performance of the PBDTTT-CT:PDI devices are studied by means of external 
quantum efficiency (EQE), transient photocurrent (TPC) and transient photovoltage (TPV). 
The tuning of the photoactive layer morphology is monitored by means of high resolution 
atomic force microscopy. The basic photophysical properties of the PBDTTT-CT:PDI 
composite are studied by time-integrated UV-Vis and photoluminescence spectroscopies. 
Based on the obtained results a discussion will be presented on the parameters that dictate 
the efficiency of the next generation PDI-based OPV systems. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Results: 
 
 
 
 
 
 
 
 
 
 
Figure.1 Attenuation coefficient (a) and photoluminesence (PL) spectra (b) of the PBDTTT-
CT: PDI (30:70) blend system with different vol. % of DIO additive.  The concentration of DIO 
additive varied from 0 to 1.2 by vol. %. The attenuation coefficient and the PL spectrum of 
the reference PS:PDI (30:70) film are also shown. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure.2 VOC, JSC, FF and PCE parameters under the simulated solar light of 0.98 Sun 
(AM1.5G) (a) and light intensity dependence of the Jsc parameter after photoexcitation at 
532 nm (b) of PBDTTT-CT:PDI OPV devices with different vol. % of DIO additive.  

 
 
 
 
 
 
 
 
 
Figure.3 Atomic force microscope images of PBDTTT-CT:PDI (70:30) blend films with 
different vol. % of DIO additive. The photoactive PBDTTT-CT:PDI layers were spin coated 
on the top of ITO/ZnO in an identical fashion as the devices were fabricated.  
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The increasing interest in solar energy market has led to the development of photovoltaic 
technology towards three generations of solar cells, already commercialized but still under 
investigation to achieve better performance. 
Third generation solar cells are the most attractive ones, bacause they are both cheaper 
than and potentially as efficient as the previous generation solar cells. 
They can be organic solar cells, made of polymers or small organic molecules with specific 
opto-electronic properties, or dye-sensitized solar cells, using an organometallic dye, TiO2 
and an electrolyte solution. 
To date, whether we decide to investigate the properties of a small molecules or a dye, we 
face the traditional trial and error approach: we think about a suitable compound, we 
synthesise it, we characterize it, we test the solar cells made of it and, finally and 
hopefully, we elucidate structure-electronic properties relationships that will be used in the 
next study. 
Some steps forward have recently been attempted to find alternative ways of conducting 
research in this field by means of statistic aided computational techniques [1]. 
An innovative approach could be to extend the molecular modelling and drug design 
techniques to the above-mentioned research field, with the aim of replacing the traditional 
trial and error approach with a rational design-based virtual screening of possible 
candidates. 
Considering the statistical and chemometric techniques that play a crucial role in 
determining structure-property relationships [2], the important point is to find relevant 
molecular descriptors to describe our target molecules. 
We have found that combining semiempirically calculated descriptors (Homo, Lumo, 
bandgap, UV-Vis spectrum) and selected GRID/MIF-3D and 2D descriptors also used in 
drug design [3], different models  predicting structure-property (open circuit voltage, 
current intensity or power conversion efficiency) relationships can be built and used both to 
plan new experiments and to predict new compounds photovoltaic performance. 
This approach, starting from the building of a database of already tested candidates used 
to train the model (Fig. 1), was extended to both small molecule semiconductors for 
organic photovoltaic solar cells and heteroleptic Ruthenium complexes for dye-sensitized 
solar cells and interesting results were obtained. 
In particular, we were able to find the descriptors that more contribute to enhance the 
performance investigated, thus finding directives for the design of potentially high-
performing candidates. 
 
In the early stage of this project, we demonstrated that molecular modelling methods can 
be succesfully extended also to the field of material science as an alternative to the 
traditional expensive and time-consuming approach. 
 
 
 
 



 
 
 

 

 
References  
 [1] R. Olivares-Amaya, C. Amador-Bedolla, A. Aspuru-Guzik et al., Energy & Environmental Science, 4,  
      4849–4861 (2011). 
 [2] P. Geladi, B. R. Kovalski, Analytica Chimica Acta, 185, 1-17 (1986).  
 [3] G. Cruciani, P. Crivori, P. A. Carrupt et al., Journal of Molecular Structure, Theochem 503, 17-30 (2000). 
 

Figure 1. Models for the PCE  built with known small molecules for OPV and able to extimate the performance of new 
candidates 
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Organic solar cells would have such advantages as low cost and simple production 
compared to inorganic solar cells. Charge separation is necessary condition to obtain 
photovoltaic effect. Photosensitive part should consist of at least two compounds to 
achieve it. Two types of active layer can be made: heterojunction at two layer interface or 
bulk heterojunction [1-3]. Thick layer (high absorption) and large interface area (more 
probable charge separation) is advantages of the bulk heterojunction samples. 
Nevertheless mismatch of energy levels can reduce charge separation therefore 
determination of energy structure of the molecules is critical to obtain good heterojunction 
at the interface.  
In the work energy levels of glass forming pyranyliden derivatives (see Fig.1) in thin films 
was measured and analyzed. Two types of samples were made. Spin coated thin film with 
the thickness of 300 nm on ITO substrate were made for photoelectron emission 
measurements. Sandwich type samples (ITO/ organic compound/ Al) were prepared for 
photoconductivity and temperature modulated space charge limited current (TM-SCLC) 
measurements. Organic layer about 600 nm was spin coated on ITO substrate and semi-
transparent Al layer was thermally evaporated in vacuum. 
 

Fig.1 Investigated pyraniliden derivatives. 

Ionization energy of molecule in thin film was obtained from threshold value of 
photoelectron emission spectral dependence. The difference between molecular ionization 
energy and electron affinity energy is adiabatic energy gap which could be obtained from 
threshold energy of photoconductivity spectral dependence. These two measurements 
give possibility to obtain holl conductivity (molecule ionization energy) and electron 
conductivity (electron affinity energy) levels of thin films. TM-SCLC method provides 
information about local trap states between holl and electron conductivity levels. Additional 
the values of molecule ionization energy levels were calculated according to the RHF ab 
initio calculations with basis set 6-31G** by Gausian G09W software package. All results 
are shown in Table 1. Energy level correlation on molecular structure will be discussed. 
Table 1. Energy levels of investigated compounds. IE-molecule ionization energy, EA-electron affinity energy 
and IEtheor-calculated molecule ionization energy. 
 ZWK1 ZWK2 ZWK1TB JWK1 JWK2 JWK1TB DWK1 DWK2 DWK1TB 
IE (eV) 5.38 5.28 5.49 5.30 5.21 5.42 5.54 5.42 5.56 
EA (eV) 3.60 3.60 3.81 3.52 3.59 3.56 3.62 - 3.58 



IEtheor(eV) 5.716 - 5.717 5.825 - 5.884 5.878 - 5.864 
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Electron transfer (ET) reactions are key events in the energy transduction pathways in 
living organisms, where they play a central role in a variety of fundamental biological 
processes [1,2]. Moreover, ET proteins immobilized on electrode surfaces can be used as 
active constituents in bioelectronic devices of actual importance for biotechnological 
applications [3]. However, for rational design of such devices, a deeper insight into the 
molecular processes of immobilized proteins is required. 
 
In this framework, the coupling of experimental and simulation techniques, providing 
dynamical information at the molecular level, is a promising approach to attain deeper 
knowledge of such biological processes. Nevertheless, a reliable modeling of chemical 
reactions taking place in complex systems is one of the challenges of theoretical chemistry 
and biophysics. The primary difficulty is represented by the need of mantaining the 
electronic detail of the chemical reaction within a configurationally complex atomistic 
environment. Mixed quantum mechanics/ molecular dynamics (QM/MD) methodologies 
are commonly used to model complex system and, among others, a QM/MD theoretical-
computational approach based on the perturbed matrix method [4,5] was recently used to 
model ET reactions in complex systems [6,7]. 
 
In PMM calculations, similarly to other QM/MM procedures, a portion of the system to be 
treated at electronic level is pre-defined (the quantum center, QC), with the rest of the 
system described at a classical atomistic level exerting an electrostatic perturbation on the 
QC electronic states. The essence of PMM is to use high-quality unperturbed electronic 
states as a basis set to express the Hamiltonian matrix of the quantum center including the 
electric field perturbation resulting from the atomic environment. With a relatively low 
computational cost, the PMM can be therefore applied to a very large set of molecular 
configurations. 
 
The aim of the work we are currently carrying on, is to use the PMM to model the ET 
reaction between yeast iso-1-cytochrome c (YCC) and a gold electrode. YCC is generally 
considered to be a suitable candidate for bioelectronic applications since it contains a 
single surface cysteine residue that can be exploited for specific tethering, ensuring unique 
orientation of the protein. Recently, YCC has been covalently bound on bare glod surfaces 
via Cys102, obtaining a fast and reversible ET with retention of protein functionality [8]. By 
means of molecular dynamics simulations and PMM calculations, the reduction potential of 
YCC interactiong with a gold surface can be calculated and compared to previous results 
on cyt c in water obtained with the same methodology [9]. These results could be able to 
clarify the ET reaction between proteins and electrodes at the molecular level, gaining 
insight into such a complex biological process with very interesting technological fallouts. 
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In organic semiconductors, magnetic field effects (MFEs) measured in conductance and 
luminescence at low magnetic fields of a few tens of mT have been shown to be a result of 
hyperfine interactions [1]. Although measured as bulk properties, MFEs directly probe 
charge carrier spin physics, notably the spin mixing of weakly bound charge carrier pairs. 
The interplay of magnetic dipole interaction (zero-field splitting) and an externally applied 
magnetic field enhances spin mixing of singlet and triplet states at low fields, but 
decreases spin mixing as the Zeeman energy becomes dominant [1]. Despite the success 
of the hyperfine interaction model, MFEs have also been observed to occur at fields much 
larger than the hyperfine regime. Such effects require a renewed push to study the 
underlying physical effects, and clarify the role of well-known mechanisms such as triplet-
triplet annihilation and thermal spin-polarization [2].  
 
An alternative route to understanding spin mixing in organic light emitting diodes is 
provided by electrically detected magnetic resonance type experiments. Such studies offer 
clear evidence that disorder in the finite spin-orbit interaction leads to a broadening of the 
effective gyromagnetic ratio (Δg) that dominates the device response in the high magnetic 
field regime [3]. Since both traditional MFE and electrically detected magnetic resonance 
experiments effectively probe the impact of spin mixing on bulk device properties such as 
charge transport and luminescence, it is imperative to revisit (non-resonance) MFEs to 
determine the extent of Δg effects. 
 
Here, we report on the observation of MFEs over 4 orders of magnitude in magnetic field 
in poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV). A positive 
magnetoresistance and negative magnetoelectroluminescence behaviour at magnetic 
fields of several Tesla and temperatures as low as 1.1 K is observed, dominating by far 
both the influence of hyperfine interactions and thermal spin polarization effects. We 
suggest that the observed behaviour is to some degree a universal effect that should also 
occur in other classes of conductive polymers and that spin-orbit disorder might help to 
explain the shortcomings of the thermal spin polarization model [2]. 
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Spectral and transport properties of small molecule single-crystal organic semiconductors 
have been theoretically analyzed focusing on oligoacenes, in particular on the series from 
naphthalene to rubrene and pentacene aiming to show that the inclusion of different 
electron-phonon couplings and disorder is of paramount importance to interpret accurately 
the properties of prototype organic semiconductors. 
While, in the case of rubrene, the coupling between charge carriers and low frequency 
inter-molecular modes is sufficient for a satisfactory  description of spectral and transport 
properties [1,2], the inclusion of electron coupling to both low frequency inter-molecular 
and high frequency intra-molecular vibrational modes (see Figure in the next page) is 
needed to account for the temperature dependence of transport properties in smaller 
oligoacenes [3,4].  
For rubrene, a very accurate analysis in the relevant experimental configuration has 
allowed to clarify the origin of the temperature dependent mobility observed in these 
organic semiconductors. With increasing temperature, the chemical potential moves into 
the tail of the density of states corresponding to localized states, but this is not enough to 
drive the system into an insulating state. The mobility along different crystallographic 
directions has been calculated, including vertex corrections that give rise to a transport 
lifetime one order of magnitude smaller than the spectral lifetime of the states involved in 
the transport mechanism. The mobility always exhibits a power-law behavior as a function 
of temperature in agreement with experiments in rubrene [4]. 
In systems gated with polarizable dielectrics, the electron coupling to interface vibrational 
modes of the gate has to be included in addition to the intrinsic electron-phonon interaction 
[5,6]. While the intrinsic bulk electron-phonon interaction affects the behavior of mobility in 
the coherent regime below room temperature, the coupling with interface modes is 
dominant for the activated high temperature contribution of localized polarons. 
Finally, the effects of a weak disorder largely increase the activation energies of mobility 
and induce the small polaron formation at lower values of electron-phonon couplings in the 
experimentally relevant temperature window [4,5]. 
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Figura 1 - Electron coupling to both intra- and inter-molecular modes in naphthalene. 
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Information and communication technology (ICT) is calling for solutions that achieve lower 
power consumption, further miniaturization (Moore’s law) and multifunctionality. This 
requires the development of new device concepts and new materials. A fertile approach to 
meet these demands is spintronics, that is the introduction of the spin degree of freedom 
into electronic devices. Spintronics already lead to a revolution in information storage (e.g. 
giant magnetoresistance (GMR) readheads) in the last 20 years. Nowadays, the challenge 
is to bring spintronics also into devices dedicated to logic operations, data communication 
and storage, and to do it within the same materials technology[1]. One of the most 
promising approaches is the use of arrays of crossbar memristors capable of information 
processing and storage[2]. 
In this context the electric control of the magnetoresistance is one of the most promising 
approaches, allowing both further miniaturization and multifunctional operation of 
spintronic devices. We show that the magnetoresistance of organic devices can be 
controlled electrically[3] by combining magnetic bistability(i.e. the spin valve effect) and 
resistive switching. In such devices the GMR effect can be turned on and off by a 
programming bias that sets the device in a low or a high resistance state respectively. The 
magnitude of the GMR depends on the history of the applied bias and can be controlled 
reversibly[4]; we show that such devices operate as a magnetically enhanced memristors 
(MEM). MEMs can be used both in memory and in logic gate applications and can lead to 
new device concepts[5]. 
One of the greatest challenges to the understanding of the fundamental physics of these 
devices is the fact that the effect of spin precession, also known as the Hanle effect, is not 
observed[6, 7]. Spin precession in an incoherent transport regime should cause the loss of 
magnetoresistance when a magnetic field is applied perpendicular to the magnetization of 
the injecting electrodes. Such effect is not observed, and we discuss some reasons why it 
should be so[8]. 
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Organic thin film transistors (OTFTs) are an emerging technology in the broad field of 
organic electronics. They are a key building block for many contemplated and widely 
discussed future applications with RFID-tags and backplanes for flexible displays amongst 
the most prominent candidates [1]. The deployment of OTFTs in such circuit applications 
demands a high degree of uniformity from individual devices. In order to achieve that kind 
of uniformity, understanding and controlling the growth modes and thus the morphology of 
the first few monolayers of the organic semiconductor (OSC) is imperative, for it is those 
first monolayers in which charge transport occurs [2].  
 
In the present contribution we report on the electrical in-situ characterisation of p-type 
OTFTs in bottom gate – bottom contact (coplanar) geometry on highly doped <100> Si-
substrates with a 150 nm of thermal oxide serving as gate dielectric layer (see Fig. 1), and 

pentacene as OSC. The OSC is evaporated on pre-
fabricated model device structures by organic 
molecular beam epitaxy in a high vacuum system 
adapted to enable parallel in-situ electrical 
characterisation during the ultra-slow deposition of the 
semiconductor film. Thus, the experimental setup 
allows the observation and analysis of the dynamics of 
channel formation and the dependence of electrical 
device characteristics on the thickness and 
morphology of the OSC-layer. Charge transport within 
the devices is investigated in direct correlation to the 
number of monolayers deposited. The layer 
morphology as well as interface chemistry is 
characterised in-situ under ultra-high vacuum 
conditions by a variety of surface analytical techniques 
such as thermal desorption spectroscopy (TDS), Auger 

electron spectroscopy (AES), and X-ray photoelectron spectroscopy (XPS) complemented by ex-
situ atomic force microscopy (AFM). The surface analytical tools allow for the observation 
of effects of deliberate contamination of the films. Other aspects investigated by in-situ 
electrical characterisation are the effects of surface modification of source and drain 
electrodes and the gate oxide, respectively. This is performed by either application of self-
assembled monolayers or oxidative electrode treatment in order to improve energy level 
alignment of OSC versus electrodes leading to decreased contact resistance, enhanced 
charge carrier injection and higher mobility.  
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Figure 1:  
Experimental setup for in-situ electrical 
measurement in bottom gate – bottom 
source/drain (coplanar) configuration 
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The properties of conductive polymer (CP) thin films are closely related to the structure 
and conformation of the chains in the polymer lattice [1,2]. Crystallinity, chain length, 
substituents, doping level are just some of the many variables that have a large effect on 
the structure of the solid state, and thus on the properties of the polymer thin film[3,4,5]. 
Another important variable is the orientation of the back-bone inside the thin film. The 
properties of a polymer chain are clearly anisotropic, and a preferential (or total) 
orientation of the macromolecular chains will greatly affect the overall properties of the 
film. In CP, for example, the conductivity and the Seebeck coefficient are increased when 
the polymer is processed under a mechanical drawing force [6]. 
In this study we used electric fields of different intensities to align the macromolecules of a 
chiral conductive polymer (CCP), capable of self organizing in chiral aggregates in the 
solid state, and we checked its effect on the anisotropy of the obtained thin films and on 
the conductive properties of the polymer. 
Different techniques have been used to characterize the samples, such as resistivity 
measurements, electrochemistry, atomic force microscopy, Raman, UV-Vis and Circular 
Dichroism spectroscopy. All the measurements show a preferential alignment of the 
polymer chains after the process under applied electric field. 
Interestingly, the CD measurements showed that the electric field strongly influences the 
helical superstructures of the CCP in the solid state, enhancing the circular dichroism 
intensity. From the data collected it is possible to analyze the mechanism of formation of 
the superstructures in the solid films of the CCP. 
From the preliminary results obtained in this study, it stems that the electric field could be 
an effective way of easily controlling the aggregation and the nanostructuring of CP thin 
films. 
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The organic electronics revolution is currently hampered by the sensitivity of organic 
materials to chemical modifications [1]. In the case of organic light-emitting diodes (OLEDs), 
the fundamental problems are the aging effects. The rapid development of organic 
electronics has driven characterization tools to adapt to meet the needs of these new 
technologies. Among the advanced characterization techniques, Time-of-Flight Secondary 
Ion Mass Spectrometry (ToF-SIMS) equipped with the large argon cluster sources is a 
highly sensitive top-surface characterization technique (including imaging and depth 
profiling capabilities) with minimum degradation for organic materials [2]. It has thus 
become a key characterization technique for organic electronics as it allows the study of 
dopant diffusion (molecular or not), electrical or environmental degradation and morphology 
as shown here in the case of OLEDs. 

 
Figure 1. ToF-SIMS spectra obtained with the bombardment of 30 keV Bi3+ and 10 keV Ar1500

+ ions on 
AlQ3 layer, respectively. 

The advantage of large argon cluster primary ions in comparison to small bismuth clusters 
is shown in the spectra in Fig 1. The fragmentation is significantly different. The Ar cluster 
analysis maximises the molecular information obtainable on AlQ3 (about 75% of detected 
ions are Q- ion (C9H6NO-)). 
On the other hand, the most common way to prevent OLED environmental aging is to 
encapsulate the organic layer [3]. Here the stability of 8-hydroxyquinoline aluminum films 
(AlQ3) encapsulated by three different barriers (a single Al2O3 barrier, a single SiOx barrier 



and a double Al2O3/SiOx barrier) deposited by low temperature Atomic Layer Deposition 
(ALD) is studied. 
ToF-SIMS low-energy cesium depth profiling has highlighted a significant difference 
between the samples aged under laboratory conditions (22°C/50 % relative humidity) and 
those aged under accelerated conditions (85°C/ 85 % relative humidity), as shown in Fig 2. 
Indeed, both depth profiles show an important variation of the OH- signal when the samples 
are exposed to the accelerated conditions. In fact, the water condensation seems to be 
confined in the Al2O3 layer and confirms that this layer is an efficient environmental barrier. 

Figure 2. ToF-SIMS depth profiles obtained for the OH ion with 1 keV cesium ion sputtering of a single 
Al2O3 barrier and a double Al2O3/SiOx barrier on Si/AlQ3. 

This investigation has permitted to evaluate the efficiency of each barrier and to obtain a 
relative factor of water condensation attenuation. This has demonstrated the gain in 
protection afforded by the double barrier (about 28% attenuation of OH signal at the 
Al2O3/AlQ3 interface). 
To conclude, the ToF-SIMS is a particularly well-adapted technique for the evaluation of 
OLED aging. Here, we have in particular quantified the barrier efficiency for single and 
double barriers. 
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The field of Organic Spintronics has rapidly expanded in the past decade, motivated by 
expected long spin coherence time of organic materials, related to their small spin-orbit 
interaction. Unfortunately, due to their typical hopping transport and low carriers mobility, 
their spin diffusion length remains limited to few nanometers, and this questioned the 
possibility to inject spins in organic semiconductors[1]. To address this important issue, we 
chose to work with a polymer semiconductor [PBTTT-C12] gated with an electrolyte. An 
improvement of carrier mobility has already been demonstrated for this system[2]: our aim 
is to access a band-like transport regime and later exploit it for the fabrication of lateral 
organic spin valves. A study of the PBTTT-C12 charge transport properties as a function of 
temperature and under magnetic field, at different gating levels, will be presented. Even 
though conductivity has been enhanced up to 103 S/cm by pushing electrolyte-gating to 
relatively high gate voltages (electrochemical doping), no metal-insulator transition 
appeared in the σ(T) behavior, similarly to some recent findings on P3HT[3]. However 
search for Hall effect as a signature of delocalized wavefunctions is ongoing and an 
interesting organic magnetoresistance appeared at low temperatures (T < 50K) for 
magnetic field of few Teslas. The role of the doping level in this effect will be discussed. 
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Ionizing radiation can be detected by directly converting it into an electrical signal. Only 
few and expensive inorganic semiconductors (e.g. CdTe, SiC) offer the possibility of 
realizing portable detectors that operate at room temperature. Organic semiconductors 
have been so far mainly proposed as detectors for ionizing radiation in the indirect 
conversion approach, i.e. as scintillators, which convert ionizing radiation into visible 
photons, or as photodiodes, which detect visible photons coming from a scintillator and 
convert them into an electrical signal [1]. We have recently reported on the use of organic 
semiconductors as intrinsic direct ionizing radiation detectors [2,3]. In particular, organic 
semiconducting single crystals (OSSCs) show a quite interesting performance, thanks to 
their stability, good transport properties and large interaction volume [2]. X-ray detectors, 
based on low-cost solution-grown OSSCs are here shown to operate at room temperature, 
providing a stable linear response with increasing dose rate in atmosphere and in 
radiation-hard environments.  
We report here on the characterization of 4-hydroxycyanobenzine single crystals(fig.1a) by 
both a standard Mo target X-ray tube (35kV accelerating voltage) and a monochromatic 
synchrotron radiation (10-25keV), equipped with a series of subsequent slits to focus the 
beam up to few mm2 area, so limiting the contribution of X-ray interaction with the 
substrate and the electrodes. The photoresponse to an increasing X-ray dose is always 
linear in the 10-25keV energy range here investigated, also for very low doses, down to 
0,1 mGy/s, approaching the edge for personal dosimeters. The combination of 
monochromatic X-rays generated by synchrotron radiation with the broad X-ray spectrum 
generated by a standard Mo target X-ray tube (35kV), allowed us to better simulate the 
actual doses employed in medical diagnostic applications (typically mammography), 
covering and assessing a wide range of dose rates (1 – 140 mGy/s). 
In this way we distinguish effects of single energy photons, observing a different behaviour 
for different energies and improving our knowledge to identify processes involved in x-ray 
carrier photogeneration, primary approach to enhance detectivity [4]. 
A dedicated study of the collecting electrodes geometry, contacts materials, crystal 
thickness and interaction volume allowed us to maximize the charge collection efficiency 
and to take advantage of the transport and charge collection anisotropy of the 
crystals(fig.1b). 
The calculated sensitivity is over 150 nC/Gy, thus assessing how OSSCs perform very 
well al low operating voltages (hundreds of Volts are usually required to operate room 
temperature inorganic semiconductor detectors) and offer a great potential in the 
development of novel ionizing radiation sensors. 
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Figura 1 
a) optical microscopy image of 4HCB Organic Single Crystal and molecule diagrams. b) 
current-voltage characteristics of photocurrent induced along vertical axis by a 35keV Mo 
tube X-ray source at different dose rates. !!!
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Organic electronic devices such as organic thin film transistors (OTFTs), light emitting 
diodes (OLEDs) and photo diodes have several advantages compared to silicon based 
devices. Organic semiconductors and conductors enable technologies remarkable for their 
low weight1, flexibility and stretchability2 and allow the use of flexible substrates like plastic 
films, clothes or even paper3. The production is less energy consuming due to the lower 
process temperatures; the amount of process gases can be significantly reduced.  
Nevertheless, the high potential of organic electronics was mainly demonstrated on 
relatively small area substrates or with low integration density. Large area production 
techniques for high quality organic electronic circuits like roll-to-roll fabrication will provoke 
completely new challenges.  
In this contribution we present a large area and roll-to-roll compatible process scheme and 
first results for highly integrated organic thin film transistors and circuits in active matrix 
applications. First we will discuss the challenges how small feature sizes and alignment 
(which are essential for high switching speed and integration density) can be achieved in 
large area production. In a second part we will focus on the exposure to chemicals used in 
the process chain which will increase dramatically for high volume fabrication. This will 
require completely new strategies and ideas related to selection and economical use of 
materials and supporting chemicals like solvents, photo- and imprint resists or various 
additives. We will also discuss how UN- and EU-wide restrictions for hazardous materials 
and occupational health and safety have to be considered and how natural source based 
and biodegradable materials can be implemented in large area compatible fabrication of 
organic electronics.  
 

 
Fig. 1: Roll-to-roll pilot line for the fabrication of large area organic electronics on flexible 
substrates.  

References  
[1] S.R. Forrest, Nature 428, 911-918 (2004)  
[2] T. Sekitani, U. Zschieschang, H. Klauk, T. Someya, Nature Mater. 9, 1015-1022 (2010)  
[3] B. Lamprecht, R. Thünauer, M. Ostermann, G. Jakopic, G. Leising, Physica Status Solidi A, 202, R50-
R52 (2005) 
 



INTEGRATION OF DIRECT-WRITTEN ORGANIC PHOTODETECTORS AND ORGANIC 
TRANSISTORS: TOWARDS PASSIVE PIXELS FOR PLASTIC LARGE-AREA IMAGERS 

 
A. Grimoldi1,2, S.G. Bucella2,3, G. Azzellino1,2, M. Caironi2, D. Natali1,2, M. Sampietro1,2 

1Dipartimento di Elettronica, Informazione e Bioingegneria, Politecnico di Milano, 2Center for Nano 
Science and Technology @ PoliMi, Istituto Italiano di Tecnologia, 3Dipartimento di Fisica, 

Politecnico di Milano 
andrea.grimoldi@mail.polimi.it 

 
Solution processing of organic materials can be exploited in order to fabricate pixels for a 
large area imaging system. The ability to deposit in a patterned way different materials is 
mandatory to integrate together a photodetector and an addressing transistor to build a 
passive pixel. To meet this requirement we adopted a combination of Drop On Demand 
inkjet printing and femtosecond laser ablation. The first one is an additive patterning 
approach that allows to deposit small quantities of functional materials, formulated into 
inks, on almost arbitrary substrate. Compared to a subtractive technique, inkjet printing 
can lower manufacturing costs and be environmental friendly because of the simplification 
of the process and the reduction of materials and waste solvent consumption [1,2]. The 
second one is able to direct-write fine patterns defining structures with sub-micrometric 
resolution [3]. 
Pixels with a photosensitive area of about 100 µm x 100 µm were developed aiming at 
applications in radiographic imaging. We used polyethilene naphtalate (PEN) as a 
substrate paving the way for non-fragile, non-planar conformal imagers. Organig 
photodiodes (OPD) and thin film transistors (OTFT) were fabricated on the same 
substrate, one next to the other and inter-connected. The photodetector was realized by 
printing a stack made of poly(3,4-ethylene dioxythiophene):(polystyrene sulfonic acid) 
(PEDOT:PSS) contact, which was functionalized to reduce its workfunction by spincoating 
polyethyleneimine (PEI), a blend of poly-(3-hexylthiophene-2,5-diyl) (P3HT) and [6,6]-
phenyl-C61-butyric acid methyl ester (PC61BM) as photoactive layer and a top 
PEDOT:PSS contact (Fig. 1). To fabricate transistors we combined inkjet printing with 
femtosecond laser ablation. Micrometric channels were realized ablating with a highly 
selective femtosecond laser the PEDOT:PSS line, used also as bottom contact of the 
photodetector. Top gate OFETs, with P(NDI2OD-T2) as semiconductor, were realized 
exploiting these direct-written electrodes (Fig. 1). Every process step was performed in air, 
apart from a final annealing done in nitrogen atmosphere. 
The semi-transparent photodiodes show an External Quantum Efficiency of 60% (exposed 
to 525 nm wavelength light, reverse polarized at 1 V) and dark current densities in the 
order of 100 nA/cm2 (1 V reverse polarized). The transistors have mobilities of 8·10-4 
cm2/Vs and 2·10-2 cm2/Vs respectively in linear and saturation regime and off currents 
lower than 1 pA at 1 V applied between drain and source. 
Parameters of single devices satisfy specifications for the realization of a prototype pixel. 
However, their integration is far from trivial as it requires the mutual compatibility of all 
processing steps: for instance, we formulated a solution for gate dielectric which was able 
to preserve characteristics of both photodetectors and transistors. The pixel was fabricated 
and characterized and we will discuss its behaviour taking into account technological 
constrains in terms of parasitic, overlap capacitance between gate and source/drain 
contacts and leakage currents. Efforts to overcome non-idealities will be shown. 
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 (a) (b) 
 
Figure 1: Sketch of the side view (a) and top view (b) of the pixel showing photodetector 
stack connected to transistor with laser ablated channel.	  
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The requirements for the flexible OLEDs are flexible substrate, anode electrodes and 

encapsulation. As the candidates for the flexible anode electrode, indium zinc oxide (IZO), 
polymers and graphene, have common demerit, of high sheet resistance [1-3].  
In this work, as an effort to improve the luminance uniformity of flexible OLED panel, we 

designed the shape of flexible OLED panel and simulated the output luminance distribution. 
The dimension of the flexible OLED panel, which has a 20 mm × 70 mm luminescence 
area, was determined by fabrication and apparatus designing considerations. We used a 
two-dimensional OLED circuit modelling method; to predict the two-dimensional luminance 
distribution method using a circuitry simulation [1]. Figure 1 shows three compositions of 
electrodes and their simulated luminance distributions. The first OLED panel, shown in Fig. 
1(a), has two opposite pairs of anodes and cathodes, in which anodes and cathodes are 
located at the upper corners and the bottom corners, respectively. Fig. 1(b) shows the 
second flexible OLED panel that has anodes at the upper corners and cathode at the 
bottom side. And the composition of the Fig. 1(c) is the reversal of Fig. 1(b), which has 
anode at the upper side and cathodes at the bottom corners. The applied voltages are 
adjusted to drive with an average luminance of 300 cd/m2 at each OLED panel. As a result, 
at the same average luminance condition, the luminance uniformities of three OLED 
panels are 36%, 18% and 30%, as respectively. Considering the uniformity and panel 
bezel, we choose type of Fig. 1 (a) as our panel. 
The designed OLED panels in the current study were fabricated using the configuration: 

polycarbonate substrate (150 µm)/IZO anode (70 nm, sheet resistance=28 Ω/□ )/organic 
layers (150 nm)/cathode(100 nm). The OLED grade materials were purchased and used 
without further purification. All organic layers were deposited in a high vacuum chamber 
below 6.5×10-5 Pa and thin films of LiF and Al were deposited as a cathode electrode. The 
OLED panels ware transferred from vacuum into an inert environment glove-box, where 
they were encapsulated using a thermal adhesive film, and a metal foil with a moisture 
getter. 
Fig. 2 shows flexible OLED lighting panels and our interactive smart lighting apparatus 

using flexible OLED lighting panels. As can be readily noticed our simulations, design 
approach and film encapsulation method enabled the realization of air stable flexible 
OLED panels. Our work suggests that large area flexible OLED panels can be practically 
realized used by combining luminance simulations and flexible OLED panel fabrication.  



 
Fig. 1. Simulated luminance (cd/m2) contour diagrams at each type of OLED external electrode: (a) two 

opposite pairs of anodes and cathodes at corners, (b) two anodes at upper corners and cathode at bottom 
side, and (c) anode at upper side and two cathodes at bottom corners. 

 

 
Fig. 2.	  Snapshots of flexible OLED lighting panels and flexible OLED lighting apparatus 
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Non-volatile memories operating at low voltage are indispensable for flexible micro-
electronic applications. The most commonly used organic ferroelectric is the random 
copolymer of vinylidene fluoride with trifluoroethylene (P(VDF-TrFE)). In order to obtain 
switching voltages below 10  V, sub-100  nm films are required. It is now well-established 
that reproducible switching can be realized, but only down to 50  nm thin films. Fabrication 
of thinner films of P(VDF-TrFE) is hampered by the required thermal annealing at about 
140  °C in order to enhance the crystallinity and hence the ferroelectricity. The thermal 
annealing promotes grain growth and leads to inherently rough surfaces and electrically 
shorted capacitors. In ultra-thin films, thermal annealing can even cause dewetting. 
Therefore, not surprisingly, for P(VDF-TrFE) thin films there is a large scatter in switching 
voltages, remanent polarization, and coercive field. 

Recently, ferroelectric δ-PVDF (poly(vinylidene fluoride)), an overlooked polymorph 
proposed 30 years ago, has been reported. This δ-phase is obtained upon electro-forming 
by applying a short electrical pulse on a neat PVDF film. For practical applications, the 
advantage of the homopolymer δ-PVDF over the copolymer P(VDF-TrFE) is the high 
thermal stability of the polarization due to the high Curie temperature of about 170  °C; 
however, an issue could be the high value of the coercive field of about 120  MV/m. To 
realize low voltage switching, crucial for any micro-electronic application, ultra-thin films 
are required. Fortunately, thin δ-PVDF films can easily be made because thermal 
annealing is not needed during the whole fabrication. The large processing window makes 
δ-PVDF the ideal candidate to achieve low voltage switching and, at the same time, to 
study the ferroelectric properties as a function of layer thickness down to ultra-thin films.  

Here we show that ultra-thin films down to 10  nm of δ-PVDF can be fabricated. The 
surface roughness is less than 1  nm. The remanent polarization of 7  µC/cm2 is switched 
with an unprecedented low bias of less than 5  V. The data presented here for PVDF films 
from thick films of 1 micron down to ultra-thin films of 10  nm can identify the switching 
mechanism and unambiguously set a lower limit for the critical ferroelectric thickness. We 
demonstrate that the technology paves the way for the realization of low voltage operation 
organic ferroelectric memories based on traditional as well as novel device architectures. 

 
 
 
 
 
 
 
 
 
 
 

 
Scaling of δ-PVDF. Forming voltage, Vf, and coercive voltage, Vc , of δ-PVDF are presented as a function of 

layer thickness. The linear relation found yields a forming field of 250  MV  m−1 and a coercive field of 
120  MV  m−1. The inset shows the capacitor layout. 
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Among solution-processed polymeric semiconductors, donor-acceptor copolymers 
employing the high electron affinity Naphathalene Diimide (NDI) unit represent a very 
relevant and promising class of n-type semiconductors for applications in organic 
electronics [1,2]. However, the mechanisms leading to the good transport properties in 
these materials are still being debated [3].  
In this contribution we demonstrate that in a naphthalene-diimide based copolymer 
electrons field effect mobility can be controlled over two orders of magnitude with a simple 
spin-coating process by adopting solvents which introduce a different amount of chains 
pre-aggregation in the solution. Solution pre-aggregation was found to promote liquid-
crystalline like long-range order within a nano-fibrillar thin film microstructure; this 
morphology represents the key factor in pushing the transistor performance up to the top 
mobility values for this class of materials so far [2,4].  
Basing on this strategy, a neat molecular alignment on large areas can be obtained using 
simple, scalable, low-temperature and ambient-processed directional deposition methods 
such as bar coating. We found that, within a macroscopically aligned morphology, electron 
mobility parallel to the fiber direction (i.e. to the molecular backbones, as evidenced by 
polarized optical absorption) overcomes the mobility perpendicular to the fiber direction of 
more than one order of magnitude, approaching 2-3 cm2/(Vs) at high voltages: we infer 
that charge percolation preferentially takes place within the fibers, likely profiting of 
intramolecular paths and/or “highly coupled” intermolecular bridges for charge carrier fast 
track.  
By linking transport properties to length scales from the meso- to macro-scale and by 
comparing results on different NDI-based molecular systems this work offers a critical 
perspective for controlling and further improving mobility in polymer FETs.   
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We could show in previously published work that by reducing the gate-source and gate-
drain overlap capacitances the switching speed of nanoimprint lithography (NIL) structured 
OTFTs can be greatly enhanced [1], [2]. Those devices exhibited source/drain to drain 
overlap lengths down to LOV = 30 nm. Naturally one will aim towards as low overlaps as 
possible to further increase the switching speed. This tendency and our previous results 
lead to the question of how small an overlap could be for an OTFT to still operate properly 
and how the absence of an overlap or even a gap between the gate and the source or 
drain electrode influences the transistor performance. 
 
We have modified the previously published self-aligned process and are able to control 
and vary the gate-source and gate-drain overlap lengths and even achieve gaps (negative 
overlaps). More importantly the source-gate and the drain-gate overlaps are different 
within the same transistor. We achieve this results by purposely tilting the sample during 
the UV exposure defining the position of the source and drain electrodes. Cross section 
analysis of the devices revealed that we are able to modify the overlap from 1.7 µm to a 
gap of 0.2 µm. This new method is used to analyse the influence of these overlaps on the 
on-current of self-aligned, nanoimprint lithography structured organic thin-film transistors. 
 
Our results demonstrate that transistors with no overlap of one electrode still work as 
transistors. Furthermore, no significant influence on the on-current was found when a 
negative overlap was present at the drain electrode. For the source electrode the current 
drops by one order of magnitude as soon as the overlap becomes negative. Furthermore, 
we could show that a minimum overlap of the source electrode of about 180 nm is needed 
to decouple the on-current dependency from the source overlap.  
 
 



	  
Figure 1: left: Cross section showing a gap of over 200 nm between the drain and the gate electrode; right: 
subthreshold characteristics of the respective OTFT with negative overlap on the drain side. 
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Epidural spinal cord stimulation in combination with chemical stimulation and rehabilitation 
training can restore voluntary locomotor movements in spinalised rats [1]. Stretchable 
high-density multielectrode arrays (MEAs) are desired because they allow compensating 
relative movements between the electrodes and the specific stimulation sites on the spinal 
cord by switching to the electrodes that evoke motor-like movement patterns. Stretchable 
MEAs based on conductive polydimethylsiloxane (PDMS) have been successfully 
implanted in spinalised rats for epidural spinal cord stimulation [2]. They withstand the 
mechanical stress during implantation and subsequent rat movements. However, the 
electrode density in these implants is limited by the fabrication method (minimal 150 µm 
tracks and 100 µm gaps using stencil printing). Additionally, these implants do not 
withstand local shear stress induced when the vertebrae are crushing the stretchable 
leads. Feng Xu and Yong Zhu reported the use of silver nanowire (AgNW) networks in 
PDMS as elastic conductors [3]. AgNW thin films can maintain their conductivity under 
high strains due to the sliding of the nanowire in the network. 
 
Our presented work focuses on patterned AgNW thin film tracks in PDMS with a high 
aspect ratio and investigates their electrical responses under mechanical stress. We 
conduct uniaxial tensile testing and fatigue testing and we examine the effect of local 
shear stress on the conductivity of the leads. Additionally, we currently investigate the 
stability of AgNW-PDMS in saline. 
 
We demonstrate the feasibility of patterning AgNW tracks with high aspect ratio embedded 
in PMDS. Stretchable conductive leads 20 µm wide and several centimeters long exhibit a 
sheet resistance of ~2 Ω/□ and can be stretched thousands of cycles at 20% strain without 
loosing electrical conductivity. These results support the idea of using patterned AgNW-
PDMS for stretchable high-density leads. Since implants based on conductive PDMS have 
been shown to be stable and biocompatible in vivo in rats [2], we are confident to use our 
fabrication technique to produce stretchable high-density MEAs for epidural spinal cord 
stimulation. 
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