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Chapter 1. Introduction 

 

1.1 Development of polythiophenes (PTs). 

1.1.1 Development of unsubstituted PTs 

    In 1977, Shirakawa and his co-researchers found that iodine (I2) doped polyacetylene 

(PA) had conductivity [1], which overturned the conception that polymer could not be 

utilized as conductive material. Besides, this new discovery extended the application fields 

of polymer materials and promoted their development. During the passed decades, because 

of the advantages in easily synthesis, separation and recycling [2, 3], a series of conductive 

polymers were sequential explored, such as polypyrrole (PPy) [4, 5], polythiophene (PT) [6, 

7], polyaniline (PAn) [8, 9], poly(3,4-ethylenedioxythiophene) (PEDOT) [10, 11], and 

poly(phenylene vinylene) (PPV) [12], etc. Untill now, conductive polymer materials are 

still attractive, even in many fields they are utilized to replace inorganic materials. 

 

 

Figure 1-1. Synthesis of polythiophene by using precursor 2,5-Dibromothiophene and 

metallic catalyst nickel(bipyrine)dichloride (Ni(bipy)Cl2). [13] 

 

    In the big family of conductive polymers, semiconductive polymers are currently studied 

to identify, understand and apply the useful optoelectronic properties inherent in the 

electron-rich π-systems. Many research groups were inspired to study its properties and to 

find new, effective semiconductive architectures. Conjugated polymers proved the most 

durable and robust structures with diverse electronic and physical properties easy to design. 

Semiconductive polythiophenes (PTs) are such kind of conjugated polymers, possessing the 

structure like aromatic rings. In 1980, Yamamoto’s group [13] firstly synthesized PT by 

using precursor 2,5-Dibromothiophene and metallic catalyst nickel(bipyrine)dichloride 
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(Ni(bipy)Cl2) (Figure 1-1). Then Wochnowski and co-wprkers [14] improved the synthesis 

method by introducing Uv-vis light as an irradiation source and explained the 

polymerization mechanism (Figure 1-2).  

 

 

Figure 1-2. Improved process of synthesis of conductive polythiophene by introducing Uv-

vis light as an irradiation source. [14] 

 

In PTs, the thiophene rings couple in the 2 and 5 positions, which allows for the 

conjugation of π orbitals along the polymer chain, leading to the development of 

semiconductor/insulator band structure for the solid-state materials. That’s because the 

electrophilic reactions favor sites α to the sulfur atom, enchaining predominantly 2,5-

couplings to form an extended π-system with quasi one-dimensional delocalization[13]. 

Higher electrical conductivity in PT can be achieved when the material is oxidized (or 

doped). The consequence of the oxidation of PT is a prominent change in the electronic 
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band structure, namely, new midgap states are created and quinoidal type of resonance 

structure is formed (Figure 1-3). This allows for the production of charge carriers called 

bipolarons [15]. The oxidation leads to an effective reduction in the band gap and an 

increase in the electrical conductivity of the material.  

 

 

Figure 1-3. Neutral and oxidized forms of polythiophene (R = H or alkyl). [15] 

 

A quinoidal type of resonance structure necessitates that a coplanar orientation of rings 

be readily accessible, thus a small band gap and high conductivity could be achieved [16]. 

If high energy constraints prevent the forming coplanar, then a low conductivity will be 

resulted. In the solide state, electrical conductivity is attributed two aspects: one is dense 

packing of polymer chains which can allow for overlap to occur in three dimensions (3D) 

and this 3D conductivity creates low resistivity pathways for carriers (electrons or holes) to 

travel; the other one is dense chain packing with overlap of the π orbitals which can also 

lead to high electrical conductivities. In general, the processing of the polymer plays a very 

important role in controlling the assembly of the 3D structure, determines the polymer 

morphology, and influences the resulting electrical conductivity [17].  
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On the other hand, a strong tendency to associate causes some intermolecular overlap but 

also renders PT insoluble and infusible and therefore difficult to characterize. Yamamoto 

and co-workers traced this effect to regioisomeric couplings. They developed an 

exclusively 2,5-coupled PT and found the solubility was negligible. Enchaining 2, 4 defects 

enabled dissolution but caused backbone twisting, electron localization and widened the 

optical bandgap [18, 19]. In one word, eliminating couplings β to sulfur resulted in the 

maximization of effective conjugation length, but formed a material with low processability. 

 

1.1.2 Development of poly(3-alkylthiophene)s (P3ATs) 

    The insolubility and intractability of PTs, difficult to characterize and study, confined 

their applications [20]. To extend the practical application of PTs, in the molecular design 

the molecular propertities should be considered, including the solubility, molecular weight, 

mechanical strength, stability and, of course, the production cost. Solubility improvement 

was well realized by adding ring substituents, particularly at 3 position. Because the 

introduction of ring substituents at 3 position caused the reduction of the interaction 

between the molecular chains, enabling the increasing of solubility. When the number of 

carbon atoms of the introduced alkyl or alkoxy substituents is no smaller than 4, the 

substituted PTs could be dissolved in the solvents like chloroform, tetrahydrofuran (THF), 

chlorobenzene and N-methyl-2-pyrrolidone (NMP) [21]. The incorporation of 3-alkyl 

substituents results in a loss of symmetry along the polymer backbone, causing the 

improvement of processability.  

Sugimoto and co-workers reported that FeCl3-mediated polymerization afforded high 

molecular weight poly(3-alkylthiophene)s (P3ATs) (Mn = 30,000-300,000) [22]. 

Nevertheless, switching from symmetric thiophene to asymmetric 3-alkylthiophene 

reintroduces a problem of structural inhomogeneity, which is attributable to regiochemical 

isomers. This result was obvious observed in the NMR spectrum [23, 24]. The complexity 

arises from poorly controlled coupling of the asymmetric monomer (Figure 1-4). The 

chemical environment for a given ring in a homopolymer depends on the orientation of 

both neighbors, requiring four regioisomeric triads for complete description: head-to-tail 
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with head-to-tail (HT-HT), tail-to-tail with head-to-head (TT-HH), head-to-tail with head-

to-head (HT-HH) and tail-to-tail with head-to-tail (TT-HT). The irregulation of the side 

chain orientations causes polymer twisting because of the their hindrance. Normally, the 

twisting confines polymer conjugation and widens the band gap, impacting polymer 

properties, like conductivity. In contrast, regular (HT-HT) poly(3-alkylthiophene)s are 

easily to form planar structure with lower band gap and higher conjugation. In addition, 

these regular P3ATs exihibit fast and large nonlinear optical responses [25, 26], photo- and 

electroluminescence [27, 28] behavior, and other band gap dependent phoenomena. 

 

 

Figure 1-4. Traditional syntheses incorporate multiple regioisomers. [23, 24] 
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Figure 1-5. Synthesis of regioregular poly(3-alkylthiophene) by McCullough method. [29] 

 

To achieve a high regulation, in 1992, McCullough R K and co-workers [29] firstly 

reported their synthesis of regioregular P3AT, and the HT regulation was higher than 98% 

(Figure 1-5).  In 1995, they improved the synthesis technology [30] to reduce by-product 

types and increase productivity of regioregular P3AT with HT structure (Figure 1-6). In 

2008, Seung and co-workers improved synthesis process by using active zinc powder under 

room temperature, reducing the product cost [31].  

 

 

Figure 1-6. Synthesis of regioregular poly(3-alkylthiophene) by improved McCullough 

method. [30] 

 

In brief, by meaning of introducing ring substituents at 3 position and forming HT 

regular P3ATs, the solubility is well improved. One the other hand, P3ATs remain the 

conductivity of unsubstituted PTs [32].  
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1.2  Electric and photoelectric properties of P3ATs and P3HT 

1.2.1 Charge carrier mobility and the influence factors 

For organic semiconductors to be valuable in most practical applications, a charge carrier 

mobility of at least 0.1 cm2 V−1s−1 is needed (with on/off ratio greater than 106) [33]. Bao 

first report of a relatively high charge carrier mobility for a conjugated polymer was 

obtained using regioregular poly(3-hexylthiophene) (rr-P3HT), at the level of 0.045 cm2 

V−1s−1 [34]. Later, Sirringhaus improved mobilities in the range 0.05-0.1 cm2 V−1 s−1 for rr-

P3HT [35]. Regioregularity is critical for good electrical properties [36]. 

rr-P3HT has been extensively used for studying factors that impact charge carrier 

mobility, such as processing conditions [37], surface treatment [35] and molecular weight 

[38]. Generally, the best mobilities are obtained using relatively high molecular weight rr-

PHT (Mn >25 k) under slow evaporating conditions on hydrophobic substrates. These 

conditions promote self-organization of rr-P3HT with the π–π stacking direction 

perpendicular to the substrate surface, and also good interconnectivity of crystalline 

domains [39]. 

Molecular weight and processing influence the field effect mobility. Zhang et al. showed 

that careful processing of rr-P3HT samples with narrow molecular weight distributions 

allows assembly into nanofibrils with contour length corresponding to the polymer length 

[40]. Field effect mobility increased exponentially with nanofibril width. The width of 

nanofibrils initially increased linearly with Mw and then leveled off. Yang et al. [41] 

observed nanofibrils for slower cast films of rr-P3HT and the nanofibril width also did not 

increase with molecular weight above a certain molecular weight threshold. They argued 

that chain folding limits the nanofibril width and that the resulting entanglements lower 

crystallinity and mobility [42]. It can be concluded that higher mobility could be obtained if 

the chain folding could be prevented. 

Another important factor that influences mobility in conjugated polymers is charge 

carrier density: mobility tends to increase with charge carrier density as traps become filled 
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[43]. Furthermore, when the charge density is sufficiently high, conjugated polymers can 

reach a very high conductivities like metal-insulator boundary [44].  

The studies on effect of side-chain length on field effect mobility suggest that a longer 

side-chain length is detrimental to field effect mobility. It is suggested that the alkyl side-

chains act as a barrier to charge transport between π-conjugated main chains. In 2005, 

Babel and Jenekhe demonstrated that P3HT was in fact the best, followed by P3BT, P3OT 

and P3DDT [45].  

Both water and oxygen are responsible for the lower on/off ratio, moisture being the 

dominant factor [46]. High on/off ratios and good stability can be obtained if rr-P3HT is 

kept under an inert atmosphere [35, 47]. 

Another related issue with rr-P3HT is its environmental stability. Because of its 

relatively low ionization potential, rr-P3HT may be susceptible to oxidation in wet air [48]. 

Furthermore, PTs can undergo photochemical reactions and therefore must be protected 

from the combination of light and oxygen [49].  

In the absence of light, oxygen was not a strong dopant for any of these polymers. 

Instead, ozone was found to be a strong dopant for PT polymers. Above results explain the 

variations in stability reported in the literature and suggest that environmental stability 

studies should be conducted in controlled environments in order to define realistic limits to 

stability. 

The conduction mechanism in polythiophene is the subject of intense investigation [50]. 

One of the most basic questions still to be answered to understand conductivity and 

electronic properties in doped PTs remains whether the charge carriers in doped PTs are 

spinless bipolarons or spin-carrying polaron pairs. Correctly answering this question is 

crucial for the design and application of PT-based organic semiconductor devices. Initial 

experimental studies [51] of highly doped PT showed the bipolaron structure to be 

dominant. Later, this finding was supported by theoretical studies [52]. 
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1.2.2 Exciton Formation by absorption of photon 

Inorganic semiconductors have rather high dielectric constant ( ε > 10), thus enabling 

promotion an electron from the valence band to the conduction band by absorbing a photon,  

resulting in a free electron in the conduction band and a free hole in the valence band. 

Screened by the surrounding material, these two charge carriers usually do not feel their 

mutual electrostatic attraction except at very low temperatures under which the kinetic 

energy of the charge carriers lower than their Coulomb attraction and they form a bound 

state termed an exciton. 

For organic semiconductors, the the dielectric constant is much lower (ε ≌ 3-4), causing 

the electrostatic attraction between the charge carriers not screened as efficiently. This 

leads to a much stronger attraction between the charge carriers and ultimately to binding 

energies of more than 0.5 eV that far exceed the thermal energy at room temperature [53]. 

At the end of last century, It was argued that whether free charge carriers or bound 

excitons comprise the primary photoexcitations in conjugated polymers. An agreement was 

made on that excitons indeed are the primary photoexcitation, mainly because 

photoexcitation near the bandgap does not directly lead to photoconduction as would have 

been expected for the generation of free charge carriers [54]. One consequence of this is 

that optical excitation does not lead to a transition of an electron from the highest occupied 

molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO), but to a 

transition to an exciton state that is lower in energy than the LUMO by the binding energy 

of the exciton. 

Three models were found for excitons: Wannier-Mott model was found in inorganic 

semiconductors and excitons are delocalized over several lattice constants, Frenkel model 

was found on the basis of excitons are localized on single sites such as small molecules or 

single conjugated segments of a polymer chain. Charge transfer excitons, comparing to 

Frenkel excitons, apart from that the two charge carriers are not located on the same site, 

insteading,  on two adjacent sites. These sites can be within the same polymer chain, on two 
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identical neighboring molecules or even on different adjoining molecules. Depending on 

the charge carriers spinning orientation, excitons are defined as singlets and triplets, for the 

former the spins are anti-parallel (total spin 0) and for the latter the spins are parallel (total 

spin 1). Carbon bonds determine that the ground state of organic molecules is always a 

singlet state. It is essential to have a change in the symmetry of the wave function for a 

dipole transition between a ground and an excited state and this change can only be 

achieved by a change in the angular momentum quantum number (∆l = ±1). A photon 

involved in such a transition can compensate this change with its spin (s = 1), but an 

additional change in the spin for counteracting is unexpected. This explains why it is spin-

forbidden for optical transitions between the singlet ground state and the triplet excited 

state , also explains optical excitation of organic molecules leads to the formation of singlet 

excitons. Nevertheless, sometime transitions between singlet and triplet states are available, 

a precondition of which is that the difference in spin is compensated by the molecule, such 

as spin-orbit coupling in the presence of heavier atoms like sulfur or by spin-lattice 

relaxation. This process is termed intersystem crossing and typically occurs on a time scale 

of 10-10 to 10-8 s [55]. 

 

1.2.3 Formation of Charge-transfer excitons 

Preceding section established that in organic semiconductors the formation of a strongly 

bound singlet exciton by absorption of a photon. Dissociation is essential for obtaining free 

charge carriers, which can be achieved by blending two organic semiconductors in different 

energy levels, thus it is favorable for an electron to undergo a charge-transfer process from 

the bound singlet exciton state to a less tightly bound charge-transfer exciton. 

Marcus [56] theoretically intuitively described charge-transfer reactions, and then Jortner 

[57] extended it to a full many-particle quantum mechanical analysis. The detailed 

introduction to charge-transfer theory can be found in reference [58]. 
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Figure 1-7. Quantum well and potential energy surfaces relevant for charge transfer. 

Arrows indicate fluctuations about the generalized reaction coordinate leading to changes 

in the energy levels of the quantum wells which corresponds to oscillations along the 

potential energy surface [58]. 

 

A simplified quasi one particle model was established to describe the movement of an 

electron in the potential energy landscape created by the atomic nuclei of the donor and the 

acceptor sites involved in the transfer of an electron from an excited donor site D* to an 

acceptor site A in the form D*A→D+A-. This potential energy landscape essentially creates 

donor and acceptor quantum wells with width and depth depending on the momentary 

configuration of the atomic nuclei. Such quantum wells along with the corresponding 

electronic energy levels are illustrated on the left side of Figure 1-7. Assuming no energy 

exchange between the electron and its environment, the electronic energy levels of the 

donor and the acceptor have to be equal in order to satisfy the conservation of energy 

during the transfer. Consequently, all nuclei involved in the transfer process have to 

reorganize by statistical fluctuations about their equilibrium positions, by meaning of which 

the energy levels in the donor and the acceptor quantum well match. This can also be 

illustrated with the help of so called potential energy surfaces. On the right side of Figure 1-

7 these potential energy surfaces before (labeled D*A) and after charge transfer (labeled 
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D+A-) are represented by parabolas plotted against a generalized reaction coordinate 

accounting for all degrees of freedom of the nuclear configurations. As indicated by arrows 

in Figure 1-7, vibrations, rotations and similar fluctuations of the nuclei cause the system to 

oscillate along the potential energy surface D*A. When the system reaches the point where 

the energy of the states before and after charge separation are identical (link of the 

parabolas), charge transfer can occur. 

In classical Marcus theory the molecular fluctuations along a potential energy surface are 

described by harmonic oscillations about an equilibrium position (minimum of a parabola). 

Figure 1-8 shows the definition of the parameters used for describing the problem. Both 

potential surfaces are assumed to be parabolas with identical curvature c. The equilibrium 

configurations of the initial (D*A(q) = cq2 + GD*A ) and of the charge transferred ( D+A-(q) 

= c(q-∆)2 + GD
+

A
-) states are denoted with q = 0 and q = ∆ and they are energetically 

displaced by the value of G* = GD*A – GD
+

A
-. GB* is the energy barrier the system needs to 

overcome before charge transfer can occur and GX  is the intersection of the parabolas. The 

reorganization energy� λ = D*A(∆) - D*A(0) = c∆2 is defined as the amount of energy that 

would be needed to change the molecular configuration of the initial state to that of the 

equilibrium position ∆ of the charge transferred state. It can be divided into a so called 

inner sphere describing the contribution of the molecule(s) directly involved in the transfer 

process and outer sphere contribution referring to all molecules in the closer vicinity of the 

directly involved molecule(s). In other words, through the formalism of reorganization 

Marcus’ theory explicitly takes the polaronic nature of charge carriers into account by 

considering the energy it takes for a charge carrier to move its associated lattice distortion 

along during the transfer process. All energies mentioned here are Gibbs free energies to 

account for entropic effects. 

From geometrical considerations, the energy barrier is given by 
2( *)

4
G

BG 


 . While the 

reorganization of the system directly forms a barrier for charge transfer, the influence of the 

energetic displacement G* of the equilibrium configurations is a bit more complicated. In 

the regime 0>G*≥-λ it acts as a driving force for charge transfer by decreasing the energy 
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barrier. However, if the absolute value of G* exceeds λ, G* < -λ, it has the opposite effect 

and increases the barrier. In thermodynamic equilibrium the charge-transfer rate of the 

system can be determined by Boltzmann statistics as 

2( * )
exp[ ] exp[ ]

4
B

CT
B B

G G
k A A

k T k T





                                 (1-1) 

with Boltzmann’s constant k, at Temperature T, and with the coupling constant A that 

depends on the specific type of transfer reaction (e.g. intra- or intermolecular transfer). 

 

 

Figure 1-8. Potential energy surfaces of the initial (D*A) and the charge transferred (D+A-) 

state approximated by parabolas. [58] 
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In some cases not every site in a material is suitable for charge transfer so that an 

additional transport step precedes the transfer process. Comparing to the actual transfer 

time, if this transport step is slow the overall rate of the transfer process is reduced. For a 

transport mechanism of three dimensional isotropic diffusion an estimation of the reduced 

transfer rate can be obtained. Assuming an excitation has to travel a distance x on average 

between the site where it was created and a site suitable for charge transfer, the average rate 

kD for the excitation to reach a transfer site is given by 

2D

D
k

x
                                                                       (1-2) 

with diffusion constant D. The total charge-transfer rate kCT in the limit of very fast transfer 

and very slow diffusion can be approximated by the diffusion rate kCT ≈ kD. If the phases 

segregate of blending organic semiconductors form large, pure domains so that the 

diffusion time of excitons to the interface between the phases is larger than the duration of 

the charge-transfer process itself, diffusion limited charge transfer can be found. For a 

diffusion constant of D = 10-3 cm²/s and assuming that the charge-transfer time is lower 

than 100 fs, an average diffusion distance of as little as 0.1 nm will lead to a diffusion 

limited charge-transfer rate [59]. In blends for efficient organic solar cells domain sizes 

usually exceed 1 nm, so it seems likely that diffusion indeed limits the charge-transfer rates 

in such systems. Cowan et al. recently argued that for organic solar cells, excitons in donor-

polymers are initially highly delocalized and relax into more localized excitons on a 

timescale comparable to charge transfer. Such an initial delocalization has effect on  

increasing the critical domain size at which diffusion effects start to become important. 

 

1.2.4 Charge Separation: Dissociation of Charge-transfer excitons 

The morphology have a huge influence on the separation of charge-transfer excitons in 

various ways and consequently on a broad range of length scales. These scales range from 

the orientation of molecules at the interface to the formation of interpenetrating phase 
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segregated networks of blended materials. A variety of methods for controlling the 

morphology have been developed experimentally. Among these are variations of the 

sample preparation conditions, like using different solvents [60] or annealing conditions 

[61], introducing smaller modifications in the molecular structure like a replacement of 

side-chains [62]. All of these approaches have in common that they involve rather subtle 

changes within a series of samples under study in order to keep secondary effects that could 

influence charge separation 

Two processes determine the optimal size for nanoscale phase segregation in terms of 

charge separation. One is an upper limit given by the exciton diffusion length. If the phase 

domains are larger than this diffusion length, not all excitons will reach the interface to 

undergo charge transfer but will recombine insteadly. On the other hand the charge carriers 

have to be able to move far enough from the interface to be considered spatially separated. 

Veldman and Quist found that the larger phase segregation is beneficial for the 

dissociation of charge-transfer excitons. Annealing in P3HT:PCBM was found to have a 

similar effect [61] and the simultaneous recovery of the photoluminescence [62], indicating 

an incomplete exciton quenching. These results further supported the conclusion that larger 

pure phase domains lead to a more facile dissociation of charge-transfer excitons. 

Holcombe et al. [63] found that a larger distance between the donor and acceptor 

molecules resulted in a reduced charge-transfer exciton binding energy and a higher 

dissociation probability, showing that the precise interfacial structure strongly impacts the 

formation of spatially separated charges. 

Liu et al. performed molecular dynamics simulations explicitly accounting for structural 

variability at the interface of P3HT:PCBM [64]. They concluded that either charge 

separated states or charge bridging states that can be assigned to charge-transfer excitons 

can be formed after the dissociation of a singlet exciton at the interface depending on the 

exact interface geometry. 
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Further theoretical calculations and experiments suggest that certain molecular 

arrangements can cause the formation of dipoles at the interface which can reduce the 

Coulombic attraction between an electron and a hole in a charge-transfer exciton, thus the 

dissociation probability increase [65]. 

 

1.2.5 Charge Transport 

Charge transport repeats itself in the physical mechanisms as an omnipresent motif, 

which govern the device performance of organic solar cells. That is the reason why a 

detailed understanding of the underlying principles of charge transport is very important 

when trying to correlate molecular structures, charge transport properties and device 

performance. 

Unlike inorganic semiconductors, organic semiconductors have no translational 

symmetry, but instead they have an ensemble of localized sites with slightly varying 

energetic levels and distances between them. Bässler [60] observed the sites that are very 

low in energy can act as traps for charge carriers, because they accept charge carriers very 

quickly but release them only slowly. Spatially isolated sites however cannot trap charges 

as efficiently because of the symmetry of the trapping and detrapping rates [61]. 

It was also found that [62] at high temperatures the charge carriers created in a sample 

can equilibrate within the density of states much faster than their average transit time 

through the sample. Consequently, the average charge carrier mobility obtained from an 

experiment is dependent of the equilibrium charge carrier mobility and is independent of 

the sample thickness.  

At the temperature below critical temperature (Tc) the time needed for equilibration is 

longer than the transit time of charge carriers through the sample. This means that the 

charge carrier mobility determined from an experiment would no longer be the equilibrium 

charge carrier mobility, and the actual value would strongly depend on the sample thickness. 

These two regimes of charge transport are termed non-dispersive and dispersive charge 

transport, respectively. 
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1.2.6 Charge carriers recombination 

The most basic requirement for recombination of independently moving opposite charge 

carriers (i.e. electrons and holes) is that they approach each other close enough to enter 

their mutual capture radius. This random process is basically dominated by the probability 

of two charge carriers meeting. This kind of recombination was first described by Langevin 

[53] for the recombination of ions in gases. 

An important requirement for Langevin recombination to be applicable is that the mean 

free path of a charge carrier (i.e. the typical length scale of the motion of a charge carrier) is 

much shorter than the capture radius of two opposite charges. The typical length scale of 

charge motion in organic semiconductors can be considered to be limited either by the 

dimension of the conjugated system of the site or by the hopping distance between 

neighboring sites. In any case it is well below the Coulomb capture radius of more than 10 

nm, so that this prerequisite can be considered fulfilled in disordered organic 

semiconductors. 

Essentially, the recombination rate increases if there are more charge carriers and if the 

charge carriers move faster. In blends of organic semiconductors, as used for solar cell 

devices, electrons and holes are each confined to one of the material phases, thus 

recombination can only occur at an interface. This effectively decreases the recombination 

rate. 

As has been pointed out by Juska et al. [63], the reaction order of the recombination can 

also be limited by the dimensionality of the charge carrier motion. 

In brief, recombination strongly depend on the exact morphology of a sample that can be 

influenced not only by material properties but also by sample preparation conditions. 

 

1.3 Current issues of P3HT applications 

After the development of more than 20 years, synthesis of P3ATs is already 

industrialized. The applications are also extened to many fields. Among them, poly-3-

hexylthiophene (P3HT) is one of the most extensively studied conjugated polymer because 
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of its relatively high carrier mobility coupled with solution processability [34, 35]. 

P3HT applications run from light-emitting diodes [70] to thin-film transistors [71]. 

Moreover, P3HT coupled with inorganic materials (e.g. TiO2 [72], ZnO [73], carbon 

nanotubes [74], phenyl-C61-butyric acid methyl ester [75]) is an excellent component for 

use in low-cost photovoltaics. Polythiophene-based solar cells have reached power 

conversion efficiencies of about 7.4% [76].  

The applications of P3HT are mainly based on its electrical and photoelectric properties, 

especially in the application of solar cell and improvement of its conductivity. Nevertheless, 

there are still some issues to be settled: 

(1) For fabrication of P3HT-base organic solar cell, the spin coating method has been 

established as the most reliable and reproducible process using the solution process. 

However, material waste is unavoidable in spin coating process. Moreover, this method is 

only suitable for a limited substrate size. For the future application of polymer solar cells 

(PSCs), somethings should be considered about, such like the production cost should be 

minimized, the producing process should be continuous and a high throughput should be 

achieved. Besides, the technique should be able transfer to the flexible substrates with large 

area, which is the main advantage of PSCs. During the passed decades, new deposition 

techniques have been demonstrated for PSC fabrication including ink-jet printing, spray 

coating, and screen printing. Each method was proposed to avoid the disadvantages of spin 

coating technique, but unfortunately, all these techniques require costly equipment. In 

contrast, the dip coating technique has been developed as a cost effective method but it 

cannot be applied to soft substrates because organic solvent may dissolve the plastic 

substrate during solution processes. Therefore, new technique should be found to fabricate 

large-scale PSCs at low cost with inexpensive equipment and little material waste. 

Moreover, the improved technique should be easily applicable to soft substrates such as 

polyethylene terephthalate. 

(2) Development of effective fabrication techniques to produce polymer solar cell is one 

aspect for the further application. On the other hand, cell performance is the most important 
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parameter to evaluate the application prospect. The high performance should be harvested 

from the cells designed and prepared on the basis of well understanding of the material 

properties. Bulk heterojunction (BHJ) solar cells, the most reliable representative, are 

superior to single- and double-layer cells. The BHJ structure can be formed simply by 

mixing a donor and acceptor solution. This straightforward technique is advantageous in 

terms of increasing the donor/acceptor (D/A) interface, which provides the exciton 

dissociation sites. Meanwhile, a weak point as regards BHJs is that the pathways of the 

generated carriers are not ensured because of the random phase separation of the respective 

materials, namely, isolated domains may exist in each other. To ensure exciton dissociation 

and carrier collection, continuous percolation pathways are required. 

An ideal structure would be an interdigitated interface, where the donor and acceptor 

phases are separate. The diameter and interspatial distance of the pillars should preferably 

be comparable to the diffusion length of the excitons, which is of the order of 10 nm. Then, 

the excitons can diffuse to the D/A interface during their lifetime. Furthermore, the 

interdigitated structure must be aligned perpendicularly to connect with the electrodes so as 

to provide direct pathways for efficient charge transportation. Meanwhile, the film 

thicknesses should be around 100 to 200 nm to absorb the incident light and to confine the 

series resistance. For these reasons, the dimensions of the interdigitated structures should be 

carefully designed to enhance photovoltaic effects. Interdigitated structures have been 

obtained using different techniques including self-organization and nanoimprinting. 

However, there is still room for further optimization of the dimensions. 

  (3) Poly(3-hexylthiophene) (P3HT) has high field-effect mobility of 0.2 cm2V-1s-1, 

which is the highest reported for a polymer. Such a high mobility is caused by the 

formation of a lamellar structure by the self assembly of alkyl side chains. Except head-tail 

(H-T) regioregularity, the conductivity of P3HT depends on processing condition; e.g., the 

spin-coated samples have 2 orders higher conductivity than that of the solvent-cast film. 

However, for organic semiconducting devices molecular doping is preferable, since field-

induced drift of the relative large-size charged molecular dopants can be suppressed. By 
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using iodine (I2) as dopant the conduction in P3HT films could be enhanced, but different 

doping level should be performed by different techniques. Furthermore, in regionrandom 

P3HT (RRa-P3HT) the doping level achieved was found be higher than that in regioregular 

P3HT (RR-P3HT), indicating that I2 was absorbed more deeply into RRa-P3HT than RR-

P3HT. But RR-P3HT is much more popular in most applications because its better 

electrical properties. Recently, P3HT based OFETs doped with the strong acceptor 2,3,5,6-

tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4-TCNQ) have been reported, in which 

P3HT works as a hole transport material. Meanwhile, F4-TCNQ can function as acceptors 

that increase the hole density owing to the high electron affinity of cyano groups and 

fluorine atoms. A advantage for F4-TCNQ is that it can be dissolved together with P3HT. 

In these applications, a challenging task is to achieve uniform doping and thus improve the 

conductivity of P3HT. Besides, because of the dismatch of P3HT and dopant, the doping 

level is always limited. 

 

1.4 Strategies proposed in this thesis and their motivations 

Material properties decide the possibilities of the material applications. In the 

applications, the preference of the material properties should be maximized. As an example, 

the electrical and photoelectric properties of organic semiconductors make it possible to 

apply these materials in many fields like discussed in Section 1.2 and 1.3. P3HT, a typical 

representative, was widely studied in many fields, especially in organic field effect 

transistor and organic solar cell. In organic devices, morphology strongly influences device 

properties, since the morphology can impact on the material electrical or photoelectric 

properties, such as carrier mobility, exicton generation and dissociation, carrier 

transportation and recombination. Therefore, in the relevant applications, reasonable 

designs on device structure, particularly nanostructure, are essential for improving device 

performances. On the basis of these reasons, in this thesis, we focus on the dimensional 

control, sub-1D, 1D and 2D, of P3HT in nanoscale and verify their applications in the 

relevant fields.  
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(1) Fabrication of sub-1D P3HT nanopillars and the application in organic solar cell 

We employed an anodic aluminum oxide (AAO) template to prepare a poly(3-

hexylthiophene) (P3HT)/fullerene (C60) interdigitated structure to enlarge the D/A interface. 

P3HT absorbs the light from 400 to 700 nm to generate excitons. Meanwhile, C60 absorbs 

the light in the UV range of 300 to 400 nm and acts as an electron acceptor to transport 

such electrons to the electrode. This strategy has the following merits: Firstly, the sub-1D 

pillar size can be well controlled as regards diameter, interval, and height, making it close 

to the exciton diffusion length. Secondly, because the pillars and the P3HT film are 

integrated, a carrier pathway can be formed, which is directly connected to the electrodes. 

Finally, self-standing pillars can be fabricated uniformly over a large area. Besides, because 

of the phase separation, no isolated domains exist. With this technology, costly imprinting 

equipment and cumbersome processes like dry etching are avoidable. 

(2) Fabrication of 1D P3HT nanowires doped with dopant and the improvement in 

conductivity 

We employed AAO as templates to fabricate 1D P3HT nanowires doped with F4-TCNQ. 

A great advantage of the AAO template is that a large number of nanowires with a uniform 

diameter and length can be readily produced. In this strategy, the capillary force in the 

nanopores of the AAO template compels the chemical dopants to mix into the main matrix 

at a high doping level, resulting in enhanced conductivity in the molecular nanowires. Such 

high conductivity is not achievable with the conventional two-dimensional (2D) thin film 

geometry due to dopant segregation. 

Methodologically, to measure the resistivity in individual nanowires precisely, we 

employed a four-probe scanning tunneling microscope (STM), which was integrated with a 

scanning electron microscope (SEM). The four-probe STM technique has significant 

benefits in providing stable contacts, suppressing the contact resistance effect, accessing 

individual measurement nano-objects, and especially in allowing multiple measurements on 

the same nanowires. Results show that the resistivities of P3HT/F4-TCNQ nanowires were 
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tuned in the range of 0.1-10 Ωcm by changing the F4-TCNQ concentration from 10 to 0.1 

wt., which were 2-4 orders of magnitude smaller than those of the corresponding P3HT/F4-

TNCQ thin film composites. In contrast, the resistivities of F4-TCNQ doped P3HT films 

were around 4-5 × 103 Ωcm, almost independent of the F4-TCNQ concentration. 

(3) Fabrication of 2D ITO/PEDOT:PSS/P3HT:PCBM mutilayered structure with a one-

step technique and its application in solar cell 

We described a one-step fabrication technique for large-scale indium tin oxide/poly(3,4-

ethylenedioxythiophene):poly(styrenesulfonate)/ poly(3-hexylthiophene-2,5-diyl):[6,6]-

phenyl-C61-butyric acid methyl ester (ITO/ PEDOT:PSS/P3HT:PCBM) multi-layered 

structures that uses a solution process. The structure was formed by droping P3HT:PCBM 

solution on the surface of PEDOT:PSS solution in which ITO/glass substrate was immersed. 

After solvent evaporation, the substrate was picked up and thus the formed P3HT:PCBM 

films could be transferred to the PEDOT:PSS covered substrate. We show that this process 

is achievable under very simple conditions. Several motivations could be attained by this 

method: simple method, inexpensive equipment, no material waste, thickness controllable 

and large area. Preliminary device properties show that the fabricated structure can be used 

for organic solar cells. 
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Chapter 2. Fabrication of sub-1D P3HT nanopillars array and 

the application in solar cell 

 

According to the discussion in section 1.2.4 and 1.2.6, in the application of organic 

semiconductor in organic solar cells, the phase separation in nanoscale is essential. Thus 

formed interface is a postulate for exiction dissociation. Meanwhile, to ensure the exictons 

move to the formed interface in their lifetime and then the separated carriers transport to the 

electrodes, the separated phase domains should be confined in small enough scales and be 

continuous, namely, avoiding isolated domains. In this chapter, we established the 

formation of uniform sub-1D P3HT nanopillars growing on a continuous P3HT back film. 

By meaning of this, continuous P3HT phase was formed and the size of the formed pillars 

is tens of nanometers, close to the exciton diffusion length in polymer. 

 

2.1 Introduction 

Bulk heterojunction (BHJ) solar cells [1, 2] are superior to single- [3] and double-layer 

cells [4]. The BHJ structure can be formed simply by mixing a donor and acceptor solution. 

This straightforward technique is advantageous in terms of increasing the donor/acceptor 

(D/A) interface, which provides the exciton dissociation sites. Meanwhile, a weak point as 

regards BHJs is that the pathways of the generated carriers are not ensured because of the 

random phase separation of the respective materials. To ensure exciton dissociation and 

carrier collection, continuous percolation pathways are required. 

An ideal structure would be an interdigitated interface, where the donor and acceptor 

phases are separate. The diameter and interspatial distance of the pillars should preferably 

be comparable to the diffusion length of the excitons, which is of the order of 10 nm. Then, 

the excitons can diffuse to the D/A interface during their lifetime [5]. Furthermore, the 
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interdigitated structure must be aligned perpendicularly to connect with the electrodes so as 

to provide direct pathways for efficient charge transportation [6, 7]. Meanwhile, the film 

thicknesses should be around 100 to 200 nm to absorb the incident light and to confine the 

series resistance [8, 9]. For these reasons, the dimensions of the interdigitated structures 

should be carefully designed to enhance photovoltaic effects. Interdigitated structures have 

been obtained using different techniques including self-organization and nanoimprinting 

[10, 11]. However, there is still room for further optimization of the dimensions [12]. 

 

2.2 Strategy of fabrication of sub-1D P3HT nanopillars and interdigitated 

solar cell 

 

Figure 2-1 Polymer solar cell fabrication process. (a) AAO template. (b, c) Spin coating of 

P3HT solution and infiltration into pores. (d, e) Extraction of P3HT pillar film and transfer 

onto ITO substrate. (f, g) Vacuum deposition of C60 molecules and Al electrode. (h) I-V 

measurement. 
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In this chapter, we employed an anodic aluminum oxide (AAO) template to prepare a 

poly(3-hexylthiophene) (P3HT)/fullerene (C60) interdigitated interface. P3HT absorbs the 

light from 400 to 700 nm to generate excitons. Meanwhile, C60 absorbs the light in the UV 

range of 300 to 400 nm and acts as an electron acceptor to transport such electrons to the 

electrode [9, 13]. The fabrication process and experimental procedures are schematic 

illustrated in Figure 2-1 and the detailed description will be shown in the experimental 

section. This strategy has the following merits: Firstly, the pillar size can be well controlled 

as regards diameter, interval, and height, making it close to the exciton diffusion length. 

Secondly, a carrier pathway can be formed, which is directly connected to the electrodes.  

Finally, self-standing pillars can be fabricated uniformly over a large area. Besides, with 

this technology, costly imprinting equipment and cumbersome processes like dry etching 

[14, 15] are avoidable. By employing these advantages, we demonstrate the fine-tuning of 

nanostructures for organic solar cells and show preliminary device properties. 

 

2.3 Information of main chemicals and equipment. 

 

Figure 2-2. (a) Molecular structures of P3HT and C60. (b) Schematic energy level diagram 

of each part of the fabricated cell. 
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P3HT and C60 are commercial available, the molecular structures of P3HT and C60 are 

shown in Figure 2-2. Also, the energy level of each part of the fabricated cell is illustrated, 

showing that each part involved in the formed device corresponds the fundamental 

mechanism of fabricating photovoltaic device according the discussion in section 1.2.3. 

For deposition of C60, a vacuum deposition system was employed. The main structure of 

the vacuum system is schematic illustrated in Figure 2-3. In this system, C60 located in a 

Knudsen Cell could be heated by the current of the outer surrounding resistance wire. 

Tuning the current, the temperature could be controlled. When the temperature is higher 

than gasification temperature (Tg), C60 irradiation occur and higher temperature leads to a 

higher irradiation rate. The irradiated C60 malecules thus deposits on the fronting samples 

which is connected on the sample holder. Importantly, the deposition rate is controllable by 

the heating temperature and deposition time could be controlled by opening and closing the 

shutter.  

 

 

Figure 2-3. A illustration of the vacuum system for deposition of C60. C60 molecules were 

placed in the Knudsen cell and the temperature and deposition rate can be controlled by 

tuning the current of the resistance wire.  
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2.4 Experimental details 

2.4.1 General procedure for the preparation of AAO template 

An AAO template was prepared by a conventional procedure using Al sheet (1 mm in 

thickness) with three main steps: first anodization, removal of the oxide layer, and second 

anodization [16]. For the first anodization, a constant voltage of 40 V was applied for 12 h 

in 0.3 M oxalic acid solution at 0°C. The alumina pores thus grown were etched away in a 

mixed solution of phosphoric acid (6% H3PO4) and chromic acid (1.8% CrO3) for 12 h at 

60°C. These procedures were needed to obtain a regular array of alumina dimples. The 

second anodization was initiated from these dimples and resulted in a highly ordered array 

of pores. The pore depth can be adjusted with the second anodization, which is performed 

under the same conditions as the first anodization. A subsequent widening process in 10% 

(v/v) phosphoric acid allowed fine-tuning of the pore diameters (Figure 2-1a). 

 

2.4.2 Preparation of P3HT pillars standing on P3HT film 

To prepare the P3HT nanopillars, a P3HT solution (3 wt.% in chlorobenzene) was spin 

coated on the AAO template at a rotation speed of 3,500 rpm (Figure 2-1b). The P3HT 

solution penetrated into the pores through capillary force to form P3HT nanopillars (Figure 

2-1c) [17]. The alumina and Al substrate were removed by immersing the sample in 3 M 

NaOH solution for 45 min, and as a result, a self-standing P3HT film was obtained with a 

pillar structure on its surface (Figure 2-1d). Then, the P3HT film was soaked in a 3 M 

NaOH solution and rinsed in pure water to remove any remaining alumina particles and 

impurities. 

 

2.4.3 Transfer pillars array contained P3HT film to ITO substrate 
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Figure 2-4 Comparison of ITO substrates before and after modification by chloroform. 

Before modification, when the ITO substrate approached the P3HT pillar film's reverse side 

(a, b), the film was pushed away (c). After modification, when the ITO substrate 

approached the P3HT pillar film's reverse side (d, e), the film was attached to the substrate 

(f). 

 

To fabricate a photovoltaic device, the reverse side of the P3HT pillar film should be 

attached to an indium tin oxide (ITO) substrate. For this purpose, the surface tension of the 

ITO substrate was modified by soaking it in chloroform for 40 min [18]. The chloroform 

treatment increased the affinity of the ITO surface for the P3HT films and made it easier to 

attach them to the ITO substrates (Figure 2-1e, Figure 2-4). 

 

2.4.4 Characterization method 

Scanning electron microscope (SEM) images were obtained with an SU8000 Hitachi 

scanning electron microscope (Minato-ku, Japan). The I-V curve was measured with a 

WXS-90S-L2 super solar simulator (WACOM, Fukaya-shi, Japan; Figure 2-1h). All 
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measurements were performed under AM 1.5 irradiation (100 mW/cm2) with a 0.04 cm2 

active surface area. 

 

2.5 Results and discussion 

2.5.1 Dimensional control of P3HT pillars by AAO template 

 

Figure 2-5 SEM images of AAO templates and PH3T nanopillars. (a, b, c) SEM images 

of AAO templates with different pore diameters of (a) 80, (b) 60, and (c) 40 nm. (d, e, f) 

SEM images of P3HT nanopillars with diameters of (d) 80, (e) 60, and (f) 40 nm. Samples 

(d, e, f) were tilted by 30°. The insets show enlarged images (bar length, 100 nm) 

 

Figure 2-5a, b, c show SEM images of AAO templates. The diameters of the pores were 

tuned from 40 to 80 nm by adjusting the widening time from 1 to 10 min. The SEM images 

in Figure 2-5d, e, f show P3HT pillars. These images were obtained after removing the 
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AAO templates with NaOH solution. The diameters of the pillars ranged from 40 to 80 nm, 

and their intervals coincided well with those of the respective templates. In general, the 

diffusion length of the excitons in organic semiconductors is in the few tens-of-nanometer 

range. Therefore, the fine-tuning of the diameters of the pillars demonstrated here is 

advantageous for dimensional optimization in BHJ solar cells. 

Importantly, the P3HT pillar heights were very uniform at about 100 nm regardless of 

diameter. The height should be optimized to maintain mechanical stability and to enhance 

light absorption. If the pillars are too tall, aggregation and collapse occur (Figure 2-6). 

Meanwhile, the pillars should be tall enough to promote light absorption. The height of 100 

nm was optimized to satisfy these requirements by adjusting the second anodization time to 

70 s. Pillar height uniformity is another essential factor as regards device operation. Such 

highly regulated P3TH pillars were observed over the template area. Consequently, the 

AAO template was shown to be a powerful technique for controlling the nanoscale 

dimensions of the P3HT pillars, namely diameter, interval, and height, as well as their 

uniformity over a wide area of about 100 mm2. 

 

Figure 2-6 SEM images of P3HT nanowires fabricated by using AAO template prepared 

by controlling the second anodization time for (a) 2 and (b) 5 min. 

 

2.5.2 Fabrication of P3HT/C60 interdigitated p-n heterojunction 
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C60 molecules were deposited on the P3HT pillar surface to form a interdigitated p-n 

junction in vacuum with a background pressure of 1 × 10−6 Pa (Figure 2-1f). The deposition 

rate was 10 to 20 nm/h, which was controlled by the temperature of a Knudsen cell. Then, a 

120-nm-thick Al electrode was deposited on the C60 film (Figure 2-1g) in a thermal 

evaporation system. The P3HT/C60 p-n junction thus prepared was annealed in a vacuum at 

180°C for 20 min. Figure 2-7a is a top-view SEM image of the C60 film on the P3HT pillars. 

A SEM image of the C60 film deposited on a flat glass substrate is shown in Figure 2-7b for 

comparison. Both images show a similar surface morphology; the C60 molecules aggregated 

to form a rough surface, but the entire surface was completely covered with a continuous 

film. 

 

Figure 2-7. SEM images of deposited C60 films and P3HT/C60 heterojunction. SEM images 

of (a) C60 film deposited on P3HT pillars, (b) C60 film deposited on a flat substrate, and (c) 

cross section of P3HT/C60 heterojunction, proving full infiltration of C60 between P3HT 

pillars. 

 

A major concern is the interfacial area between P3HT and C60. The C60 molecules should 

be inserted between the P3HT pillars to form an interdigitated interface. To confirm the 

realization of such an embedded interface structure, a cross-sectional SEM image was 

obtained as shown in Figure 2-7c. For this sample, C60 molecules were deposited through a 

shadow mask. The image shows the border between the masked and unmasked areas (red 

line). The image clearly reveals that the deposited C60 molecules infiltrated between the 
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P3HT pillars as indicated by the arrows. After deposition of C60 molecules, the thickness of 

the heterojunction is controlled in a suitable scale (no more than 200 nm; Figure 2-8). The 

whole thickness consists of three parts: back film thickness, pillar height, and C60 film 

thickness. Thickness of the back film can be controlled by spin coating rate, pillar height 

can be controlled by AAO template pore depth, and deposition rate and time decide the C60 

film thickness. After an Al cathode depositing on the C60 film to form a photovoltaic device, 

the specimen was thermally annealed to improve the ordering of the polymer chains and 

crystallinity [19]. 

 

Figure 2-8. SEM image of P3HT/C60 heterojunction. 

 

2.5.3 Photovoltaic properties of fabricated P3HT/C60 interdigitated p-n heterojunction 

and analysis of the preliminary result 

Figure 2-9 shows the I-V curve of the thus prepared photovoltaic device. The diameter of 

the P3HT pillars was 80 nm for this measurement. The device properties are summarized in 
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the table in Figure 2-9. The poor performance is attributed to the sample preparation 

procedures, e.g., exposure to air during sample handling and transferring the film to ITO in 

water which may lead to a poor electrical contact. Also, during the removal of AAO 

template, there might be some impurity splashing to the reverse side of the P3HT pillar film 

because of the violent reaction, causing a contamination at the interface between ITO and 

P3HT. Nevertheless, this result demonstrates that the P3HT/C60 heterojunction produced by 

the AAO template can yield a photovoltaic effect. 

 

Figure 2-9. I-V curve of ITO/P3HT:C60/Al organic photovoltage device. The properties 

are shown in the table. (nanopillar diameter, 80 nm) 

 

2.6 Summary 

In this chapter, we described an AAO template technique for fabricating regular arrays 

of P3HT pillars and interdigitated p-n junctions of P3HT/C60. The formed P3HT/C60 

junctions were used to fabricate photovoltaic device. The device properties in this study 

were preliminary, and there is still room for further improvement.  
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2.7 Motivations and significances of this work 

Structure design in nanoscale for organic solar cell is very important for improving 

device performance. Phase separation and phase continuity ensure the exicton separation 

and transport. Domains for each phase should be close to exicton diffusion length. In this 

work, the feature of the technique is the high controllability of the nanoscale dimensions, 

such as the diameter, interval, height, and uniformity of the sub-1D P3HT pillars growing 

on a continuous P3HT back film. That is, these dimensions can be tailored to improve 

effective light absorption and carrier dissociation and transport. Afterwards, a interdigitated 

structure was formed by deposition of C60. Meanwhile, the whole thickness of fabricated 

device could be controlled in suitable scale by meaning of controlling the pillar height and 

C60 deposition time. Besides, the technique we demonstrated here has great potential for use 

in developing a practical device because nanoscale structures can be fabricated in a large 

area exceeding 100 mm2. 
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Chapter 3. Fabrication of one-dimensional (1D) P3HT 

nanowires and the improvement of their electrical conductivities 

 

In the applications of P3HT, especially in organic field effect transistors and organic 

photovoltaic devices, a bottleneck is to increase the conductivity. To improve the 

conductivity, decreasing resistivity, there is a consensus that two main aspects should be 

considered. One is improving polymer crystallinity, which could be achieved by controlling 

formation process, like controlling solvent evaporation rate, or introduing thermal 

annealing process to improve chain alignment. The other important approach is introducing 

dopant. In this aspect, polymer conductivity is sensitive to the doping level. High doping 

level leads to a higher conductivity. In this chapter, we fucous on enhancing the 

conductivity by employing dopant and increasing doping level in P3HT nanowires. 

 

3.1 Introduction  

Poly(3-hexylthiophene) (P3HT) is one of the most promising conjugated polymers 

because of its good solubility, environmental stability. Its field-effect mobility of 0.2 cm2V-

1s-1 is the highest reported for a polymer [1]. Such high mobility is caused by the formation 

of a lamellar structure by the self assembly of alkyl side chains [2]. The conductivity of this 

polymer depends on the head-tail (H-T) regioregularity of the chain; the higher the 

regioregularity, the higher is the conductivity [3]. Furthermore, the conductivity of the 

P3HT depends on processing condition, e.g., the solvent-cast samples have 1 order higher 

conductivity than the melt-cooled samples [3]. Again, the spin-coated samples have 2 

orders higher conductivity than that of the solvent-cast film [4]. Since the discovery of 

highly-conducting polyacetylene, [5] it has been well known that chemical doping changes 

the electric conductivity of conjugated polymers by several orders of magnitude [6]. By 

using iodine (I2) as dopant the conduction in P3HT films could be enhanced, but different 
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doping level should be performed by different techniques [7]. Furthermore, in 

regionrandom P3HT (RRa-P3HT) the doping level achieved was found be higher than that 

in regioregular P3HT (RR-P3HT), indicating that I2 was absorbed more deeply into RRa-

P3HT than RR-P3HT. But RR-P3HT is much more popular in most applications because 

its better electrical properties. However, for organic semiconducting devices molecular 

doping is preferable, since field-induced drift of the relative large-size charged molecular 

dopants can be suppressed. Recently, P3HT based OFETs doped with the strong acceptor 

2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4-TCNQ) have been reported [8, 9], 

in which P3HT works as a hole transport material. Meanwhile, F4-TCNQ can function as 

acceptors that increase the hole density owing to the high electron affinity of cyano groups 

and fluorine atoms. In these applications, a challenging task is to achieve high doping and 

thus improve the conductivity of P3HT. 

    One-dimensional (1D) nanomaterials have been intensively studied because of their 

potential for use in future optoelectronic devices [10−12]. Molecular nanowires in 

particular have been applied to various functional devices including transistors [13, 14], 

sensors [15, 16], and photovoltaic devices [17, 18]. These nanowire devices have been 

developed by taking advantage of the characteristics of the 1D structure, namely, its 

flexibility, high crystallinity, and increased volume−surface ratio. In Chapter 2, we used 

anodized aluminum oxide (AAO) template to prepare sub-1D nanopillars. Actullay, the 

directed assembly method using AAO templates is a well-established technique for 

growing molecular nanowires [19−22]. A great advantage of the AAO template is that a 

large number of nanowires with a uniform diameter and length can be readily produced 

even for organic/inorganic hybrid materials [23, 24] and heterogeneous materials [25, 26].  

 

3.2 Strategy of fabrication of 1D P3HT nanowires doped with F4-TCNQ 

in different doping level 

In this chapter, we are aiming to enhance the electrical conductivity of P3HT. We 

employed AAO template to fabricate F4-TCNQ doped P3HT nanowires and controlled the 

dopant in different concentrations. It has beeb confirmed that the nanowire conductivity is 
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size-dependent on the wire diameter [22], because of the enhancement of conjugation 

length in the smaller diameter nanowires. Here, we demonstrate another merit of the AAO 

template with respect to the synthesis of molecular nanowires. The capillary force in the 

nanopores of the AAO template compels the chemical dopants to mix into the main matrix 

at a high doping level and enhanced the conductivity in the molecular nanowires. Such high 

conductivity is not achievable with the conventional two-dimensional (2D) thin film 

geometry due to dopant segregation. The fabrication process of F4-TCNQ doped P3HT 

nanowires is shown in Figure 3-1 and the details are described in experimental section.  

 

 

Figure 3-1. (a)-(c) Process of nanowire growth with AAO template. (c) shows a SEM 

image of a P3HT/F4-TCNQ composite nanowire on an SiO2 (200 nm)/Si substrate. The 

straight and uniform part of the wire, indicated by a dotted line, was selected for the 

measurements. The inserted SEM image shows an anodized aluminum oxide template 

(cross section).  
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3.3 Informations of main chemicals and equipments 

Regioregular poly(3-hexylthiophene) (P3HT) (purchased from Sigma-Aldrich and 

used as received; average number of thiophene monomers, 30 000−60 000; purity, 99.995%) 

and 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4-TCNQ) (purchased from TCI 

and used as received; purity, 98%) were employed as the main matrix and chemical dopant, 

respectively. The molecular structures are shown in Figure 3-2.  

To measure the resistivity in individual nanowires precisely, we employed a four-probe 

scanning tunneling microscope (STM), [27] which was integrated with a scanning electron 

microscope (SEM). With this technique, multiple measurements on nano-objects are 

available [28−30]. The movement of electrode could be manipulated and could be observed 

under the SEM system. 

 

 

Figure 3-2. Molecular structures of P3HT and F4-TCNQ. 

 

3.4 Experimental details of fabrication of F4-TCNQ doped P3HT 

nanowires and films, and the measurement methods 

3.4.1 Fabrication of F4-TCNQ doped P3HT nanowires 
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    The AAO templates with a pore size of about 80 nm were prepared by a conventional 

anodization process in oxalic acid [31] on 1-mm-thick Al sheets. The pore depth of the 

AAO template was about 24 μm, which was tuned by the anodization time of 3 h. The 

growth process of the P3HT/F4-TCNQ composite nanowires assisted by the AAO template 

is illustrated in Figure 3-1. First, P3HT and F4-TCNQ blended solutions with different 

concentrations, 0.1, 1.0, and 10 wt %, of F4-TCNQ were prepared in chlorobenzene. The 

solution was then dispersed on an AAO template. Second, the sample was introduced into a 

vacuum to anneal at 250 °C for 6 h. The molten P3HT/F4-TCNQ composite was introduced 

into the AAO nanochannels by capillary force. The sample was cooled gradually to solidify 

the P3HT/F4-TCNQ composite and form 1D nanowires. Third, the residual Al sheet on the 

back side was etched in CuCl2 solution, and then the AAO templates were dissolved in 

NaOH solution to extract the P3HT/F4-TCNQ nanowires from templates. Ionic impurities 

such as Al3+, Na+, Cu2+, and Cl− must be thoroughly removed, particularly for reliable 

electrical measurements. For this purpose, the extracted nanowires were rinsed in pure 

water for 1 h. Finally, the nanowires thus prepared were dispersed on a highly doped Si 

substrate. The surface of the Si substrate was covered with a 200-nm-thick SiO2 layer. The 

oxide thickness was selected to allow both stable SEM observation and the isolation of the 

nanowires from the Si substrate in the electrical measurement. The composite nanowire 

was curved because of its high aspect ratio and flexibility as shown in the SEM image. 

Only straight and uniform parts of the wires were measured with a four probe STM. 

 

3.4.2 Fabrication of F4-TCNQ doped P3HT films 

For comparison, the resistivities of P3HT/F4-TCNQ composite thin films were measured 

as references for those of nanowires. The F4-TCNQ concentrations of the mixed solution 

were the same as those for the nanowires: 0.1, 1.0 and 10.0 wt. %. The films were produced 

by spin coating on Si substrates, the surfaces of which were covered by SiO2 layers to 

ensure insulating properties.  
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3.4.3 Electrical conductivity measurement of F4-TCNQ doped P3HT nanowires and 

films 

 

Figure 3-3. (a), (b) SEM images of the four-probe STM measurements. The outer pair of 

probes (S1 and S2) is fixed on both sides of the wire to provide electrical current. The inner 

pair (P1 and P2) monitors the voltage drop at each interval, where the position of P1 is 

varied from 1.69 to 0.60 μm, while P2 remains fixed at a certain position. (c) Schematic of 

the measurement procedure. 

 

The transport measurements of P3HT/F4-TCNQ nanowires were performed in an 

ultrahigh vacuum chamber with a base pressure of less than 2 × 10−10 Torr. In this chamber, 

both SEM and STM are equipped to allow wide-area observation and local-area electric 

measurements. Various techniques have been utilized to measure nanowire resistivity, such 

as conductive atomic force microscopy [32, 33], focused ion beam electrode deposition [34, 

35], and prepatterned electrodes [22, 36]. However, unstable electrical contacts between 

electrodes and nanowires have always been a concern in these measurements. In contrast, 
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the four-probe STM technique has significant benefits in providing stable contacts, 

suppressing the contact resistance effect, accessing individual measurement nano-objects, 

and especially in allowing multiple measurements on the same nanowires [28-30].On the 

basis of these considerations, we examined the electrical transport properties of molecular 

nanowires with a four-probe STM. Prior to the nanowire measurements, we confirmed that 

the leakage current through the substrate surface was negligible; ionic impurities were 

completely removed, and the oxide layer was thick enough to prevent unfavorable leakage. 

 

Figure 3-4. A photograph of the film sample. Electrodes with different intervals (l) were 

deposited on the same films simultaneously.  

 

Under the guidance of an in situ SEM, all tungsten probes prepared by electrochemical 

etching were located precisely on the same nanowires. Reliable contact was verified by 

monitoring the stability of the electrical current flowing along the nanowire between any 

two probes. Source probes, denoted as S1 and S2 in Figure 3.3a, c, supplied the electrical 
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current using a Keithley 2400 source meter. The voltage drop was measured with another 

pair of probes (P1 and P2 in Figure 3-3a, c), which were connected to a Keithley 6430 

voltage meter, to obtain the resistance at a specific probe spacing (L). Resistivity was 

determined by changing the intervals of the inner pair of probes, where one probe (P2) was 

placed at a fixed position while the contact position of the other probe (P1) moved along 

the wire as illustrated in Figure 3-3c. All measurements were carried out at room 

temperature. 

The thicknesses of the respective films were measured with a contact probe thickness 

monitor. Au electrodes with different intervals (l) were deposited through shadow masks. 

The l values of the electrodes were varied from 50 to 200 μm to obtain resistance-interval 

lines. The electrode width (W) was 400 μm for all the electrodes. (Figure 3-4) 

 

3.4.4 Absorption measurement of F4-TCNQ doped P3HT nanowires and films 

    Optical absorption spectra were measured with a UV−vis spectrophotometer (Jasco V-

570) to examine the charge transfer and phase separation between P3HT and F4-TCNQ. 

Then, a template without wires was used as a reference for measuring the optical absorption 

of the nanowires in the template. The absorption spectra of the films were also obtained for 

comparison. The films were prepared on quartz substrates in a similar manner; the blended 

solution was spin coated on the substrate, followed by thermal annealing at 250 °C for 6 h 

in vacuum. 

 

3.5 Results and discussion 

3.5.1 Resistivity calculation of F4-TCNQ doped P3HT nanowires 

    The resistivity (ρ) of the nanowire was caculated with formula 3-1: 

                                                             
R

S
L

                                                                    (3-1) 

where ρ, R, L and S represents nanowire resistivity, resistance, probe interval and cross 

section area of nanowire, respectively. 
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Figure 3-5 shows a resistance-interval plot of the composite nanowire with 10 wt % 

F4-TCNQ, obtained by changing the interval from 1.69 to 0.60 μm. The linear dependence 

indicates diffusive transport along the nanowire. The resistivity (ρ) of the nanowire was 

0.16 Ωcm on the basis of the slope of the resistance−interval line (R/L) and the cross-

section of the wire (S ≈ 5 × 103 nm2). Similarly, the resistivities of the P3HT/F4- TCNQ 

composite nanowires with different F4-TCNQ concentrations are summarized in Table 3-1.  

 

 

Figure 3-5. Interval-resistance line obtained from P3HT/F4-TCNQ nanowire with 10 wt. % 

of F4-TCNQ content. The slope of the line (R/L), together with the cross-section of the 

nanowire (S: ca. 5 × 103 nm2) provide a resistivity (ρ). 

 

Table 3-1. Resistance−interval slopes and resistivities of nanowires with different 

components. 

F4-TCNQ Concentration R/L (Ω/cm) Resistivity (Ωcm) 

0.1 wt.% 2.3 x 1011 11.4 

1 wt.% 6.1 x 109 0.30 

10 wt.% 3.2 x 109 0.16 
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3.5.2 Resistivity calculation of F4-TCNQ doped P3HT films 

    For comparison, the resistivities of P3HT/F4-TCNQ composite films prepared by spin 

coating on the SiO2/Si substrates were measured by using a two-terminal technique with Au 

electrodes. To eliminate the influence of contact resistance, the resistances (r) of the 

respective films were measured at different electrode intervals (l) from 50 to 200 μm, and 

the resistivity was estimated from the slope (r/l) of the resistance−interval plots and the 

film thicknesses (130−230 nm) based on formula 3-2: 

r
s

l
                                                         (3-2) 

where s represents the cross section area of the tested film. 

  Measurement and calculation results of the samples with different doping concentration 

and same electrode interval (l = 200μm) are shown in Figure 3-6. Figure 3-6a shows the 

measured I-V curves of the samples and Figure 3-6b shows the caculated r/l slopes and 

resistivities based on the data from Figure 3-6a. The results are summarized in Table 3-2. 

Table 3-2. Resistance−interval slopes and resistivities of films with different components. 

F4-TCNQ Concentration r/l (Ω/cm) Resistivity (Ωcm) 

0.1 wt.% 6.8 x 109 5.3 x 103 

1 wt.% 6.3 x 109 5.1 x 103 

10 wt.% 1.1 x 1010 4.2 x 103 
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Figure 3-6. (a) shows the current-voltage (I-V) curves of the films. The observed straight 

lines confirmed ohmic contact between films and electrodes. (b) shows resistance-interval 

lines. The resistivities (ρ) were determined from the product of slopes (r/l), thicknesses and 

width (W). 

 

3.5.3 Comparison of the resistivities of F4-TCNQ doped P3HT nanowires and films  

The resistivities of doped nanowires decrease in proportion to the increase in the F4-

TCNQ concentration in the 0.1−10 wt.% range (circle symbols in Figure 3-7). In general, 

P3HT acts as a p-type semiconductor, where holes are major carriers. Meanwhile, F4-

TCNQ molecules work as acceptors because of the strong electron affinity of cyano groups 

and fluorine atoms. Therefore, the lowered resistivity can be attributed to the electron 



 

58 

 

transfer from P3HT to F4-TNCQ to increase the hole density in P3HT. We confirmed this 

tendency by repeating the same measurements three or four times for respective doping 

levels. Thus, the number of F4-TCNQ molecules that worked effectively as chemical 

dopants in P3HT was proportionally increased with increasing concentration over the entire 

doping range. As shown by the square symbols in Figure 3-7, the resistivities were around 

(4 to 5) × 103 Ωcm, almost independent of the F4-TCNQ concentration. Strikingly, the 

resistivity of the films was 2−4 orders of magnitude higher than that of the nanowires. 

 

 

Figure 3-7. F4-TCNQ concentration dependence of resistivities for composite nanowires 

(circles) and thin films (squares). 

 

3.5.4 Analysis of the influence of AAO template on the improvement of F4-TCNQ 

doped nanowires conductivities 

The fact that the conductivity of the nanowires was better than that of the thin film can 

be attributed to two major effects introduced by using the AAO template. First, it has been 

reported that the nanoscale channels of an AAO template promote polymer chain alignment, 

and the resultant conductivity improvement is dependent on the diameter [37, 38]. It was 

indicated that a pore diameter of 80 nm can improve the conductivity of poly(3,4-

ethylenedioxythiophene) nanowires by about 2 orders of magnitude [22]. Similar polymer 
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chain alignments induced by a nanospace confinement effect have been demonstrated using 

nanoimprint techniques [39−41]. Such polymer chain alignment has a great impact on 

carrier transport [2, 42], and Cui et al. reported a notable increase in the carrier mobility in 

a P3HT transistor realized with the nanoimprint technique [43]. In contrast, 0.2 wt % F4-

TCNQ doping was reported to degrade the crystalline ordering of the P3HT thin films [8]. 

Thus, the lower resistivity of the nanowire with 0.1 wt % F4-TCNQ compared to that of the 

thin film can be ascribed to the improvement in the polymer alignment. However, the 

further improvement in the conductivity at a higher doping level cannot be explained 

simply by the polymer chain alignment. A second reason is the effective mixing of F4-

TCNQ into P3HT in the AAO template.  

 

Figure 3-8. Optical microscope images of P3HT/F4-TCNQ composite films prepared by 

P3HT/F4-TCNQ solutions with F4-TCNQ concentration of (a) 0 wt.%, (b) 0.1 wt.%, (c) 1 

wt.% and (d) 10 wt.%, respectively 
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In P3HT thin films, excess F4-TCNQ molecules can segregate (Figure 3-8). Film 

morphologies were observed for the neat P3HT and P3HT/F4-TCNQ composite films. All 

the films were prepared by spin coating in a similar manner to those used for the resistivity 

measurements. Figure 3-8(a)-(d) show optical microscope images of the surface 

morphologies of the respective films. Smooth and homogeneous surfaces were observed 

from (a) neat P3HT film and (b) P3HT with 0.1 wt. % composite film. Surface non-

uniformity appeared from (c) 1.0 wt.% and became pronounced when the doping level was 

increased to (d) 10 wt. % as evidence of the phase separation between P3HT and F4-TCNQ. 

The inhomogeneous surface morphology of the film with the highest dopant concentration 

can be recognized even with the naked eye.  

 

Figure 3-9. Illustration of F4-TCNQ doping in P3HT molecules in AAO channel forming 

doped P3HT/F4-TCNQ composite nanowire. 

It has been reported that small molecules in a polymer matrix exhibit vertical phase 

separation [44] (i.e., the chemical doping concentration in the thin films has an upper limit). 

In fact, Zhang et al. reported that F4-TCNQ molecules segregated from P3HT to form a 

surface layer during the spin-coating process [28]. It is speculated that the F4-TCNQ 



 

61 

 

molecules are segregated in thin films and have no effect as a dopant, particularly at a high 

weight percentage. Consequently, a constant resistivity is observed in the thin films. In 

contrast, in the AAO template, the F4-TCNQ molecules are forced to mix into the P3HT 

matrix because of the capillary phenomenon in the AAO template. Figure 3-9 illustrates F4-

TCNQ doping in P3HT nanowire in AAO channel. 

The relationship of resistivity, carrier density and carrier mobility can be described as: 

1

ppq



                                                              (3-3) 

ρ: resistivity, p: hole density, q: electric quantity of hole (constant value), μp: carrier 

mobility.  

In P3HT/F4-TCNQ system, the hole density p includes two part, the hole density of 

P3HT pP3HT and hole density of F4-TCNQ pdopant. So formula (3-3) can be described as: 

                                                   3

1

P HT dopant pp p q






                                              (3-4) 

or 

 3

1

P HT pp D q


 



                                                  (3-5) 

χ represents doping ratio, and D represents a slope parameter [45]. It has also been proved 

that a fraction of the applied F4-TCNQ dopants is active in creating free holes in polymer 

[46] and the ionized fraction increases with the increasing of doping ratio [47]. When the 

doping level increases over 1 wt.%, the distance between stacking layers along the alkyl 

chain reduces. Assuming that the charge transport is mainly controlled by the hopping 

process between the stacking layers, this results in the increase in mobility [48, 49]. Besides, 

the doped P3HT has increased conjugation length because of its higher crystalline order [50, 

51]. These reasons cause the enhancement of carrier mobility μp. In our experiment, when 

the doping ratio increases from 0.1 wt.% to 10 wt.%, except the two orders of magnitude of 
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resisitivity decreased by the AAO channel, another 2 orders of magnitude should be 

introduced by doping effect. The concentration of dopant increased in two orders, but the 

hole density did not increase in 2 orders because of the presence of background hole 

density (pP3HT) from P3HT. So the further decrease of resistivity is a combined action of 

hole density enhancement and carrier mobility enhancement.  

 

Figure 3-10. Absorption spectra of (a) neat P3HT film and P3HT/F4-TCNQ composite film, 

together with F4-TCNQ film, and (b) P3HT nanowires with and without F4-TCNQ dopants. 
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Absorption spectra were obtained to confirm the above discussion. Figure 5-10a 

shows absorption spectra from a neat P3HT film (red line) and a P3HT/F4-TCNQ (10 

wt %) composite film (blue line). The absorption spectrum of an F4-TCNQ film (black 

line) is also shown for comparison. These spectra were normalized at the maximum peak. 

For the composite film, a peak shift from 540 to 550 nm was observed. This results from a 

charge transfer [8, 52] to extend the π conjugation. Another distinct variation induced by 

F4-TCNQ doping can be seen as an absorption increase from 350 to 450 nm, where the 

wavelength range coincides well with that of F4-TCNQ absorption (dotted arrow). This 

result suggests that F4-TCNQ molecules are segregated by phase separation. In contrast, no 

such increase in absorption was observed from the composite nanowire even at the same 

doping level, and the red shift at 550 nm was similarly observed as shown in Figure 3-10b. 

Namely, F4-TCNQ molecules were well mixed with P3HT, and no segregation occurred. 

These findings prove that the AAO technique is an effective approach to high-level doping. 

The improved alignment of the polymer chain together with the effective mixing of F4-

TCNQ into P3HT in the AAO channels has led to better carrier conductivity in nanowires 

than in thin films. 

The absorption of charge transfer over 1000 nm is not easy to observe because of two 

possible reasons: one is the aborption over 1000 nm is very weak comparing to the main 

absorption near 550 nm [53], the other one is the noise influence. In our experiment, when 

the wavelength exceeds 630 nm, the main signal is noise because of the complicated purify 

process of AAO template which may introduce impurities with immesurable amount. But it 

has been proved that F4-TCNQ molecules easily accept the electrons from P3HT 

backbones to form charge-transfer complexes and mobile carriers, which provides a strong 

electrostatic force between P3HT and F4-TCNQ molecules [8, 54-56]. 

 

3.6 Summary 
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     We have demonstrated that P3HT/F4-TCNQ composite nanowires synthesized by 

employing an AAO template have superior conductivity comparing to thin films. A low 

resistivity of 0.16 Ω cm was achieved for the 10 wt % P3HT/F4-TCNQ composite 

nanowires, which was not possible with the thin film geometry. 

 

3.7 Motivations and significances of this work 

  Improving conductivity, decreasing resistivity, is a bottleneck for the application of P3HT 

in electronic and optoelectronic devices. We used AAO template to improve the chain 

alignment of P3HT molecules and increase the dopant concentration, which meet the 

demands of conductivity improvement of conductive polymer. AAO template is a very 

powerful tool in this application because its channel have the small diameter to confine the 

molecular alignment and increase the conjugation length of P3HT molecules. By meanin of 

this, the P3HT molecule are arranged in higher crystalline order. Besides, capillary force in 

the nanoscale pores prevents the segregation of F4-TCNQ and enables high doping 

concentrations of up to 10 wt.% in P3HT.  

Methodologically, to measure the resistivity in individual nanowires precisely, we 

employed a four-probe scanning tunneling microscope (STM), which was integrated with a 

scanning electron microscope (SEM). The four-probe STM technique has significant 

benefits in providing stable contacts, suppressing the contact resistance effect, accessing 

individual measurement nano-objects, and especially in allowing multiple measurements on 

the same nanowires. 
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Chapter 4. Fabrication of two-dimensional (2D) P3HT:PCBM 

films and the application in organic solar cell 

 

   Organic photovoltaic (OPV) device is a important application for P3HT. For the further 

development of OPV devices, on one hand, nanostructure design based on the electrical and 

photoelectric mechanism is essential to improve device performances (like the work 

described in Chapter 2), on the other hand, developing easy fabrication technique to lower 

cost should also be paid more attention to. Besides, enlarging the device area is an other 

consideration. Polymer bulk heterojunction (BHJ) is so far the most reliable structure for 

organic solar cells. Several techniques were proposed to make this kind of devices, but 

there are still blind angle for them. In this chapter, we proposed a new technique to 

fabricate a 2D P3HT film in a very easy way and tried to use the formed film as a OPV 

device. 

 

4.1 Introduction 

Organic solar cells, especially polymer bulk heterojunction (BHJ) solar cells, have 

attracted great interest during the past decade because of their potential to provide low cost, 

lightweight and flexible devices over a large area [1-3]. In BHJ solar cells, interpenetrating 

donor and acceptor networks result in efficient photo-induced charge separation. The 

device efficiency has exceeded 7% through the use of developed materials [4, 5]. As the 

next step, crucial requirements for practical applications include developing effective 

solution processes to reduce manufacturing costs and achieving a stable increase in 

efficiency. 

The spin coating method has been established as the most reliable and reproducible 

process in research on high-efficiency polymer solar cells (PSCs) using the solution process 
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[6]. However, several problems including the production of a large amount of waste 

material, are unavoidable. Moreover, this method is only suitable for a limited substrate 

size. To achieve low-cost production and commercialization, we need a continuous process 

with a high throughput if we are to better utilize the great advantages of PSCs, especially 

when used on large area flexible substrates. Many deposition techniques have been 

demonstrated for PSC fabrication including ink-jet printing [7, 8], spray coating [9-11], and 

screen printing [12-14]. Each method has advantages over the spin coating method, but all 

these techniques require costly equipment. In contrast, the dip coating technique [15,16] 

has been developed as a cost effective method but it cannot be applied to soft substrates 

because organic solvent may dissolve the plastic substrate during solution processes. 

Therefore, there is an urgent need to develop a technique for fabricating large-scale PSCs at 

low cost with inexpensive equipment and little material waste. Moreover, the improved 

technique should be easily applicable to soft substrates such as polyethylene terephthalate 

(PET). 

4.2 Strategy of fabrication of 2D ITO/PEDOT:PSS/P3HT:PCBM 

structure in a large scale  

In this chapter, we describe a one-step fabrication technique for large-scale indium tin 

oxide/poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)/ poly(3-hexylthiophene-

2,5-diyl):[6,6]-phenyl-C61-butyric acid methyl ester (ITO/ PEDOT:PSS/P3HT:PCBM) 

multi-layered structures that uses a solution process. The process is illustrated in Figure 4-1: 

ITO/Glass (or PET) substrate was sinked in PEDOT:PSS solution (Step 1) on which 

P3HT:PCBM solution was droped (Step 2). P3HT:PCBM solution spread immediately and 

subsequently fabricated a floating film after the solvent evaporation. Substrate was picked 

up from PEDOT:PSS solution, covering with the floated P3HT:PCBM film. PEDOT:PSS 

solution played as a media to adhere the substrate and the floating film. After drying, the 

ITO/PEDOT:PSS/PCBM:P3HT structure was obtained (Step 3). The sample was then dried 

and an ITO/PEDOT:PSS/PCBM:P3HT structure was obtained. The photo shows a  
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P3HT:PCBM film floating on PEDOT:PSS solution, marked by a dotted circle. We show 

that this process is achievable under very simple conditions.  

 

Figure 4-1. Scheme for preparing ITO/PEDOT:PSS/P3HT:PCBM multi-layered structure. 

PEDOT:PSS/P3HT:PCBM layered film was transferred to the ITO/glass substrate by Steps 

1-3. The photograph shows a P3HT:PCBM solid film floating on a black PEDOT:PSS 

water solution. 

 

4.3 Informations of chemicals and equipments 

For these experiments, P3HT (99.995%, Mn = 30000-60000), PCBM (99.5%), 

chlorobenzene (99.8%) were purchased from Sigma-Aldrich. PEDOT:PSS solution (1.6 

wt%) and oxalic acid (98%) were supplied from HC Strack and Wako Chemicals, 

respectively. Acetone (99.8%) and isopropanol (99.9%) were obtained from Kanto 
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Chemical Co., Inc. The molecular structures and energy level of each part of the fabricated 

device are shown in Figure 4-2. 

 

Figure 4-2. (a) Molecular structures of PEDOT, PSS, P3HT and PCBM. (b) Schematic 

energy level diagram of each part of the fabricated cell. 

 

For fabrication of floating films, none special equipment was employed. Only a breaker 

was used as the POEDT:PSS solution container. The ITO layers on quartz substrates were 

deposited on the quartz substrate with a CFS-4ES/i-Miller sputtering system from Shibaura 

Mechatronics Corp.. Scanning Electron Microscopy (SEM) images were obtained with a 

Hitachi SU8000 Scanning Electron Microscopy. Optical absorption spectra were measured 

with a UV-Vis spectrophotometer (JASCO V-570). 120-nm thick Al electrode deposition 

was carried out in an electron beam deposition system (MB05-1018-0, Ulvac Co., Japan). 

X-ray diffraction (XRD) patterns were obtained with a Bruker AXS D8 X-ray 
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diffractometer with CuK  (λ =1.54056 Å) as the X-ray source. A current-voltage curve was 

measured with a WXS-90S-L2 super solar simulator (WACOM, Fukaya, Japan). 

 

4.4 Experimental details  

4.4.1 Fabrication of ITO/PEDOT:PSS/PCBM:P3HT structure 

ITO/glass substrates were etched in 0.3M oxalic acid using a tape mask to prepare ITO 

patterns in small size (2 mm × 7 mm). Each patterned substrates was cleaned for 10 min 

with acetone, isopropanol and pure water in an ultrasonication bath.  

P3HT and PCBM solutions were obtained by dissolving P3HT and PCBM, respectively, 

in chlorobenzene. P3HT solutions were formed with 3 and 1.5 wt. % concentrations, and 

the PCBM solution had a 3 wt. % concentration. All the solutions were stirred for 24 hours 

at 60 oC. The 3 wt. % P3HT and PCBM solutions were mixed with a ratio of 1:1 (in weight) 

to prepare a P3HT:PCBM solution, and then stirred for 6 hours at 60 oC. The 1.5 wt. % 

P3HT and P3HT:PCBM solutions were filtered with a polytetrafluoroethene syringe filter 

(Φ 0.2 μm, Whatman). The PEDOT:PSS solution was filtered with a polyvinylidene 

difluoride syringe filter (Φ 0.45 μm, Whatman). 

ITO/PEDOT:PSS/PCBM:P3HT structure was obtained as described in section 4.2. After 

droping on PEDOT:PSS solution surface, the P3HT:PCBM droplet (5 μL) spread 

immediately and subsequently formed a floating solid film with a uniform thickness after 

the solvent had evaporated. After the substrate picked up from the PEDOT:PSS solution so 

that the floating P3HT:PCBM film could be transferred onto the substrate surface.  For 

clearly understanding in the discussion section, the thus formed 

ITO/PEDOT:PSS/PCBM:P3HT structure is named Scheme 1. 
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4.4.2 Fabrication of P3HT film on water surface and fabrication of P3HT:PCBM 

films on water surface 

For a better understanding of the process of Scheme 1, we carried out two supporting 

experiments. We prepared P3HT films by dropping P3HT/chlorobenzene solution (5 μl) on 

a water surface (Experiment S1) and prepared P3HT:PCBM films by dropping 

P3HT:PCBM/chlorobenzene solution (5 - 15 μl) on a water surface (Experiment S2). The 

components used for each experiment are summarized in Table 4-1. 

Table 4-1. Components of each experiment 

 Experiment S1 Experiment S2 Scheme 1 

Nonaqueous phase 
P3HT 

in chlorobenzene

P3HT:PCBM 

in chlorobenzene

P3HT:PCBM 

in chlorobenzene 

Aqueous phase Water Water 
PEDOT:PSS 

in water 

 

4.4.3 Fabrication of P3HT film and P3HT:PCBM films transferred to quartz 

substrates 

To carry out Uv-vis measurement, ITO coated quartz substrates were used to repeat 

Experiment S1 and Experiment S2. Quartz substrates were used to minimize the effect of 

absorption by the substrate because an ITO/glass substrate absorbs light in the 200 to 300 

nm range. Besides, a PEDOT:PSS covered ITO/quartz sample was also prepared for 

comparison.  

 

4.4.4 Fabrication of OPV device and performance measurement  
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A 120-nm thick Al electrode was deposited on the sample fabricated following Scheme 1. 

Performance measurement was performed under AM 1.5 irradiation (100 mW/cm2) with a 

0.03 cm2 active surface area. 

 

4.5 Results and discussion 

4.5.1 Understanding of the floating phenomenon 

When P3HT:PCBM solution was dropped on the PEDOT:PSS solution surface, the 

resulting interface was a very complicated system because there were 6 different materials: 

PEDOT, PSS, water, P3HT, PCBM and chlorobenzene. At room temperature, 

chlorobenzene is denser (1.107 g/mL) than pure water (0.98 g/mL), and they are immiscible. 

So chlorobenzene cannot float on the surface of water. However, we discovered that 

P3HT:PCBM/chlorobenzene solution (1.5 wt. %) could float on the PEDOT:PSS/water 

solution (1.6 wt. %) and it spread immediately to form a continuous solution layer. And 

then, a continuous solid film could be obtained after solvent evaporation. To form the 

P3HT:PCBM film on the PEDOT:PSS solution surface, the aqueous phase (PEDOT:PSS in 

water) must be denser than the nonaqueous phase (P3HT:PCBM in chlorobenzene), unlike 

the case with water and chlorobenzene. A P3HT:PCBM chlorobenzene solution can float 

on a PEDOT:PSS water solution, and even on pure water. We believe there are two 

possible reasons for this phenomenon. One is swelling, which always happens to polymers 

with a high molecular weight. The introduction of P3HT and PCBM led to a noticeable 

reduction in the density of the nonaqueous phase. The other possible reason is the surface 

tension at the interface between P3HT:PCBM chlorobenzene solution and PEDOT:PSS 

water solution.  

 

4.5.2 P3HT film formed on water surface (Experiment S1) 
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Figure 4-3. (a) Neat P3HT film fabricated on a water surface formed by dropping 5 μl of 

P3HT chlorobenzene solution. P3HT:PCBM islands fabricated on the water surface formed 

from (b) 5 μl and (c) 15 μl of P3HT:PCBM chlorobenzene solution. 

 

P3HT lamellae have a preferential orientation, where the polymer backbone is parallel to 

the SiO2 substrate or to the spin-coated PEDOT:PSS films [17,18]. The cause of this 

preferred alignment is not fully understood, but it has been hypothesized that it may result 

from an interaction between the hydrophobic P3HT side-chains and the hydrophilic 

substrate. In Experiment S1, a P3HT/chlorobenzene solution (1.5 wt. %, 0.945 g/ml) 

formed a uniform continuous film on a pure water surface (Figure 4-3a). The P3HT 

molecular alignment and orientation in thus prepared film are considered to be , and only to 

be, same as those on a SiO2 substrate or on spin-coated PEDOT:PSS films. This 

preferential orientation can be inferred from the presence of an exclusive diffraction peak at 

2θ = 5.2º in an XRD pattern as shown by the blue line in Figure 4-4a. The absence of the 

peak at 24º manifested the preferential orientation was the one and only orientation of 

P3HT molecules, namely, the formed film was anisotropic. Meanwhile, the absorption peak 

around 510 nm and a shoulder at 610 nm were observed as shown by the blue line in Figure 

4-4b (see the blue arrows), indicating that the P3HT backbones are highly stacked and 

aligned [19]. These experimental results suggest that gradual solvent evaporation provided 

a mild process whereby P3HT polymer chains align parallel to the water surface driven by 

the π stacking. Then, the alkyl chains of P3HT come in contact at the water surface. We 
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consider that the surface tension thus induced at the hydrophobic alkyl chain/water 

interface is the driving force allowing the P3HT chlorobenzene solution to spread on water. 

The regular alignment of P3HT molecules is illustrated in Figure 4-5. 
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Figure 4-4. (a) X-ray diffraction patterns of neat P3HT film and P3HT:PCBM composite 

film prepared by floating P3HT solution and P3HT:PCBM solution, respectively, on a 

water surface,. (b) UV-Vis absorption spectra in the 300 to 750 nm range of the neat P3HT 

film (blue), P3HT:PCBM composite film (red) and PEDOT:PSS/ P3HT:PCBM composite 

film (green). (c) Absorption spectra in the 200 to 300 nm range of the PEDOT:PSS (black), 

P3HT:PCBM composite film (red) and PEDOT:PSS/ P3HT:PCBM composite film (green). 

 

 

Figure 4-5. Illustration of P3HT film on water surface. P3HT molecules have highly 

regular alignment. 

 

4.5.3 Effect of PCBM on morphologies of P3HT:PCBM films on water surface 

(Experiment S2) 

The blending of PCBM molecules into P3HT complicates the situation because the two 

compounds separate from each other and PCBM aggregates disturb the P3HT molecular 

alignment [20]. In fact, dozens of discontinuous islands were formed as can be seen in 

Figure 4-3b when a small droplet of P3HT:PCBM solution (5 μl, 0.955 g/mL) was dropped 

on the water surface. Even though a large-scale continuous film was formed at the center of 

the surface (Figure 4-3c) as the volume of the P3HT:PCBM droplets increased to 15 μl, the 
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film morphology was totally different from that of the neat P3HT film formed on the water 

surface (Figure 4-3a).  

The P3HT:PCBM film thus prepared exhibited a blue shift of 20 to 490 nm in the 

absorption peak (see the red arrow in Figure 4-4b) compared with the spectrum obtained in 

Experiment S1. And the shoulder at 610 nm disappeared, proving that the introduction of 

PCBM degraded the P3HT backbone alignment by penetrating. The two activities, 

aggregation and penetration, caused that the net-work nano-structure is formed. On the 

other hand, a diffraction peak was observed at 2θ = 5.2º in the XRD pattern (red line in 

Figure 4-4a), meaning that the P3HT backbone was still mainly parallel to the water surface. 

That is, the surface tension at the alkyl chain/water interface still enables the P3HT:PCBM 

film to float on water. On the other hand, PCBM aggregates prevent the formation of 

continuous networks of P3HT polymer chains.  This is illustrated in Figure 4-6. 

 

 

Figure 4-6. Illustration of P3HT:PCBM film formed on water surface. The introduction of 

PCBM disturbed P3HT forming continuous networks because of it aggregateion.  
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4.5.4 Effect of PEDOT:PSS on formation of continuous P3HT:PCBM/PEDOT:PSS 

composite film (Scheme 1) 

 

Figure 4-7. Illustration of P3HT:PCBM film formed on the surface of PEDOT:PSS 

solution. The introduction of PEDOT:PSS solution decreased the influence of PCBM. 

 

As shown in the photograph in Figure 4-1, the P3HT:PCBM chlorobenzene solution 

spread instantly when dropped on the PEDOT:PSS water solution (1.05 g/ml) surface. Then, 

a continuous film was formed that covered the entire container area (Scheme 1) in a similar 

manner to neat P3HT film on water (Figure 4-3a). The absorption spectra of this 

P3HT:PCBM/PEDOT:PSS composite film are shown by the green lines in Figure 4-4b 

(300-750 nm) and c (200-300 nm). The absorption peak at about 510 nm showed a red shift 

of 20 nm compared with that obtained in Experiment S2 and a shoulder appeared at 610 nm 

(see the green arrows in Figure 4-4b). These results confirmed that the P3HT chain 

alignment was improved [19]. These variations are assumed to result from the fact that that 

the PEDOT:PSS reduced the amount of disturbance that PCBM caused the P3HT 

alignment, in other words, it enhanced the regular alignment of the P3HT polymer chains. 

The mechanism is not clear but one possibility is that some of the PCBM molecules 

diffused into the PEDOT:PSS layer as the result of an instantaneously induced dipole 
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interaction when the P3HT:PCBM droplet touched the PEDOT:PSS solution. This is 

similar to the PCBM molecules penetrating the PEDOT:PSS during the annealing process 

[21]. As a result, the P3HT polymer networks extended and the P3HT/water contact area 

increased. Consequently, a continuous P3HT:PCBM film with an improved orientation was 

obtained as in Experiment S1. Figure 4-7  illustrates the formed continuous P3HT:PCBM 

film formed on the surface of PEDOT:PSS solution. 

Absorption spectra were obtained to confirm the presence of the PEDOT:PSS layer in 

the multi-layered film fabricated in Scheme 1. Characteristic PCBM absorption peaks were 

observed around 268 and 335 nm as indicated by the dotted lines in Figure 4-4c and b [22, 

23]. The peaks showed no shift after the composition of P3HT:PCBM film with a 

PEDOT:PSS layer. The peak at 225 nm seen in Figure 4-4c is attributed to the π and π* 

transitions of benzene rings, which is characteristic of the PSS system [24]. This peak 

directly demonstrates the presence of PEDOT:PSS. Here, P3HT:PCBM is insoluble in 

water and PEDOT:PSS is insoluble in chlorobenzene. Therefore, it is reasonable to 

conclude that the P3HT:PCBM and PEDOT:PSS films were layered in a sequential order.  

 

 

Figure 4-8. Cross-section of SEM images of P3HT:PCBM films fabricated by a) 5 μl of 

solution and b) 15 μl of solution. The thickness is ca. 80 nm and 260 nm, respectively.  
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Figure 4-9. AFM images of a) ITO substrate and P3HT:PCBM films fabricated with 

solution of b) 5 μl, c)10μl and d) 15 μl. (10 μm × 10 μm for each image) 

 

It appears that the final area of the P3HT:PCBM film is determined by the container 

cross sectional area. And the film thickness depends on the volume of the P3HT:PCBM 

solution droplet. In our study, we used a 5 cm diameter beaker and 5 - 15 μl of 

P3HT:PCBM solution droplets were droped. Then, we confirmed that the film thickness 

was controllable in the 80 to 260 nm range according to the droplet volume (Figure 4-8) 

and the surface smooth could be controlled no worse than ITO substrate (Figure 4-9, Table 

4-2). 
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Table 4-2. Root-mean-square (RMS) of ITO substrate and films formed with different 

solution volume 

Sample ITO Volume: 5 μl Volume 10 μl Volume: 15 μl

RMS 2.748 3.151 2.113 1.700 

 

4.5.5 Device performance 

 

Figure 4-10. I-V curve of the ITO/PEDOT:PSS/P3HT:PCBM/Al photovoltaic device. The 

device properties are summarized in the table. 

 

Finally, we examined the photovoltaic effect of the P3HT:PCBM/PEDOT:PSS film.  

Prior to the measurement, a sample on a commercially available glass/ITO substrate was 

placed in a wide-mouth bottle along with a small bottle containing 50 μl chlorobenzene for 
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1 hour to improve the ordering of the polymer chains [25]. Figure 4-10 shows a current-

voltage (I-V) curve. This measurement was performed under AM 1.5 irradiation (100 

mW/cm2) with a 0.03 cm2 active surface area. The device properties are summarized in the 

table in Figure 4-10. The poor performance might be attributed to the preparation process 

during which there was some residual water sealed in the underlying PEDOT:PSS layer by 

the P3HT:PCBM film. The moisture may lead to a poor interface contact. Nevertheless, this 

result demonstrates that the thus fabricated ITO/PEDOT:PSS/P3HT:PCBM structure can 

yield a photovoltaic effect. 

 

4.6 Summary 

We developed a simple one-step technique for fabricating a large-scale 

ITO/PEDOT:PSS/P3HT:PCBM structure by transferring a floating P3HT:PCBM film onto 

an ITO coated glass substrate from a PEDOT:PSS solution. We discussed potential factors 

that would enable the film to float on the solution, namely swelling resulting in decreased 

density and surface tension at the alkyl chain/water interface. The formed 

ITO/PEDOT:PSS/P3HT:PCBM structure was used to fabricate photovoltaic device. The 

device properties determined in this study are preliminary and there is still room for further 

improvement. 

 

4.7 Motivations and significances of this work 

Developing easy fabrication technique to lower cost is another aspect for development of 

organic solar cells. The floating technique demonstrated in this chapter can be summarized 

in “ fabrication in large scale by cheap method”. The structure can be obtained without the 

need for costly equipment and can be fabricated with a large area depending on the 

container area. Another advantage of this technique is that the film can be formed with 
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almost no waste of materials. Moreover, the active layer thickness can be controlled by 

adjusting the volume of the P3HT:PCBM solution. Films prepared in the above way were 

confirmed to have a very uniform thickness. Additionally, this technique is easy to use on 

substrates made of soft materials such as PET. For further development, a replaceable 

solvent which can take the place of water and minimize the negative effect of moisture is 

essential. 
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Chapter 5. Conclusions and perspective 

 

In this thesis, we employed P3HT as the main material to study its applications in 

organic devices base on its electrical and photoelectric properties and its processability. We 

focused on the dimensional control, from sub-1D to 1D and then 2D, of P3HT and explored 

the relevant applications. 

(1) We described an AAO template technique for fabricating regular arrays of sub-1D 

P3HT pillars and interdigitated p-n junctions of P3HT/C60. The feature of this technique is 

the high controllability of the nanoscale dimensions, such as the diameter, interval, height, 

and uniformity of the P3HT pillars. That is, these dimensions can be tailored to improve 

effective light absorption and carrier dissociation and transport. The device properties in 

this study were preliminary, and there is still room for further improvement. However, the 

technique we demonstrated here has great potential for use in developing a practical device 

because nanoscale structures can be fabricated in a large area exceeding 100 mm2. 

(2) We have demonstrated 1D P3HT/F4-TCNQ composite nanowires synthesized by 

employing an AAO template which have superior conductivity comparing to thin films. 

Four-probe STM measurements on individual molecular nanowires indicated that the 

synthesis approach has two distinct advantages with respect to increasing the electrical 

conductivity of P3HT/F4-TCNQ composite nanowires. One is that it improves the 

alignment of the polymer chains, and the other is that it enhances the chemical dopant. We 

believe that the capillary force in the nanoscale pores prevents the segregation of F4-TCNQ 

and enables high doping concentrations. A low resistivity of 0.16 Ω cm was achieved for 

the 10 wt % P3HT/F4-TCNQ composite nanowires, which was not possible with the thin 

film geometry. 

(3) We developed a simple one-step technique for fabricating a 2D large-scale 

ITO/PEDOT:PSS/P3HT:PCBM structure by transferring a floating P3HT:PCBM film onto 

an ITO coated glass substrate from a PEDOT:PSS solution. We discussed potential factors 

that would enable the film to float on the solution, namely swelling resulting in decreased 
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density and surface tension at the alkyl chain/water interface. The structure can be obtained 

without the need for costly equipment and can be fabricated with a large area depending on 

the container area. Another advantage of this technique is that the film can be formed with 

almost no waste of materials. Moreover, the active layer thickness can be controlled by 

adjusting the volume of the P3HT:PCBM solution. Films prepared in the above way were 

confirmed to have a very uniform thickness. Additionally, this technique is easy to use on 

substrates made of soft materials such as PET. The device properties determined in this 

study are preliminary and there is still room for further improvement. However, the above 

advantages mean that the technique we demonstrated here has great potential for use in 

developing a practical device. 

P3HT is certainly a case system to test the applicability of experimental methods and 

insights gained when investigating conventional polymer crystallization, for example, using 

epitaxial crystallization methods, self-seeding or nucleating agents. These directly impact 

its applications. However conjugated polymers have intrinsic characteristic that make them 

significantly different from more flexible polymers, especially in terms of anisotropy of 

interactions in the unit cell and rigidity of the conjugated backbone that impacts directly the 

folding ability of the chains and correspondingly the crystallization mode (folded vs. 

extended chain crystallization). From the charge transport viewpoint, one important issue 

remains the possibility to crystallize high-Mw P3ATs in the form of extended-chain 

crystalline domains, trying to reduce the level of amorphous material and promoting long 

range crystalline perfection. Some preliminary studies in that direction have been reported 

recently suggesting that high-pressure crystallization of P3HT may lead to higher charge 

carrier mobilities. Further improvements can be foreseen with mastering of chemical 

defects in the chains of P3ATs. Alonging with the development of understanding the nature 

of P3HT represented P3ATs, their practical applications would be extended in wider fields. 
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