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Introduction

Solar energy conversion in devices fabricated of organic materials, preferably -conjugated polymers, is now an emerging field with promising targets. Compared to inorganic semiconductors, in most of the -conjugated polymers strong Coulomb forces lead to the excitonic nature of the photoexcited state of the polymer. For the efficient free charge carrier photogeneration to appear an extrinsic mechanism has to be introduced to facilitate the exciton dissociation into free charges. In our work we focused on two possible ways how to fulfill this requirement: (i) introduction of electron-withdrawing groups to the polymer chain and fabrication of a composite containing microcrystals of low-molecular weight 2,9-di(pent-3-yl)-anthra[2,1,9-def:6,5,10-d’e’f’]diiso-quinoline-1,3,8,10-tetraone, yielding a bulk-distributed heterojunction between the p-type semiconducting polymer and n-type crystallites of ST13, and (ii) construction of nanocomposite materials in which the organic-inorganic heterojunction is formed at interphases between inorganic semiconductor nanoparticles and a conjugated polymer. The system with large heterojunction area was obtained by covering core TiO2 nanoparticles (size 25 nm, band-gap 3.3 eV) with a 2 nm thick shell of polythiophene (band-gap 2.1 eV). We established a new electrophoretic deposition method for the fabrication of photoelectrically sensitive structures, in which the core/shell nanoparticles dispersed in an organic solvent are deposited on a semitransparent conductive substrate (ITO glass) under an external electric field. 

Experimental

Two types of photoconductive materials were prepared: Oligo(diphenylvinylene) with benzoyl end-groups (DPVC, for the chemical structure see Figure 1a was prepared according to the precedure described elsewhere [1] and characterized as <M>n = 1 590 and <M>w = 2 040. An equal amount of DPVC and 2,9-di(pent-3-yl)-anthra[2,1,9-def:6,5,10-d’e’f’]diiso-quinoline-1,3,8,10-tetraone (ST13, used as obtained from SynTec, Germany) was dissolved in chloroform and spin-cast on an ITO covered glass substrates. After drying, thin film was formed with crystalline phase of ST13, that were subsequently covered by a top Al electrode prepared by vacuum deposition.
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Polythiophene (PT) coated TiO2 nanoparticles: TiO2 particles P25 (Degussa, average particle size 21 nm) were used as a core, polythiophene was prepared by oxidative polymerization of thiophene as described elsewhere [2]. Thin films where prepared using the electrophoretic deposition from an organic solvent [3]. The device structure together with the free charge generation mechanism is shown in Figure 1b.
Results and discussion

A typical short circuit photocurrent spectrum of the ITO/(DPVC/ST13)/Al 650 nm thick sandwich cell is shown in Figure 2. The photoelectric sensitivity was found to cover almost most of the visible spectrum with a sharp space at 415 nm. Current-voltage characteristics in dark and under illumination are shown as an inset in Figure 2. In dark, the cell showed slightly rectifying current-voltage characteristics with forward direction for ITO negatively biased. Under the white light illumination (intensity 10 mW/cm2) and at applied voltage, the increase of the current by the factor of about 103 was observed. On the other hand, the open circuit voltage was negligibly small for practical application. 
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The spectral behavior of the short-circuit photocurrent of the sandwich cell composed of electrodeposited core/shell nanoparticles sandwiched between ITO and Al electrode is shown in Figure 3. There are two areas observed in the spectrum: (i) photoelectrical sensitivity extended to the visible spectral region, corresponding to the polymer optical absorption, and (ii) a small negative peak in the UV region due to optical absorption of TiO2. In the current-voltage characteristics in dark and under illumination with white light (inset of Figure 3) an increase in the current about 6 orders of magnitude can be observed under the white light illumination (10 mW/cm2). Unfortunately, only under the illumination within the green-red part of the visible spectrum (> 500 nm) a small negative value of the open circuit voltage can be detected. The photoelectrical properties of the PT/TiO2 cell in the visible part of the spectrum can be explained by the mechanism (see Figure 2) in which an exciton formed upon photon absorption in PT dissociates within the heterojunction into charge carriers; the electron is transferred into TiO2 nanoparticle and moves towards the illuminated electrode by percolation, whereas the positive charge (hole) is transported towards the opposite electrode within the polymer. This idea represents the extrapolation of the mechanism observed in the photoelectrochemical dye-sensitized (Graetzel type) cell [4] into solid-state devices. 
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Figure 1. Chemical structures of the materials used in the study. a) poly(diphenylvinylene) end-capped with  benzoyl end-group and 2,9-di(pent-3-yl)-anthra[2,1,9-def:6,5,10-d’e’f’]diiso-quinoline-1,3,8,10-tetraone, b)nanocomposite composed of TiO2/PT core/shell nanoparticles;detailed view on the polymer-TiO2 junction and free charge carrier photogeneration mechanism is shown.





Figure 2. Spectral dependence of the short circuit photocurrent of the sandwich cells ITO/(DPVC/- ST13)/Al, shown as collected electron-to-absorbed photon ratio (APCE). Inset: respective current-voltage characteristics in dark (full points) and under illumi- nation with white light 2x10-2 W/cm2 (empty points). 
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Figure 3. Spectral dependence of the short circuit photocurrent of the ITO/TiO2/PT/Al nanocomposite sandwich cell. Inset: current-voltage characteristics in dark ((), and under illumination (2·10-2 W/cm2) with the green-red (() and white (() light, respectively. Film thickness 1 m, room temperature.
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