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Objective 

In the context of organic based electronics the development of efficient and stable organic solar cells constitutes the next major leap in the development of said electronics. Indeed the complexity of the physics operating in these devices offers a major driving force for new developments. Mastering the physics and the device structure leading to it, will lead to major spin-offs in the development of the other device types. Originally, most of the attempts to realize organic solar cell devices were based on essentially the same concepts as thin-film pn devices. This resulted in energy conversion efficiencies of about 1% with the main limitation being the short exciton diffusion length and the insufficient exciton dissociation. The breakthrough for solar cells incorporating an organic part came with the advent of concepts, which were radically deviating, from the planar heterojunction solar cells. The generic idea behind these concepts is the existence of a bulk-distributed interface to capture the excited carrier and to increase the exciton dissociation rate. The Graetzel cell or dye-sensitized cell is a prominent example of this generic idea belonging to the class of hybrid cells. Within the pores of a porous TiO2-layer a monolayer of an organic sensitizer is adsorbed on the pore walls. After absorption of a photon, the excited electron within the sensitizer molecule is immediately transferred to the conduction band of TiO2, after which the electron diffuses through the porous network to the contact. The oxidized sensitizer molecule is reduced to the original state by supply of electrons through a liquid electrolyte within the pores. Cells based on this concept show confirmed energy conversion efficiencies up to 11% on small-area cells, whereas up-scaled modules exhibit efficiencies between 5 and 7%. Standing issues within this type of solar cells are the replacement of the sensitizer by a material with increased absorption in the red and infrared part of the spectrum, the replacement of the liquid electrolyte by a solid-state hole conductor and the improvement of the cell stability. Due to the mentioned issues, the Graetzel-cell concept is increasingly moving towards the development of solid state dye-sensitized solar cell employing organic hole conductors and the replacement of the sensitizer dye with quantum dot light absorbers.

The full-organic counterpart of the Graetzel-cell is the bulk donor-acceptor heterojunction concept that is based on blends of two organic compounds one with donor-character, the other with acceptor properties. The excitons dissociate very efficiently at the interfaces between donor and acceptor phases and flow through the percolated donor and acceptor sub-networks to the contacts, which are carrier selective. A soluble C60 derivative, PCBM, is often used as acceptor component because exciton dissociation turns out to be extremely efficient with transfer times in the range of 100 fs. However, at the moment there is a clear call for alternatives that allow the replacement of PCBM by a polymer with acceptor characteristics. Some preliminary results in this direction start to appear (e.g. CN-PPV/MEH-PPV). For sure the progress made over the last years in organic photovoltaics is impressive, from an efficiency of only 0.04% around 1995, going to 1%, next to 2.5% in 2000, 2.9% in 2001 using MDMO-PPV and recently efficiencies of over 3% have been demonstrated in 2003 using poly(3-hexyl thiophene). Very promising is that these results are merely a consequence of optimization of the morphology of the bulk heterojunction. Furthermore such promising results were obtained mostly for materials that only absorb light in the blue light and UVrange of the solar spectrum. Work has been undertaken by many groups meanwhile to use socalled low band gap conjugated polymers with a stronger absorption in the main emission spectrum of the sun. Besides this issue of extension of the active layer absorbance towards the red and infrared range, other standing issues are the use of materials with higher mobilities and again the critical issue of stability of the morphology so obtained. In the frame of improving the red- and infrared sensitivity of the donors, the majority of the activities are directed towards thiophene derivatives, which could also improve stability. Improved ordering and enhanced mobilities within the acceptor part are also expected from the inclusion of nanotubes. However, it is to be expected that for large surface applications an absolute need for an alternative, acceptor material available on large-scale can be identified. Also controlling morphology in a rational manner by using principles of self-assembly and supra-molecular organization shows important potential.

Recent work shows that new developments are sought in the consideration of a broader scope of materials used as components in the composite layer, ranging from organic molecules to inorganic nano-structured compounds. This evolution is driven for example by the possibility of combining the low-cost thin-film fabrication of the polymers with the good electrical and optical properties of the inorganic semiconductors. The high surface tension at such inorganic nano-particles, compared to the nonpolar nature of the conjugated polymers used, brings new challenges to real control on morphology. It can be envisaged that use of amphiphilic or polar conjugated polymers is needed to reconcile the polarity differences between these two classes of materials. This would possibly lead to the use of environmentally more friendly solvents. 

During the visit, we worked to gain a better comprehensive understanding of the electrooptical mechanisms occurring in the photoactive films, a significant improvement of the photovoltaic efficiency through the synthesis of new materials and the assembly of new materials systems.
Additionally, we have fabricated solid polymer electrolyte-gated organic field-effect transistors in which a polyethylene oxide (PEO) film containing a dissolved Li salt is used to modulate the hole conductivity of a polymer semiconductor.
Part I

1.1 Background 
A property of a “free” electron gas is its capacity of collective plasma oscillations. These oscillations can occur in the bulk of the material or at the interface between a metal and a dielectric medium. The latter oscillations are therefore called surface plasmons (SP). The physical properties of these plasmons are reviewed in monographs [2,3].

The effect of excited surface plasmons in a inorganic semiconductor/metal-Schottky junction has been examined in detail [4-8]. Using the method of attenuated total reflection (ATR) a SP was excited at the metal/air interface. This excited Plasmon leads to an increased amount of photoexcited electrons in the metal which are capable to surmount the Schottky barrier and therefore increase the short circuit photocurrent. 

The effect of SPs on the short circuit photocurrent (ISC) of a Schottky-type organic solar cell based on copper phthalocyanine (CuPc) with the cell structure (glass/Al/CuPc/Ag) has also been investigated by several authors [9-13]. An excited surface plasmon in the aluminum interface to CuPc or in the silver interface to air increases (ISC). This enhancement was explained with increased absorption of photons in the organic dye layer due to the high electric field strength in the vicinity of the excited SP.

The large enhancement of the electric field related to the oscillating electron plasma can also be used to increase the Raman scattering signal from molecules adsorbed on a metal surface. This surface enhanced Raman scattering (SERS) has also been used to study the Raman spectra of organic dyes [14-16].

In small metal clusters localized plasmon excitations can occur by direct light absorption due to the much simpler selection rules. Here no k-selection rule exists. In the system (ITO/metal-clusters/CuPc/In) it has been shown that the incorporation of copper or gold clusters between the ITO and CuPc increases the photocurrent originating from the Schottky-contact at the CuPc/In-contact by a factor of more than two [1]. This effect was explained by an increased photovoltaic conversion efficiency due to resonant light absorption in the metal clusters.
While the performance of organic photovoltaics has been improving steadily, this technology still faces fundamental limitations in efficiency and stability that need to be overcome for it to be competitive with other solar cells. Innovative cell designs, such as stacked organic/inorganic heterojunctions with embedded nanostructured metal features, may enhance their overall performance. A stack design can increase light absorption efficiency through complementary absorption of separate portions of the solar spectrum by different layers with specifically designed bandgaps. This minimizes thermal losses and increases the overall photon conversion efficiency.

Figure 1 Simulation of a metal nanostructure enhanced organic solar cell. Interaction of an incident electromagnetic wave with metal nanoparticles at the junction between donor (top) and acceptor (bottom) materials leads to resonant effects resulting in an enhanced optical electric field between the particles (Figure 1a). This leads to an increased exciton density at the donor-acceptor junction shown by the red areas in Figure 1b. The absorption enhancement effect for the addition of different metal particles is shown in Figure 1c.    
Nanoscale metal structures embedded in organic devices could also potentially be beneficial in improving the light absorption, as well as the charge separation and charge collection processes. When placed at the donor-acceptor interface of an organic heterojunction, electrically isolated metal nanoparticles may enhance photon absorption by concentrating the electromagnetic energy of incident radiation close to the junction (see Figure 1) and may also assist the exciton energy migration process, leading to enhanced charge separation. Tuning of the spectral properties of the cells may also be achieved through the appropriate choice of metal type and nanostructure shape, size and organization. 

In series-connected stacks, the absorption of light by single cells must be carefully designed for photocurrent matching. This constraint makes them intolerant to variations in the illumination spectrum. However, efficient lateral current extraction could be achieved by using high sheet-conductivity nanopatterned metal films that can theoretically transmit 80% of the incident radiation. The upper limit for the transmissivity of these metal junctions is unclear and will be studied in this project. These features would drop the requirement of current matching for multijunction stacks and reduce losses in large-area organic photovoltaics. Various pattern geometries will be explored, such as arrays of nanoscale holes or slits to achieve high radiation transmission through the excitation of sub-wavelength plasmon modes. Geometrical parameters such as the size, spacing, and in-plane symmetry of the nanoscale features will be tuned for optimal light transmission and spectral selectivity. 

1.2 Experimental Results

In this part, to enhance solar harvesting in organic solar cells, uniform-sized metal nanoparticles of ~2 nm were incorporated to the device via pulse-current electrodeposition, which is a kind of simple and quick solution process that can control the density and size of metal nanoparticles. By incorporating CdTe nanoparticles on surface modified transparent electrodes, overall power conversion efficiency was increased from 2.15% to 2.39%, mainly resulting from the improved photocurrent density as a result of enhanced absorption of the photoactive conjugate polymer due to the high electromagnetic field strength in the vicinity of the excited surface plasmons.
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Figure 2 (a) J-V characteristics and  (b) IPCE spectra for two kinds of solar cells: a reference cell and CdTe nanoparticles incorporated cell.
1.3 Conclusion 
To overcome the weak absorbance of solar spectrum of organic solar cells, uniform-sized CdTe nanoparticles of ~2 nm were incorporated to the device via PC electrodeposition. By incorporating plasmonic CdTe nanoparticles, overall power conversion efficiency was increased from 2.15% to 2.39%, mainly resulting from the improved photocurrent density as a result of enhanced absorption of the photoactive conjugate polymer due to the high electromagnetic field strength in the vicinity of the excited surface plasmons.
Part II

2.1 Background
The discovery of semiconducting organic materials has opened new possibilities for electronic devices and systems because of their solution processibility, lightweight and flexibility compared to inorganic semiconductors. The combination of semiconductors with electrolytes, and more especially organic semiconductors and solid electrolytes has attracted the attention of researchers because of the multiple phenomena originating from the simultaneous motion of electrons and ions. 
Electrolytes

Any substance containing mobile ions, which give rise to electrical conductivity, can be deemed an electrolyte. Electrolytes can be found in liquid phase, but also in molten or solid form. Depending on the concentration of mobile ions (i.e. solute), the ionic conductivity can vary drastically. Depending on the solute dissociation that forms free ions, electrolytes are usually divided into two classes, strong and weak. In strong electrolyte (e.g., salts or strong acids), all or much of the solute is dissociated and the ionic conductivity is quasi constant with the solute concentration. If the solute is partially dissociated in aqueous solution, the ionic conductivity depends strongly on the solute concentration and this is called a weak electrolyte (e.g., weak acids and bases). In addition, the choice of the solvent should be considered in electrochemical applications. Each solvent has a defined potential window within which it is stable and beyond which it can decompose. The use of non-aqueous electrolytes for electrochemical applications is often preferred due to a wider stability potential window, which allows using higher operating voltages [17]. For example, water has a narrower potential window (~2 V) than acetonitrile (~4.5 V), which makes it unsuitable for electrochemical measurements that require higher potentials.

Solid Electrolytes

Solid electrolytes, also known as fast ionic conductors, are, in contrast to liquid electrolytes, electrolytes that do not need a solvent for the ion motion. Solid electrolytes have usually one component of the structure, cationic or anionic, which is essentially free to move throughout the bulk. The advantages of using solid electrolytes in practical applications are many. The chemical and electrochemical stability and the flexibility of the material makes it mechanically robust; thin films are easily processed on large areas. Solid electrolytes have a wide range of applications, for instance in batteries [18] and electrochemical capacitors [19], electrochromic devices such as smart windows [20] and in fuel cells [21]. Some solid electrolytes are polymer based, which include two general categories: polymer electrolytes and polyelectrolytes.
Polymer Electrolytes

Polymer electrolytes are composed of a salt dispersed in a neutral polymer matrix (that is not itself an electrolyte) [22]. The salt is dissociated into ions screened by the polymer matrix. The ion motion is coupled to local motion of the polymer chain and transition between ion coordinating sites [22]. The most studied polymer electrolytes are poly(ethylene oxide) (PEO) that consists of the repeating units of ether groups (-CH2CH2O-)n [22,23] and the lower molecular weight polymer poly(ethylene glycol) (PEG) [24,25]. PEO is stil one of the useful candidates in designing new types of batteries [26]. PEO exhibits low ionic conductivity (10-9 – 10-8 S cm-1) at room temperature because of its tendency to crystallize. Depending on the molecular weight, the melting point of PEO varies from 46 oC for low weight (200 kDa) to 60 oC for high weight (4 Mda) [27]. Thanks to the ability to dissolve high concentration of salts such as lithium and sodium salts, the crystalline phase is suppressed, enhancing the amorphous phase that results in higher ionic conductivity [28]. In addition, PEO is soluble in water and a number of common organic solvents.
Electrolyte-gated OFETs
In early studies, transistors were fabricated mostly to characterize materials. Most of organic semiconductor properties in OFET have been characterized using thermally grown SiO2 as the insulator because of its ready availability. With the improvement of organic semiconductors, OFETs became a potential technology. Hence, researchers have started to optimize the device itself. An important challenge is to reduce the operation voltage while keeping as high output current as possible. In order to achieve that, the capacitance (per area) of the insulator Ci should be high. The capacitance depends on both the dielectric constant (k) and the thickness of the insulator. Various kinds of insulators with high capacitance have been investigated [29]: inorganic insulating materials with high k such as aluminum oxide (Al2O3, k = ~10) and titanium oxide (TiO2, k = ~41), and polymeric dielectric materials such as polyvinylalcohol (PVA, k = ~10) and polyvinylphenol (PVP, k = ~4). The other approach is to reduce the insulator thickness. Self-assembled monolayers (SAM) with a thickness of one molecular monolayer (~2 nm) have been used as a gate dielectric to reach a capacitance of about 1 μF cm-2 [30].

The insulating materials should also fulfill demands specific to organic electronics, i.e. low-cost, compatible with flexible substrates, processible from solutions, insoluble in the solvent used for deposition of the organic semiconductor, and compatibility with the gate electrode materials. Electrolytes have been found to be great materials to gate transistors (figure 1a) [31,32-38]. These types of dielectrics are usually composed of a salt distributed in a solution or matrix, e.g., polymer gel. When a gate potential is applied, the ions in the electrolyte redistribute and migrate into the semiconductor leading to electrochemical doping (dedoping) in the bulk of the organic semiconductor. Thus, the channel is opened (closed). These transistors are classified as electrochemical (EC) transistors (figure 1b). They can typically operate at low drive voltages (< 2 V) and be processed using low-cost production techniques. However, they respond slowly. One of the successful EC transistors has been reported by Nilsson et al [35]. Their transistor is based on lateral architecture where the electrodes consisted only of a thin film of PEDOT:PSS, while a calcium chloride based gel is the electrolyte. The area covered with the electrolyte between the source and drain defined the channel. This resulted in an all-organic EC transistor. For this device, the conductivity of the channel decreased upon applying a gate voltage because of the reduction of the PEDOT:PSS channel, thus the on-state is defined at zero applied gate voltage.
[image: image2.emf]
Figure 1 An illustration of an organic transistor gated via an electrolyte. a) When no voltage is applied to the gate, the ions in the electrolyte are distributed uniformly, b) Upon applying a negative gate bias, ions respond to the electric field and redistribute. The migration of anions into the semiconductor causes electrochemical doping and opens the channel. This is the typical behavior of an electrochemical transistor, c) If electrochemistry is prevented because the anions are prevented to migrate into the semiconductor film, electrostatic charge injection instead will take place in response to the high electric filed across the electric double layer formed at electrolyte/semiconductor interface. The transistor works as a field-effect transistor.
Solid polymer electrolytes have also been used in gating organic transistors [33,39]. For example poly(ethylene oxide) (PEO) with dispersed lithium perchlorate salt has been demonstrated as gate insulator material. The motion of the anions into the semiconductor is remarkably reduced when the transistor operates in vacuum, thus preventing bulk electrochemistry to occur. Electrostatic charge injection takes place at the source-semiconductor interface in response to the high electric field created at the interface between polymer semiconductor and polymer electrolyte (figure 1c) [39]. Upon operation in air, current modulation resembles EC transistors. Because of bulk electrochemistry the conductivity of the channel of these transistors in off-state after device operation is higher compared to off-state before turning the transistor on [31]. The use of polymer electrolytes has allowed injection of high carrier density (1014 – 1015 charges cm-2) and the achievement of metallic conductivities in the channel of polymer electrolyte-gated OFET [33]. It also enables n-channel operation [36].
In order to avoid the electrochemical doping of the bulk semiconducting polymer film when operating at ambient atmosphere, solid state polyanionic proton conducting electrolytes such as the random copolymer of vinyl phosphonic acid and acrylic acid, P(VPA-AA) can be used as gate material [31,37]. By applying a negative electric potential to the gate, protons migrate towards the gate electrode and form an electric double layer at polyelectrolyte/electrode interface. The remaining immobile polyanion chains stay close to the positively doped organic semiconductor, allowing the formation of p-channel. Because the polyanionic chains are immobile, they cannot penetrate the semiconductor layer, thus preventing electrochemistry in the bulk of the channel. Unlike EC transistors that require several of seconds to switch, OFETs gated via electric double layer capacitor (EDLCOFET) exhibit transients in kilohertz region. The quick formation of double layers at polyelectrolyte/electrode and polyelectrolyte/semiconductor interfaces result in low voltage operation (< 1 V) and high output current (in μA range for L/W = 7/200). Employing polyelectrolytes as gate insulator, the thickness of the insulator and the position of gate electrode become less important since the EDLC spontaneously forms at insulator/semiconductor interface upon applying a gate bias [31]. As a result, the devices could be produced cheaply via e.g. printing techniques.
2.2 Experimental Results
Experimental results are in preparation for publication. 
2.3 Conclusion
Second part of visit deals with organic semiconductor–based devices whose working mechanism involves electrolytes. When a semiconductor in an electronic device is polarized in contact with an electrolyte, ions reorganize at the semiconductor-electrolyte interface. Ions accumulate in the electrolyte at the interface with the semiconductor, and charge carriers (electrons or holes) of the opposite charge belonging to the semiconductor migrate towards the interface with the electrolyte. This interface polarization creates electric double layers, also called Helmholtz double layers. At that stage, the ions can or cannot penetrate into the semiconductor depending on the chemical nature of the ions and the chemical nature of the semiconductor. In this section, we have varied the ions and the semiconductors to investigate experimentally the fate of the electric double layers. We have mostly focused on using the right combination of materials (electrolyte-semiconductor) to create new devices that can be used either to analyze phenomenon or find applications in electronics.
These results have been preparing and will be published soon. Also it will be presented in E-MRS 2009 Spring Meeting.
In future collaboration, we have been planning on fabricating light emitting OFETs with polymer electrolyte gate using different light emitting semiconductor materials. 
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