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Abstract:

 It is increasingly obvious that the molecular conformations and the long-range arrangement that conjugated polymers can adopt under various experimental conditions in bulk, solutions or thin films, significantly impact their resulting optoelectronic properties. As a consequence, the functionalities and efficiencies of resulting organic devices, such as field-effect transistors, light-emitting diodes, or photovoltaic cells, also dramatically change due to the close structure/property relationship. A range of structure/optoelectronic properties relationships have been investigated over the last few years using various experimental and theoretical methods, and, further, interesting correlations are continuously revealed by the scientific community. In this review, we discuss the latest findings related to the structure/optoelectronic properties interrelationships that exist in organic devices fabricated with conjugated polymers in terms of charge mobility, absorption, photoluminescence, as well as photovoltaic properties.
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1. Introduction

Conjugated polymers are interesting materials due to both their semiconducting properties and highly tunable molecular ordering that can proceed in a hierarchical way on multiple lengthscales ranging from nanometers to macroscopic dimensions, leading to a vast variety of nano-, meso-, and micro-structures [1–6]. This breath of architectures that can be realized can be designed to target a plethora of applications, amongst others, in the fields of nanolithography [7], controlled drug delivery [8], organic photovoltaics (OPVs) [9–13], organic light-emitting diodes (OLEDs) [14–18], and organic field-effect transistors (OFETs) [1–4,19–22].

Thin, active films of conjugated polymers are associated with a multitude of fundamental physical phenomena including exciton diffusion [23] and separation [24], charge transport [25,26] and carrier migration/mobility [27], exciton and charge recombination [28], as well as other interactions of excitons with the polymer chain/network, their trapping and loss [27], etc. These internal phenomena are all strongly dependent on the molecular conformations and longer-range arrangement adopted by the conjugated polymer molecules at all lengthscales [25,28,29]. The relation between this molecular arrangement and structural features adopted by the conjugated polymer chains, and their resulting optoelectronic properties, were investigated extensively in the last few years and are currently being explored by many research groups [25,26,28–35] in order to further understand—and eventually improve—the performance of organic devices based on conjugated polymers.

Here, we are going to review recent scientific advances that are emphasizing some of the structure/processing/optoelectronic properties interrelationships that are of key importance for the driving of organic devices based on conjugated polymers, including their charge-transport properties (with focus on charge transport measured in OFETs), absorption, and photoluminescence (PL) characteristics as, e.g., exploited in active layers of devices such as OLEDs and sensors, as well as the photovoltaic processes relevant in organic solar cells.



2. Influence of Molecular Conformation, Order and Chain Interconnectivity on the Charge Transport Properties of Polymer Field-Effect Transistors

Charge transport is a fundamental phenomenon that governs the functionality of all organic devices including OFETs. Therefore, understanding this phenomenon has a significant importance not only from a scientific but also from a technological and applicative point of view. The lack of continuous pathways throughout a conjugated active layer, e.g., due to the presence of structural defects in the organic material (e.g., caused through chain folding or disorder in the material network), disturbs the transport of charge carriers. Accordingly, free charges can get trapped at structural defects and recombine before being transported to the electrodes, leading to poor transport. Instead, a perfect pathway with no structural defects could act as a “fast-transport lane” with no energy dissipation and, possibly, with fewer charge recombination events.

In general, for polymer chains with defects, a weak disorder can increase the interaction of the charge carrier with the environment over longer distances leading to non-coherent transport [36]. Coherent charge transport dominates up to a certain length, above which conformational disorder breaks the coherence and activates hopping transport. Therefore, transport of charge carriers can take place both along single chains (intra-chain transport) and/or via an inter-chain process. The intrinsic structural anisotropy, hence, can be expected to lead to an anisotropic character of charge transport in active layers of organic device fabricated with conjugated macromolecular species.

In order to clearly establish whether intra-chain or inter-chain transport dominates in a given architecture, idealized model systems of controlled molecular conformations and order are needed (Figure 1). In such structures, all conjugated molecules ideally would adopt a unique conformation/orientation at all lengthscales, with all chains being fully extended and planarized without torsional defects. However, measuring charge transport in such model systems is highly challenging. An OFET is a type of transistor that is used to control the mobility of a specific charge carrier (electron or hole) throughout a channel in a material made of organic semiconductor material. Field-effect (carrier) mobility μFET describes how fast an electron or a hole is travelling through a semiconductor material and can be inferred from the OFET geometry via two types of measurements. One measurement is based on saturation-mode and consists in increasing the drain-source voltage until the current saturates for each fixed gate voltage. A second, measurement is based on the so-called ohmic-mode when the transistor is operated in the linear regime. Below, we will discuss the most recent attempts to correlate certain structural features with observed charge transport phenomena in terms of OFET mobility with focus on architectures where the conjugated polymers adopt specific molecular conformations and packing.

Figure 1. Schematic representation of model architectures comprised of a conjugated polymer that would be ideally suited to measure in an OFET geometry the charge-carrier mobility along the: (a) π-π inter-chain direction; (b) side-chain direction and (c) intra-chain direction.
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One of the most widely studied conjugated polymers is poly(3-hexylthiophene) (P3HT). When cast or coated on a substrate and further used in an OFET geometry, this polymer shows a typical μFET hole mobility of ~10−3 up to 10−1 cm2V−1s−1 [37–41]. Using processing methods that rely on the nature and/or quality of solvent [42], allow exploitation of controlled crystallization phenomena, e.g., via high-pressure crystallization or directed crystallization [31,39,43], or permit utilization of post-deposition procedures, such as annealing at elevated temperatures [44], or in controlled solvent vapor atmosphere [45–48], one can readily vary the chain conformations and arrangements of a given polymer, leading to a multitude of morphologies and microstructures with various structural properties. As a consequence, a large variety of optoelectronic properties and a broad range of charge-carrier mobilities can be obtained for many macromolecular semiconductors, including P3HT. For example, Newbloom et al. [49] recently obtained a mesoscale morphology of P3HT fibers crystallized through colloidal self-assembly in various aromatic solvents. Although the measured mobility was still rather poor compared to other reports, this study suggested that control of the degree of crystallinity and the resulting network structure of P3HT crystallized in solution before spin casting could be used to increase the charge carrier mobility in devices. This view is supported by Boudouris et al. [43] Using a poly(3-(2’-ethyl)hexylthiophene) (P3EHT) system with a lower melting temperature and a liquid crystal transition, these authors have demonstrated that OFET hole mobilities significantly increased (~60-fold with respect to the amorphous film) with the polymer’s degree of crystallinity due to the formation of a thin-film crystalline network in an amorphous matrix. The best value obtained for μFET was, however, still rather poor, in the range of 10−4 cm2V−1s−1.

Another factor that is critical to consider when correlating charge transport with structure is the anisotropic nature of organic semiconductors whereby one has to distinguish between intra-chain transport vs. hopping along the π-π stack (as alluded to above). In order to assess the anisotropic nature of the charge transport in terms of mobility, one can, for instance, prepare top-contact OFETs with the channel positioned at different angles along the aligned structures, e.g., with nanostructured objects (for example, fibers) parallel to the channel length in the so called parallel devices or with such objects perpendicular to the channel length in the so called perpendicular devices. In 2010, Xiao et al. [48] reported single crystals of P3HT that were comprised of polymer chains with their main axis parallel to the substrate, obtained via vapor annealing and controlling the solvent evaporation rate. While possessing rather low inter-chain mobility in the π-π stacking direction (μFET ~ 1.57 × 10−3 cm2V−1s−1), these crystals showed highly anisotropic electrical properties. Such a high in-plane anisotropic behavior was previously observed by Jimison et al. [39] in directionally crystallized thin films. It was indicated that the anisotropy was a result of grain boundaries between and along the P3HT crystalline fibers. In a later report, using time-of-flight measurements, Müller et al. [31] have shown that crystals of P3HT obtained under high pressure conditions have a slightly improved mobility which they attributed to the increased lamellar thickness of the crystalline moieties. Note here that time-of-flight mobility μTOF is obtained using a method that is different from OFET measurements and is based on estimation of the time taken by the carriers (electrons or holes) photo-generated close to one electrode to travel across the semiconducting material and reach the other collecting electrode.

An efficient and original approach to control polymer chain orientation with respect to the substrate on large-scale was recently developed and consists in combining mechanical rubbing with directional epitaxial crystallization [50]. For example, after rubbing, polymer chains of P3HT [50] or conjugated poly(2,5-bis(3-dodecyl-2-yl)thieno[3,2-b]thiophene) [51] align parallel to the rubbing direction and subsequently, crystalline domains undergo orientation changes from edge-on to face-on orientation (Figure 2). In the resulting face-on orientation, the π-π stacking direction is along the film normal while the chain direction is parallel to the rubbing direction [51] (Figure 2a). These studies showed not only that the anisotropy of μFET measured parallel and perpendicular to the rubbing direction depended on the intra-lamellar disorder [50], but also that the anisotropy of hole mobilities varied from 7 to 70, with the highest mobilities being measured along the rubbing direction, i.e., along the long axis of polymer chain (and the highest anisotropies for the oriented face-on films) [51]. Control of polymer chain orientation with respect to the OFET substrate on large-scale was earlier established by treating the substrates with the silylating agent hexamethyldisilazane. This method was proven to promote phase segregation [52] and eventually self-organization [53] of P3HT chains into lamellar structure with two-dimensional conjugated sheets that were formed by inter-chain stacking. Depending on processing conditions, such lamellae could adopt edge-on and face-on orientations with respect to the substrate. Measured μFET mobilities were shown to differ by a factor of 100 and best-recorded μFET were obtained for the edge-on orientation and reached 0.1 cm2V−1s−1. These experiments highlighted the possibility of achieving high mobilities via two-dimensional transport (intra- and inter-chain) in self-organized conjugated lamellae, the mobility being limited by the π-π inter-chain rather than the intra-chain transport. Similar results of enhanced mobility were also reported when using self-assembled monolayers of octadecyltrichlorosilane (OTS) [54] covering the silicon oxide substrate on which the OFET is fabricated. In this case, μFET mobility of up to 0.02 cm2V−1s−1 was measured for a polyfluorene copolymer, representing an enhancement of 20-fold over the mobility on bare silicon oxide. It was suggested that the mobility enhancement mechanism was likely induced by the molecular interactions between the polymer and the OTS self-assembled monolayer.

Figure 2. Classical representation of (a) face-on and (b) edge-on orientations with red rectangular shapes denoting the conjugated backbone and blue arms symbolizing the polymer side chains (in a non-interdigitated conformation).



[image: Materials 07 02273f2 1024]





Another interesting example of the highly anisotropic nature of charge transport in conjugated polymers is a study performed in strain-aligned P3HT [55]. For these systems, a charge mobility anisotropy of 9 was reached (the in-plane mobility was higher in the applied strain direction and decreased in the perpendicular direction), suggesting that the charge transport along the polymer chains within a crystal is strongly favored over the other crystallographic directions, including the inter-chain transport. This experimental observation was previously suggested in theory [56]. In addition, values of intra-chain mobility as high as ~0.1 cm2V−1s−1 were measured in that study. A slightly higher mobility μFET ~ 0.19 cm2V−1s−1 was reported around the same time by Chen et al. [2] when using aligned electrospun nanofibers of P3HT. The three orders of magnitude increase in mobility observed for fibers grown slowly compared to fibers grown in a rapid fashion at a higher shell flow rate was suggested to be due to the enhancement of the π-π stacking and the degree of crystallinity of P3HT chains in such nanofibers. Surprisingly, when tuning the degree of crystallinity of P3HT thin films via formation of aggregates in solution prior to deposition by application of low intensity ultrasound, a mobility of μFET ~ 0.03 cm2V−1s−1 was reported [21]. Although the authors provided strong evidence that the mobility depended on the degree of crystallinity of the P3HT, a relatively low mobility was found for all systems. This observation was ascribed to the complex multiphase morphology comprised of short, less ordered and long, better ordered nanofibrils that are embedded in an amorphous matrix. Such a picture would be consistent with more recent work where, also, ultrasonication was exploited to process P3HT. In this study, it was shown that the μFET of P3HT increased by one order of magnitude for material of higher molecular weight (from 1.16 × 10−3 cm2V−1s−1 to 2.73 × 10−2 cm2V−1s−1 for a molecular weight of 47.7 kDa), although no clear correlation between thin-film microstructure and macroscopic charge transport could be established [38].

Recently, Crossland et al. [6] have measured anisotropic in-plane mobility of P3HT films arising from a nanocrystalline spherulitic morphology in which charges were travelling either parallel to ordered π-stacked lamellar aggregates or perpendicular to them moving along individual chains before traversing amorphous inter-lamellar zones. A macroscopic μFET ~ 0.2 cm2V−1s−1 was measured for such architectures in the direction perpendicular to the ordered π-stacks, despite the periodic amorphous inter-lamellar interruptions. This was attributed to the fast intra-chain transport along tie-molecules spanning adjacent quasi-parallel lamellae. Similarly, high mobilities μFET of up to 6.2 cm2V−1s−1 were measured for self-assembled microribbons of liquid crystalline oligothiophene derivatives [57].

In contrast to the above reports, Lee et al. [58] have shown (using an anthradithiophene based molecule) the intra-spherulitic charge transport to be independent of the general direction of π-stacking. The fabricated OFETs exhibited comparable charge mobilities regardless of how their channels were oriented with respect to the general π-stacking direction [58]. Although the two studies used different materials (a polymer chain vs. a small molecule), the conclusions that can be drawn from them seem to indicate that the spherulitic morphology is already too complex when trying to clearly establish the charge transport properties. Single crystals of macromolecular semiconductors with unique molecular conformation and order (closely packed, π-π stacked, fully extended chains orthogonally oriented on the substrate) on all length-scales as schematically depicted in Figure 1 may, thus, be exploited in future to clearly establish the anisotropy of charge transport in conjugated polymers provided good crystal/electrode and crystal/gate dielectric interfaces can be created. Such model systems could be obtained via crystallization in solution by a self-seeding technique [59] and have already demonstrated remarkable absorption properties (a massive red shift of ~70 nm and a large energy separation of the vibronic peaks with respect to the reported vibrational spectra suggested a strong intra-chain interactions along the possibly fully delocalized chains due to the form-II packing) [60]. Moreover, performing conductive atomic force microscopy (C-AFM) in air on large single crystals made of a regioregular oligothiophene revealed a large anisotropy in the conduction with different charge mobility values that depended on the crystallographic structure of the single crystals [61]. The lower conduction was found to be in the direction of the π-π stacking (along the long axis of the single crystal) with a mobility value in the order of 10−3 cm2V−1s−1, and the higher one along the molecular axis (in the direction normal to the single crystal surface) with a mobility value in the order of 0.5 cm2V−1s−1. Note here that the mobility was extracted using the space charge limited current approach based on the current-voltage curves measured with the C-AFM. A solid platform for comparison exists. Relatively high OFET mobilities were measured for P3HT in crystalline nanoribbon networks [22], composited films [62], webs of conjugated nanofibers [63], supramolecular assemblies obtained by either adding poor solvent [64] or using block copolymers [3,65]. In these studies, μFET of up to ~0.08 cm2V−1s−1 were realized. Single crystals of poly(alkylthiophenes) (PATs) were also reported but μFET was still less than 10−2 cm2V−1s−1 [66]. Thus, a relation between microstructure of conjugated polymer films and resulting properties exists and it matters, for instance, if conjugated polymers films are semicrystalline or amorphous. Figure 3a,b schematically depict such examples of morphologies. It is also important to add in this context that the molecular weight of P3HT systems that are used in OFET fabrication can, in terms of mobility, be a limiting factor itself [67,68]. As can be seen from Figure 3c, higher OFET mobilities are in general measured for P3HT (and also other semiconducting polymers) for materials of higher molecular weight. It is worth noting here that all the above mobilities were measured mostly for neat polymer systems that were not blended, for example, with fullerenes. The influence of blending on charge mobilities is interesting as in blends, charges seem to become less mobile [69]. A comparison of the μFET mobilities measured for electrons and holes in neat P3HTand fullerenes as well as in P3HT/fullerene blends prepared using different solvents leads to interesting conclusions. Firstly, mobilities of both electrons and holes depend on the type of solvent that is used in preparations of thin films that are incorporated in the OFET devices (for example, o-xylene leads to higher electron mobilities than chlorobenzene when measured in neat fullerene films) [69]. Secondly, both electron and hole mobilities measured for pristine fullerene and P3HT respectively, are higher than the mobilities extracted for P3HT/fullerene blends [69]. This can negatively impact, for example, the overall efficiency of OPV devices as, faster charge carriers could migrate and be collected more efficiently at the collecting electrodes compared to the slower charge carriers that could recombine before reaching the electrodes.

Figure 3. Schematics of the microstructure of (a) a semicrystalline polymer film and (b) a completely amorphous film as reproduced from Reference [67]. Note the coexistence of ordered (darker shadowed areas) and spaghetti-like amorphous regions. This microstructure is similar to the concept of fringed micelles. If the molecular weight is high enough and there is a large enough density of ordered material, long polymer chains (highlighted in red) can connect ordered regions without a significant loss of conjugation, greatly improving charge transport. (c) Mobility as a function of molecular weight for OFETs fabricated with P3HT (shown in red with different symbols referring to different studies) and a variety of other semiconducting polymers as reproduced with permission from Reference [67]. Copyright 2013, Macmillan Publishers Ltd: Nature Materials.



[image: Materials 07 02273f3 1024]





Other conjugated polymers that have been widely employed for OFET fabrication are those based on p-phenylenevinylenes (PPVs) [5,70–72], including poly[2-methoxy-5-(2’-ethylhexyl)oxy-1, 4-phenylenevinylene] (MEH-PPV). While their charge-carrier mobilities are relatively modest (the highest mobility so far has been μFET = 0.8 × 10−2 cm2V−1s−1, measured for free standing, ordered PPV sheets), certain structure/property interrelationships can be deduced. Anisotropy considerations apply, for instance, to planar ladder-type PPVs, where the intra-chain mobility measured by microwave conductivity was μMC = 30 cm2V−1s−1 in solid samples [73]—a value that is four orders of magnitude higher than μFET as the latter is limited by inter-chain charge hopping.

Over the last few years, a large library of new materials have been synthesized, often based on donor-acceptor copolymers, many with charge-carrier mobilities exceeding 1 cm2V−1s−1; for instance, a mobility μFET = 5.5 cm2V−1s−1 was obtained for single conjugated fibers [4]. The structural features of these polymer layers seem to be divers and a high charge-carrier mobility is attributed to structures with an enhanced π-π stacking [20], increased intermolecular interactions [19], (edge-on) lamellar arrangements [74,75], high film crystallinity [76,77] and/or molecular orientation/order [1,76,78]. While many open questions, thus, still remain, it is clear from the above that experimental data point towards an anisotropic nature of charge transport in macromolecular semiconductors. For more details regarding a general relationship between lattice order/disorder, aggregation/molecular packing and charge transport from both theoretical and experimental point of view, the reader is encouraged to consult the excellent work by Nan et al. [35] and Noriega et al. [67]. In the latter work, a unified model is proposed of how charge carriers travel in conjugated polymer films showing that in long, conjugated chains short-range inter-molecular aggregation is sufficient for efficient long-range charge transport [67]. The limiting charge transport step is thereby trapping caused by lattice disorder.



3. Influence of Molecular Conformations and Long-Range Arrangement on the Absorption and Photoluminescence Properties of Active Layers of Conjugated Polymers

Absorption of a photon by a conjugated polymer generates a bound electron-hole pair called an exciton with a binding energy typically around hundreds of meV [79]. Oppositely, the decay of, for example, an exciton in a material possessing emitting properties leads to the emission of a photon. This latter mechanism is exploited in OLEDs; it significantly depends on the molecular conformation adopted by the conjugated chains [80,81] just like their absorption behavior does [81], hence, processing is of paramount importance to obtain the desired functionality.

MEH-PPV has for a long time been one of the most widely studied polymers for OLED applications. Early experimental evidence of how the performance of MEH-PPV-based OLEDs depends on thin-film microstructure was produced by Nguyen et al. [82]. These authors demonstrated that intra-chain species exist in thin films of conjugated polymers and that the nature of intra-chain interactions can be controlled by selection of processing conditions and, thus, the thin-film molecular arrangement of the active species. In later studies, it was shown that MEH-PPV chains can adopt a more ordered, rather well-packed arrangement characterized by a longer conjugation length (determined by the number of coplanar conjugated rings) leading to a spectral red shift in both absorption and emission [83]. The idea that molecular features matter for the optical response of conjugated polymers was supported by other studies. For example, comparing PPV-based polymers that were amorphous and adopted layered structures, Rathgeber et al. [84] have shown, in 2010, that the emission became more blue shifted when the π-π stacking was increased. No obvious correlation of the emission peak position and the degree of order of the π-π stacking was however found.

Fully correlating chain conformation, order and packing with the emission properties of conjugated polymers and manipulating them in a controlled way is a challenge that has remained to this date. This is especially a demanding task for macromolecular semiconductors where the molecular arrangement from the nano- to the micron-range is very sensitive to the preparation/processing methods selected. An illustrative example of this is the observations made when exposing MEH-PPV to solvent vapor. The polymer chains can in such a scenario easily change their conformation and packing via folding and unfolding from, e.g., a coil-like conformation to highly ordered, more extended conformations [85]. MEH-PPV aggregates with volumes of at least 45.000 nm3 embedded in a poly(methyl methacrylate) host matrix and comprising chains of highly ordered conformations have been found to display pronounced fluorescence blinking behavior (i.e., switching between bright and dark states of the emitting MEH-PPV when continuously photoexcited) as revealed by single-molecule spectroscopy [45]. This was attributed to a long-range energy transport [45] that can extend up to 75 nm in such ordered aggregates [28]; i.e., blinking is occurring because the excitation of an individual chain is localized, hence only one or a few conjugated segments can reemit this energy. Blinking and typical single-particle fluorescence transients acquired using time-resolved wide-field fluorescence microscopy can be seen in Figure 4a,b. Fluorescence quenching seems to depend on the number of MEH-PPV chains forming an aggregate as revealed by the quenching depth measurements shown in Figure 4c (quenching depth decreases slightly with increasing size of the MEH-PPV aggregates). Moreover, it was shown using low-molecular weight PPV derivatives that the conformation of an individual segment or chromophore (that is a distinct conjugated region on the polymer chain characterized by delocalization of π-electrons [86]), and not necessarily that of the entire polymer chain, controls the resulting photophysical properties [87].

Figure 4. Representative single-particle fluorescence transients and quenching depth histograms as adapted from Reference [45]. (a) A single MEH-PPV chain and (b) an MEH-PPV aggregate in a poly(methyl methacrylate) host matrix are shown under the same experimental conditions. The inset is a schematic representation of a single conjugated polymer chain and an aggregate consisting of 25 conjugated polymer chains with a fluorescence quencher; (c) histograms of fluorescent quenching depths of blinking for different single MEH-PPV particles in an ensemble. The red line represents the mean quenching depth. The processing condition and the mean intensity Imean of the particles is denoted in the upper right corner. Reprinted with permission from Reference [45]. Copyright 2011, Macmillan Publishers Ltd: Nature Materials.
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Theoretical studies based on molecular dynamics were also performed to explore the relation between the structure/molecular packing and optoelectronic properties of MEH-PPV, including localization and delocalization [88,89], i.e., the distance over which π-electrons can be shared. The electronic structure was found to depend on the conformational order of the individual chains with little effect of inter-chain coupling, indicating different energy transport mechanisms along and across polymer chain [89]. Conversely, long-range inter-molecular interactions and sparse packing were ascribed to be responsible for the formation of multiple, highly localized trap states in amorphous MEH-PPV [88].

Beneficially, inter-chain interactions can be significantly suppressed by “diluting” conjugated polymer chains in an optically inert matrix of, for example, polystyrene (PS), providing a tool to manipulate exciton delocalization/localization. To give an illustrative example: a significant spectral blue-shift is observed upon dilution of MEH-PPV in PS. Intriguingly, the PL efficiency can be doubled for certain MEH-PPV/PS weight ratios and, when integrated in OLEDs, the devices display drastically higher electroluminescence efficiencies compared to neat MEH-PPV films [90]. Furthermore, this enhancement in PL of such blends can be significantly enhanced using a dewetting process whereby the MEH-PPV chains are extended via strong shearing forces [91]. The PL emission can be further manipulated via the annealing of MEH-PPV/PS thin films because this procedure affects the molecular conformation of the conjugated component (see Figure 5a). Prior to dewetting, annealing leads to a significant decrease of PL intensity combined with a red-shift, indicating chain aggregation and likely an increase in conjugation length because of this treatment. When dewetting sets in, however, a new, blue-shifted PL emission peak appears. Its intensity increases by 50 times, compared to the non-annealed samples, when a silicon substrate is used (Figure 5b). This effect is not observed when other substrates, such as oxidized silicon or glass are employed, indicating the relevance of the film/substrate interface in this phenomenon.

Figure 5. (a) Temporal evolution of the PL emission of a 20 nm thick MEH-PPV/PS film during dewetting on glass; (b) the temporal evolution of the PL-enhancement factor for films of MEH-PPV/PS (of thickness h = 10 nm) in the course of annealing and dewetting for films prepared on different substrates. Reprinted with permission from Reference [91]. Copyright 2013, American Chemical Society.
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An interesting example how the molecular conformation is affected by certain optoelectronic processes is given by observations made on paraphenylene oligomers upon photoexcitation; while the ground-state is non-planar, a planar structure is formed in the excited state [92]. This planarization is reported to be accompanied by a slight red-shift [92] but also macroscopically detectable changes in material properties such as viscosity [93] due to a collective behavior of a number of molecules.

Structural changes can also lead to other effects—one is the so-called polychroism phenomenon. Here, depending on processing parameters, PL can be emitted from a high-energy state (the so-called blue phase) or from a low energy state (the so called red phase) [94]. Measuring the absorption and PL in solution as a function of parameters like temperature and concentration, a transition from blue to red phase with the corresponding changes in conjugation lengths can be observed [94].

Similar phenomena can be exploited in polymers used in OLED applications, such as polyfluorene (PFO). Khan et al. [42] have, for example, shown through control of the fraction of planarized β-phase within the disordered glassy PFO film that the chains adopting a β-phase conformation feature a higher delocalization of excited states compared to some of the other conformations PFO chains can adopt. As a consequence, a significant fraction of the PL emission is originating from these few percent of planarized chains embedded in the disordered glassy phase [42]. The absorption, in contrast, was found to be dominated by the majority phase, i.e., the amorphous matrix. In agreement with these findings is the fact that the PL emission was found to red-shift and broaden when changing the molecular conformation of the PFO chains by increasing the pressure during the measurement [18]. This red-shift in PL emission was therefore attributed to a reduced inter-chain distance [95]. This is in agreement with the observation that molecularly more oriented architectures such as PFO nanofibers obtained by electrospinning showed highly polarized PL emissive properties. These maybe exploited in applications like OLEDs [17] or security features. Similar structure/optoelectronic property relationships in terms of absorption and PL were also probed using P3HT [96–99], water soluble P3HT [100], other thiophene based block copolymers [101], co-oligomers [102], or even systems like donor-acceptor semicrystalline polymers [103], and alternating co-polymers with fluorine and thiophene moieties [104]. For example, by means of temperature-dependent absorption and PL spectroscopy, it was shown that the optical emission is dominated in regioregular P3HT by weakly coupled H-aggregates (characterized by the inter-chain coupling of polymer chains) while the relative absorbance of the 0–0 and 0–1 vibronic peaks can be used to extract the intermolecular coupling energy in thin P3HT films cast from various solvents [96]. Similarly, employing wavelength and time-resolved PL studies of isolated P3HT nanofibers cast on glass substrate from suspensions of less and more regioregular P3HT, multiple vibronic replicas that appeared to be associated with the existence of both H- and J-type aggregates (characterized by the intra-chain coupling along a single polymer chain) were observed. PL spectral measurements on nanofibers made from more regioregular P3HT showed a red-shifted electronic origin, an increased 0−0/0−1 PL intensity ratio for the J-type aggregates, suggesting an enhanced structural coherence length and intra-chain order [97]. Moreover, absorption, fluorescence emission, and Raman spectroscopy of dilute nanofibers in toluene dispersions revealed that P3HT chains exhibit long-range intra-chain order that suppresses the inter-chain exciton coupling and that a delicate interplay exists between intra-chain order and inter-chain coupling as concluded from comparing the emission 0−0/0−1 vibronic intensity ratios [98]. However, in most of these cases, applications of, for example, P3HT in OLEDs are rather limited. Nonetheless, it is worth noting that studies of absorption and emission of P3HT can be very effective methods to explore the charge separation process (i.e., how efficient the exciton dissociation is) when mixing P3HT with fullerenes and creating blends that are used in OPV device fabrication. The absorption spectra in thin films made of such blends suffer significant changes, i.e., a decrease/quenching of the inter-band absorption in the wavelength range of 450–600 nm is usually observed for this particular system [105]. This absorption quenching was attributed to both the disordering of the P3HT chains when adding fullerenes and a charge transfer between the P3HT and fullerenes. PL properties also change in such blends and PL quenching is generally strong evidence for charge transfer [47], i.e., the most significant the PL quenching is, the most efficient the charge transfer is.

In summary, different types of defects that can occur in organic semiconductors, including conformational torsional angle misfit or various chain kinks lead to localization of π-electrons, as has been convincingly shown on paraphenylene oligomers [106]. Thereby, localization of π-electrons over a multitude of distances due to defects is translated into a multitude of absorption and PL responses [107]. More information on the methods used to control structure and morphology from the molecular to the macroscopic level and how chain conformation influences the resulting optoelectronic and photophysical properties of active layers of conjugated polymers can be found in the literature in several well documented reviews [108–111]. For a comparison of the impact of molecular conformation on the optical properties between the experimental observation and theory the reader is referred to [112].



4. Structural Influences on the Photovoltaic Properties of Polymer: Fullerene Bulk-Heterojunctions

Since the first bulk heterojunction (a mixed donor-acceptor active layer that relies on random phase separation of the constituents and usually exhibits significant structural disorder; BHJ), based on MEH-PPV, was reported [9], the development has been rapid and device efficiencies reach now up to 10% [113–115] with fundamental theoretical descriptions suggesting an upper limit of 20%–24% [114]. Factors limiting an efficient conversion of photons to electricity in organic (and hybrid) materials are related to light absorption [116,117] and other internal phenomena like exciton dissociation [118,119], various complex photophysical processes [120], as well as charge-carrier transport and collection [117,121]. Improved electrode design, use of interlayers and/or more complex device geometries have also led to this fast evolution, however, for reasons of space, we will not focus here on these latter considerations.

BHJ have been proposed as an alternative to planar structures to provide architectures that can efficiently dissociate photogenerated excitons [118]. Various concepts have thereby been developed, many being based on blending a semiconducting polymer with either fullerene derivatives [122,123] (this is the type of solar cells we will discuss here), other polymers [124–126], nanocrystals [127–129], or combining it with inorganics to form a hybrid solar cell [130]. Independent of the approach selected, it has become rapidly evident that donor-acceptor BHJ devices rely on various internal processes. Thereby, disorder on all length scales can result in losses, e.g., due to exciton recombination, poor charge extraction, etc. In order to develop high-performance OPVs, active layers of controlled phase morphology and microstructure (and possibly molecular conformations) on the nano- to microscale are needed [131–134].

Due to the rather short exciton diffusion distances in organic materials (around 10 nm [79,135]), it has been proposed that exciton generation has to occur within ~10 nm of a donor–acceptor (D–A) interface; this includes molecular interfaces between molecules (e.g., in an intermixed phase or co-crystal) or, on longer length scales, between domain boundaries of phase-pure domains of the two components. At such interfaces, the exciton can separate into a positive and a negative charge that subsequent should be extracted via continuous and direct pathways to the respective electrodes [134,136,137]. Due to this requirement of close proximity of the donor/acceptor interfaces, an architecture, as depicted in Figure 6a, has been suggested to be an optimum BHJ structure [47,138,139]. It consists of 10 nm wide, alternating domains of, donors and acceptors, orthogonally oriented with respect to the substrate. A considerable amount of effort had been devoted to the creation of such an idealized morphology, e.g., through use of controlled crystallization processes [47,140]. Recently, however, evidence was collected that intermixed phases are formed by the donor and acceptor. These domains were suggested to play an important role in charge dissociation—provided that relatively pure, molecularly ordered phases of at least one of the components were present. Indeed, in specific systems, aggregated fullerene domains have been postulated to be the key factor driving the spatial separation of photogenerated electrons and holes from these intermixed regions because fullerene aggregates exhibit an increased electron affinity, providing an energetic driving force for spatial separation of electrons and holes. Thus, it seems increasingly clear that a functional model, based upon charge generation in a finely intermixed polymer/fullerene phase, followed by spatial separation of electrons and holes at the interface of this mixed phase with crystalline fullerene domains (Figure 6b), might be relevant for efficient photovoltaic performance of organic donor/acceptor systems [141,142].

Figure 6. (a) Schematic 3D representation of an OPV based on an architecture that has been proposed to be ideal for exciton dissociation and charge collection; (b) illustration of the function model proposed by Jamieson et al. [142], where excitons are generated and separated in a finely mixed polymer/fullerene phase, while spatial separation of the electron and holes necessitates localization of the electrons in the aggregated fullerene domains. Thereby, the energy offset between the lower unoccupied molecular orbital (LUMO) levels of the fullerene in the mixed and relatively phase-pure domains provide an energy difference localizing electrons in the fullerene regions (reprinted with permission from Reference [142]). Copyright 2011, Royal Society of Chemistry.
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In addition to the phase morphology (i.e., the number of phases, their nature, and distribution) of BHJ films, other structural factors have been reported to affect their performance. For P3HT/fullerene BHJs, possibly the most widely studied systems, Kim et al. [122] showed that the regioregularity of the donor polymer is critical for the performance of the resulting devices due to its influence on the molecular organization of P3HT chains that leads to better ordered architectures of improved transport properties. A range of other parameters related to the phase behavior and structural features of OPV blends have become evident to play an important role in device performance, including the miscibility of the two components and their aggregation behavior [140,143,144], their structural organization and self-assembly/crystallization [11,47,140,145,146], their degree of crystallinity [143,147], grain boundaries present in the blend films [147], type of materials and their intermolecular packing [148], the nature of the D-A interface [149], as they can significantly influence various internal processes that take place in the active layers, such as exciton diffusion, charge separation/dissociation, charge carrier recombination, and migration. Below, we will discuss a few of those features.

Crystallization of at least one component often enhances the performance of OPVs [145,146] unless the crystalline domains become too large (limiting the exciton dissociation and eventually favoring the charge recombination). Then, the opposite effect can occur. Indeed, increasing the crystalline content of the polymer in P3HT/fullerene blend increases the device efficiency [150] as long as the P3HT domains are interconnected enabling charge transport. Complete exclusion of the fullerene will, however, reduce the charge generation efficiency and therefore, the device efficiency [150]. That is why, during processing of active layers, one has to consider a range of processes including the evaporation of residual solvent, the relaxation of molecular conformation previously adopted by the conjugated chains, crystallization of the components in the blend, etc. [151]. Additional processing parameters can further influence the type of molecular structures forming in the BHJ and their final size. For example, thermal annealing of the BHJ [152], the type of solvent [153], as well as the use of a processing additives [154], were shown to be of critical importance for efficient OPVs as all can influence the crystallization process (the tendency of P3HT chains to crystallize is generally disturbed by the addition of fullerenes), i.e., the resulting polymer chain arrangement within the BHJ, and, therefore, the overall device efficiency.

A good illustration of this interplay of a range of processes in OPV blends comprising P3HT nanofibrils and a fullerene derivative is obtained when long fibrils of almost 100% crystallinity are used. The resulting blend structures showed 6.5 times higher in-plane conductivity [11]. Incorporation of such active layers in OPV devices using a roll-printing method resulted in comparable device performance to that of blends comprising a usual P3HT component. What is interesting is that the OPV efficiency of the devices made of P3HT nanofibrils did not decrease when the active area was enlarged. Clearly, various device features depend on the BHJ structure and many have a complex interdependence that will not be discussed here. Further valuable information on the control of BHJ OPVs based on blends can be found in the literature [155,156].

When an exciton reaches the D-A interface, so-called charge transfer (CT) states form. These can recombine either via geminate recombination or with charges located on adjacent molecules (via bimolecular recombination). These processes are undesirable for OPV performance. Indeed, for OPVs it is important that such CT states dissociate and separate via charge separated states in order to generate charge carriers (electrons and holes) that can migrate towards the electrodes producing electricity. The nature of such CT states—hot or cold—and the role they play in OPV performance are currently strongly debated. What is clear is that all these phenomena of recombination and/or charge transfer are highly dependent on the morphology and molecular arrangements at the D-A interface [157]. It seems for example, that better ordered BHJs exhibit lower rate of geminate recombination, that is, more charge carriers are obtained (implicitly, a higher efficiency of resulting OPVs can be expected). More detailed information on such rather complex processes can be found in the literature [27,158].

Regarding the progress made on the materials development side, a large library of novel conjugated OPV polymers, mainly “push-pull” copolymers, have recently been reported. Devices based on such copolymers blended with fullerenes led at first to certified power conversion efficiencies of up to 6.88% [159]. The improvement in device efficiencies was, for certain systems, attributed to a favorable microstructure. Using alternating co-polymers based on thieno[3,4–b]thiophene (TT) and benzodithiophene (BDT) repeat units, for instance, active layers comprised of hierarchical architectures comprised of crystallites of several nanometers, aggregates of tens of nanometers, and polymer and fullerene domains of hundreds of nanometers that co-exist, were reported [160]. The resulting OPVs showed an efficiency of 7.4%. Recently, Zhou et al. [12] have shown that the performance of such OPVs can be further enhanced up to 7.9% efficiency by using a solvent treatment consisting of spin casting methanol solvent on top of the active layers. This performance was shown to originate from an increase in built-in voltage across the device due to passivation of surface traps and a correspondingly increase of surface charge density [12]. Promisingly, using an alternating co-polymer, such as poly[N-900-hepta-decanyl-2,7-carbazole-alt-5,5-(40,70-di-2-thienyl-20,10,30-benzothiadia-zole)] (PCDTBT), blended with fullerenes, BHJ OPVs with internal quantum efficiency approaching 100% were reported, which would imply that almost all absorbed photons resulted in separated pairs of charge carriers that are then all collected at the electrodes. The corresponding power conversion efficiency is 6.1% [161]. Note, though, as for the “older” systems, such as P3HT/fullerene blends, selection of solvent or substrate was found to be important. For the PCDTBT system this was attributed to the fact that its glass transition temperature is affected by, e.g., solvents; as a consequence, the π-π stacking of the polymer can be disrupted depending on the choice of processing conditions [162]. For example, annealing thin films of PCDTBT:PC71BM ([6,6]-phenyl-C71-butyric acid methyl ester) blend at different temperatures induces different structural ordering of molecules (Figure 7) via coarse phase separation/crystallization that are visible under the optical microscope; in contrast, at lower annealing temperatures, the induced molecular structures are not visible at the micrometer scale which seems to be beneficial for the morphological stability of this type of blends used in OPV devices [162].

Figure 7. Optical microscopy images of a PCDTBT:PC71BM (1:4) film on a silicon substrate that are annealed for one hour (a) 130 °C; (b) 155 °C and (c) 200 °C. The scale bar in all images represents 20 μm. This figure was adapted with permission from Reference [162]. Copyright 2012, John Wiley and Sons.
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Other interesting blocks that have been explored in such “push-pull” polymers include thieno[3,4–c]pyrrole-4,6-dione (TPD)- and 1,3-bis(thiophene-2-yl)-5,7-bis(2-ethylhexyl)benzo-[1,2–c’] dithiophene-4,8-dione (BDD)-moietites [144,147,163,164]. When used in combination with fullerenes, such copolymer, coarsely phase separated upon solvent annealing is leading to OPVs with an efficiency of 4.99% [163]. Optimizing the initial solution resulted in the formation of smaller domain sizes and an increased device efficiency (6.67%) [144]. Adding additives to this polymer/fullerene blend was, furthermore, reported to improve the degree of crystallinity, further increasing their efficiency to 7.3% [147].

More recently, poly(benzo[1,2−b:4,5−b′]dithiophene–thieno[3,4−c]pyrrole-4,6-dione) (PBDTTPD) polymers with branched side chains have been synthesized with the objective to have further means to manipulate the self-assembly process in blends with the fullerene. Indeed, OPVs of a power conversion efficiency of 8.5% have been reported with this system [164].

Summarizing this part, it is clear from the above brief overview that many structural features play a significant role in organic BHJ. Establishing valid structure/processing/property interrelationships is rendered even more complex due to the multicomponent nature of OPV active layers. Hence, many important issues related to the various internal processes (including the charge separation at the donor-acceptor interface) have not been discussed here. We direct readers to further comprehensive work that can be found in the literature [165–170]. Here, the reader can further understand both from theoretical and experimental point of view what the role of molecular architecture is and how the intermolecular interaction between the donor and acceptor components is influencing the charge separation and charge transport processes taking place in the OPVs. Nanoscale morphologies exhibiting high D-A interface area, comprised of D and A domains matching the size of exciton diffusion length and possessing percolating elements throughout the whole BHJ that can be used as “fast lanes” for efficient charge transport will positively impact the internal processes from exciton diffusion, to exciton dissociation and charge separation, to carrier migration, finally, leading to OPV devices of better overall efficiency. Additionally, this literature reveals the main challenges and the various limitations of OPV devices.



5. Conclusions

There is a large variety of processing aspects, including selection of solution preparation methods, nature of solvent or substrates used for solution or thin film preparation, choice of film deposition method and post-deposition treatment procedures such as annealing (e.g., solvent annealing vs. heat treatment), use of methodologies that lead to molecular ordering (including directed or high-pressure crystallization), etc. that can be exploited to modify the molecular structure and (local) morphology in the active layers of organic devices, and therefore can improve or alter the resulting optoelectronic properties of such structures. As a result, the device performance is strongly intercorrelated with the processing parameters and environment selected. This diversity of processing options and tools, combined with a lack of model systems (for instance, systems characterized by fully extended conjugated polymer chains with unique molecular orientation/conformation of all constituent molecules on multiple length scales) leads to the difficulty to unambiguously establish relevant structure/optoelectronic property relationships; including the question at what conditions intra- or inter-chain transport dominates. Clearly, this diversity of processing parameters is responsible for the various and sometimes contradicting results reported in literature but it is also the key to gain in-depth insight in relevant interrelationships that can assist in improving the optoelectronic properties of macromolecular semiconductors further. For this methods need to be developed to routinely create macroscopic model systems of fully controlled molecular order on multiple length scales that can be further used to evaluate more precisely the structure/optoelectronic properties relationship.






Acknowledgments

Ioan Botiz thanks Paul Freyberg for reading the manuscript. Natalie Stingelin acknowledges her support by a European Research Council (ERC) Starting Independent Researcher Fellowship under the grant agreement No. 279587 and KAUST Competitive Research Grant (CRG-1-2012-THO-015).



Author Contributions

Ioan Botiz and Natalie Stingelin designed the structure of the paper. Ioan Botiz did the literature research and wrote the paper. Natalie Stingelin did the editing and improving the final manuscript.



Conflicts of Interest

The authors declare no conflict of interest.



References


	1. 
Hahm, S.G.; Rho, Y.; Jung, J.; Kim, S.H.; Sajoto, T.; Kim, F.S.; Barlow, S.; Park, C.E.; Jenekhe, S.A.; Marder, S.R.; et al. High-performance n-channel thin-film field-effect transistors based on a nanowire-forming polymer. Adv. Funct. Mater 2013, 23, 2060–2071. [Google Scholar]

	2. 
Chen, J.-Y.; Kuo, C.-C.; Lai, C.-S.; Chen, W.-C.; Chen, H.-L. Manipulation on the morphology and electrical properties of aligned electrospun nanofibers of poly (3-hexylthiophene) for field-effect transistor applications. Macromolecules 2011, 44, 2883–2892. [Google Scholar]

	3. 
Yu, X.; Xiao, K.; Chen, J.; Lavrik, N.V.; Hong, K.; Sumpter, B.G.; Geohegan, D.B. High-performance field-effect transistors based on polystyrene-b-poly (3-hexylthiophene) diblock copolymers. ACS Nano 2011, 5, 3559–3567. [Google Scholar]

	4. 
Wang, S.; Kappl, M.; Liebewirth, I.; Müller, M.; Kirchhoff, K.; Pisula, W.; Müllen, K. Organic field-effect transistors based on highly ordered single polymer fibers. Adv. Mater 2012, 24, 417–420. [Google Scholar]

	5. 
Narayan, B.; Senanayak, S.P.; Jain, A.; Narayan, K.; George, S.J. Self-assembly of π-conjugated amphiphiles: Free standing, ordered sheets with enhanced mobility. Adv. Funct. Mater 2013, 23, 3053–3060. [Google Scholar]

	6. 
Crossland, E.J.W.; Tremel, K.; Fischer, F.; Rahimi, K.; Reiter, G.; Steiner, U.; Ludwigs, S. Anisotropic charge transport in spherulitic poly(3-hexylthiophene) films. Adv. Mater 2012, 24, 839–844. [Google Scholar]

	7. 
Park, M.; Harrison, C.; Chaikin, P.M.; Register, R.A.; Adamson, D.H. Block copolymer lithography: Periodic arrays of ~1011 holes in 1 square centimeter. Science 1997, 276, 1401–1404. [Google Scholar]

	8. 
van Nostrum, C.F. Polymeric micelles to deliver photosensitizers for photodynamic therapy. Adv. Drug Deliv. Rev 2004, 56, 9–16. [Google Scholar]

	9. 
Yu, G.; Gao, J.; Hummelen, J.C.; Wudl, F.; Heeger, A.J. Polymer photovoltaic cells: Enhanced efficiencies via a network of internal donor-acceptor heterojunctions. Science 1995, 270, 1789–1791. [Google Scholar]

	10. 
Treat, N.D.; Varotto, A.; Takacs, C.J.; Batara, N.; Al-Hashimi, M.; Heeney, M.J.; Heeger, A.J.; Wudl, F.; Hawker, C.J.; Chabinyc, M.L. Polymer-fullerene miscibility: A metric for screening new materials for high-performance organic solar cells. J. Am. Chem. Soc 2012, 134, 15869–15879. [Google Scholar]

	11. 
Oh, J.Y.; Shin, M.; Lee, T.I.; Jang, W.S.; Lee, Y.-J.; Kim, C.S.; Kang, J.-W.; Myoung, J.-M.; Baik, H.K.; Jeong, U. Highly bendable large-area printed bulk heterojunction film prepared by the self-seeded growth of poly(3-hexylthiophene) nanofibrils. Macromolecules 2013, 46, 3534–3543. [Google Scholar]

	12. 
Zhou, H.; Zhang, Y.; Seifter, J.; Collins, S.D.; Luo, C.; Bazan, G.C.; Nguyen, T.Q.; Heeger, A.J. High-efficiency polymer solar cells enhanced by solvent treatment. Adv. Mater 2013, 25, 1646–1652. [Google Scholar]

	13. 
Fitzner, R.; Mena-Osteritz, E.; Mishra, A.; Schulz, G.; Reinold, E.; Weil, M.; Körner, C.; Ziehlke, H.; Elschner, C.; Leo, K.; et al. Correlation of π-conjugated oligomer structure with film morphology and organic solar cell performance. J. Am. Chem. Soc 2012, 134, 11064–11067. [Google Scholar]

	14. 
Burroughes, J.H.; Bradley, D.D.C.; Brown, A.R.; Marks, R.N.; Mackay, K.; Friend, R.H.; Burns, P.L.; Holmes, A.B. Light-emitting diodes based on conjugated polymers. Nature 1990, 347, 539–541. [Google Scholar]

	15. 
Park, L.S.; Han, Y.S.; Hwang, J.S.; Kim, S.D. Synthesis of conjugated polymers containing anthracene moiety and their electro-optical properties. J. Polym. Sci. A 2000, 38, 3173–3180. [Google Scholar]

	16. 
Cacialli, F.; Feast, W.J.; Friend, R.H.; de Jong, M.; Lövenich, P.W.; Salaneck, W.R. Synthesis and characterisation of poly(distyrylbenzene-block-hexa(ethylene oxide)) and its fluorinated analogue-two new block copolymers and their application in electroluminescent devices. Polymer 2002, 43, 3555–3561. [Google Scholar]

	17. 
Fasano, V.; Polini, A.; Morello, G.; Moffa, M.; Camposeo, A.; Pisignano, D. Bright light emission and waveguiding in conjugated polymer nanofibers electrospun from organic salt added solutions. Macromolecules 2013, 46, 5935–5942. [Google Scholar]

	18. 
Guha, S.; Chandrasekhar, M.; Scherf, U.; Knaapila, M. Tuning structural and optical properties of blue-emitting polymeric semiconductors. Phys. Status Solidi B 2011, 248, 1083–1090. [Google Scholar]

	19. 
Subramaniyan, S.; Kim, F.S.; Ren, G.; Li, H.; Jenekhe, S.A. High Mobility thiazole-diketopyrrolopyrrole copolymer semiconductors for high performance field-effect transistors and photovoltaic devices. Macromolecules 2012, 45, 9029–9037. [Google Scholar]

	20. 
Fan, J.; Yuen, J.D.; Cui, W.; Seifter, J.; Mohebbi, A.R.; Wang, M.; Zhou, H.; Heeger, A.; Wudl, F. High-hole-mobility field-effect transistors based on co-benzobisthiadiazole-quaterthiophene. Adv. Mater 2012, 24, 6164–6168. [Google Scholar]

	21. 
Aiyar, A.R.; Hong, J.-I.; Nambiar, R.; Collard, D.M.; Reichmanis, E. Tunable crystallinity in regioregular poly (3-hexylthiophene) thin films and its impact on field effect mobility. Adv. Funct. Mater 2011, 21, 2652–2659. [Google Scholar]

	22. 
Arif, M.; Liu, J.; Zhai, L.; Khondaker, S.I. Poly (3-hexylthiophene) crystalline nanoribbon network for organic field effect transistors. Appl. Phys. Lett 2010, 96, 243304:1–243304:3. [Google Scholar]

	23. 
Mikhnenko, O.V.; Azimi, H.; Scharber, M.; Morana, M.; Blom, P.W.M.; Loi, M.A. Exciton diffusion length in narrow bandgap polymers. Energy Environ. Sci 2012, 5, 6960–6965. [Google Scholar]

	24. 
Köhler, A.; Santos, D.A.d.; Beljonne, D.; Shuai, Z.; Brédas, J.-L.; Holmes, A.B.; Kraus, A.; Müllen, K.; Friend, R.H. Charge separation in localized and delocalized electronic states in polymeric semiconductors. Nature 1998, 392, 903–906. [Google Scholar]

	25. 
Hwang, I.; Schole, G.D. Electronic energy transfer and quantum-coherence in π-conjugated polymers. Chem. Mater 2011, 23, 610–620. [Google Scholar]

	26. 
Collini, E.; Scholes, G.D. Coherent intachain energy migration in a conjugated polymer at room temperature. Science 2009, 323, 369–373. [Google Scholar]

	27. 
Clarke, T.M.; Peet, J.; Nattestad, A.; Drolet, N.; Dennler, G.; Lungenschmied, C.; Leclerc, M.; Mozer, A.J. Charge carrier mobility, bimolecular recombination and trappingin polycarbazole copolymer:Fullerene (PCDTBT:PCBM) bulk heterojunction solar cells. Org. Electron 2012, 13, 2639–2646. [Google Scholar]

	28. 
Bolinger, J.C.; Traub, M.C.; Adachi, T.; Barbara, P.F. Ultraling-range polaron-induced quenching of excitons in isolated conjugated polymers. Science 2011, 331, 565–567. [Google Scholar]

	29. 
Como, E.D.; Borys, N.J.; Strohriegl, P.; Walter, M.J.; Lupton, J.M. Formation of a defect-free π-electron system in single β-phase polyfluorene chains. J. Am. Chem. Soc 2011, 133, 3690–3692. [Google Scholar]

	30. 
Bounos, G.; Ghosh, S.; Lee, A.K.; Plunkett, K.N.; DuBay, K.H.; Bolinger, J.C.; Zhang, R.; Friesner, R.A.; Nuckolls, C.; Reichman, D.R.; et al. Controlling chain conformation in conjugated polymers using defect inclusion strategies. J. Am. Chem. Soc 2011, 133, 10155–10160. [Google Scholar]

	31. 
Müller, C.; Zhigadlo, N.D.; Kumar, A.; Baklar, M.A.; Karpinski, J.; Smith, P.; Kreouzis, T.; Stingelin, N. Enhanced charge-carrier mobility in high-pressure-crystallized poly (3-hexylthiophene). Macromolecules 2011, 44, 1221–1225. [Google Scholar]

	32. 
Paquin, F.; Latini, G.; Sakowicz, M.; Karsenti, P.-L.; Wang, L.; Beljonne, D.; Stingelin, N.; Silva, C. Charge separation in semicrystalline polymeric semiconductors by photoexcitation: Is the mechanism intrinsic or extrinsic? Phys. Rev. Lett 2011, 106, 197401:1–197401:10. [Google Scholar]

	33. 
Nguyen, T.-Q.; Wu, J.; Doan, V.; Schwartz, B.J.; Tolbert, S.H. Control of energy transfer in oriented conjugated polymer-mesoporous silica composites. Science 2000, 288, 652–656. [Google Scholar]

	34. 
Aryanpour, K.; Sheng, C.-X.; Olejnik, E.; Pandit, B.; Psiachos, D.; Mazumdar, S.; Vardeny, Z.V. Evidence for excimer photoexcitations in an ordered π-conjugated polymer film. Phys. Rev. B 2011, 83, 155124:1–155124:5. [Google Scholar]

	35. 
Nan, G.; Shi, Q.; Shuai, Z.; Li, Z. Influences of molecular packing on the charge mobility of organic semiconductors: From quantum charge transfer rate theory beyond the first-order perturbation. Phys. Chem. Chem. Phys 2011, 13, 9736–9746. [Google Scholar]

	36. 
Choi, S.H.; Kim, B.S.; Frisbie, C.D. Electrical resistance of long conjugated molecular wires. Science 2008, 320, 1482–1486. [Google Scholar]

	37. 
Labram, J.G.; Domingo, E.B.; Stingelin, N.; Bradley, D.D.; Anthopoulos, T.D. In-situ monitoring of the solid-state microstructure evolution of polymer: Fullerene blend films using field-effect transistors. Adv. Funct. Mater 2011, 21, 356–363. [Google Scholar]

	38. 
Aiyar, A.R.; Hong, J.-I.; Izumi, J.; Choi, D.; Kleinhenz, N.; Reichmanis, E. Ultrasound-induced ordering in poly (3-hexylthiophene): Role of molecular and process parameters on morphology and charge transport. ACS Appl. Mater. Interfaces 2013, 5, 2368–2377. [Google Scholar]

	39. 
Jimison, L.H.; Toney, M.F.; McCulloch, I.; Heeney, M.; Salleo, A. Charge-transport anisotropy due to grain boundaries in directionally crystallized thin films of regioregular poly (3-hexylthiophene). Adv. Mater 2009, 21, 1568–1572. [Google Scholar]

	40. 
Bao, Z.; Dodabalapur, A.; Lovinger, A.J. Soluble and processable regioregular poly (3-hexylthiophene) for thin film field-effect transistor applications with high mobility. Appl. Phys. Lett 1996, 69, 4108–4110. [Google Scholar]

	41. 
Katz, H.E.; Bao, Z. The physical chemistry of organic field-effect transistors. J. Phys. Chem. B 1999, 104, 671–678. [Google Scholar]

	42. 
Khan, A.L.T.; Sreearunothai, P.; Herz, L.M.; Banach, M.J.; Köhler, A. Morphology-dependent energy transfer within polyfluorene thin films. Phys. Rev. B 2004, 69, 085201:1–085201:7. [Google Scholar]

	43. 
Boudouris, B.W.; Ho, V.; Jimison, L.H.; Toney, M.F.; Salleo, A.; Segalman, R.A. Real-Time Observation of poly (3-alkylthiophene) crystallization and correlation with transient optoelectronic properties. Macromolecules 2011, 44, 6653–6658. [Google Scholar]

	44. 
Verploegen, E.; Mondal, R.; Bettinger, C.J.; Sok, S.; Toney, M.F.; Bao, Z. Effects of thermal annealing upon the morphology of polymer-fullerene blends. Adv. Funct. Mater 2010, 20, 3519–3529. [Google Scholar]

	45. 
Vogelsang, J.; Adachi, T.; Brazard, J.; Vanden Bout, D.A.; Barbara, P.F. Self-assembly of highly ordered conjugated polymer aggregates with long-range energy transfer. Nat. Mater 2011, 10, 942–946. [Google Scholar]

	46. 
Verduzco, R.; Botiz, I.; Pickel, D.L.; Kilbey, S.M.; Hong, K.; Dimasi, E.; Darling, S.B. Polythiophene-block-polyfluorene and Polythiophene-block-poly(fluorene-co-benzothiadiazole): Insights into the self-assembly of all-conjugated block copolymers. Macromolecules 2011, 44, 530–539. [Google Scholar]

	47. 
Botiz, I.; Darling, S.B. Self-assembly of poly(3-hexylthiophene)-block-polylactide rod-coil block copolymer and subsequent incorporation of electron acceptor material. Macromolecules 2009, 42, 8211–8217. [Google Scholar]

	48. 
Xiao, X.; Wang, Z.; Hu, Z.; He, T. Single crystals of polythiophene with different molecular conformations obtained by tetrahydrofuran vapor annealing and controlling solvent evaporation. J. Phys. Chem. B 2010, 114, 7452–7460. [Google Scholar]

	49. 
Newbloom, G.M.; Kim, F.S.; Jenekhe, S.A.; Pozzo, D.C. Mesoscale morphology and charge transport in colloidal networks of poly (3-hexylthiophene). Macromolecules 2011, 44, 3801–3809. [Google Scholar]

	50. 
Hartmann, L.; Tremel, K.; Uttiya, S.; Crossland, E.; Ludwigs, S.; Kayunkid, N.; Vergnat, C.; Brinkmann, M. 2D versus 3D crystalline order in thin films of regioregular poly (3-hexylthiophene) oriented by mechanical rubbing and epitaxy. Adv. Funct. Mater 2011, 21, 4047–4057. [Google Scholar]

	51. 
Biniek, L.; Leclerc, N.; Heiser, T.; Bechara, R.; Brinkmann, M. Large scale alignment and charge transport anisotropy of pBTTT films oriented by high temperature rubbing. Macromolecules 2013, 46, 4014–4023. [Google Scholar]

	52. 
Sirringhaus, H.; Tessler, N.; Friend, R.H. Integrated optoelectronic devices based on conjugated polymers. Science 1998, 280, 1741–1744. [Google Scholar]

	53. 
Sirringhaus, H.; Brown, P.J.; Friend, R.H.; Nielsen, M.M.; Bechgaard, K.; Langeveld-Voss, B.M.W.; Spiering, A.J.H.; Janssen, R.A.J.; Meijer, E.W.; Herwig, P.; et al. Two-dimensional charge transport in self-organized, high-mobility conjugated polymers. Nature 1999, 401, 685–688. [Google Scholar]

	54. 
Salleo, A.; Chabinyc, M.L.; Yang, M.S.; Street, R.A. Polymer thin-film transistors with chemically modified dielectric interfaces. Appl. Phys. Lett 2002, 81, 4383–4385. [Google Scholar]

	55. 
O’Connor, B.; Kline, R.J.; Conrad, B.R.; Richter, L.J.; Gundlach, D.; Toney, M.F.; DeLongchamp, D.M. Anisotropic structure and charge transport in highly strain-aligned regioregular poly (3-hexylthiophene). Adv. Funct. Mater 2011, 21, 3697–3705. [Google Scholar]

	56. 
Lan, Y.-K.; Huang, C.-I. Charge mobility and transport behavior in the ordered and disordered states of the regioregular poly(3-hexylthiophene). J. Phys. Chem. B 2009, 113, 14555–14564. [Google Scholar]

	57. 
Dong, S.; Zhang, H.; Yang, L.; Bai, M.; Yao, Y.; Chen, H.; Gan, L.; Yang, T.; Jiang, H.; Hou, S. Solution-crystallized organic semiconductors with high carrier mobility and air stability. Adv. Mater 2012, 24, 5576–5580. [Google Scholar]

	58. 
Lee, S.S.; Loth, M.A.; Anthony, J.E.; Loo, Y.-L. Orientation-independent charge transport in single spherulites from solution-processed organic semiconductors. J. Am. Chem. Soc 2012, 134, 5436–5439. [Google Scholar]

	59. 
Rahimi, K.; Botiz, I.; Stingelin, N.; Kayunkid, N.; Sommer, M.; Koch, F.P.V.; Nguyen, H.; Coulembier, O.; Dubois, P.; Brinkmann, M.; et al. Controllable Processes for generating large single crystals of poly(3-hexylthiophene). Angew. Chem. Int. Ed 2012, 51, 11131–11135. [Google Scholar]

	60. 
Rahimi, K.; Botiz, I.; Agumba, J.O.; Motamen, S.; Stingelin, N.; Reiter, G. Light absorption of poly(3-hexylthiophene) single crystals. RSC Adv 2014, 11121–11123. [Google Scholar]

	61. 
Hourani, W.; Rahimi, K.; Botiz, I.; Koch, F.; Reiter, G.; Lienerth, P.; Heiser, T.; Bubendorff, J.-L.; Simon, L. Anisotropic charge transport in large single crystals of Pi-conjugated organic molecules. Nanoscale 2014, 2014. [Google Scholar] [CrossRef]

	62. 
Sun, Z.; Li, J.; Liu, C.; Yang, S.; Yan, F. Enhancement of hole mobility of poly (3-hexylthiophene) induced by titania nanorods in composite films. Adv. Mater 2011, 23, 3648–3652. [Google Scholar]

	63. 
Bolsée, J.-C.; Oosterbaan, W.D.; Lutsen, L.; Vanderzande, D.; Manca, J. The importance of bridging points for charge transport in webs of conjugated polymer nanofibers. Adv. Funct. Mater 2013, 23, 862–869. [Google Scholar]

	64. 
Chang, M.; Choi, D.; Fu, B.; Reichmanis, E. Solvent based hydrogen bonding: Impact on poly (3-hexylthiophene) nanoscale morphology and charge transport characteristics. ACS Nano 2013, 7, 5402–5413. [Google Scholar]

	65. 
Liu, J.; Haynes, D.; Balliet, C.; Zhang, R.; Kowalewski, T.; McCullough, R.D. Self encapsulated poly (3-hexylthiophene)-poly (fluorinated alkyl methacrylate) rod-coil block copolymers with high field effect mobilities on bare SiO2. Adv. Funct. Mater 2012, 22, 1024–1032. [Google Scholar]

	66. 
Zhang, L.; Colella, N.S.; Liu, F.; Trahan, S.; Baral, J.K.; Winter, H.H.; Mannsfeld, S.C.; Briseno, A.L. Synthesis, electronic structure, molecular packing/morphology evolution, and carrier mobilities of pure oligo-/poly (alkylthiophenes). J. Am. Chem. Soc 2012, 135, 844–854. [Google Scholar]

	67. 
Noriega, R.; Rivnay, J.; Vandewal, K.; Koch, F.P.; Stingelin, N.; Smith, P.; Toney, M.F.; Salleo, A. A general relationship between disorder, aggregation and charge transport in conjugated polymers. Nat. Mater 2013, 12, 1038–1044. [Google Scholar]

	68. 
Koch, F.P.V.; Rivnay, J.; Foster, S.; Müller, C.; Downing, J.M.; Buchaca-Domingo, E.; Westacott, P.; Yu, L.; Yuan, M.; Baklar, M.; et al. The impact of molecular weight on microstructure and charge transport in semicrystalline polymer semiconductors–poly(3-hexylthiophene), a model study. Prog. Polym. Sci 2013, 38, 1978–1989. [Google Scholar]

	69. 
Morana, M.; Koers, P.; Waldauf, C.; Koppe, M.; Muehlbacher, D.; Denk, P.; Scharber, M.; Waller, D.; Brabec, C. Organic field-effect devices as tool to characterize the bipolar transport in polymer-fullerene blends: The case of P3HT-PCBM. Adv. Funct. Mater 2007, 17, 3274–3283. [Google Scholar]

	70. 
Jeng, U.; Hsu, C.-H.; Sheu, H.-S.; Lee, H.-Y.; Inigo, A.; Chiu, H.; Fann, W.; Chen, S.; Su, A.; Lin, T.-L. Morphology and charge transport in poly (2-methoxy-5-(2’-ethylhexyloxy)-1, 4-phenylenevinylene) films. Macromolecules 2005, 38, 6566–6574. [Google Scholar]

	71. 
Huang, Y.-F.; Inigo, A.R.; Chang, C.-C.; Li, K.-C.; Liang, C.-F.; Chang, C.-W.; Lim, T.-S.; Chen, S.-H.; White, J.D.; Jeng, U.-S. Nanostructure-dependent vertical charge transport in MEH-PPV films. Adv. Funct. Mater 2007, 17, 2902–2910. [Google Scholar]

	72. 
Huang, Y.-F.; Chang, C.-W.; Smilgies, D.-M.; Jeng, U.; Inigo, A.R.; White, J.D.; Li, K.-C.; Lim, T.-S.; Li, T.-D.; Chen, H.-Y. Correlating nanomorphology with charge-transport anisotropy in conjugated-polymer thin films. Adv. Mater 2009, 2988–2992. [Google Scholar]

	73. 
Grozema, F.C.; Siebbeles, L.D.A. Charge mobilities in conjugated polymers measured by pulse radiolysis time-resolved microwave conductivity: From single chains to solids. J. Phys. Chem. Lett 2011, 2, 2951–2958. [Google Scholar]

	74. 
Deng, Y.; Chen, Y.; Zhang, X.; Tian, H.; Bao, C.; Yan, D.; Geng, Y.; Wang, F. Donor–Acceptor conjugated polymers with dithienocarbazoles as donor units: Effect of structure on semiconducting properties. Macromolecules 2012, 45, 8621–8627. [Google Scholar]

	75. 
Poelking, C.; Cho, E.; Malafeev, A.; Ivanov, V.; Kremer, K.; Risko, C.; Breìdas, J.-L.; Andrienko, D. Characterization of charge-carrier transport in semicrystalline polymers: Electronic couplings, site energies, and charge-carrier dynamics in poly (bithiophene-alt-thienothiophene)[PBTTT]. J. Phys. Chem. C 2013, 117, 1633–1640. [Google Scholar]

	76. 
Himmelberger, S.; Dacuña, J.; Rivnay, J.; Jimison, L.H.; McCarthy-Ward, T.; Heeney, M.; McCulloch, I.; Toney, M.F.; Salleo, A. Effects of confinement on microstructure and charge transport in high performance semicrystalline polymer semiconductors. Adv. Funct. Mater 2012, 23, 2091–2098. [Google Scholar]

	77. 
Kim, B.J.; Lee, H.-S.; Lee, J.S.; Cho, S.; Kim, H.; Son, H.J.; Kim, H.; Ko, M.J.; Park, S.; Kang, M.S. Correlation between crystallinity, charge transport, and electrical stability in an ambipolar polymer field-effect transistor based on poly (naphthalene-alt-diketopyrrolopyrrole). J. Phys. Chem. C 2013, 117, 11479–11486. [Google Scholar]

	78. 
Yuen, J.D.; Kumar, R.; Seifter, J.; Valouch, S.; Zakhidov, D.; Moses, D.; Lemmer, U.; Heeger, A.J.; Wudl, F. Observations of PDDTT subject to thermal treatment: Correlation between performance and order. J. Am. Chem. Soc 2011, 133, 19602–19605. [Google Scholar]

	79. 
Knupfer, M. Exciton binding energies in organic semiconductors. Appl. Phys. A 2003, 77, 623–626. [Google Scholar]

	80. 
Heun, S.; Mahrt, R.F.; Greiner, A.; Lemmer, U.; Bässler, H.; Halliday, D.A.; Bradley, D.D. C.; Burn, P.L.; Holmes, A.B. Conformational effects in poly(p-phenylene vinylene)s revealed by low-temperature site-selective fluorescence. J. Phys. Condens. Matter 1993, 5, 247–260. [Google Scholar]

	81. 
Hagler, T.W.; Pakbaz, K.; Voss, K.F.; Heeger, A.J. Enhanced order and electronic delocalization in conjugated polymers oriented by gel processing in polyethylene. Phys. Rev. B 1991, 44, 8652–8666. [Google Scholar]

	82. 
Nguyen, T.-Q.; Martini, I.B.; Liu, J.; Schwartz, B.J. Controlling interchain interactions in conjugated polymers: The effects of chain morphology on exciton-exciton annihilation and aggregation in MEH-PPV films. J. Phys. Chem. B 2000, 104, 237–255. [Google Scholar]

	83. 
Collison, C.J.; Rothberg, L.J.; Treemaneekarn, V.; Li, Y. Conformational effects on the photophysics of conjugated polymers: A two species model for MEH-PPV spectroscopy and dynamics. Macromolecules 2001, 34, 2346–2352. [Google Scholar]

	84. 
Rathgeber, S.; Bastos de Toledo, D.; Birckner, E.; Hoppe, H.; Egbe, D.A. Intercorrelation between structural ordering and emission properties in photoconducting polymers. Macromolecules 2009, 43, 306–315. [Google Scholar]

	85. 
Vogelsang, J.; Brazard, J.; Adachi, T.; Bolinger, J.C.; Barbara, P.F. Watching the annealing process one polymer chain at a time. Angew. Chem. Int. Ed 2011, 123, 2305–2309. [Google Scholar]

	86. 
Lupton, J.M. Chromophores in conjugated polymers—All straight? Chem. Phys. Chem 2012, 13, 901–907. [Google Scholar]

	87. 
Becker, K.; Como, E.D.; Feldmann, J.; Scheliga, F.; Csanyi, E.T.; Tretiak, S.; Lupton, J.M. How chromophore shape determines the spectroscopy of phenylene-vinylenes: Origin of spectral broadening in the absence of aggregation. J. Phys. Chem. B 2008, 112, 4859–4864. [Google Scholar]

	88. 
Kilina, S.; Dandu, N.; Batista, E.R.; Saxena, A.; Martin, R.L.; Smith, D.L.; Tretiak, S. Effect of packing on formation of deep carrier traps in amorphous conjugated polymers. J. Phys. Chem. Lett 2013, 4, 1453–1459. [Google Scholar]

	89. 
Qin, T.; Troisi, A. Relation between structure and electronic properties of amorphous MEH-PPV polymers. J. Am. Chem. Soc 2013, 135, 11247–11256. [Google Scholar]

	90. 
He, G.; Li, Y.; Liu, J.; Yang, Y. Enhanced electroluminescence using polystyrene as a matrix. Appl. Phys. Lett 2002, 80, 4247–4249. [Google Scholar]

	91. 
Lee, P.W.; Li, W.-C.; Chen, B.-J.; Yang, C.-W.; Chang, C.-C.; Botiz, I.; Reiter, G.; Chen, Y.T.; Lin, T.L.; Tang, J.; et al. Massive enhancement of photoluminescence through nanofilm dewetting. ACS Nano 2013, 7, 6658–6666. [Google Scholar]

	92. 
Tretiak, S.; Saxena, A.; Martin, R.L.; Bishop, A.R. Conformational dynamics of photoexcited conjugated molecules. Phys. Rev. Lett 2002, 89, 097402:1–097402:4. [Google Scholar]

	93. 
Botiz, I.; Freyberg, P.; Stingelin, N.; Yang, A.C.M.; Reiter, G. Reversibly slowing dewetting of conjugated polymers by light. Macromolecules 2013, 46, 2352–2356. [Google Scholar]

	94. 
Köhler, A.; Hoffmann, S.T.; Bässler, H. An order-disorder transition in the conjugated polymer MEH-PPV. J. Am. Chem. Soc 2012, 134, 11594–11601. [Google Scholar]

	95. 
Huang, Y.-S.; Gierschner, J.; Schmidtke, J.P.; Friend, R.H.; Beljonne, D. Tuning interchain and intrachain interactions in polyfluorene copolymers. Phys. Rev. B 2011, 84, 205311:1–205311:7. [Google Scholar]

	96. 
Clark, J.; Silva, C.; Friend, R.H.; Spano, F.C. Role of intermolecular coupling in the photophysics of disordered organic semiconductors: Aggregate emission in regioregular polythiophene. Phys. Rev. Lett 2007, 98, 206406:1–206406:4. [Google Scholar]

	97. 
Baghgar, M.; Labastide, J.; Bokel, F.; Dujovne, I.; McKenna, A.; Barnes, A.M.; Pentzer, E.; Emrick, T.; Hayward, R.; Barnes, M.D. Probing inter- and intrachain exciton coupling in isolated poly(3-hexylthiophene) nanofibers: Effect of solvation and regioregularity. J. Phys. Chem. Lett 2012, 3, 1674–1679. [Google Scholar]

	98. 
Niles, E.T.; Roehling, J.D.; Yamagata, H.; Wise, A.J.; Spano, F.C.; Moule, A.J.; Grey, J.K. J-aggregate behavior in poly-3-hexylthiophene nanofibers. J. Phys. Chem. Lett 2012, 3, 259–263. [Google Scholar]

	99. 
Chen, P.-Y.; Rassamesard, A.; Chen, H.-L.; Chen, S.-A. Conformation and fluorescence property of poly (3-hexylthiophene) isolated chains studied by single molecule spectroscopy: Effects of solvent quality and regioregularity. Macromolecules 2013, 46, 5657–5663. [Google Scholar]

	100. 
Danesh, C.D.; Starkweather, N.S.; Zhang, S. In situ study of dynamic conformational transitions of a water-soluble poly (3-hexylthiophene) derivative by surfactant complexation. J. Phys. Chem. B 2012, 116, 12887–12894. [Google Scholar]

	101. 
Hung, J.-H.; Lin, Y.-L.; Sheng, Y.-J.; Tsao, H.-K. Structure-photophysical property relationship of conjugated rod-coil block copolymers in solutions. Macromolecules 2012, 45, 2166–2170. [Google Scholar]

	102. 
Tamura, H.; Hamada, I.; Shang, H.; Oniwa, K.; Akhtaruzzaman, M.; Jin, T.; Asao, N.; Yamamoto, Y.; Kanagasekaran, T.; Shimotani, H. Theoretical analysis on the optoelectronic properties of single crystals of thiophene-furan-phenylene co-oligomers: Efficient photoluminescence due to molecular bending. J. Phys. Chem. C 2013, 117, 8072–8078. [Google Scholar]

	103. 
Fischer, F.; Tremel, K.; Saur, A.-K.; Link, S.; Kayunkid, N.; Brinkmann, M.; Herrero-Carvajal, D.; Navarrete, J.T.L.; Delgado, M.R.; Ludwigs, S. Influence of processing solvents on optical properties and morphology of a semicrystalline low bandgap polymer in the neutral and charged states. Macromolecules 2013, 46, 4924–4931. [Google Scholar]

	104. 
Adachi, T.; Tong, L.; Kuwabara, J.; Kanbara, T.; Saeki, A.; Seki, S.; Yamamoto, Y. Spherical assemblies from π-conjugated alternating copolymers: Toward optoelectronic colloidal crystals. J. Am. Chem. Soc 2013, 135, 870–876. [Google Scholar]

	105. 
Shrotriya, V.; Ouyang, J.; Tseng, R.J.; Li, G.; Yang, Y. Absorption spectra modification in poly(3-hexylthiophene):methanofullerene blend thin films. Chem. Phys. Lett 2005, 411, 138–143. [Google Scholar]

	106. 
Wang, S.; Wang, W.; Lin, N. Resolving band-structure evolution and defect-induced states of single conjugated oligomers by scanning tunneling microscopy and tight-binding calculations. Phys. Rev. Lett 2011, 106, 206803:1–206803:4. [Google Scholar]

	107. 
Kobayashi, H.; Tsuchiya, K.; Ogino, K.; Vacha, M. Spectral multitude and spectral dynamics reflect changing conjugation length in single molecules of oligophenylenevinylenes. Phys. Chem. Chem. Phys 2012, 14, 10114–10118. [Google Scholar]

	108. 
Schwartz, B.J. Conjugated polymers as molecular materials: How chain conformation and morphology influence energy transfer and interchain interactions. Annu. Rev. Phys. Chem 2003, 54, 141–172. [Google Scholar]

	109. 
Laquai, F.; Park, Y.-S.; Kim, J.-J.; Basché, T. Excitation energy transfer in organic materials: From fundamentals to optoelectronic devices. Macromol. Rapid Commun 2009, 30, 1203–1231. [Google Scholar]

	110. 
Lupton, J.M. Single-molecule spectroscopy for plastic electronics: Materials analysis from the bottom-up. Adv. Mater 2010, 22, 1689–1721. [Google Scholar]

	111. 
Knaapila, M.; Monkman, A.P. Methods for controlling structure and photophysical properties in polyfluorene solutions and gels. Adv. Mater 2013, 25, 1090–1108. [Google Scholar]

	112. 
Gierschner, J.; Cornil, J.; Egelhaaf, H.-J. Optical bandgaps of π-conjugated organic materials at the polymer limit: Experiment and theory. Adv. Mater 2007, 19, 173–191. [Google Scholar]

	113. 
Service, R.F. Outlook brightens for plastic solar cells. Science 2011, 332, 293. [Google Scholar]

	114. 
Janssen, R.A.; Nelson, J. Factors limiting device efficiency in organic photovoltaics. Adv. Mater 2012, 25, 1847–1858. [Google Scholar]

	115. 
Li, G.; Zhu, R.; Yang, Y. Polymer solar cells. Nat. Photonics 2012, 6, 153–161. [Google Scholar]

	116. 
Dai, J.; Jiang, X.; Wang, H.; Yan, D. Organic photovoltaic cells with near infrared absorption spectrum. Appl. Phys. Lett 2007, 91, 253503. [Google Scholar]

	117. 
Gadisa, A.; Mammo, W.; Andersson, L.M.; Admassie, S.; Zhang, F.; Andersson, M.R.; Inganäs, O. A new donor-acceptor-donor polyfluorene copolymer with balanced electron and hole mobility. Adv. Funct. Mater 2007, 17, 3836–3842. [Google Scholar]

	118. 
Lindner, S.M.; Hüttner, S.; Chiche, A.; Thelakkat, M.; Krausch, G. Charge separation at self-assembled nanostructured bulk interface in block copolymers. Angew. Chem. Int. Ed 2006, 45, 3364–3368. [Google Scholar]

	119. 
Brabec, C.J.; Sariciftci, N.S.; Hummelen, J.C. Plastic solar cells. Adv. Funct. Mater 2001, 11, 15–26. [Google Scholar]

	120. 
Rao, A.; Chow, P.C.; Gélinas, S.; Schlenker, C.W.; Li, C.-Z.; Yip, H.-L.; Jen, A.K.-Y.; Ginger, D.S.; Friend, R.H. The role of spin in the kinetic control of recombination in organic photovoltaics. Nature 2013, 500, 435–439. [Google Scholar]

	121. 
Mandoc, M.M.; Kooistra, F.B.; Hummelen, J.C.; Boer, B.d.; Blom, P.W.M. Effect of traps on the performance of bulk heterojunction organic solar cells. Appl. Phys. Lett 2007, 91, 263505:1–263505:3. [Google Scholar]

	122. 
Kim, Y.; Cook, S.; Tuladhar, S.M.; Choulis, S.A.; Nelson, J.; Durrant, J.R.; Bradley, D.D.C.; Giles, M.; McCulloch, I.; Ha, C.-S. A strong regioregularity effect in self-organizing conjugated polymer films and high-efficiency polythiophene: Fullerene solar cells. Nat. Mater 2006, 5, 197–203. [Google Scholar]

	123. 
Reyes-Reyes, M.; Kim, K.; Carroll, D.L. High-efficiency photovoltaic devices based on annealed poly(3-hexylthiophene) and 1-(3-methoxycarbonyl)-propyl-1-phenyl-(6,6)C61 blends. Appl. Phys. Lett 2005, 87, 083506:1–083506:3. [Google Scholar]

	124. 
Koetse, M.M.; Sweelssen, J.; Hoekerd, K.T.; Schoo, H.F.M.; Veenstra, S.C.; Kroon, J.M.; Yang, X.; Loos, J. Efficient polymer: Polymer bulk heterojunction solar cells. Appl. Phys. Lett 2006, 88, 083504:1–083504:3. [Google Scholar]

	125. 
Halls, J.J.M.; Walsh, C.A.; Greenham, N.C.; Marseglia, E.A.; Friend, R.H.; Moratti, S.C.; Holmes, A.B. Efficient photodiodes from interpenetrating polymer networks. Nature 1995, 376, 498–500. [Google Scholar]

	126. 
Alam, M.M.; Jenekhe, S.A. Efficient solar cells from layered nanostructures of donor and acceptor conjugated polymers. Chem. Mater 2004, 16, 4647–4656. [Google Scholar]

	127. 
McDonald, S.A.; Konstantatos, G.; Zhang, S.; Cyr, P.W.; Klem, E.J.D.; Levina, L.; Sargent, E.H. Solution-processed PbS quantum dot infrared photodetectors and photovoltaics. Nat. Mater 2005, 4, 138–142. [Google Scholar]

	128. 
Greenham, N.C.; Peng, X.; Alivisatos, A.P. Charge separation and transport in conjugated-polymer/semiconductor-nanocrystal composites studied by photoluminescence quenching and photoconductivity. Phys. Rev. B 1996, 54, 17628–17637. [Google Scholar]

	129. 
Kwong, C.Y.; Djurisic, A.B.; Chui, P.C.; Cheng, K.W.; Chan, W.K. Influence of solvent on film morphology and device performance of poly(3-hexylthiophene):TiO2 nanocomposite solar cells. Chem. Phys. Lett 2004, 384, 372–375. [Google Scholar]

	130. 
Oosterhout, S.D.; Wienk, M.M.; van Bavel, S.S.; Thiedmann, R.; Koster, L.J.A.; Gilot, J.; Loos, J.; Schmidt, V.; Janssen, R.A. The effect of three-dimensional morphology on the efficiency of hybrid polymer solar cells. Nat. Mater 2009, 818–824. [Google Scholar]

	131. 
Yang, X.; Loos, J. Toward high-performance polymer solar cells: The importance of morphology control. Macromolecules 2007, 40, 1353–1362. [Google Scholar]

	132. 
Günes, S.; Neugebauer, H.; Sariciftci, N.S. Conjugated polymer-based organic solar cells. Chem. Rev 2007, 107, 1324–1338. [Google Scholar]

	133. 
Sun, S.-S. Design of a block copolymer solar cell. Sol. Energy Mater. Sol. Cells 2003, 79, 257–264. [Google Scholar]

	134. 
Darling, S.B. Isolating the effect of torsional defects on mobility and band gap in conjugated polymers. J. Phys. Chem. B 2008, 112, 8891–8895. [Google Scholar]

	135. 
Stübinger, T.; Brütting, W. Exciton diffusion and optical interference in organic donor–acceptor photovoltaic cells. J. Appl. Phys 2001, 90, 3632–3641. [Google Scholar]

	136. 
Coropceanu, V.; Cornil, J.; da Silva Filho, D.A.; Olivier, Y.; Silbey, R.; Brédas, J.-L. Charge transport in organic semiconductors. Chem. Rev 2007, 107, 926–952. [Google Scholar]

	137. 
Darling, S.B.; Sternberg, M. Importance of side chains and backbone length in defect modeling of poly(3-alkylthiophenes). J. Phys. Chem. B 2009, 113, 6215–6218. [Google Scholar]

	138. 
Peumans, P.; Uchida, S.; Forrest, S.R. Efficient bulk heterojunction photovoltaic cells using smallmolecular-weight organic thin films. Nature 2003, 425, 158–162. [Google Scholar]

	139. 
Sun, S.-S.; Fan, Z.; Wang, Y.; Haliburton, J. Organic solar cell optimizations. J. Mater. Sci 2005, 40, 1429–1443. [Google Scholar]

	140. 
Kohn, P.; Rong, Z.; Scherer, K.H.; Sepe, A.; Sommer, M.; Muüller-Buschbaum, P.; Friend, R.H.; Steiner, U.; Huüttner, S. Crystallization-induced 10-nm structure formation in P3HT/PCBM blends. Macromolecules 2013, 46, 4002–4013. [Google Scholar]

	141. 
Buchaca-Domingo, E.; Ferguson, A.J.; Jamieson, F.C.; McCarthy-Ward, T.; Shoaee, S.; Tumbleston, J.R.; Reid, O.G.; Yu, L.; Madec, M.B.; Pfannmoller, M.; et al. Additive-assisted supramolecular manipulation of polymer: Fullerene blend phase morphologies and its influence on photophysical processes. Mater. Horiz 2014, 2014. [Google Scholar] [CrossRef]

	142. 
Jamieson, F.C.; Domingo, E.B. McCarthy-Ward, T.; Heeney, M.; Stingelin, N.; Durrant, J.R. Fullerene crystallisation as a key driver of charge separation in polymer/fullerene bulk heterojunction solar cells. Chem. Sci 2012, 3, 485–492. [Google Scholar]

	143. 
Collins, B.A.; Tumbleston, J.R.; Ade, H. Miscibility, crystallinity, and phase development in P3HT/PCBM solar cells: Toward an enlightened understanding of device morphology and stability. J. Phys. Chem. Lett 2011, 2, 3135–3145. [Google Scholar]

	144. 
Qian, D.; Ye, L.; Zhang, M.; Liang, Y.; Li, L.; Huang, Y.; Guo, X.; Zhang, S.; Tan, Z.a.; Hou, J. Design, application, and morphology study of a new photovoltaic polymer with strong aggregation in solution state. Macromolecules 2012, 45, 9611–9617. [Google Scholar]

	145. 
Ayzner, A.L.; Doan, S.C.; Tremolet de Villers, B.; Schwartz, B.J. Ultrafast Studies of exciton migration and polaron formation in sequentially solution-processed conjugated polymer/fullerene quasi-bilayer photovoltaics. J. Phys. Chem. Lett 2012, 3, 2281–2287. [Google Scholar]

	146. 
Deribew, D.; Pavlopoulou, E.; Fleury, G.; Nicolet, C.; Renaud, C.; Mougnier, S.-J.; Vignau, L.; Cloutet, E.; Brochon, C.; Cousin, F. Crystallization-driven enhancement in photovoltaic performance through block copolymer incorporation into P3HT: PCBM blends. Macromolecules 2013, 46, 3015–3024. [Google Scholar]

	147. 
Su, M.-S.; Kuo, C.-Y.; Yuan, M.-C.; Jeng, U.; Su, C.-J.; Wei, K.-H. Improving device efficiency of polymer/fullerene bulk heterojunction solar cells through enhanced crystallinity and reduced grain boundaries induced by solvent additives. Adv. Mater 2011, 23, 3315–3319. [Google Scholar]

	148. 
Yuan, J.; Zhai, Z.; Dong, H.; Li, J.; Jiang, Z.; Li, Y.; Ma, W. Efficient polymer solar cells with a high open circuit voltage of 1 Volt. Adv. Funct. Mater 2012, 23, 885–892. [Google Scholar]

	149. 
D’Avino, G.; Mothy, S.; Muccioli, L.; Zannoni, C.; Wang, L.; Cornil, J.; Beljonne, D.; Castet, F. Energetics of electron-hole separation at P3HT/PCBM heterojunctions. J. Phys. Chem. C 2013, 117, 12981–12990. [Google Scholar]

	150. 
Moulé, A.J.; Meerholz, K. Controlling morphology in polymer-fullerene mixtures. Adv. Mater 2008, 20, 240–245. [Google Scholar]

	151. 
Wang, T.; Pearson, A.J.; Lidzey, D.G.; Jones, R.A. Evolution of structure, optoelectronic properties, and device performance of polythiophene: Fullerene solar cells during thermal annealing. Adv. Funct. Mater 2011, 21, 1383–1390. [Google Scholar]

	152. 
Vanlaeke, P.; Swinnen, A.; Haeldermans, I.; Vanhoyland, G.; Aernouts, T.; Cheyns, D.; Deibel, C.; D’Haen, J.; Heremans, P.; Poortmans, J.; et al. P3HT/PCBM bulk heterojunction solar cells: Relation between morphology and electro-optical characteristics. Sol. Energy Mater. Sol. Cells 2006, 90, 2150–2158. [Google Scholar]

	153. 
Rispens, M.T.; Meetsma, A.; Rittberger, R.; Brabec, C.J.; Sariciftci, N.S.; Hummelen, J.C. Influence of the solvent on the crystal structure of PCBM and the efficiency of MDMO-PPV:PCBM ‘plastic’ solar cells. Chem. Commun 2003, 2116–2118. [Google Scholar]

	154. 
Gu, Y.; Wang, C.; Russell, T.P. Multi-length-scale morphologies in PCPDTBT/PCBM bulk-heterojunction solar cells. Adv. Energy Mater 2012, 2, 683–690. [Google Scholar]

	155. 
Moulé, A.J.; Meerholz, K. Morphology control in solution-processed bulk-heterojunction solar cell mixtures. Adv. Funct. Mater 2009, 19, 3028–3036. [Google Scholar]

	156. 
Thompson, B.C.; Fréchet, J.M.J. Polymer-fullerene composite solar cells. Angew. Chem. Int. Ed 2008, 47, 58–77. [Google Scholar]

	157. 
Hwang, I.W.; Moses, D.; Heeger, A.J. Photoinduced carrier generation in P3HT/PCBM bulk heterojunction materials. J. Phys. Chem. C 2008, 112, 4350–4354. [Google Scholar]

	158. 
Groves, C.; Greenham, N.C. Bimolecular recombination in polymer electronic devices. Phys. Rev. B 2008, 78, 155205. [Google Scholar]

	159. 
Qian, D.; Ma, W.; Li, Z.; Guo, X.; Zhang, S.; Ye, L.; Ade, H.; Tan, Z.a.; Hou, J. Molecular design towards efficient polymer solar cell with high polymer content. J. Am. Chem. Soc 2013, 135, 8464–8467. [Google Scholar]

	160. 
Chen, W.; Xu, T.; He, F.; Wang, W.; Wang, C.; Strzalka, J.; Liu, Y.; Wen, J.; Miller, D.J.; Chen, J.; et al. Darling, hierarchical nanomorphologies promote exciton dissociation in polymer/fullerene bulk heterojunction solar cells. Nano Lett 2011, 11, 3707–3713. [Google Scholar]

	161. 
Park, S.H.; Roy, A.; Beaupre, S.; Cho, S.; Coates, N.; Moon, J.S.; Moses, D.; Leclerc, M.; Lee, K.; Heeger, A.J. Bulk heterojunction solar cells with internal quantum efficiency approaching 100%. Nat. Photonics 2009, 3, 297–302. [Google Scholar]

	162. 
Wang, T.; Pearson, A.J.; Dunbar, A.D.; Staniec, P.A.; Watters, D.C.; Yi, H.; Ryan, A.J.; Jones, R.A.; Iraqi, A.; Lidzey, D.G. Correlating structure with function in thermally annealed PCDTBT:PC70BM photovoltaic blends. Adv. Funct. Mater 2012, 22, 1399–1408. [Google Scholar]

	163. 
Qu, B.; Tian, D.; Cong, Z.; Wang, W.; An, Z.; Gao, C.; Gao, Z.; Yang, H.; Zhang, L.; Xiao, L. Highly efficient solar cells based on the copolymer of benzodithiophene and thienopyrroledione with solvent annealing. J. Phys. Chem. C 2013, 117, 3272–3278. [Google Scholar]

	164. 
Cabanetos, C.; El Labban, A.; Bartelt, J.A.; Douglas, J.D.; Mateker, W.R.; Freìchet, J.M.J.; McGehee, M.D.; Beaujuge, P.M. Linear side chains in benzo[1,2–b:4,5–b’]dithiophene-thieno[3,4-c]pyrrole-4,6-dione polymers direct self-assembly and solar cell performance. J. Am. Chem. Soc 2013, 135, 4656–4659. [Google Scholar]

	165. 
Venkataraman, D.; Yurt, S.; Venkatraman, B.H.; Gavvalapalli, N. Role of Molecular Architecture in Organic Photovoltaic Cells. J. Phys. Chem. Lett 2010, 1, 947–958. [Google Scholar]

	166. 
Dou, L.; You, J.; Hong, Z.; Xu, Z.; Li, G.; Street, R.A.; Yang, Y. 25th anniversary article: A decade of organic/polymeric photovoltaic research. Adv. Mater 2013, 25, 6642–6671. [Google Scholar]

	167. 
Jankowski, E.; Marsh, H.S.; Jayaraman, A. Computationally linking molecular features of conjugated polymers and fullerene derivatives to bulk heterojunction morphology. Macromolecules 2013, 46, 5775–5785. [Google Scholar]

	168. 
Brédas, J.-L.; Norton, J.E.; Cornil, J.; Coropceanu, V. Molecular understanding of organic solar cells: The challenges. Acc. Chem. Res 2009, 42, 1691–1699. [Google Scholar]

	169. 
Gagorik, A.G.; Mohin, J.W.; Kowalewski, T.; Hutchison, G.R. Monte carlo simulations of charge transport in 2D organic photovoltaics. J. Phys. Chem. Lett 2012, 4, 36–42. [Google Scholar]

	170. 
Camaioni, N.; Po, R. Pushing the Envelope of the intrinsic limitation of organic solar cells. J. Phys. Chem. Lett 2013, 4, 1821–1828. [Google Scholar]





















© 2014 by the authors; licensee MDPI, Basel, Switzerland This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/3.0/).







media/file4.png
1004

Intensity (a.u.)

=

Enhancement factor

—a— Si-wafer
—e— Oxidized Si-wafer
—A— Glass

6

Annealing time (hrs)

h=10nm
9

12





nav.xhtml


  materials-07-02273


  
    		
      materials-07-02273
    


  




  





media/file5.png
aluminium electrode

PEDOT:PSS
TCO-coated substrate





media/file3.png
Counts per100 ms

Counts per 100 ms.

3,000
2,000
1,000

50,000

25,000

mﬂ“”é

0

0

10 20 30 40 50 60
Time (s)

10 20 30 40 50 60
Time (s)

Occurrence

0 20

30

40 50 60
‘Quenching depth (%)

Single CP chains
Jew =860

Aggregates
after SVA (0/100)
Imean = 5,400

Aggregates
after SVA (10/90)

Iewn =9.300

Aggregates
after SVA (20/80)
|pemn = 16,000

70 80 90





media/file0.png





media/file1.png
FACE-ON

EDGE-ON





media/file2.png
J L a Ll
. © MW study
LS Y S C|shus
T o ¢ 3 2 (md o,
s S \ v @©
S ! I *®
& o
T 07 ‘go‘l""u”o _ > @
< 5 © SHPCPDTTBT ()
E , 2 © PNDIT2) ()
Ti0e] af © COT-BTZ(1)
z BAPIRTICSI(h)
3 : ©©DPP-BT[C, Sel (D)
=
o
10¢ §

0 100 200 300 1,000 1,500
Degree of polymerization






media/file6.png





