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Chapter 1 

 

General Introduction 

 

1.1. Background and Motivation 

1.1.1. Conjugated Polymers and Their Blends 

Polymer materials play an important role in modern life because of their excellent 

chemical, physical, and mechanical properties, which allow them to be used in a large 

number of industrial products.  In 1977, Shirakawa et al. reported the conductive 

conjugated polymer, iodine-doped polyacetylene.1,2  This accomplishment opened the way 

for a wider application of polymer materials beyond their conventional usage.3  A 

conjugated polymer consists of a π-conjugated backbone, composed of linked unsaturated 

units, resulting in extended π-orbitals along the polymer chain.  They therefore possess 

semiconducting properties, such as charge transporting, light-emitting, and light-absorbing 

properties, which are comparable or superior to those of conventional inorganic 

semiconductors.  Since their development, conjugated polymers have been applied in 

various organic electronic devices such as transistors,4–6 light-emitting devices,7–11 lasers,12–14  

solar cells,3,11,14–20 photodiodes,21 memory devices,22,23 and thermoelectric transducers.24  

In particular, conjugated polymers have contributed significantly to the progress of organic 

thin-film transistors (OTFTs), organic light-emitting diodes (OLEDs), and organic 

photovoltaics (OPVs), as they are key components in all these devices (Figure 1-1). 

Polymer blend technologies such as polymer alloys and polymer composites have 

long been established, especially in industry, for improving the chemical, physical, and 

mechanical performances of polymer materials.  The blending of two or more polymers 

creates new and invaluable properties and functions, which are not only derived from each 
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constituent polymer but are also based on the synergistic properties of polymer blends, and 

as such, depend on the phase-separated structure of these blends.11,25,26  Recently, 

considerable attention has been paid to the thin films of conjugated polymer blends in order 

to apply them to organic electronics.  In the case of thin film polymer blends, phase-

separation processes are more complicated than bulk polymer blends.27,28  In addition, thin 

film polymers are generally prepared by spin coating from polymer blend solutions, and thus 

the resulting phase separation is constrained to a thermodynamic non-equilibrium state due 

to the rapid evaporation of solvents.  The phase-separated structure critically depends on 

the processing solvents employed, solvent evaporation rate, and interactions between 

solvents and solute polymers.29,30  In order to maximize the optical and electrical functions 

of thin film polymer blends, it is particularly important to control phase-separated 

morphology by a careful tuning of these conditions. 

 

 

Figure 1-1.  Application fields of conjugated polymers in organic electronics.  
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1.1.2. Polymer-Based Solar Cells 

Polymer-based solar cells have gained increasing attention as a next generation solar 

cell because of their potential in the fabrication of light-weight, flexible, and large-area 

devices via low-cost production methods.30–32  Tremendous efforts focusing on their 

processing, materials, and devices have been devoted to this field in recent years in order to 

improve the device performance.3,11,14–20   

 

A. Working Mechanism of Polymer-Based Solar Cells 

Organic solar cells work by the combination of an electron-donating (donor) organic 

semiconductor and an electron-accepting (acceptor) organic semiconductor.  In most cases, 

conjugated polymers are used as donor materials, while fullerene derivatives have been 

employed as acceptor materials.  Figure 1-2 shows a schematic illustration of the working 

mechanism of organic solar cells.  Photovoltaic conversion processes in organic solar cells 

can be divided into five sequential processes: (i) absorption of an incident photon leading to 

the formation of a singlet exciton; (ii) diffusion of the exciton to the donor–acceptor 

interface; (iii) charge transfer at the interface driven by either the LUMO–LUMO energy or 

the HOMO–HOMO offsets between the donor and acceptor; (iv) dissociation of the charge 

pair into free charges; and (v) transport of the free charges to the anode and cathode through 

the networks of donor (hole transport) and acceptor (electron transport) materials, 

respectively.  The incident photon energy can thus be converted into electricity, and a direct 

current is supplied to an external circuit.33  It should be noted that in the case of organic 

semiconductors, the diffusion length of singlet excitons is limited to only approximately 10 

nm.34–37  Therefore, excitons generated at a distance of beyond 10 nm from donor–acceptor 

interfaces cannot contribute to the generation of the photocurrent.  In 1979, Tang et al. 

introduced the donor–acceptor bilayer structure (planar heterojunction, Figure 1-3a) to 



  

4 

 

 

Figure 1-2.  Schematic illustration of fundamental photovoltaic conversion processes in an 

organic solar cell from (a) energetic and (b) spatial points of view: (i) exciton generation; 

(ii) exciton diffusion; (iii) charge transfer; (iv) charge dissociation; and (v) charge transport.  

These illustrations show the generation of a photocurrent from donor materials.  Gray and 

white circles represent electrons and holes, respectively.  Dotted circles indicate excitons.   

 

organic solar cells, and achieved a PCE of approximately 1%.38  The planar heterojunction 

structure faces a critical limitation for the generation of a photocurrent due to the small 

surface area of the interface.  This problem can be addressed by introducing a bulk 

heterojunction (BHJ) structure, which is composed of a mixture of donor and acceptor 
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materials.  This concept was first demonstrated by Hiramoto et al. through the co-

evaporation of small-molecule donors and acceptors.39  As shown in Figure 1-3b, BHJ 

structures can increase the interface area, resulting in a much larger photocurrent than that 

of planar heterojunction devices.  The first efficient BHJ devices were developed 

independently in 1995 by the groups of Heeger and Friend.40,41  The BHJ structure is the 

most successful device architecture for high-efficiency organic solar cells.  Although the 

BHJ concept is a powerful solution for addressing the issue of poor charge generation, the 

overall photovoltaic performances depend on the phase-separated structure of the donor–

acceptor blends.  In particular, charge dissociation and charge transport processes are 

considered to be significantly affected by blend morphology such as domain size, domain 

composition (purity), and domain connectivity.  Controlling the blend morphology is 

therefore one of the most critical elements in obtaining optimal photovoltaic performances.42   

 

 

Figure 1-3.  Schematic illustration of photovoltaic layers: (a) planer heterojunction and (b) 

bulk heterojunction.    
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B. Determining Factors for Photovoltaic Performances 

The power conversion efficiency (PCE) of an organic solar cell is determined by the 

product of short-circuit current density (JSC), open-circuit voltage (VOC), and fill factor 

(FF).33  It is therefore necessary to increase JSC, VOC, and FF simultaneously for enhancing 

the PCE.  The main factor that determines the JSC of a polymer solar cell is the number of 

absorbed photons, which is dominated by the optical bandgaps and absorptivities of donor 

and acceptor materials.  VOC is proportional to the difference in energy between the HOMO 

level of the donor material and the LUMO level of the acceptor material.  Finally, FF is 

indicative of charge collection efficiency, which is considered to be affected mainly by the 

charge carrier mobility of the donor and acceptor materials.17,33  A schematic illustration of 

the determining factors for each photovoltaic parameter is depicted in Figure 1-4.   

 

 

Figure 1-4.  Schematic illustration of determining factors for each photovoltaic parameter: 

(a) JSC; (b) VOC; and (c) FF. 
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C. Polymeric Donor Materials for Polymer-Based Solar Cells 

After Heeger et al. reported the photoinduced electron transfer from the excited state 

of a poly(p-phenylenevinylene)-based conjugated polymer (MEH-PPV, Figure 1-5a) to 

fullerene C60, many researchers began to consider the potential application of conjugated 

polymers as donor materials for solar cells.43  In 2001, Brabec et al. reported a significant 

improvement in the PCE of PPV/PCBM BHJ solar cells from 0.9 to 2.5% by the optimization 

of blend morphology using an appropriate spin-coating solvent.  This was also the first 

investigation into the correlation between the blend morphology and photovoltaic 

performances.44  In 2005, Yang et al. reported an efficient polymer blend solar cell based 

on regioregular poly(3-hexylthiophene) (RR-P3HT, Figure 1-5b).45  The photovoltaic 

 

 

Figure 1-5.  Chemical structures of polymeric donor materials used in polymer-based solar 

cells: (a) poly[2-methoxy-5-(2-ethyl)-hexyloxy-1,4-phenylenevinylene] (MEH-PPV); (b) 

regioregular poly(3-hexylthiophene) (RR-P3HT); (c) poly[2,6-(4,4-bis-(2-ethylhexyl)- 4H-

cyclopenta[2,1-b;3,4-b]dithiophene)-alt-4,7-(2,1,3-benzothiadiazole)] (PCPDTBT); and 

(d) poly[[4,8-bis[2-ethylhexyloxy]benzo[1,2-b:4,5-b]dithiophene-2,6-diyl][3-fluoro-2-[(2-

ethylhexyl)carbonyl]thieno[3,4b]thiophenediyl]] (PTB7). 
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performances of P3HT/fullerene solar cells were found to depend on film processing 

methods46 such as the selection of spin-coating solvents47 and annealing temperatures,48 and 

on material properties such as regioregularity49 and the molecular weight of P3HT.50,51  

These factors have been found to cause variations in the degree of ordering of P3HT chains 

and can thus affect charge transport.  Owing to the considerable research effort to obtain 

the optimum blend morphology, a JSC exceeding 10 mA cm−2 and a PCE of over 4% has 

been achieved for P3HT/PCBM solar cells.49,52,53  However, as these conjugated polymers, 

(e.g. PPVs and polythiophenes) can only absorb photons from solar light at wavelengths of 

up to 650 nm, the maximum obtainable photocurrent is limited to approximately 12 mA 

cm−2.17  In order to extend the absorption bands from the visible to the near infrared (NIR) 

region, and thus utilize more photons from solar light, push-pull type low-bandgap polymers 

(LBPs) were developed.3,18,19,54,55  One of the most successful LBPs is poly[N-9-hepta-

decanyl-2,7-carbazole-alt-5,5-(4,7-di-2-thienyl-2,1,3-benzothia-diazole)] (PCPDTBT, 

Figure 1-5c), which was reported in 2006 by Brabec et al.56  PCPDTBT has a theoretically 

optimal optical bandgap of as low as 1.5 eV, and display red-shifted absorption at 

wavelengths of up to 900 nm.  The PCPDTBT/fullerene blend solar cell exhibited JSC 

greater than 15 mA cm−2, thus resulting in a PCE of 5.5%.57  This result demonstrated that 

the use of a low-bandgap polymer was a promising strategy for improving the light-

harvesting efficiency and subsequently, the photocurrent.  After 2008, a series of 

alternating copolymers based on thienothiophene (TT) and benzodithiophene (BDT) were 

reported by several groups.58–61  One such reported copolymer was poly[[4,8-bis[2-

ethylhexyloxy]benzo[1,2-b:4,5-b]dithiophene-2,6-diyl][3-fluoro-2-[(2-ethylhexyl)carbo-

nyl]thieno[3,4b]thiophenediyl]] (PTB7, Figure 1-5d), which resulted in a PCE as high as 

7.4% in PTB7/fullerene blend solar cells.62,63  More recently, single junction solar cells 

with a PCE exceeding 10% have been reported.64,65    
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D. Acceptor Materials for Polymer-Based Solar Cells 

In polymer-based solar cells, C60 fullerene (Figure 1-6a)43 and its derivatives18,65–70 

have been used as acceptor materials.  In particular, a solubilized fullerene, [6,6]-phenyl-

C61-butyric acid methyl ester (PCBM, Figure 1-6b) has often been used as an acceptor 

material.16–19  As described above, the PCE of polymer/fullerene solar cells have been 

successfully improved over the past decade, mainly owing to the development of various 

conjugated donor polymers with rational molecular designs.  In the majority of 

polymer/fullerene solar cells, more than half of the photovoltaic layers consist of small-

molecule fullerene derivatives to ensure the presence of sufficient electron transporting 

networks.56,57,70,71  However the loading of a large quantity of fullerenes in the photovoltaic 

layer can lead to some problems to be solved for the further improvement in photovoltaic 

performances and practical application.  Firstly, as the fullerene derivatives can only absorb 

a small segment of photons present in solar light, they can therefore contribute only a small 

amount to photocurrent generation.  Secondly, the presence of small molecules decreases 

film-forming ability when they are added to donor polymer films, and cost reduction is 

limited because a vacuum process is required for the production of fullerenes.  There are 

serious drawbacks for their use in practical application.  In order to overcome these 

problems, electron-accepting conjugated polymers are necessary as alternatives to fullerenes. 

 

 

Figure 1-6.  Chemical structures of acceptor materials used in polymer-based solar cells: 

(a) fullerene (C60) and (b) [6,6]-phenyl-C61-butyric acid methyl ester (PCBM).   
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1.1.3. Polymer/Polymer Blend Solar Cells 

A. Advantages of Polymer/Polymer Blend Solar Cells 

Polymer/polymer blend solar cells, composed of conjugated donor and acceptor 

polymers, have a number of advantages compared to conventional polymer/fullerene solar 

cells.11,20  Of particular importance is the flexible molecular design of not only donor but 

also acceptor polymers, which allows for the fine tuning of optical, electronic, morphological, 

and mechanical properties of materials.  Firstly, conjugated polymers have high light 

absorption coefficients in the visible and NIR spectral regions, while fullerenes can absorb 

photons only at shorter wavelengths of the visible region, as shown in Figure 1-7a.  

Polymer/polymer solar cells can therefore absorb solar light more efficiently, leading to an 

increase in JSC.  Secondly, the HOMO–LUMO energy levels of conjugated polymers can 

be tuned by modifying the chemical structures of their π-conjugated backbones,54,55,59,60,72 

 

 

Figure 1-7.  (a) Absorption spectra of electron-accepting materials: PCBM (black dotted 

dashed line), F8TBT (black dashed line), and N2200 (black solid line), and photon flux in 

the AM1.5G solar light under the intensity of 100 mW cm−2 (gray solid line).  (b) HOMO–

LUMO energy diagrams of donor (P3HT and PTB7) and acceptor (F8TBT and PCBM) 

materials. 
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as shown in Figure 1-7b.  A low-lying HOMO level of a donor material and/or a high-lying 

LUMO level of an acceptor material can result in a VOC of above 1 V.  In addition, the 

formation of a phase-separated interpenetrating polymer network can offer a continuous 

pathway for efficient charge transport, thus leading to a high FF.  Finally, polymer/polymer 

blends provide superior flexibility in controlling solution viscosity, which is one of the most 

important factors for the production of solar cells modules by solution processes.  Despite 

these potential advantages, the PCEs of polymer/polymer solar cells have typically remained 

below 2% over the last decade,11,20 lagging far behind those of polymer/fullerene solar 

cells.64,65  This is considered to be mainly due to the lack of acceptor polymers with high 

charge-carrier mobilities, and the difficulty in controlling the phase-separated morphology 

of polymer/polymer blend films compared to that in polymer/fullerene blends.  An 

extensive effort has therefore been devoted to both the development of acceptor polymers 

and the control of blend morphology to enhance the photovoltaic performances of 

polymer/polymer blend solar cells.11,20,28   

 

B. Development of Polymeric Acceptor Materials 

In 2007, Friend et al. demonstrated that a fluorene-based copolymer, poly[2,7-(9,9-

dioctylfluorene)-alt-5,5-(4,7-bis(4-hexyl-2-thienyl)-2,1,3-benzo-thiadiazole)] (F8TBT, 

Figure 1-8a), behaves as an acceptor when it is blended with donor P3HT.73  The 

P3HT/F8TBT solar cells exhibited a maximum PCE of 1.9% with a high VOC exceeding 1 

V.74–76  In 2009, Facchetti et al. reported a new acceptor polymer, poly{[N,N-bis(2-

octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5-(2,2-bithio-

phene)} (N2200, Figure 1-8b), which exhibited not only efficient light absorption at 

wavelengths ranging from the visible to the NIR regions but also high electron mobility 

comparable to that of fullerenes.77,78  One of the most researched polymer/polymer solar 
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cells based on N2200 as an acceptor is the blend of P3HT and N2200.  Although the first-

reported P3HT/N2200 solar cells were found to exhibit a PCE of only 0.2%, the optimization 

of film-preparing conditions resulted in an increase in the PCE of up to 1.4%, with a 

remarkably high FF of 0.7.79–82  Other rylene-based electron-accepting polymers have also 

been prepared.83,84  In 2011, Hashimoto et al. synthesized a series of perylenediimide-based 

copolymers (Figure 1-8c) with different donor units, displaying a wide variety of HOMO 

and LUMO energy levels.  They successfully increased the PCE to 2.2%, with a high JSC 

of above 6 mA cm−2, through blending the acceptor polymers with polythiophene derivatives 

as the donor material.85  Acceptor polymers have therefore contributed to an improvement 

in the photovoltaic performances of polymer/polymer blend solar cells.86   

 

 

Figure 1-8.  Chemical structures of polymeric acceptor materials used in polymer/polymer 

solar cells: (a) poly[2,7-(9,9-dioctylfluorene)-alt-5,5-(4,7-bis(4-hexyl-2-thienyl)-2,1,3- 

benzo- thiadiazole)] (F8TBT); (b) poly{[N,N-bis(2-octyldodecyl)-naphthalene-1,4,5,8-

bis(dicarboximide)-2,6-diyl]-alt-5,5-(2,2-bithiophene)} (N2200); and (c) a 

pelyrenediimide-based copolymer (Ar and R indicate aryl groups and alkyl side chains, 

respectively). 
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C. Morphology of Polymer/Polymer Blend Solar Cells 

 Considerable effort has been focused on the optimization of phase-separated 

structure in polymer/polymer blend films.  The ideal morphology for the photovoltaic 

performance is considered to be a nanostructured thin film with bicontinuous 

interpenetrating networks of pure donor and acceptor domains possessing characteristic 

spacing similar to the exciton diffusion length (10 nm), which is necessary for efficient 

charge generation and transport.11,28  The degree of phase separation of two materials 

depends on the change in the entropy and enthalpy before and after their mixing.  

According to the Flory-Huggins theory,87,88 the expression for the free energy of mixing 

polymers (Gmix) can be derived as follows: 

Gmix

nkT =
φ

A

NA
ln(φ

A
) +

φ
B

NB
ln(φ

B
) + φ

A
φ

B
   (1) 

Here φA/B is the volume fraction of polymer A/B (with φA +φB =1), NA/B is the degree of 

polymerization of polymer A/B, n is the total number of segments, and  is the Flory-

Huggins interaction parameter.  The first two terms on the right hand side of Equation 1 

represent the entropy component, while the final term represents the enthalpy contribution.  

In the case of polymer/polymer blends, the entropy gain is reduced by a factor of NA/B, 

resulting in a lower mixing entropy than that of the polymer blend with small 

molecules.11,28,89  In practice, polymer/polymer blends tend to phase-separate on a 

micrometer scale, which is undesirable with regards to the photovoltaic performance, while 

polymer/fullerene blends were observed to mix on a nanometer scale.29,90–93  For 

polymer/polymer blends, it is therefore critically important to suppress phase separation.  

In addition, in terms of the enthalpic component,  is an interaction parameter between two 

materials, where a small value of  is required to obtain a well-mixed structure.  Since  

depends on the chemical structures of both materials, the selection of donor and acceptor 
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materials from the viewpoint of their miscibility is also important to obtain the ideal blend 

morphology.  It is also well known that the polymer blend films as-prepared by spin coating 

are not at a thermodynamic equilibrium state.  The kinetics of film formation therefore also 

affect the development of phase-separated structures ranging from well-mixed structures on 

a nanometer scale to thermodynamically favored demixed structures on a larger scale.28–30 

 A number of groups have attempted to obtain the optimum blend morphology by 

both thermodynamically and kinetically based approaches.  Examples include the design 

of side chains for adjusting miscibility,94–97 the use of block copolymers,98–100 the selection 

of spin-coating solvents,79–82,84,85,96,101–104 and either solvent- or thermal-annealing of the 

film after casting.74,75,79,89,94,98,100,101  However, tuning of the film morphology of 

polymer/polymer blends to optimize device performance still appears to be a challenge.   

The characterization of the structure of polymer blend films with high chemical 

specificity and spatial resolution is significantly important.  A large number of 

experimental techniques have been used to investigate the morphology such as transmission 

electron microscopy,102 atomic force microscopy,90–92 and X-ray diffraction and scattering 

methods.82,102,105,106  Despite a great deal of research being carried out in this field, the 

relationship between phase-separated nanostructures of the polymer/polymer blend and their 

device performance is still under discussion.   
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1.2. Outline of This Thesis 

The objective of this thesis is to develop efficient polymer blend solar cells composed 

of donor and acceptor conjugated polymers both by controlling the nanoscale blend 

morphology, and by the appropriate selection of an efficient donor/acceptor polymer 

combination from the viewpoint of JSC, VOC, and FF.  In addition, based on the dynamics 

of fundamental photovoltaic conversion processes, the correlation between the blend 

nanomorphology and the photovoltaic performance is discussed.  This thesis consists of six 

chapters.  The first chapter describes the background and motivation of the thesis.  The 

following chapters are then divided into two parts.   

 

 

Figure 1-9.  Schematic illustration of thesis outline.   
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In Part I (Chapters 2–4), the correlation between the photovoltaic performances and 

the nanomorphology of polymer/polymer blend films is examined, where P3HT is used as 

the donor material and a fluorene-based copolymer (PF12TBT) is used as the acceptor 

material; both can efficiently absorb photons in the visible region.  In Chapter 2, the author 

prepares devices using different solvents.  To address the origin of the different device 

performances depending on the spin-coating solvent, atomic force microscopy 

measurements of the blend films are conducted.  Moreover, the influence of thermal 

annealing on device performances is systematically investigated.  Combining the 

annealing-temperature dependence of photovoltaic parameters with the photoluminescence  

 

 

Figure 1-10.  Donor and acceptor polymer materials used in each chapter of this thesis. 
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quenching observations, the successful improvement in device performance by thermal 

annealing is explained on the basis of purification of the nanoscale-phase-separated domains.   

In Chapter 3, charge carrier generation and recombination dynamics are examined by using 

transient absorption spectroscopy, in order to clarify the relationship between blend 

nanomorphology and device performance from the viewpoint of fundamental photovoltaic 

conversion processes.  The improvement in device performance by thermal annealing is 

explained with reference to an increase in free carrier generation efficiency in the blend films.  

In Chapter 4, on the basis of the findings obtained from the discussion in Chapters 2 and 3, 

a further improvement in photovoltaic performance is demonstrated with the use of a high-

molecular-weight acceptor polymer.  In terms of the annealing-temperature dependence of 

the device performances and photoluminescence quenching efficiencies in blend films, the 

effect of molecular weight of the acceptor polymer on nanomorphology and the importance 

of high-molecular-weight polymers for improving photovoltaic performances are discussed.   

 In Part II (Chapters 5 and 6), in order to enhance the light-harvesting efficiency in 

the NIR region, low-bandgap polymers are used as both the donor and acceptor materials.  

In Chapter 5, the preparation of efficient polymer/polymer blend solar cells using low-

bandgap donor and acceptor polymers is described.  The compositional dependence of 

charge generation efficiencies and charge carrier mobilities in blend films is also examined.  

In terms of charge generation and transport, the origin of the improved performance is 

discussed.  In Chapter 6, the development of highly efficient polymer/polymer blend solar 

cells using low-bandgap donor and acceptor polymers, with high absorption coefficients in 

the NIR region and excellent hole and electron mobilities is described.   
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Chapter 2 

 

Efficient Polymer/Polymer Blend Solar Cells Developed by Thermal 

Purification of Nanoscale-Phase-Separated Morphology 

 

2.1. Introduction 

Conjugated polymer-based solar cells are attracting attention as a possible 

inexpensive renewable energy source, owing to their advantages such as high throughput 

and large-area production by solution processes.1  The photovoltaic layer of the most 

studied polymer-based solar cells is based on a blend of a conjugated polymer acting as 

electron donor and a low molecular-weight fullerene derivative, PCBM, as acceptor.2  On 

the other hand, polymer/polymer blend solar cells also have been a subject of active 

research3,4 because they have potential advantages over polymer/fullerene blends such as 

more efficient light absorption due to acceptor polymers and relatively higher open-circuit 

voltages.4  However, the power conversion efficiency (PCE) of polymer/polymer blend 

solar cells is still mostly lower than 2%,4 which is far below that of polymer/fullerene solar  

 

 

Figure 2-1.  Chemical structures of P3HT and PF12TBT. 
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cells.2  The relatively poor efficiency has been considered to be due to the undesired 

morphology of blends such as a large phase-separation,5 inhomogeneous internal phase 

composition,6–10 and reduced ordering of polymer chains.11  The phase separation in 

polymer/polymer blends is probably different from that in polymer/fullerene blends.12,13  It 

is therefore crucial to clarify how the blend morphology affects the device performance and 

how to obtain the optimal morphology that gives the best performance.  In this chapter, the 

author demonstrates that the PCE of polymer/polymer blend solar cells consisting of poly(3-

hexylthiophene) (P3HT, Figure 2-1) and poly[2,7-(9,9-didodecylfluorene)-alt-5,5-(4′,7′-

bis(2-thienyl)-2′,1′,3′-benzothiadiazole)] (PF12TBT, Figure 2-1) is successfully improved 

up to 2.0% by optimizing the phase separation. 

 

2.2. Results and Discussion 

Figure 2-2 shows J–V characteristics of P3HT/PF12TBT solar cells fabricated from 

o-dichlorobenzene (DCB), chlorobenzene (CB), and chloroform (CF) solutions with 

annealing at 140 °C for 10 min.  The short-circuit current density (JSC) was as low as 1 mA 

cm−2 for the devices from DCB and CB; these solvents are widely employed for 

polymer/fullerene solar cells to give a large JSC and high PCE.2  In contrast, a significant 

increase in JSC up to 4 mA cm−2 was observed for the device from CF, and hence PCE reached 

as high as 2.0%.14  This is one of the best PCE values reported so far among 

polymer/polymer blend solar cells.1517  As shown in Figure 2-3a, the external quantum 

efficiency (EQE) of the device with a PCE of 2.0% was in good agreement in spectral shape 

with the UV–visible reflection absorption.  This agreement suggests that both P3HT and 

PF12TBT equally contribute to the photocurrent generation.  The EQE reached up to 27% 

at 560 nm and was still as high as 23% even at 600 nm, owing to the contribution of 

PF12TBT, which has an absorption peak around 575 nm (Figure 2-3b).  The high EQE over 
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Figure 2-2.  J–V characteristics of P3HT/PF12TBT solar cells under AM 1.5G 100 mW 

cm−2 illumination.  The devices were fabricated by spin-coating from DCB (dotted line), 

CB (dashed line), and CF (solid line) solutions and annealed at 140 °C for 10 min.  The 

device performances are summarized in Table 2-1. 

 

600 nm can account for the PCE higher than that of another polymer/polymer blend solar 

cell based on P3HT and poly[2,7-(9,9-dioctylfluorene)-alt-5,5-(4′,7′-bis(4-hexyl-2-thienyl)-

2′,1′,3′-benzothiadiazole)] (F8TBT, see Figures 2-A1 and 2-A3 in Appendix), which is one 

of the most efficient polymer/polymer blend solar cells with a PCE of 1.8  1.9%.16,17  

Furthermore, the internal quantum efficiency (IQE) was higher than 30% (see Figure 2-A4 

in Appendix).  Such efficient photocurrent generation is partly due to energy offsets in both 

the HOMO and LUMO levels (0.8 eV) enough for the chrage separation, as shown in the 

inset in Figure 2-3b.  The author therefore concludes that the smaller optical band gap and 

larger absorption coefficient of PF12TBT than those of F8TBT (see Figure 2-A5 in 

Appendix) successfully leads to the significant increase in PCE in the optimized device 

fabricated from CF.  The efficient light absorption of PF12TBT might be due to the absence 
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of hexyl chains at the 4-position of the thiophene, which reduces the steric hindrance and 

increases planarity of the polymer backbone.18  The device parameters are summarized in 

Table 2-1. 

 

 

Figure 2-3.  (a) External quantum efficiency (solid line) and the UV–visible reflection 

absorption (dashed line) spectra of P3HT/PF12TBT solar cell with a PCE of 2.0%.  (b) 

Absorption coefficients () of P3HT (dashed line) and PF12TBT (solid line) films.  The 

inset shows the energy level diagram of P3HT and PF12TBT: the HOMO and LUMO levels 

were estimated by the photoelectron yield spectroscopy and the optical energy gap. 

 

Table 2-1.  Device performance and photoluminescence quenching efficiency. 

Solvent JSC / mA cm−2 VOC / V FF PCE / % Φq / % 

DCB 0.86 1.09 0.57 0.54 45 ± 4 

CB 1.23 1.17 0.56 0.80 50 ± 4 

CF 3.94 1.19 0.42 2.0 71 ± 4 
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To address the origin of the different device performance depending on the spin-

coating solvents, the author measured atomic force microscope (AFM) phase images of 

P3HT/PF12TBT blend films before and after thermal annealing.  As shown in Figures 2-

4a–c, marked difference was observed for the three blend films fabricated from different 

solutions before thermal annealing.  For the blend film spin-coated from DCB, phase-

separated structures were clearly observed: each domain was a few micrometers in lateral 

dimension (Figure 2-4a).  For the blend film from CB, smaller but still distinct phase-

separated structures were observed: each domain was a few hundred nanometers in lateral 

dimension (Figure 2-4b).  In either case, the phase-separated domains are much larger than 

 

 

Figure 2-4.  Tapping-mode AFM phase images (5 m × 5 m) of P3HT/PF12TBT blend 

films spin-coated from (a), (d) DCB, (b), (e) CB, and (c), (f) CF solutions on glass substrates.  

(a)  (c) As-spun films.  (d)  (f) Annealed films at 140 °C for 10 min.  The scale bar 

corresponds to a length of 1 μm. 
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the exciton diffusion length of typical conjugated polymers (≤10 nm).19  In contrast, no 

distinct phase-separated structures were observed for the blend film from CF, suggesting 

well-mixed blend morphology of P3HT and PF12TBT (Figure 2-4c).  More importantly, as 

shown in Figures 2-4d–f, no distinct change in the phase-separated structures was observed 

for all the blend films before and after the thermal annealing.  Even at 200 °C for 10 min, 

the thermal annealing caused little change in the surface morphology (see Figure 2-A6 in 

Appendix).  The author therefore concludes that large-scaled phase-separated structures are 

less sensitive to thermal annealing but rather primarily dependent on the spin-coating solvent.  

The spontaneous large phase separation during spin-coating from DCB and CB solutions is 

one of the reasons that limit the efficiency of the devices. 

The author next measured the photoluminescence (PL) quenching efficiency q of 

PF12TBT in the P3HT/PF12TBT blend films before and after thermal annealing.  Before 

the thermal annealing, q reached to 89% for CF and was as high as 60% even for DCB and 

CB.  The high q for CF is consistent with well-mixed blend structures observed in the 

AFM image (Figure 2-4c).  In contrast, the high q observed for DCB and CB is apparently 

inconsistent with large phase-separated structures on a scale of micro- or sub-micrometers 

as shown in Figures 2-4a and 2-4b.  Such disagreement has been reported for blends of 

conjugated polymers, suggesting that large phase-separated domains are not pure but involve 

minor counterpart material.3,5–9  The minor counterpart isolated in the large domains just 

serves as a quenching site for excitons but cannot contribute to the photocurrent generation, 

because even if charge carriers are generated from excitons, the minor counterpart cannot 

transport a carrier to an electrode.  This is consistent with the small JSC observed for DCB 

and CB.  Therefore it can be said that spontaneous large phase separation and undesired 

exciton quenching by the minor counterpart lead to small JSC and thus low PCE of the 

devices fabricated from DCB and CB.  Interestingly, q for all the blend films decreased 
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after the thermal annealing: 71% for CF, 50% for CB, and 45% for DCB.  This is again 

inconsistent with phase-separated structures observed in the AFM images: no change was 

observed before and after the thermal annealing.  The author therefore concludes that 

thermal annealing does not affect large-scaled phase-separated structures but rather 

accelerates nanoscale phase separation that expels the minor component from the individual 

domains.   

 

 

Figure 2-5.  Dependence of the device parameters and q on the annealing temperature: 

(a) JSC (open circles) and FF (open inverted triangles), (b) VOC (open triangles) and q (open 

diamonds), and (c) PCE (open squares).  The closed symbols represent the device 

parameters and q before thermal annealing.  (d) Plots of JSC against their respective q.  

These parameters were measured for P3HT/PF12TBT solar cells fabricated by spin-coating 

from CF. 
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Finally, the author focuses on the efficient device fabricated from CF to discuss the 

relationship between the device performance and the blend morphology in detail on the basis 

of the dependence of the device parameters and q on the annealing temperature.  As 

shown in Figure 2-5a, with increasing annealing temperature, JSC increased from 1.1 mA 

cm−2 for the as-spun device to 4.2 mA cm−2 for the device annealed at 120 °C, and then 

decreased above it.  The fill factor (FF) increased from 0.23 for the as-spun device to 0.45 

for the device annealed at 160 °C, and then decreased slightly.  The open-circuit voltage 

(VOC) was kept constant at around 1.1 to 1.2 V independently of the temperature (Figure 2-

5b).  Such annealing temperature dependence of JSC, FF, and VOC indicates that the 

maximum PCE at 140 °C results from the balance between JSC and FF (Figure 2-5c).  On 

the other hand, q was as high as ~90% for the as-spun film and the annealed films at 80 

and 100 °C, but as increasing annealing temperature it monotonically decreased and finally 

to 32% at 200 °C (Figure 2-5b).  To elucidate how the nanoscale phase separation impacts 

on the performance, JSC was replotted against the q in Figure 2-5d.  As shown in Figure 

2-5d, JSC steeply increased from 1.1 mA cm−2 for the as-spun device to 3.9 mA cm−2 for the 

annealed device at 100 °C even though q remains at high ~90%.  In contrast, JSC decreased 

from 4.2 to 2.0 mA cm−2 in proportion to q for the devices annealed above 120 °C.  

Thermal annealing should increase the domain purity or the domain size.  The 

improvement in the domain purity results in the increase in JSC because undesirable exciton 

quenching is reduced and carrier transport would be improved.  The growth in the domain 

size causes the decrease in the domain interface and hence in JSC.  Thus, the increase in JSC 

below 100 °C is indicative of the improvement in the domain purity and the decrease in JSC 

above 120 °C is ascribable to the growth in the domain size.  A recent Monte Carlo 

simulation has demonstrated that the domain purity should be almost 100% to account for 

q smaller than 90%, assuming that the domain size is less than 80 nm.20  The author 
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therefore concludes that thermal annealing below 100 °C mainly improves the purity of small 

domains, and above 120 °C it further induces the growth of the purified domain in size on a 

nanometer scale. 

 

2.3. Conclusions 

The author have found that phase-separated structures on a scale of micro- or sub-

micrometers are less sensitive to thermal annealing but rather primarily dependent on the 

spin-coating solvent, and that thermal annealing rather induces the purification of nanoscale 

phase-separated domains.  Based on these findings, the author has fabricated highly-

efficient polymer/polymer blend solar cells by spin-coating from CF with thermal annealing.  

The low-boiling solvent of CF gives well-mixed blend morphology consisting of nanoscale 

phase-separated domains.  The thermal annealing improves the domain purity at low 

temperatures and promotes the growth of the domain size on a nanometer scale at high 

temperatures.  The best PCE of 2.0% is achieved with an optimum phase-separated 

structure, which cannot be obtained from DCB and CB solutions because of the micro-scale 

phase-separated structures containing a minority counterpart. 

 

2.4. Experimental 

Materials: Poly(3-hexylthiophene) (P3HT, Mw = 42,300, regioregularity > 90 %) was 

purchased from Aldrich.  Poly[2,7-(9,9-didodecylfluorene)-alt-5,5-(4′,7′-bis(2-thienyl)-

2′,1′,3′-benzothiadiazole)] (PF12TBT, Mw = 20,000, Mw/Mn = 2.0, Tg = 76 C) was developed 

by Sumitomo Chemical Co., Ltd. 

Device Fabrication: Indium-tin-oxide (ITO)-coated glass substrates (10 Ω per square) were 

washed by ultrasonication in toluene, acetone, and ethanol for 15 min each in this order and 

then dried with N2 flow.  The washed substrates were further treated with a UV–O3 cleaner 
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(Nippon Laser & Electronics Lab., NL-UV253S) for 30 min.  A thin layer (~40 nm) of 

PEDOT:PSS (H. C. Starck PH500) was spin-coated onto the ITO substrate at a spin rate of 

3000 rpm for 99 s and dried at 140 °C for 10 min in air.  A blend layer of P3HT/PF12TBT 

(~70 nm) was spin-coated on the PEDOT:PSS film at 3000 rpm for 60 s from CF, at 3000 

rpm for 60 s from CB, and at 1000 rpm for 180 s from DCB solution, respectively.  The 

blend solutions were prepared by dissolving P3HT (5 mg) and PF12TBT (5 mg) in 1 mL of 

CF, P3HT (10 mg) and PF12TBT (10 mg) in 1 mL of CB, and P3HT (10 mg) and PF12TBT 

(10 mg) in 1 mL of DCB, respectively.  The P3HT/PF12TBT photoactive layer was 

thermally annealed for 10 min in an N2-filled glove box after vacuum deposition of a lithium 

fluoride (LiF, 1 nm) and aluminum electrode (Al, 70 nm). 

Measurements: The JV characteristics of the devices were measured in an N2 atmosphere 

under AM1.5G simulated solar light at 100 mW cm−2.  The light intensity was corrected 

with a calibrated silicon photodiode reference cell (Peccell, PECSI01).  The EQE spectra 

were measured with a digital electrometer (Advantest, R8252) under monochromatic light 

illumination from a 500-W xenon lamp (Thermo Oriel, 66921) with optical cut filters and a 

monochromator (Thermo Oriel, UV–visible Cornerstone).  The active area of the device 

was 0.07 cm2.  The illumination was carried out from ITO side.  All these measurement 

were performed in N2 atmosphere at room temperature.  At least 6 devices were fabricated 

to ensure reproducibility of the J–V characteristics.  Absolute reflectivity was measured for 

the device samples at an incident angle of 5° normal to the substrate (Hitachi, U-4100).  The 

light was irradiated from the ITO side.  The AFM images were collected in tapping mode 

(Shimadzu, SPM-9600) using silicon probes with a tip radius typically smaller than 8 nm.  

The PL quenching efficiency of PF12TBT was evaluated from the ratio of the PL intensity 

excited at 392 nm for P3HT/PF12TBT blend films to that for a PF12TBT neat film, spin- 
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coated on glass substrates.  The HOMO level of a P3HT and PF12TBT neat film was 

estimated by the photoelectron yield spectroscopy (Riken Keiki, AC-3). 

 

2.5. Appendix 

2.5.1. Device Fabrication of P3HT/F8TBT Solar Cells 

Poly[2,7-(9,9-dioctylfluorene)-alt-5,5-(4′,7′-bis(4-hexyl-2-thienyl)-2′,1′,3′-benzo-

thiadiazole)] (F8TBT, Mw = 240,000, Mw/Mn = 2.0, Tg = 97 C) were developed by Sumitomo 

Chemical Co., Ltd.  A blend layer of P3HT/F8TBT (~70 nm) was spin-coated on the 

PEDOT:PSS film at 3000 rpm for 60 s from a CF solution.  The blend solution was 

prepared by dissolving P3HT (4 mg) and F8TBT (4 mg) in 1 mL of CF.  The P3HT/F8TBT 

photoactive layer was thermally annealed at 180 °C for 10 min in an N2-filled glove box 

after vacuum deposition of Ca (15 nm) and Al electrode (70 nm). 

 

 

Figure 2-A1.  Chemical structure of F8TBT. 

 

  



  

40 

 

2.5.2. Device Structure 

 

Figure 2-A2.  Schematic illustration of a P3HT/PF12TBT solar cell. 

 

2.5.3. EQE Spectra 

 

Figure 2-A3.  Normalized EQE spectra of P3HT/PF12TBT (solid line) and P3HT/F8TBT 

(dashed line) blend solar cells.  These devices were prepared by spin-coating from a 

chloroform solution of polymer blends (1:1 by weight) and annealed at 140 °C 

(P3HT/PF12TBT) and 180 °C (P3HT/F8TBT) for 10 min after deposition of the Al electrode.  

PCE of the P3HT/PF12TBT and P3HT/F8TBT solar cells in this figure are 2.0% and 1.3%, 

respectively. 
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2.5.4. Internal Quantum Efficiency (IQE) 

 

Figure 2-A4.  Internal quantum efficiency (IQE) of P3HT/PF12TBT solar cell with PCE 

of 2.0%.  The IQE spectrum was calculated from EQE and UVvisible reflection 

absorption spectrum. 

 

2.5.5. Absorption Coefficients 

 

Figure 2-A5.  Absorption coefficients () of PF12TBT (solid line) and F8TBT (dashed 

line) neat films, spin-coated from CF solution on glass substrates. 
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2.5.6. AFM Images 

 

Figure 2-A6.  Tapping-mode AFM topographic images (10 m × 10 m) of 

P3HT/PF12TBT blend films spin-coated from CB solution on glass substrates.  (a) As-

spun film, (b) annealed film at 140 °C for 10 min, and (c) annealed film at 200 °C for 10 

min.  The scale bar corresponds to a length of 5 μm. 
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Chapter 3 

 

Charge Generation and Recombination Dynamics in Efficient 

Polymer/Polymer Blend Solar Cells with Nanoscale-Phase-Separated 

Morphology 

 

3.1. Introduction 

Conjugated polymer-based solar cells have gained increasing attention as an 

inexpensive source of renewable energy because of their high throughput and the relatively 

low expense of printing samples with a large area.1  The most widely studied polymer-

based solar cells have a bulk-heterojunction (BHJ) structure in which a polymer acting as an 

electron donor is mixed with an electron acceptor, typically a low-molecular-weight 

fullerene derivative, such as [6,6]-phenyl-C61-butyric acid methyl ester (PCBM).2,3  On the 

other hand, polymer/polymer BHJ solar cells, which consist of a donor polymer and an 

acceptor polymer, have also been a subject of active research because they yield several 

potential advantages over conventional polymer/fullerene devices.4–6  For example, 

flexibility in molecular design of both donor and acceptor polymers allows for the fine tuning 

of optical, electronic, and morphological properties.  However, despite these attractive 

features, the developments of polymer/polymer BHJ solar cells have been lagged far behind 

the polymer/fullerene counterparts7,8 and their power conversion efficiencies (PCEs) have 

remained 2% over the last decade.9–11   

A great deal of synthetic effort of acceptor polymers has been dedicated toward the 

design of efficient donor/acceptor polymer combinations and optimizing their blend 

morphology.4,6,12–15  Fluorene and benzothiadiazole-based copolymers are one of the 

promising candidates for acceptor materials alternative to fullerenes,9,10,16–18 because of their 
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large absorption coefficients in the visible region and higher energy levels of the lowest 

unoccupied molecular orbital (LUMO); these features in turn increase light absorption and 

open-circuit voltages (VOC), respectively.  In Chapter 2, the author reported a 

polymer/polymer BHJ solar cell containing poly(3-hexylthiophene) (P3HT) as the donor and 

poly[2,7-(9,9-didodecylfluorene)-alt-5,5-(4′,7′-bis(2-thienyl)-2′,1′,3′-benzothiadiazole)]

(PF12TBT) as the acceptor (Figure 3-1a).9,10  For this P3HT/PF12TBT blend system, the 

energy difference between the highest occupied molecular orbital (HOMO) of the donor and 

 

 

Figure 3-1.  (a) Chemical structures of P3HT and PF12TBT.  (b) Energy level diagram of 

P3HT and PF12TBT neat films.  HOMO levels were determined by photoelectron yield 

spectroscopy, while LUMO levels were estimated by adding the optical bandgap energy, 

calculated from the 0–0 transition, to the HOMO energy.  (c) Absorption coefficients () 

and photoluminescence spectra of P3HT (broken line) and PF12TBT (solid line) neat films. 
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the LUMO of the acceptor is larger than 1 eV.  Moreover, the 0.8 eV offset between the two 

LUMOs allowed for efficient charge transfer (Figure 3-1b).  As expected, a higher VOC of 

1.2 V is obtained compared to that of P3HT/PCBM blend devices (VOC ~ 0.6 V).  Thermal 

annealing of well-mixed blend films improves both the short-circuit current density (JSC) 

and the fill factor (FF), resulting in the enhancement of PCE.  However, the maximum 

external quantum efficiency (EQE) of the device is still lower than 30%,9 which is far below 

the EQE of 70 – 80% reported for P3HT/PCBM devices.2  Note that the potential PCE 

would exceed 7% owing to the high VOC, if the EQE comparable to P3HT/PCBM are 

achieved by the further optimization. 

The relatively poor EQE is not specific to the P3HT/PF12TBT blend system but is 

rather common for other combinations of donor and acceptor polymers.16–22  Such low 

EQEs of polymer/polymer BHJ solar cells are considered to be due to substantial charge loss 

by geminate recombination, which might be inherent to the molecular electronic structure at 

the polymer/polymer interface23 and/or the result of phase separation due to non-optimized 

morphology.19–22  It is therefore necessary to gain a better understanding of the photovoltaic 

conversion processes in the nanoscale phase-separated morphology of blend films.  In 

Chapter 2, the charge generation efficiency and blend morphology were discussed on the 

basis of steady-state photoluminescence quenching measurements.  In this chapter, the 

influence of the blend morphology on the charge generation and recombination dynamics is 

examined in detail by femtosecond to nanosecond transient absorption (TA) measurements.  

In addition, charge-carrier mobility measurements are also conducted to study the 

morphological evolution of the PF12TBT and P3HT domains caused by thermal annealing.  

As a result, the author has found that the free carrier generation efficiency is increased by 

both the purification and the growth of nanoscale phase-separated domains, leading to the 

improvement in the photovoltaic performances. 
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3.2. Results 

3.2.1. Influence of Thermal Annealing on External Quantum Efficiency 

The author first examined the influence of thermal annealing on EQEs of 

P3HT/PF12TBT BHJ solar cells.  Figures 3-2a and b show the EQE spectra and the 

corresponding values at 400 nm for various annealing temperatures.  At this wavelength, 

PF12TBT mainly contributes to the photocurrent generation because 73%24 of the absorbed 

photons by the P3HT/PF12TBT (50:50, w/w) blend film is owed to absorption of PF12TBT.  

As shown in Figure 3-2, the EQEs were varied sensitively by thermal annealing: the EQE at 

400 nm increased from 8% for the as-spun (un-annealed) device to 27% for the device 

annealed at 80 – 120 °C, and then decreased to 18% for the device annealed at 160 °C. 

 

 

Figure 3-2.  (a) EQE spectra of P3HT/PF12TBT BHJ solar cells annealed at various 

temperatures.  (b) The annealing temperature dependence of EQE at 400 nm.  
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3.2.2. Temperature Dependence of Photoluminescence Quenching Efficiency 

The author utilized steady-state photoluminescence (PL) quenching as a probe of the 

charge generation efficiency in the blend films.  Figure 3-3 shows the PL spectra of a 

PF12TBT neat and P3HT/PF12TBT blend films excited mainly PF12TBT at 392 nm: the 

excitation fraction of PF12TBT was 75%.  A PF12TBT neat film showed strong PL with a 

peak centered at 695 nm.  On the other hand, the PL intensity in the as-spun blend film 

showed a significant decrease in comparison to that of the PF12TBT neat film, indicating 

efficient charge generation from the excited state of PF12TBT.  The PL intensity of 

annealed blend films, however, recovered as temperature is higher.  Annealing-temperature 

dependence of PL quenching efficiency (Φq) is shown in Figure 3-3b.  The Φq was as high 

as 85 – 90% for the as-spun film and the annealed films at 60 – 80 °C, but with increasing 

the temperature, it monotonically decreased and finally was as low as 50% at 160 °C.   

 

 

Figure 3-3.  (a) The PL spectra of PF12TBT neat and P3HT/PF12TBT blend films excited 

at 392 nm.  (b) The annealing temperature dependence of PL quenching efficiency of 

P3HT/PF12TBT blend films.  
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3.2.3. Temperature Dependence of Charge-Carrier Mobility 

Charge-carrier mobilities for both the neat and blend films were measured to study 

the morphological evolution of PF12TBT and P3HT domains caused by thermal annealing.  

Electron mobility μe of PF12TBT was decreased by a factor of 4, from 2.9 × 10−5 to 0.66 × 

10−5 cm2 V−1 s−1, by blending with P3HT.  On the other hand, hole mobility μh of P3HT 

was decreased by more than a factor of 20, from 25 × 10−5 to 1.2 × 10−5 cm2 V−1 s−1, by 

blending with PF12TBT.  Figure 3-4 shows the dependence of charge-carrier mobilities on 

the annealing temperature.  μe of blend films increased with temperature, reaching 1.8 × 

10−5 cm2 V−1 s−1 at 120 °C; this is close very close to the value of the PF12TBT neat film.  

μh of blend films was insensitive to thermal annealing at temperatures up to 80 °C, but it 

increased at temperatures above 80 °C.  The blend film annealed at 120 °C showed an 

improved μh almost 10 times greater than the as-spun blend film. 

 

 

Figure 3-4.  (a) Electron and (b) hole mobility of P3HT/PF12TBT blend films with respect 

to annealing temperature.  The dotted lines in each figure indicate mobility values of 

PF12TBT and P3HT neat films, respectively. 
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3.2.4. Transient Absorption Spectra 

A. Neat Films 

The author next investigated the photovoltaic conversion processes by transient 

absorption spectroscopy to study the kinetics of charge generation and recombination in the 

P3HT/PF12TBT blend films.  Figure 3-5 shows the TA spectra of the P3HT and PF12TBT 

neat films measured at 0.5, 10, 100, and 3000 ps after excitation at a wavelength of 400 nm.  

P3HT (Figure 3-5a) showed a negative TA signal below 650 nm, with distinct vibronic peaks 

at 560 and 610 nm; this is attributed to the transient ground-state bleach (GSB), which was 

determined by comparing the data with the steady-state absorption spectrum (Figure 3-1c).  

Meanwhile, the weak negative signal in the PL region (650 – 800 nm) is due to stimulated  

 

 

Figure 3-5.  TA spectra for the (a) P3HT and (b) PF12TBT neat films measured at delay 

times of 0.5 ps, 10 ps, 100 ps, and 3000 ps after excitation.  The excitation wavelength was 

400 nm and the fluence was 7.5 μJ cm−2.  The ΔOD values were corrected for variations in 

absorptions at 400 nm.  The black dashed line indicates ∆OD = 0. 
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emission (SE) from the P3HT singlet excitons.  On the other hand, the broad TA signal 

which covers the entire NIR wavelength range of 800 – 1500 nm and peaks at 1200 nm is 

assigned to P3HT singlet excitons.25,26  PF12TBT (Figure 3-5b) also gave a negative TA 

signal at wavelengths shorter than 650 nm; again, this is likely the result of the GSB.  

Similarly, the negative signal at 650 – 800 nm is the result of the SE from PF12TBT singlet 

excitons.  The positive TA signal featured with bimodal peaks at 900 nm and 1200 – 1300 

nm is assigned to PF12TBT singlet excitons; this was evident due to the fact that the TA 

signal showed the same decay lifetime as the SE signal (see Figure 3-A1 in Appendix).  The 

change in the relative TA intensity (ΔOD) between these two peaks observed within the first 

10 ps is ascribed to the relaxation of singlet excitons from the higher energy excitonic state 

to the lower energy intramolecular charge transfer state27 (see Appendix). 

 

B. Blend Films 

The author first simulated TA spectra of a blend film, assuming no interactions 

between the excited states of P3HT and PF12TBT.  Figure 3-6a shows the simulated TA 

spectra of a P3HT/PF12TBT blend film: they are constructed by adding the corresponding 

TA spectra of the two neat films at the same delay time after correcting for the previously 

calculated excitation fractions.  Meanwhile, Figure 3-6b shows the TA spectra of the as-

spun P3HT/PF12TBT blend films.  The as-spun blend film showed the spectral features 

clearly different from the simulated spectra.  Even within the 0.5 ps after excitation, the 

positive TA signal was observed at 650 – 800 nm, where slightly negative TA due to SE was 

expected from the simulated spectra.  The positive TA signal increased in intensity until 

100 ps after excitation, while the TA signal of singlet excitons at around 1200 – 1300 nm 

decreased.  After 3000 ps, the new transient species was clearly distinguished from the 
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Figure 3-6.  (a) Simulated TA spectra for the P3HT/PF12TBT blend film calculated by 

adding the weighted TA spectra of P3HT and PF12TBT neat films.  The arrow indicates a 

wavelength at 760 nm.  TA spectra for (b) as-spun, (c) 140 °C-annealed, and (d) 200 °C-

annealed P3HT/PF12TBT blend films measured at delay times of 0.5 ps, 10 ps, 100 ps, and 

3000 ps after excitation.  The excitation wavelength was 400 nm and the excitation pulse 

intensity was 7.5 μJ cm−2.  The ΔOD values were corrected for variations in absorptions at 

400 nm.  The black dashed lines indicate for ∆OD = 0. 
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singlet excitons.  This long-lived signal from 650 to 1200 nm is assigned to the charge 

induced absorption of both the P3HT hole and PF12TBT electron polarons.  The spectral 

assignment for these polarons is shown in Appendix.  Overall, this suggests that the 

positive TA signal of initially formed charges overlaps with the negative SE signals.  The 

SE contribution then decreases as the conversion of singlet excitons into charges proceeds, 

and then a TA feature of charges became dominant in the wavelength range of 650 – 1200 

nm at longer delay times. 

The TA spectra of the blend film annealed at 140 °C (Figure 3-6c) matched the 

simulated spectra initially, and then slowly developed a long-lived TA signal.  On the other 

hand, the TA spectra of the blend film annealed at 200 °C (Figure 3-6d) were almost identical 

to the simulated spectra throughout the time range, indicating that most of the singlet 

excitons decayed to the ground state without being converted into charges.  In addition, the 

spectral shape of the GSB changed due to thermal annealing; the as-spun blend film showed 

structureless GSB spectra, while the annealed blend films contained more pronounced 

vibronic structures due to π-stacking of the P3HT chains.25,28,29  These TA spectra show that 

charges are formed in the blend films but their generation yield and kinetics are influenced 

by the thermal annealing. 

 

3.2.5. Charge Generation and Recombination Dynamics 

A. As-spun Blend Film  

The author first shows the charge generation and recombination dynamics in the as-

spun blend film in this section, and then discuss the dependence of their dynamics on 

annealing temperature in the next section.  As described above, the TA signal from charges 

is clearly observed in the blend films at the wavelength range of 650 – 800 nm, where 

positive signals are not expected from the simulated spectra.  Note that the simulated 
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spectra in Figure 3-6a show a TA intensity of effectively zero for a wavelength of 760 nm 

over the whole time range, an effect that results from negligible contributions from both 

constituent materials.  Therefore, the generation and recombination kinetics of the transient 

species that are additionally generated in the blend films can be extracted by tracking the 

time evolution of the TA signal at this wavelength.  The corresponding time evolution for 

the as-spun blend film is shown in Figure 3-7 as open circles.  The author first focuses on 

the time domain shorter than 150 ps, where charge generation kinetics are highlighted.  In 

the as-spun blend film, 64% of charges generated promptly within 0.5 ps and subsequent 

generation of the remaining charges almost completed within 50 ps after excitation.  The  

 

 

Figure 3-7.  Normalized TA signals in the as-spun blend film: the charge induced 

absorption (open circles), singlet excitons (open triangles), and the GSB (open squares) 

observed at 760 nm, 1200 nm, and 550 nm, respectively.  The closed circles show the TA 

signal of singlet excitons recorded at 1200 nm in the PF12TBT neat film.  The ΔOD was 

normalized, with the maximum intensities set to 1.  The gray solid lines represent the best 

fitting curves, while the gray dashed line tracks exponential decay with a lifetime pf 190 ps.  

The excitation wavelength was 400 nm and the excitation fluence was 7.5 μJ cm−2. 
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charge generation dynamics can be fitted by Equation (1) with a rise time (τR) of 11 ps: 

ΔOD(t) = A [1 − exp(−t/τR)] + B    (1) 

On the other hand, the TA signal from singlet excitons, monitored at 1200 nm, showed two 

exponential decay lifetimes (Figure 3-7, open triangles); one was 11 ps, the same as τR, while 

the other was 190 ps.  The longer lifetime of 190 ps matches the lifetime of the PF12TBT 

singlet excitons measured under identical excitation fluence (Figure 3-7, closed circles).  

Meanwhile, the GSB TA intensity measured at 550 nm (Figure 3-7, open squares) recovered 

slightly with the lifetime of 190 ps, while the corresponding TA intensity of charges still 

remained constant.  These data suggest that some fraction of the PF12TBT excitons decay 

to the ground state without dissociating into charges, which agrees with the incomplete PL 

quenching of PF12TBT as mentioned above. 

The author next focuses on the recombination kinetics of the charges over a longer 

range of delay times, from 150 to 3000 ps.  The decay dynamics monitored at 760 nm can 

be fitted by Equation (2), with a lifetime τD of 2500 ps (64 %) and a constant (36%): 

ΔOD(t) = G exp(−t/τD) + C    (2) 

On the other hand, the kinetics for the corresponding GSB recovery are described by two 

exponential functions (72%) and a constant (28%).  The major component of the recovery 

has a lifetime of 2500 ps (61%), while the minor component has a lifetime of 190 ps (11%), 

which well correspond to the decay lifetime of charges and the PF12TBT singlet excitons, 

respectively.  By subtracting the contribution of the minor component from the total GSB 

recovery, the author calculated that the fraction of the major component was 68% and that 

of constant was 32%, which were very close to the decay (64%) and constant (36%) fractions 

shown by the recombination dynamics of charges at 760 nm.  The author therefore 

concludes that charges are not transformed into triplet excitons, back to the ground state.  
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In addition, the TA signals observed in the microsecond time domain were not quenched in 

an oxygen atmosphere, suggesting that no triplet excitons were generated through 

recombination of the charge carriers (see Figure 3-A3 in Appendix). 

Recombination dynamics were further investigated by examining the dependence of 

τD on fluence.  Monomolecular recombination occurs at the same rate irrespective of charge 

density n(t), while the rate depends on n(t) if bimolecular recombination is the dominant 

process.  Figure 3-8 shows the decay dynamics under different n(t) measured for excitation 

fluences ranging from 1.5, 2.0, and 3.8 μJ cm−2 (n(t) was calculated as described in 

Appendix).  Overall, the n(t) varied linearly with excitation fluences.  However, the decay 

dynamics were independent of n(t) and charges decayed monoexponentially with an inverse 

rate of 2500 ps, even at a fluence as low as 1.5 μJ cm−2.  Therefore, monomolecular charge  

 

 

Figure 3-8.  The dependence of charge recombination dynamics on fluence for the as-spun 

P3HT/PF12TBT blend film, observed at a wavelength of 760 nm.  The solid lines represent 

single exponential fits with an inverse rate of 2500 ps.  The excitation wavelength was 400 

nm, with excitation fluences of 1.5, 2.0, and 3.8 μJ cm−2. 
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recombination occurs predominantly in the sub-nanosecond to several nanosecond 

range.30,31  Meanwhile, the charges represented by C in Equation (2) began to decay after 

tens of nanoseconds; these are assigned to bimolecularly recombining free charges, as 

described in the next section. 

 

B. Annealed Blend Films 

The author next investigated the annealing-temperature dependence of the charge 

generation and recombination dynamics.  Figure 3-9 shows the kinetics of charge 

generation monitored at a wavelength of 760 nm for the blend films annealed at various 

temperatures.  As mentioned before, all blend films showed both the prompt and delayed 

charge generation, which can be described using Equation (1).  The fitting parameters are 

summarized in Table 3-1, which shows influence from thermal annealing.  As temperature 

increased, the generation time τR increases, while the amount of total generated charges 

(amplitude of the maximum ΔOD) decreased. The fraction of promptly generated charges, 

defined as B/(A+B), decreased as well, meaning that charge generation became increasingly 

dominated by the delayed process.   

 

Table 3-1.  Fitting parameters of the charge generation dynamics shown in Figure 3-9, 

obtained using Equation (1). 

Anneal. Temp. As-spun 60 °C 80 °C 100 °C 120 °C 140 °C 160 °C 

τR / ps 11 14 13 33 87 126 182 

A/(A+B) 36% 38% 40% 42% 49% 63% 69% 

B/(A+B) 64% 62% 60% 58% 51% 37% 31% 
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Figure 3-9.  The dependence of charge generation dynamics on annealing temperature, 

observed at a wavelength of 760 nm.  The solid lines represent the best fitting curves.  The 

excitation wavelength was 400 nm and the excitation fluence was 7.5 μJ cm−2.  The ΔOD 

values were corrected for variations in absorption at 400 nm. 

 

Figure 3-10 shows the decay dynamics of charges, following to the charge 

generation as shown in Figure 3-9.  The decay profiles were also influenced by thermal 

annealing, and were fitted by Equation (2), as shown by the solid lines; fitting parameters 

are summarized in Table 3-2.  The fraction of monomolecular recombination, represented 

by G/(G+C), decreased from 64% for the as-spun blend film to 26% for the blend film 

annealed at 160 °C, while the decay lifetime τD is insensitive to the annealing temperature.  

These results reveal that thermal annealing suppresses the monomolecular decay of charges 

and non-decaying (long-lived) charges become to be more dominant.  The author therefore 

tracked the long-lived charges represented by C in Equation (2) by measuring the dynamics 

over a wider time domain of several tens of nanoseconds, and showed that they decayed in 

this time frame.  Moreover, the decay dynamics were dependent on the excitation fluence 

(see Figure 3-A5 in Appendix).  These results reveal that bimolecular (nongeminate)  
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Figure 3-10.  The dependence of charge recombination dynamics on annealing 

temperature, observed at a wavelength of 760 nm.  The solid lines represent the best fitting 

curves.  The excitation wavelength was 400 nm and the excitation fluence was 3.8 μJ cm−2. 

 

charge recombination occurs on a time scale of several tens of nanoseconds.  Therefore, 

the non-decaying charges can be assigned to the spatially-separated free charges. 30  On the 

basis of these assignments, the generation efficiency for the free charges (ηfree) from fraction 

C can be estimated; overall, ηfree increased by thermal annealing from 36% for the as-spun 

blend film to 74% for the sample annealed at 160 °C. 

 

Table 3-2.  Fitting parameters of the geminate recombination shown in Figure 3-10, 

obtained using Equation (2). 

Anneal. Temp. As-spun 60 °C 80 °C 100 °C 120 °C 140 °C 160 °C 

τD / ps 2500 2500 2500 2500 2500 2500 2500 

G/(G+C) 64% 58% 49% 42% 33% 37% 26% 

C/(G+C) 36% 42% 51% 58% 67% 63% 74% 

 



  

61 

 

3.3. Discussion 

3.3.1. Development of Nanoscale Phase Separation by Thermal Annealing 

All P3HT/PF12TBT blend films show charge generation dynamics characterized by 

the prompt charge generation on a time scale of less than 0.5 ps and the subsequent delayed 

charge generation that ends from tens to hundreds of picoseconds, depending on the 

annealing temperature.  The prompt charge generation is likely the result of singlet excitons 

formed directly on the polymer chains adjacent to the donor/acceptor domain interfaces 

and/or on the isolated polymer chains in the matrix of the other polymer.  The existence of 

the prompt charge generation for all the blend films demonstrates that charge transfer at the 

interface occurs so quickly that it does not limit the overall charge generation rate, as has 

been reported for polymer/PCBM blend films.26,30,31  The efficient charge transfer between 

PF12TBT and P3HT is consistent with the sufficient LUMO–LUMO and/or HOMO–

HOMO energy offsets of 0.8 eV.  On the other hand, delayed charge generation is attributed 

to a diffusion-controlled process, which should be influenced by the nanomorphology of the 

blend films.  Assuming that charge generation is diffusion limited, τR represents the 

migration time of the singlet excitons to reach the distributed heterojunction interfaces.30  

The mean distance that polymer excitons must diffuse to an interface prior to dissociation is 

calculated from the equation r = √6DτR,32 where D is the diffusion coefficient of singlet 

excitons.  The r values calculated using the reported D value of PF12TBT (D = 9.8 × 10−4 

cm2 s−1)33 were plotted as a function of annealing temperature in Figure 3-11a. 

The author discusses the size and quality of the nanoscale-phase-separated domains 

on the basis of r and charge carrier mobilities of the blend films.  Before thermal annealing, 

the value of r was estimated to be approximately 3 nm.  This suggests that, in the as-spun 

blend film, P3HT and PF12TBT are well mixed with each other on the length scale shorter 

than the typical exciton diffusion length of polymers.32–35  The value of r shows a weak 
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dependence on thermal annealing at temperatures below 80 °C, and it increases steeply 

above 80 °C, representing that domain growth is accelerated at temperatures above this point.  

This coarsening of phase separation is in agreement with the glass transition temperature Tg 

of PF12TBT (76 °C).9,10  Above Tg of at least one of polymers in the blend film, the polymer 

chain becomes more mobile and can redistribute to decrease the free energy of the system, 

resulting in demixing of polymers.[36] 

The electron and hole mobilities of the blend films provide additional information 

regarding the morphological evolution.  The fact that μe increases steadily even at 

temperatures below 80 °C, suggesting that the PF12TBT-rich domains increase in purity, 

even if domain coarsening is frozen.  The electron transport will be improved by the 

exclusion of the isolated P3HT chains from the PF12TBT domains.  Meanwhile, the 

significant decreased in μh in the as-spun blend film suggests that the ordering of the P3HT 

chains is disturbed.  The amorphous nature of the P3HT is also revealed from the 

structureless GSB spectra in Figure 3-6b.  In turn, thermal annealing improves chain order, 

as revealed by the pronounced vibronic structures of the GSB spectra (Figure 3-6c).  

Furthermore, the increase in μh at temperatures above 80 °C correlates to the growth of P3HT 

domains, resulting in the formation of interconnected P3HT crystalline phases.  The author 

therefore concludes that the purification of PF12TBT-rich domains and ordering of P3HT 

chains proceed by thermal annealing, and that, at temperatures higher than 80 °C, domains 

coarsening is accelerated to form crystalline P3HT networks. 
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Figure 3-11.  (a) Diffusion length for singlet exciton and (b) the product of Φq and ηfree in 

P3HT/PF12TBT blend films as a function of annealing temperature. 

 

3.3.2. Influence of Morphology on Free Carrier Generation Efficiency 

In general, the monomolecular decay of charges on a sub-nanosecond to several 

nanosecond timescale has been assigned to the geminate recombination of strongly bound 

interfacial radical pairs (charge-transfer state) and/or electron–hole pairs that are spatially 

confined by the physical size of their respective domains.30,31  The generation of spatially 

confined charge pairs is considered to be formed from charge transfer at the interface of 

intimately mixed donor and acceptor polymer chains, or on isolated polymer chains inside 

another polymer domains.  In other words, geminate recombination is not only inherent to 

the molecular electronic nature of a particular donor/acceptor interface but it also should be 

influenced by the blend morphologies.37,38  As discussed above, thermal annealing 

increases ordering of P3HT chains and the purity of PF12TBT-rich domains.  Moreover, it 

promotes the interconnection between P3HT crystalline phases and induces the growth of 

pure PF12TBT domains.  As to the molecular electronic nature at the donor/acceptor 

domain interface, ordering of P3HT chains plays an important role to in circumventing 
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charge pair recombination, because it enables polarons to delocalize within π-stacking P3HT 

chains, and moreover, it increases local hole mobility.  Both of them are considered to 

facilitate free carrier generation.38–40  On the other hand, as listed in Table 3-1, a majority 

of charges are generated from the excitons that diffuse from the inside of domains to the 

preferred domain interface: for the blend film annealed at 160 °C, as much as 69% of overall 

charge generation process arises from the exciton diffusion, and 36% even in the as-spun 

blend film.  Therefore domain purification is also critically important for suppressing 

undesired quenching of excitons by the isolated polymer chains on the way to the domain 

interface.  The importance of domain purity is not limited to just P3HT/PF12TBT but rather 

common for polymer/polymer blends, which are more likely to phase-separate on a larger  

scale than that of the polymer/fullerene blends are.4,5,9 

 

3.3.3. Relevance to Device Performance 

Finally, the author discusses the correlation between ηfree and the EQE.  Among the 

generated charges, only free carriers can contribute to photocurrent.  Therefore geminate 

recombination of charges reduce photocurrent and thus the EQE.  In the as-spun blend film, 

the 64% of total generated charges decayed geminately with a characteristic inverse rate of 

2500 ps.  This dominant geminate recombination accounts for the poor EQE for the as-

spun device, although a well-mixed blend morphology results in the high conversion yield 

of singlet excitons into charges.  The degree of PL quenching provides information on the 

charge generation efficiency of the PF12TBT excitons.  Therefore combining the Φq and 

ηfree, the author estimated the overall generation yield of free carriers in each blend film by 

the product of Φq and ηfree.  Figure 3-11b shows the temperature dependence of Φq × ηfree, 

which is in good agreement with the EQE values provided in Figure 3-2b.  This suggests 

that the free carrier generation yield is one of the major factors that limits the value of EQEs 
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in this polymer/polymer blend system.  The EQE increases with annealing temperature up 

to 80 °C, because ηfree increases without suffering from a reduction in Φq.  Annealing at 

temperatures above 80 °C leads to the further increase in ηree but it reduces charge generation 

efficiency due to domain coarsening.  Consequently, EQE is maximized at 80 – 120 °C, 

then decreases above that point.  For P3HT/PF12TBT BHJ solar cells, thermal annealing 

of the blend film without domain coarsening is required to achieve larger EQE values. 

These results on the basis of TA measurements revealed that ηfree approaches 74% 

for the blend film annealed at 160 °C.  This finding indicates that efficient free carrier 

generation is not restricted to the polymer/fullerene domain interface but can be obtained at 

polymer/polymer domain interface, which is also supported by the large EQEs exceeding 

50% achieved in the state-of-the-art polymer/polymer solar cells.41–43  In addition, efficient 

free carrier generation in the blend films composed of crystalline P3HT and amorphous 

PF12TBT suggests that crystalline acceptor polymers are not necessarily required for free 

carriers generation.  This result offers the new design guide for combinations of 

donor/acceptor polymers toward the development of polymer/polymer blend solar cells. 

 

3.4. Conclusions 

The author has found that charge generation and recombination dynamics are 

significantly affected by thermal annealing.  Singlet excitons are efficiently converted into 

charges in the as-spun blend film because P3HT and PF12TBT are sufficiently mixed with 

each other on the length scale shorter than their exciton diffusion lengths.  This mixing of 

the polymer phases and the disordered nature of the P3HT chains primarily resulted in 

monomolecular recombination.  However, thermal annealing promotes demixing of the 

polymers, forming relatively pure domains and ordering of the P3HT chains.  As a result, 

monomolecular recombination loss is suppressed with increasing temperature, while ηfree 
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increases.  However, thermal annealing also causes domain coarsening, decreasing the 

donor/acceptor domain interface area and thus reducing charge generation efficiency.  The 

good correlation between the temperature dependence of Φq × ηfree and EQE reveals that the 

overall yield of free carrier generation from singlet excitons is one of the major factors that 

limits EQE, even when ηfree itself is improved.  The P3HT/PF12TBT domain interface 

possesses a potential for efficient free carrier generation.  Suppressing domain coarsening 

during thermal annealing is key to improving EQEs and the overall photovoltaic 

performance. 

 

3.5. Experimental 

Materials: PF12TBT was synthesized and characterized by Sumitomo Chemical Co., Ltd.  

The weight-average molecular weight Mw, polydispersity index (PDI, given by Mw/Mn, 

where Mn is the number-average molecular weight), and glass transition temperature Tg of 

PF12TBT are Mw = 20,000 g mol−1, PDI = 2.0, and Tg = 76 °C, respectively.  P3HT was 

purchased from Aldrich Chemical Co. (Lot MKBD3325).  The head-to-tail regioregularity, 

Mw, and PDI provided on the Certificate of Analysis were 90.0%, 42,300 g mol−1, and 1.9, 

respectively.  Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) was 

purchased from H.C. Starck PH-500. 

Film Fabrication Method: Sapphire substrates were washed by ultrasonication with toluene, 

then acetone, and finally ethanol for 15 min each and then dried under an N2 flow.  The 

washed substrates were further treated with a UV–O3 cleaner (Nippon Laser & Electronics 

Lab., NL-UV253S) for 30 min.  P3HT and PF12TBT neat films were spin-coated onto 

cleaned sapphire substrates from chloroform (CF) solution with the solution concentration 

of 16 mg mL−1 for P3HT and 18 mg mL−1 for PF12TBT.  P3HT/PF12TBT blend films were 

spin-coated from CF solution with a total solution concentration of 18 mg mL−1, and then 
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annealed at the different temperature ranging from 60 to 200 °C for 10 min in an N2-filled 

glove box.  The spinning rate were kept at 3000 rpm (rotations per minute) for all films. 

Device Fabrication Method and Characterization: Indium–tin–oxide (ITO)-coated glass 

substrates (10 Ω per square) were cleaned, and then a 40-nm-thick topcoat layer of 

PEDOT:PSS was spin-coated onto the ITO substrate as described above.  A blend layer of 

P3HT/PF12TBT was spin-coated onto the PEDOT:PSS film at 3000 rpm for 60 s from CF 

solutions.  The blend solution was prepared by mixing P3HT and PF12TBT with a weight 

ratio of 1:1 in CF: P3HT (6.5 mg) and PF12TBT (6.5 mg) were dissolved in 1 mL of CF.  

The thickness of the P3HT/PF12TBT blend layers was approximately 65 nm.  After film 

deposition, thermal annealing was conducted at the different temperature ranging from 60 to 

200 °C for 10 min in an N2-filled glove box.  Finally, a calcium interlayer (Ca, 10 nm) and 

an aluminum electrode (Al, 70 nm) were vacuum-deposited through a shadow mask at 2.5 × 

10−4 Pa.  The active area of the device was 0.07 cm2, which was determined from the area 

of the top Ca/Al electrode.  The EQE spectra were measured by using an ECT-250D 

integrated system made by Bunko-Keiki Co. under the illumination of monochromatic light 

from a 300-W xenon lamp with optical cut filters and a double monochromator.  The power 

of the incident monochromatic light was kept under 0.05 mW cm−2, as measured by a 

calibrated silicon reference cell. 

Photoluminescence Quenching Measurements: The photoluminescence (PL) spectra were 

measured for a neat PF12TBT film and P3HT/PF12TBT blend films spin-coated on a glass 

substrate by using a calibrated fluorescence spectrophotometer (Hitachi, F-4500).  

Excitation was performed at 392 nm to excite a PF12TBT component mainly (excitation 

fraction of each component was 75% (PF12TBT) and 25% (P3HT)) and at an incident angle 

of 30° normal to the substrate.  Emission was collected normal to the excitation light.  The 

PL quenching efficiency of PF12TBT in the blend film was evaluated from the ratio of the 
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PL intensity for the P3HT/PF12TBT blend films to that for a neat PF12TBT film after each 

PL intensity was corrected by variations for PF12TBT absorption at 392 nm. 

Fabrication Method of Single Carrier Device and Mobility Measurement: Single carrier 

devices for charge carrier mobility measurements were fabricated as follows: for hole-only 

devices a P3HT/PF12TBT blend layer was spin-coated on separate ITO substrates covered 

with 40-nm-thick PEDOT:PSS, which acted as the anode.  After spin-coating blend films 

were annealed at various temperatures in an N2-filled glove box.  A gold electrode (Au, 50 

nm) was then vacuum-deposited on each layer as the cathode 

(ITO|PEDOT:PSS|P3HT/PF12TBT|Au).  Thickness of a P3HT/PF12TBT blend layer was 

approximately 90 nm.  For electron-only devices a 50-nm-thick Al layer, which acted as 

the anode, was vacuum-deposited on a glass substrate covered with 20-nm-thick 

poly(sodium 4-styrenesulfonate) (Mw = 70,000 g mol−1).  A P3HT/PF12TBT blend layer 

was spin-coated onto each Al electrode and then annealed at various temperatures in an N2-

filled glove box.  A Ca interlayer (10 nm) and an Al (70 nm) layer were then vacuum-

deposited as the cathode (Al|P3HT/PF12TBT|Ca|Al).  Thickness of the P3HT/PF12TBT 

blend layer was approximately 80 nm.  The Ca layer was used to enhance the efficiency of 

electron injection.  The dark J–V characteristics of the devices were measured under an N2 

atmosphere by using a direct-current voltage and a current source/monitor (Advantest, 

R6243).  The P3HT/PF12TBT blend layer was spin-coated under the same conditions used 

for the device fabrication. 

Transient Absorption Measurements: Transient absorption data were collected using a 

femtosecond pump and probe transient absorption spectroscopy system.  The pump and 

probe femtosecond transient absorption spectroscopy system consists of a transient 

absorption spectrometer (Ultrafast Systems, Helios) and a regenerative amplified 

Ti:sapphire laser (Spectra-Physics, Hurricane).  The amplified Ti:sapphire laser provided 
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800-nm fundamental pulses at a repetition rate of 1 kHz, with an energy of 0.8 mJ, and with 

a pulse width of 100 fs (FWHM); the pulses were split into two optical beams with a beam 

splitter to generate pump and probe pulses.  One fundamental beam was converted into 

pump pulses at 400 nm with a second harmonic generator (Spectra-Physics, TP-F).  The 

other fundamental beam was converted into white light continuum pulses for use as probe 

pulses in the wavelength region from 400 to 1500 nm.  The pump pulses were modulated 

mechanically at a repetition rate of 500 Hz.  The temporal evolution of the probe intensity 

was recorded with a Si CCD-array photodetector (Ocean Optics, S2000) for the visible 

measurement and with an InGaAs digital line scan camera (Sensors Unlimited, SU-LDV) 

for the near-IR measurement.  The excitation fluence was varied from 7.5 to 1.5 μJ cm−2, 

as measured by a calibrated photodiode (OPHIR, PD300-UV) connected to an energy meter 

(OPHIR, Nova).  TA spectra were obtained over a time range of −5 ps to 8 ns.  Typically, 

2500–5000 laser shots were averaged on each delay time to obtain a detectable absorbance 

change as small as 10−5–10−3 depending on the monitor wavelength range and the excitation 

fluence.   In order to cancel out orientation effects on the dynamics, the polarization 

direction of the linearly polarized probes pulse was set at a magic angle of 54.7° with respect 

to that of the pump pulse.  The sample films were sealed in an N2-filled quartz cuvette.  

The nanosecond transient absorption data were collected with a pump-probe transient 

absorption system (Ultrafast System, EOS).  The excitation source was used the same as 

that was employed in the femtosecond system.  The probe pulse (0.5 ns pulse width, 20 kH 

repetition rate) was generated by focusing a Nd:YAG laser pulse into a photonic crystal fiber.  

The probe pulses were synchronized with the femtosecond amplifier, and the delay time was 

controlled by a digital delay generator electrically (CNT-90, Pendulum Instruments).  The 

excitation fluence was varied from 60 to 3.8 μJ cm−2, 
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3.6. Appendix 

3.6.1. TA Dynamics from Singlet Exciton and SE in a PF12TBT Neat Film 

To confirm the assignment of the TA spectra of PF12TBT singlet excitons, the author 

compared the dynamics of singlet excitons monitored at 1200 nm with that of the SE 

recorded at 650 nm.  Figure 3-A1 shows the TA dynamic tracked at the wavelengths of 

1200 nm and 650 nm.  These two dynamics coincide with each other.  The author 

therefore attributes the broad absorption band observed in the wavelength region of 800 – 

1500 nm to the absorption of PF12TBT singlet excitons. 

 

 

Figure 3-A1.  TA signals from singlet excitons (circles) and SE (triangles) in a PF12TBT 

neat film recorded at 1200 nm and 650 nm, respectively.  The excitation wavelength was 

400 nm and the excitation fluence was 7.5 μJ cm−2. 
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3.6.2. TA Spectra of a PF12TBT Neat Film 

To address the origin of the spectral change observed in Figure 3-4b, the author 

measured the TA spectra of PF12TBT neat film by changing the excitation wavelength 

(energy).  Figure 3-A2 shows the TA spectra of the PF12TBT neat film recorded by the 560 

nm excitation.  Little change in the spectral shape was observed compared to the spectra 

obtained by the 400 nm excitation as shown Figure 3-5b.  In general, copolymers based on 

fluorene (F) and 4,7-dithiophene-2-yl-benzo[1,2,5]thiadiazole (TBT) units have two distinct 

absorption bands: a blue band below 450 nm attributed to a fully-delocalized excitonic π–π* 

transition, a red band around 580 nm ascribed to a localized charge transfer state with the 

excited electron confined to the TBT unit.25  In the case of the 560 nm excitation, singlet 

excitons are generated at the charge transfer state immediately after the excitation.  The 

author therefore attributes the spectral change within 10 ps after excitation observed by the 

400 nm excitation (Figure 3-4b) to the relaxation of singlet excitons from the higher energy 

excitonic state to the lower energy charge transfer state. 

 

 

Figure 3-A2.  TA spectra of a PF12TBT neat film excited at the wavelength of 560 nm at 

delay times of 0.5 ps, 5 ps, and 10 ps.  The excitation fluence was 10 μJ cm−2. 
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3.6.3. Assignment of Charge Induced Absorption 

To confirm the assignment of the long-lived transient species, the author measured 

the TA spectra of the as-spun blend film in the microsecond time range.  Figure 3-A3 shows 

the microsecond TA spectra and decays.  The long-lived transient species observed at 3000 

ps also exists in the microsecond time range with the similar spectral shape.  Furthermore, 

the decay rate of the TA signal was not changed even under O2 atmosphere.  The author 

therefore concludes that the long-lived species observed in the blend films is the polarons of 

P3HT and PF12TBT. 

 

 

Figure 3-A3.  (a) Normalized TA spectra of the as-spun blend film measured at delay times 

of 3 ns (solid line) and 2 μs (open circles).  (b) TA decay signals recorded at 800 nm under 

N2 (blue line) and O2 (red line) atmosphere.  The excitation wavelength was 400 nm and 

the excitation fluence of microsecond TA measurements was 20 μJ cm−2. 
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3.6.4. Estimation of Molar Absorption Coefficient of Charge Induced Absorption 

To estimate molar absorption coefficient (ε) of the charge induced absorption 

observed in P3HT/PF12TBT blend films, the author first estimated the spectral shape of 

PF12TBT anion.  The absorption spectra of PF12TBT anion was obtained by 

spectroelectrochemical measurements of a PF12TBT neat film coated on a conductive 

substrate.  On the other hand, the TA spectra of P3HT cation polarons have been reported 

by Guo et al.24,A1  They found two types of P3HT cation polarons: delocalized and localized 

polarons.  The spectral shape of the charge induced absorption is constructed by summing 

these three absorption spectra, and then its molar absorption coefficient is estimated based 

on the molar absorption coefficient of the P3HT localized polaron reported in Reference A1. 

 

 

Figure 3-A4.  Molar absorption coefficient (ε) of the charge induced absorption of a blend 

film (black circles).  The gray solid line represents the absorption spectrum estimated by 

the sum of each absorption spectrum of charges: P3HT delocalized cation polaron (black 

dashed line), P3HT localized cation polaron (black dashed dotted line), and PF12TBT anion 

(black solid line).   
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3.6.5. Fluence Dependence of Charge Induced Absorption at Nanosecond Time 

Range 

To investigate the dynamics of the charge induced absorption remained at the time 

range from sub-nanosecond to sub-microsecond, the author measured the fluence 

dependence of charge recombination dynamics in the 140 °C-annealed blend film.  As 

shown in Figure 3-A5, the fluence-dependent charge recombination was observed: as the 

excitation intensity was higher, charge recombination became faster.  The author therefore 

concludes that charges remained at this time range can be assigned to free charges and their 

recombination shows bimolecular kinetics.  

 

 

Figure 3-A5.  Fluence dependence of charge recombination dynamics in the 140 °C-

annealed blend film at the time range from sub-nanosecond to sub-microsecond monitored 

at 760 nm.  The excitation wavelength was 400 nm and the excitation fluence was 3.8, 7.5, 

and 60 μJ cm−2. 
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Chapter 4 

 

Influence of Molecular Weight of Acceptor Polymer on the Performance 

of Polymer/Polymer Blend Solar Cells 

 

4.1. Introduction 

To develop all-polymer solar cells with a power conversion efficiency (PCE) 

comparable to that of polymer/fullerene solar cells,14 it is necessary to understand and 

control the blend nanomorphology, and considerable efforts have been made to this end.5–11  

However, the PCEs of most all-polymer solar cells are still lower than 2.0%1113 because of 

the blend having undesirable morphological characteristics, such as large phase separation,14 

inhomogeneous internal phase composition,1519 and poor crystallinity.20  Although there 

are several reports on the control of the phase-separated structures of polymer/polymer 

blends through the use of cosolvents13,21,22 and through thermal annealing of the as-spun 

films,10,11 it is still a challenge to obtain an optimal blend morphology that supports both 

efficient charge generation and charge transport at the same time. 

In this chapter, the author fabricates polymer/polymer solar cells by blending poly(3-

hexylthiophene) (P3HT, Figure 4-1), which is an electron donor, with poly[2,7-(9,9-

didodecylfluorene)-alt-5,5-(4′,7′-bis(2-thienyl)-2′,1′,3′-benzothiadiazole)] (PF12TBT,

Figure 4-1), which is as an electron acceptor.  The rate of phase separation during thermal 

annealing is strongly dependent on the molecular weight of PF12TBT, and a maximum PCE 

of 2.7% is achieved for the device based on high-molecular-weight PF12TBT, as shown in 

Figure 4-1.  Therefore, the author concludes that molecular weight is a key factor that 

should be considered for improving the PCE of polymer/polymer solar cells. 
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Figure 4-1.  Chemical structures of P3HT and PF12TBT, and J–V characteristics of a 

P3HT/PF12TBT solar cell with 2.7% PCE under AM 1.5G illumination from a calibrated 

solar simulator with an intensity of 100 mW cm−2 (solid line) and the dark condition (open 

circles).  The molecular weight of PF12TBT was Mw = 78,000 g mol−1.  The device was 

fabricated by spin-coating a CF solution of P3HT and PF12TBT (1:1 weight ratio) and 

annealed at 140 °C for 10 min.  The device parameters are listed in Table 4-2. 
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4.2. Results and Discussion 

P3HT/PF12TBT solar cells were fabricated by using PF12TBT with three different 

molecular weights; the weight-average molecular weights (Mw) are listed in Table 4-1.  The 

best performance of each device is shown in Table 4-2.  All the devices were fabricated by 

spin-coating chloroform (CF) solutions.  With an increase in Mw, the PCE improved from 

1.9% (Mw = 8,500 g mol−1) to 2.0% (Mw = 20,000 g mol−1) and 2.7% (Mw = 78,000 g mol−1), 

which is one of the highest value reported so far for an all-polymer solar cell.  Thus, it is 

clear that Mw has a significant impact on the solar cell efficiency.  As evident from Table 

4-2, the improvement in the PCE can be mainly ascribed to an increase in the fill factor (FF) 

since both short-circuit current density (JSC) and open-circuit voltage (VOC) were almost 

identical irrespective of Mw.  Furthermore, the optimal annealing temperature increased 

from 100 to 140 °C with an increase in Mw, suggesting that the rate of evolution of the blend 

morphology during annealing varied with Mw.  The difference in the blend morphology is 

confirmed by atomic force microscopy (AFM) images of the blend films before and after 

thermal annealing at 140 °C for 10 min.  For the P3HT/L-PF12TBT, as shown in Figures 

4-2a and 4-2b, surface roughness was increased from 4 nm to larger than 8 nm and 

coarsening of the morphology was observed after annealing.  For the P3HT/H-PF12TBT, 

 

Table 4-1.  Weight-average molecular weight Mw, number-average molecular weight Mn, 

polydispersity index (PDI), and glass transition temperature (Tg) of PF12TBT acceptor 

polymers used in this study. 

Acceptor Mw / g mol−1 Mn / g mol−1 PDI Tg / °C 

LPF12TBT 8,500 4,900 1.7 60 

MPF12TBT 20,000 10,200 2.0 76 

HPF12TBT 78,000 28,000 2.8 90 
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Figure 4-2.  Tapping-mode AFM topographic images (1 m × 1 m) of (a and b) P3HT/L-

PF12TBT and (c and d) P3HT/H-PF12TBT blend films spin-coated from CF solutions of 

P3HT and PF12TBT (1:1 weight ratio) on glass substrates: (a and c) as-spun films; (b and 

d) annealed films at 140 °C for 10 min. 

 

Table 4-2.  Best PCE and device parameters of P3HT/PF12TBT solar cells measured under 

AM 1.5G simulated solar light irradiation (intensity: 100 mW cm−2). 

Acceptor JSC / mA cm−2 FF VOC / V PCE / %a 
Annealing 

Temperature / °Cb 

LPF12TBT 3.80 0.41 1.22 1.90 100 

MPF12TBT 3.30 0.50 1.24 2.04 120 

HPF12TBT 3.88 0.55 1.26 2.70 140 

a At least five devices were fabricated.  The average values were 1.85% for LPF12TBT, 

1.93% for MPF12TBT, and 2.61% for HPF12TBT.  b The annealing temperature 

corresponding to the highest PCE for each device. 
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as shown in Figures 4-2c and 4-2d, no distinct change in the surface morphology was 

observed before and after annealing.  The different morphological evolution is resulted 

from the difference in the chain mobility of polymers; it is high for the blend with L-

PF12TBT and low for H-PF12TBT. 

First, the author focuses on the temperature dependence of the photoluminescence 

quenching efficiency of PF12TBT (q) and JSC to discuss the nanoscale phase-separated 

morphology of PF12TBT in the blends.  Before thermal annealing, as shown in Figure 4-

3a, the q values were in the range 80–90%, irrespective of Mw, suggesting that all the as-

spun blends had well-mixed structures on a nanometer scale.  After thermal annealing, q 

decreased above a certain annealing temperature that depended on Mw: 80 °C for P3HT/L-

PF12TBT, 100 °C for P3HT/M-PF12TBT, and 120 °C for P3HT/H-PF12TBT.  On the other 

hand, as shown in Figure 4-3b, the maximun JSC was obtained at 80 °C for P3HT/L-

PF12TBT, 100 °C for P3HT/M-PF12TBT, and 120 °C for P3HT/H-PF12TBT.  These 

results indicate that JSC increased at the annealing temperatures at which q was constant 

and it decreased over the temperature range where q decreased.  As discussed in Chapter 

2, the q value provides information about the purity and size of the PF12TBT-rich domains.  

The high q (close to 90%) in the case of the P3HT/PF12TBT blends spin-coated from CF 

was related to nanometer-size domains containing P3HT as the minor constituent.11  

Thermal annealing should increase the domain purity or domain size.  An increase in the 

domain purity results in an increase in JSC because of the suppression of undesirable exciton 

quenching inside the domain.  On the other hand, an increase in the domain size causes a 

decrease in the area of the domain interface necessary for charge generation.  Thus, the q 

value, which remained constant at 90% during the annealing, indicates that the domain size 

had a length scale smaller than that of exciton diffusion (about 10 nm), although purification 

proceeded in the domains.  The subsequent decrease in q at higher annealing temperatures  
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Figure 4-3.  Dependence of q and device parameters of the P3HT/L-PF12TBT (open 

triangles), P3HT/M-PF12TBT (open squares), and P3HT/H-PF12TBT (open circles) devices 

on the annealing temperature under AM 1.5G illumination from a calibrated solar simulator 

with an intensity of 100 mW cm−2.  The closed symbols represent q and the device 

parameters for the as-spun devices.  All devices were fabricated by spin-coating a CF 

solution of P3HT and PF12TBT (1:1 weight ratio) and annealed for 10 min. 

 



  

85 

 

suggests an increase in the domain size.  Therefore, q in Figure 4-3a shows that domain 

bloating was effectively suppressed in P3HT/H-PF12TBT until the blend was annealed at 

140 °C, but it was accelerated in P3HT/L-PF12TBT even at low annealing temperatures.  

The slow domain bloating in P3HT/H-PF12TBT can be explained in terms of the high glass 

transition temperature of H-PF12TBT (Tg = 90 °C, Table 4-1) and the reduced chain mobility 

of high-molecular-weight PF12TBT chains above Tg.
5,23  The author concludes that the rate 

of phase separation can be controlled by varying the Mw value of PF12TBT. 

The author next focuses on the FF to discuss the molecular-weight dependence of the 

morphological evolution necessary for charge transport.  As shown in Figure 4-3c, the FF 

increased from 0.25 for as-spun devices to 0.5 – 0.6 for the devices annealed at 160 °C, and 

it saturated at higher temperatures.  The increase in the FF with temperature can be 

explained in terms of the purification of PF12TBT-rich domains and the formation of 

interconnected networks of the domains, since these factors contribute to efficient electron 

transport.  For the P3HT/L-PF12TBT device, the FF increased with temperature because of 

the increase in the domain size.  In contrast, for the P3HT/H-PF12TBT device annealed at 

high temperatures, the FF was as high as 0.5 – 0.6, although the large q is indicative of 

well-mixed blend morphology.  This finding suggests that the annealing of blends with 

high-molecular-weight PF12TBT is likely to result in the formation of interconnected 

networks without increasing the domain size.  In addition to the PF12TBT morphology, the 

P3HT morphology should be considered in order to account for the increase in the FF with 

temperature.  In blends consisting of P3HT and the fluorene-based copolymer poly[2,7-

(9,9-dioctylfluorene)-alt-5,5-(4′,7′-bis(4-hexyl-2-thienyl)-2′,1′,3′-benzothiadiazole)]

(F8TBT), the hole mobility increased by nearly two orders of magnitude upon annealing at 

180 °C, because of the ordering of the P3HT chains.20,24  Indeed, the ordering of P3HT 

chains by annealing was found in this P3HT/PF12TBT blend from transient ground-state 
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bleaching (GSB) that were analyzed by transient absorption (TA) measurements.  The TA 

measurements were performed for the as-spun and annealed P3HT/H-PF12TBT films at 

temperatures of 100, 120, and 140 °C.  In Figure 4-4, transient GSB (a negative change in 

the optical density OD) bands are observed at 3 ns, suggesting that holes and electrons 

were generated on P3HT and PF12TBT, respectively, because singlet excitons of both 

polymers had already decayed at 3 ns.  The charge-induced GSB spectrum of the film 

annealed at 140 °C showed the most pronounced bleaching peaks at 550 and 600 nm, which 

are ascribed to the -stacked P3HT chains.2527  The improved -stacking in the P3HT-rich  

 

 

Figure 4-4.  TA spectra for as-spun and annealed P3HT/H-PF12TBT blend films measured 

3 ns after 400-nm photoexcitation with a 100-fs pulsed laser.  The excitation fluence was 

45 μJ cm−2 (9.1 × 1013 photons cm−2) for all measurements. 
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phase should contribute to efficient hole transport28 and thus to an increase in the FF.  The 

author therefore concludes that both electron transport and hole transport are improved in 

P3HT/H-PF12TBT as a result of the excellent interconnectivity and thermal purification of 

the PF12TBT-rich phase and the ordering of P3HT chains; consequently, an increase in the 

FF is observed. 

The author finally explains the molecular-weight dependence of the PCE in terms of 

the balance between JSC and the FF.  When P3HT/L-PF12TBT was annealed at 80 °C, the 

FF was still as low as 0.36; in other words, charge transport was poor because of the 

incomplete formation of interconnected networks of PF12TBT domains and the incomplete 

ordering of P3HT chains, although the maximum value of JSC was achieved as a result of the 

purification of the PF12TBT domains.  At annealing temperatures above 80 °C, the FF 

increased but JSC decreased as a result of an increase in the domain size.  Consequently, the 

device performance was determined by the balance between the decrease in JSC and the 

increase in the FF.  Thus, the P3HT/L-PF12TBT device showed the best PCE at 100 °C.  

This was also the case for the high-molecular-weight P3HT/H-PF12TBT device.  However, 

efficient charge transport can be achieved through the purification of the interconnected 

PF12TBT phase and the ordering of P3HT chains in P3HT-rich domains at high annealing 

temperatures without drastically increasing the domain size.  Due to the slow domain 

bloating, JSC reached the maximum value at 120 °C and remained almost unchanged even at 

140 °C.  The author therefore concludes that the highest PCE of 2.7% can be achieved at 

140 °C because the FF can be improved to up to 0.55 without decreasing the maximum value 

of JSC. 
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4.3. Conclusions 

The molecular-weight dependence of the PCE is attributed to the difference in the 

rate of phase separation during annealing.  In the blend containing H-PF12TBT, the domain 

size of phase separation has a length scale comparable to that of exciton diffusion even at 

high annealing temperatures owing to the reduced diffusional mobility of the PF12TBT 

chains; such a domain size is necessary for efficient charge generation.  Further, a blend 

morphology consisting of interconnected networks of pure PF12TBTdomains and ordered 

P3HT chains, which is necessary for efficient charge transport, can be achieved by annealing.  

This blend morphology is responsible for the PCE of 2.7%, which is one of the highest ever 

reported for an all-polymer solar cell. 

 

4.4. Experimental 

Materials: PF12TBT samples with three different molecular weights were synthesized and 

characterized at Sumitomo Chemical Co., Ltd.  The weight-average molecular weight Mw, 

polydispersity index (PDI, given by Mw/Mn, where Mn is the number-average molecular 

weight), and glass transition temperature Tg of each PF12TBT sample were as follows: L-

PF12TBT, Mw = 8,500 g mol−1, PDI = 1.7, and Tg = 60 °C; M-PF12TBT, Mw = 20,000 g 

mol−1, PDI = 2.0, and Tg = 76 °C; H-PF12TBT, Mw = 78,000 g mol−1, PDI = 2.8, and Tg = 

90 °C.  P3HT was purchased from Aldrich Chemical Co. (Lot MKBD3325).  The head-

to-tail regioregularity, Mw, and PDI provided on the Certificate of Analysis were 90.0%, 

42,300 g mol−1, and 1.9, respectively. 

Device Fabrication and Measurements:  Indium-tin-oxide (ITO)-coated glass substrates 

(10 Ω per square) were washed by ultrasonication in toluene, acetone, and ethanol for 15 

min each in this order and then dried with N2 flow.  The washed substrates were further 

treated with a UV–O3 cleaner (Nippon Laser & Electronics Lab., NL-UV253S) for 30 min.  
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A thin layer (~40 nm) of poly(3,4-ethylenedioxythiophene):poly(4-styrenesulfonate) 

(PEDOT:PSS, H.C. Stark PH-500) was spin-coated onto the ITO substrate at a spin rate of 

3000 rpm for 99 s and dried at 140 °C for 10 min in air.  A blend layer of P3HT/PF12TBT 

was spin-coated on the PEDOT:PSS film at 3000 rpm for 60 s from CF solutions.  All 

P3HT/PF12TBT blend films used in this study were spin-coated from CF solutions which 

were prepared by mixing P3HT and PF12TBT with a weight ratio of 1:1 as follows: three 

blend solutions were prepared by dissolving P3HT (6 mg) and L-PF12TBT (6 mg) in 1 mL 

of CF, P3HT (6 mg) and M-PF12TBT (6 mg) in 1 mL of CF, and P3HT (5.5 mg) and H-

PF12TBT (5.5 mg) in 1 mL of CF, respectively.  Thickness of the P3HT/PF12TBT blend 

layers was typically 60 nm.  The photoactive layer was thermally annealed for 10 min in 

an N2-filled glove box, and then, a calcium interlayer (Ca, 15 nm) and an aluminum electrode 

(Al, 70 nm) were vacuum-deposited.  The J–V characteristics of the devices were measured 

by using a direct-current voltage and a current source/monitor (Advantest model R6243) 

under illumination with AM1.5G simulated solar light with 100 mW cm2.  The light 

intensity was corrected with a calibrated silicon photodiode reference cell (Bunko-Keiki, 

BS-520).  The active area of the device was 0.07 cm2.  Illumination was carried out from 

the ITO side.  All measurements were performed in N2 atmosphere at room temperature.  

At least five devices were fabricated to ensure reproducibility of the J–V characteristics. 

AFM Measurements: AFM images were collected in tapping mode (Shimadzu, SPM-9600) 

using silicon probes with a resonant frequency of ~330 kHz and a force constant of ~42 N 

m1 (Nanoworld, NCHR). 

Photoluminescence Quenching Measurements: The photoluminescence (PL) spectra were 

measured for a PF12TBT neat film and P3HT/PF12TBT blend films spin-coated on a glass 

substrate by using a calibrated fluorescence spectrophotometer (Hitachi, F-4500).  

Excitation was performed at 392 nm to excite a PF12TBT component mainly (excitation 
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fraction of each component was 73% (PF12TBT) and 27% (P3HT)) and at an incident angle 

of 30° normal to the substrate.  Emission was collected normal to the excitation light.  The 

PL quenching efficiency of PF12TBT in the blend film was evaluated from the ratio of the 

PL intensity for the P3HT/PF12TBT blend films to that for a PF12TBT neat film after each 

PL intensity was corrected by variations for PF12TBT absorption at 392 nm. 

TA Measurements: TA data were collected using a femtosecond pump-probe transient 

absorption spectroscopy system.29,30  The pump and probe femtosecond transient 

absorption spectroscopy system consists of a transient absorption spectrometer (Ultrafast 

Systems, Helios) and a regenerative amplified Ti:sapphire laser (Spectra-Physics, Hurricane).  

The amplified Ti:sapphire laser provided 800-nm fundamental pulses at a repetition rate of 

1 kHz, with an energy of 0.8 mJ, and with a pulse width of 100 fs (FWHM); the pulses were 

split into two optical beams with a beam splitter to generate pump and probe pulses.  One 

fundamental beam was converted into pump pulses at 400 nm with a second harmonic 

generator (Spectra-Physics, TP-F).  The other fundamental beam was converted into white 

light continuum pulses for use as probe pulses in the wavelength region from 400 to 800 nm.  

The pump pulses were modulated mechanically at a repetition rate of 500 Hz.  The 

temporal evolution of the probe intensity was recorded with a Si CCD-array photodetector 

(Ocean Optics, S2000).  Transient absorption spectra were obtained over the time range 

from −5 ps to 3 ns. 
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4.5. Appendix 

4.5.1. Dark J–V Curve (Logarithmic Scale) 

 

Figure 4-A1.  Dark J–V characteristic of a P3HT/PF12TBT solar cell with 2.7% PCE.  

The molecular weight of PF12TBT was Mw = 78,000 g mol−1.  The device was fabricated 

by spin-coating a CF solution of P3HT and PF12TBT (1:1 weight ratio) and annealed at 

140 °C for 10 min.  The device parameters are listed in Table 4-2. 
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4.5.2. Annealing-Temperature Dependence of J–V Characteristics 

 

Figure 4-A2.  Annealing-temperature dependence of J–V characteristics measured for (a) 

P3HT/L-PF12TBT, (b) P3HT/M-PF12TBT, and (c) P3HT/H-PF12TBT under AM 1.5G 

illumination from a calibrated solar simulator with an intensity of 100 mW cm−2.  The 

devices were fabricated by spin-coating a CF solution of P3HT and PF12TBT (1:1 weight 

ratio) and annealed for 10 min. 
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Chapter 5 

 

Improvement in Light-Harvesting Efficiency by Using Low-Bandgap 

Donor and Acceptor Polymers 

 

5.1. Introduction 

Conjugated polymer-based solar cells have gained increasing attention as a possible 

inexpensive source of renewable energy owing to their advantages such as high throughput 

and large-area production with low-cost printing processes.1  The most studied polymer-

based solar cells have a bulk-heterojunction (BHJ) active layer in which an electron donor 

polymer is mixed with an acceptor of low molecular weight fullerene derivative.  The 

power-conversion efficiency (PCE) of the polymer/fullerene BHJ solar cells has steadily 

increased over the last ten years.25  On the other hand, polymer/polymer BHJs consisting 

of a polymeric donor and acceptor have also been a subject of active research because of a 

number of potential advantages over conventional polymer/fullerene systems.6,7  In 

particular, the flexible molecular design of both donor and acceptor polymers affords large 

scope for tuning the optical, electronic, and morphological properties of the materials.  For 

instance, the blends of donor and acceptor polymers with high absorption coefficients in the 

visible and near-infrared ranges of wavelengths are able to harvest a large portion of sun 

light to yield a large photocurrent density JSC.  Further, the adjustment of the highest 

occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) 

levels of the donor and acceptor polymers will allow the open-circuit voltage (VOC) to rise 

above 1 V.  In addition, the phase-separated interpenetrating polymer morphologies will 

offer continuous pathways for charge-carrier transport, leading to a high fill factor (FF).  

However, despite these attractive features, the PCE of polymer/polymer BHJ solar cells 
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mostly remains at ~2%,8 lagging far behind the efficiency of polymer/fullerene BHJ solar 

cells.11 

 Regioregular poly(3-hexylthiophene) (P3HT) is one of the most widely used donor 

polymers in the polymer/polymer BHJ solar cells because of its excellent hole mobility 

owing to the  interchain stacking in crystals.  However, the external quantum 

efficiencies (EQEs) reported for the P3HT/acceptor-polymer BHJ solar cells are below 30% 

regardless of the nature of the polymers used as acceptors.9,1214  These values are 

significantly different from the EQEs ranging from 70 to 80% shown by the P3HT/fullerene 

systems.4  The poor PCEs of polymer/polymer BHJ solar cells reported so far are mainly 

attributed to the undesirable morphology of the blends such as large phase-separated domain 

sizes, inhomogeneous internal phase composition, and reduced crystallinity.69,12,1417  

Therefore, some researchers attempt to control the nanoscale structure of phase separation 

by thermal annealing8,9 and/or by using solvent additives13 and donoracceptor diblock 

copolymers.18  In Chapter 4, a PCE of 2.7% has been achieved by using P3HT as a donor 

and a high molecular weight fluorene-based copolymer (PF12TBT) as an acceptor.8  In this 

chapter, the author utilized poly[2,3-bis-(3-octyloxy-phenyl)quinoxaline-5,8-diyl-alt-

thiophene-2,5-diyl] (PTQ1)19 as a donor polymer in polymer/polymer BHJ solar cells 

(Figure 5-1a).  As shown in Figure 5-1c, PTQ1 exhibited a longer absorption edge to up to 

~700 nm and an intramolecular charge transfer absorption band centered at 630 nm, leading 

to more efficient light absorption at long wavelengths compared to P3HT.  Moreover, 

PTQ1 films showed sufficient hole transport in the BHJ structures19 even in the amorphous 

phase, which would eliminate the difficulties in controlling the crystallization.  Poly{[N, 

N-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5-(2,2-

bithiophene)} [P(NDI2OD-T2); PolyeraActivInkTM N2200]20 was used as the acceptor 

polymer owing to its high electron mobility, high electron affinity, and light absorption 
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Figure 5-1.  (a) Chemical structures of PTQ1 and N2200.  (b) The energy level diagram 

of PTQ1 and N2200 neat films.  The HOMO levels were determined by photoelectron yield 

spectroscopy and the LUMO levels were estimated by adding the optical energy gap 

calculated from the 00 transition to the HOMO energy.37  (c) Normalized absorption (left) 

and photoluminescence (right) spectra of PTQ1 (solid lines) and N2200 (dashed lines) neat 

films. 

 

ability at near-infrared wavelengths (Figures 5-1a and c).  The absorption spectra of PTQ1 

and N2200 blend covers the solar spectrum from visible light to 900 nm, and the 

LUMOLUMO (1.0 eV) and HOMOHOMO (0.7 eV) energy offsets are sufficient to cause 

charge generation (exciton dissociation) and subsequent free carrier generation at the 

heterojunction21 (Figure 5-1b).  In addition, the bulky phenyl side chains on PTQ1 could 
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facilitate free carrier generation because of the steric hindrance at the PTQ1/N2200 

interface.22 

 

5.2. Results and Discussion 

A chloroform (CF) solution of the PTQ1/N2200 blend was prepared and spin-coated 

onto poly(3,4-ethylenedioxythiophene):poly(4-styrenesulfonate)-coated (PEDOT:PSS-

coated) ITO substrates.  The photoactive layers obtained were annealed at 120 °C for 10 

min.    The BHJ solar cells consisting of a 50:50 blend of PTQ1:N2200 resulted in a PCE 

as high as 3.4%.  Figure 5-2 shows the atomic force microscopy (AFM) topographical and 

phase images (1 m × 1 m) of the PTQ1/N2200 blended film: no distinct phase-separated 

structures were observed.  These featureless surface morphologies are typical of efficient 

polymer/polymer BHJ solar cells because of mixing of the donor and acceptor polymers on 

the nanometer scale.8,9  The blending ratio of PTQ1 to N2200 was changed from 20 to 80 

 

 

Figure 5-2.  Tapping-mode AFM topographical (left) and phase (right) images (1 m × 1 

m) of a PTQ1/N2200 blended film (weight ratio PTQ1:N2200 = 50:50).  The scale bar 

corresponds to a length of 0.5 μm.  The film was spin-coated from a CF solution onto a 

glass substrate and annealed at 120 °C for 10 min.   
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Figure 5-3.  (a) JV characteristics of a PTQ1/N2200 (weight ratio PTQ1:N2200 = 70:30) 

solar cell with the best PCE of 4.1% under AM 1.5G illumination from a calibrated solar 

simulator with an intensity of 100 mW cm2 (solid line) and under dark conditions (dashed 

line).  JSC = 8.85 mA cm2, FF = 0.55, and VOC = 0.84.  (b) EQE spectrum of the 

PTQ1/N2200 BHJ solar cell. 

 

Table 5-1.  Photovoltaic parameters of the devices. 

Weight ratio 

of PTQ1:N2200 
JSC / mA cm−2 FF VOC / V PCE / % 

20:80 4.84 0.37 0.79 1.4 

30:70 7.07 0.39 0.81 2.2 

40:60 7.48 0.48 0.81 2.9 

50:50 7.67 0.54 0.82 3.4 

60:40 8.48 0.53 0.83 3.7 

70:30 8.85 0.55 0.84 4.1 

80:20 7.73 0.59 0.84 3.8 
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wt% to optimize the device performance.  The solar cell performances of the devices with 

various donor:acceptor (D:A) compositions are summarized in Table 5-1.  The film 

thickness of the PTQ1/N2200 layers was adjusted to ~85 nm in all the devices.  It is 

interesting that the photovoltaic parameters strongly depended on the D:A ratio.  The value 

of JSC increased from 4.84 to 8.85 mA cm2 when the PTQ1 content was increased from 20 

to 70 wt% and it decreased slightly at 80 wt%.  The FF increased from 0.37 to 0.59 with 

increase PTQ1 content and the highest value was obtained for the device with 80 wt% PTQ1.  

Moreover, VOC also increased slightly with increase in the PTQ1 content.  Hence, the best 

PCE of 4.1% was attained for the device with a D:A ratio of PTQ1:N2200 = 70:30.  Figure 

5-3 shows the JV curves and the EQE spectrum of the device with the best PCE.  The 

photovoltaic parameters were JSC = 8.85 mA cm2, FF = 0.55, VOC = 0.84 V, and PCE = 

4.1%.  In addition, the EQE approached 50% at 630 nm.  The marked dependence of the 

PCE suggests the importance of controlling the D:A blending ratio during the fabrication of 

the polymer/polymer BHJ solar cells.  Moreover, the PCE was optimized at a donor rich 

blend ratio, which is in contrast with that reported for polymer/fullerene BHJ solar cells. 

The author first focuses on the light absorption and the charge generation 

efficiencies in the PTQ1/N2200 blended films to discuss the dependence of PCE on the 

PTQ1 content.  The number of photons absorbed by the PTQ1/N2200 blended films was 

evaluated from the integral of the product of the absorption of the PTQ1/N2200 layer and 

the solar spectrum.  The results revealed that the number of photons was almost 

independent of the PTQ1 content; the decrease in the PTQ1 absorption could be 

compensated with the increase in the N2200 absorption (see Appendix, Figures 5-A1 and 5-

A2).  This is one of the advantages of polymer/polymer BHJ solar cells in which both D 

and A polymers can harvest the solar light.  Therefore, the increase in JSC could not be 

attributed to the increase in light absorption by the photoactive layers.   
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Next, the charge generation following the light absorption is discussed on the basis 

of the photoluminescence (PL) quenching, since the charge generation efficiency can be 

inferred from the degree of PL quenching.  The PL spectra of the blended films were 

measured by selective excitation of the PTQ1 and the N2200 components (see Appendix, 

Table 5-A1).  As shown in Figure 5-4, the quenching efficiency of N2200 (Φq(A)) was 77% 

for the blended film with a D:A ratio of PTQ1:N2200 = 60:40.  However, the efficiency 

was reduced to as low as 47% when the ratio of PTQ1:N2200 was 20:80.  This marked 

decrease in (Φq(A)) indicates that a large number of photogenerated excitons in the 

photoactive layer deactivate radiatively to the ground state before arriving at the 

heterojunction interface because the size of the N2200-rich phase grew beyond the exciton 

diffusion length (LD ≤ 10 nm) with increase in the N2200 content.9,17  In other words, a 

large number of photogenerated excitons cannot dissociate into charges for the samples 

with high N2200 content.  On the other hand, the PL from PTQ1 was highly quenched 

 

 

Figure 5-4.  Photoluminescence quenching efficiencies q of PTQ1 (circles) and N2200 

(squares) in the PTQ1/N2200 blended films as a function of PTQ1 weight percentage. 
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regardless of the blend composition and the PL quenching efficiency of PTQ1 (Φq(D)) was 

higher than 96%.  This suggests that the size of the PTQ1-rich phase remained small even 

for the samples with high PTQ1 content.  In addition, as shown in Figure 5-1c, the PL 

spectrum of PTQ1 overlapped well with the absorption spectrum of N2200.  Therefore, the 

quenching of the PTQ1 excitons would be enhanced by the long-range resonant energy 

transfer from PTQ1 to N2200, because the energy transfer allows transport of the PTQ1 

excitons to the heterojunction interface at distances beyond LD.23,24  The author thus 

concludes that the increase in JSC with increasing PTQ1 content was caused by the favorable 

phase separated structure of PTQ1 and the effective energy transfer to N2200, both resulting 

in efficient charge generation with minimal loss of absorbed photons. 

Following the discussion on charge generation, the author further focuses on the 

charge transport efficiency in terms of the charge-carrier mobilities in the blended films 

because mobility is one of the key parameters that dominates the charge transport to the 

electrodes.25,26  The hole mobility h and the electron mobility e in both the neat and the 

blended films were measured using the space-charge-limited current (SCLC) method with 

the MottGurney equation (see Appendix, Figures 5-A3 and 5-A4).27  The dependence of 

the mobilities on the D:A composition is shown in Figure 5-5.  The PTQ1 neat film 

exhibited a hole mobility of h = 2.5 × 105 cm2 V1 s1 and the N2200 neat film showed an 

electron mobility of e = 4.6 × 10 cm2 V1 s1, which were close to the values reported 

previously.28,29  As shown in Figure 5-5, h increased from 2.6 × 106 to 1.2 × 105 cm2 V1 

s1 with increase in the PTQ1 content from 20 to 80 wt%.  In contrast, e remained much 

higher than h among the blended compositions.  As a result, the hole mobility became 

more balanced with the electron mobility with an increase in the PTQ1 content.  

Considering the FFs shown in Table 5-1, it can be concluded that the control of the D:A 

blending ratio is essential to achieve a balance between the hole and electron mobilities , 
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Figure 5-5.  Hole (open circles) and electron (open squares) mobilities in PTQ1/N2200 

blended films as a function of PTQ1 weight percentage.  The solid circle and square 

indicate the hole and electron mobilities in the PTQ1 and N2200 neat films, respectively.  

The mobilities were calculated from SCLC currents measured for the hole-only devices 

consisting of ITO|PEDOT:PSS and Au electrodes (hole mobility) and the electron-only 

devices consisting of Al and Cs2CO3|Al electrodes (electron mobility). 

 

which is the key to obtaining high FFs.  It is worth noting that the D:A blending ratio for 

achieving an optimal FF differed between the PTQ1/N2200 and the PTQ1/fullerene BHJ 

solar cells.  In the case of the PTQ1/fullerene BHJs, the best FF was obtained with a 

fullerene content of 7080 wt%,19 while just 2030 wt% of N2200 provided optimal FF in 

the PTQ1/N2200 BHJs.  The neat films of the N2200 and fullerene derivative, [6,6]-

phenyl-C61-butyric acid methyl ester (PCBM), showed very similar SCLC electron 

mobilities30 in the order of 103 cm2 V1 s1.  Therefore, the difference in the optimal blend 

compositions is probably a result of their different phase-separated morphologies.  For 

polymer/fullerene BHJs, the concentration of the low molecular weight fullerenes should be 

high enough to ensure the presence of sufficient electron transporting networks throughout 
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the film;2 in the blends with amorphous donor polymers such as MDMO-PPV,31 fluorene 

copolymers,32 and PCDTBT,33 80 wt% of fullerenes is required to provide optimal FF.  The 

high concentration of the fullerenes, however, decreases the amount of light absorption in 

the photoactive layer owing to the low absorption coefficients of the fullerenes compared to 

the donor polymers.  In contrast, as an acceptor, N2200 (with a weight-average molecular 

weight of 178,000 g mol1) could provide sufficient pathways for electron transport through 

the chain networks even when the concentration was as low as 20 wt%, indicating one of the 

advantages in utilizing a polymer as an acceptor.  The preferable formation of 

interpenetrating networks by both D and A polymers allows for the adjustment of the D:A 

blending ratio in a wide range without losing charge transport pathways. 

 

5.3. Conclusions 

The author has demonstrated that polymer/polymer BHJs consisting of low-bandgap 

D and A polymers is a potential alternative to conventional polymer/fullerene BHJs.  The 

device performance is optimized at the D:A blending ratio of 70:30 wt%, giving rise to a 

maximum EQE of 50% at 630 nm, JSC of 8.85 mA cm2, FF of 0.55, VOC of 0.84 V, and the 

best PCE of 4.1%.  From the PL quenching measurements, efficient charge generation from 

both PTQ1 and N2200 excitons is observed with increase in the PTQ1 content to up to 80 

wt%.  The SCLC mobility measurements show that the hole mobility of PTQ1/N2200 

blends increases with increase in the PTQ1 content and is in balance with the electron 

mobility of N2200.  Hence, JSC and FF are successfully improved for devices containing 

higher amounts PTQ1 than N2200.  In addition to efficient light absorption at longer 

wavelengths by both D and A polymers, the excitons generated in the D polymer are 

effectively conveyed to the interface with the A polymer via energy transfer.  The D:A 

composition of the polymers can be adjusted in a wide range of blending ratios without 
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losing charge transport pathways owing to the interpenetrated network of polymer chains.  

Consequently, the PTQ1/N2200 BHJ device shows EQE of 50% and PCE of 4.1%, which 

are one of the highest values reported for polymer/polymer BHJ solar cells. 

 

5.4. Experimental 

Materials: The polymers PTQ1 and N2200 were obtained from Solarmer Energy, Inc. and 

Polyera Corporation, respectively, and used as received.  The weight-average molecular 

weight Mw, and polydispersity index (PDI; given by Mw/Mn, where Mn is the number-average 

molecular weight) of PTQ1 were 113,000 g mol1 and 2.4, respectively, while those of 

N2200 were 178,000 g mol1 and PDI = 3.7, respectively.  The values were measured by 

size-exclusion chromatography (Shodex, GPC-101) using o-dichlorobenzene as the eluent, 

which was calibrated against monodisperse polystyrene standards (Shodex, STANDARD S-

Series).  The HOMO levels of the PTQ1 and N2200 neat films were estimated by 

photoelectron yield spectroscopy (Riken Keiki, AC-3). 

Device Fabrication and Measurements: Indium–tin–oxide (ITO)-coated glass substrates (10 

Ω per square) were washed by ultrasonication with toluene, then acetone, and finally ethanol 

for 15 min each and then dried under an N2 flow.  The washed substrates were further 

treated with a UV–O3 cleaner (Nippon Laser & Electronics Lab., NL-UV253S) for 30 min.  

A 40-nm-thick topcoat layer of poly(3,4-ethylenedioxythiophene):poly(4-styrenesulfonate) 

(PEDOT:PSS; H.C. Stark PH-500) was spin-coated onto the ITO substrate at a spinning rate 

of 3000 rpm (rotations per minute) for 99 s and then dried in air at 140 °C for 10 min.  A 

blended layer of PTQ1/N2200 was spin-coated onto the PEDOT:PSS film at 3000 rpm for 

60 s from CF solutions.  All PTQ1/N2200 blended films used in this study were spin-coated 

from CF solutions in which PTQ1 and N2200 were dissolved at weight ratios that varied 

from 20:80 to 80:20.  The total concentration of these blended solutions was maintained at 
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12 mg mL−1 to keep the film thickness constant.  The thickness of the PTQ1/N2200 blended 

layers was typically 85 nm.  Preparation of the CF solutions and the subsequent spin-

coating of the solutions onto the PEDOT:PSS film were carried out in an N2-filled glove box.  

The photoactive layer was thermally annealed at 120 °C for 10 min in an N2-filled glove box, 

after which a calcium interlayer (Ca, 12 nm) and an aluminum electrode (Al, 70 nm) were 

vacuum-deposited at 2.5 × 104 Pa.  The area of the circular Ca/Al electrode was 0.07 cm2.  

The J–V characteristics of the devices were measured by using a direct-current voltage and 

a current source/monitor (Advantest, R6243) under illumination by “air mass 1.5-Global” 

(AM 1.5G) simulated solar light with 100 mW cm−2.  The light intensity was corrected with 

a calibrated silicon photodiode reference cell (Bunko-Keiki, BS-520, active area: 0.0534 

cm2)  The EQE spectra were measured with a digital electrometer (Advantest, R8252) 

under the illumination of monochromatic light from a 500-W xenon lamp (Thermo Oriel, 

66921) with optical cut filters and a monochromator (Thermo Oriel, UV–visible 

Cornerstone).  The spectral-mismatch factor calculated with respect to the AM 1.5G 

spectrum for the PTQ1/N2200 (weight ratio PTQ1:N2200 = 70:30) test cell and the BS-520 

silicon reference cell combination was 1.01 34.  The JSC value increased almost linearly with 

illumination from low intensities (as for the EQE measurement) to 100 mW cm2.  The 

active area of the device was 0.07 cm2, which was determined from the area of the top Ca/Al 

electrode.  To minimize the edge effect, the author used the device layout that consists of 

unpatterned PEDOT:PSS and PTQ1/N2200 layers sandwiched between unpatterned ITO 

and Ca/Al top electrodes.  In this layout, the photoactive area can be assumed to the area 

of the Ca/Al top electrode.35  The devices were illuminated from the ITO side.  All these 

measurements were carried out under an atmosphere of N2 at room temperature.  The 

device structure is depicted in Appendix, Figure 5-A5.  At least 11 devices were fabricated  
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to ensure the reproducibility of the J–V characteristics.  The photovoltaic parameters that 

were averaged over 11 devices are summarized in Appendix, Table 5-A2.     

Mobility Measurements: Hole-only devices were fabricated by the following procedure.  A 

PTQ1 neat layer and a PTQ1/N2200 blended layer were spin-coated on separate ITO 

substrates covered with 40-nm-thick PEDOT:PSS, which acted as the anode.  A gold 

electrode (Au, 50 nm) was then vacuum-deposited on each layer as the cathode 

(ITO|PEDOT:PSS|PTQ1|Au and ITO|PEDOT:PSS|PTQ1/N2200|Au).  Thickness of the 

PTQ1 neat layer and the PTQ1/N2200 blended layer were 138 nm and 100 nm, respectively.  

Electron-only devices were fabricated by the following procedure.  A 50-nm-thick Al layer, 

which acted as the anode, was vacuum-deposited on a glass substrate covered with 20-nm-

thick poly(sodium 4-styrenesulfonate) (PSS, Mw = 70,000 g mol1).  A neat layer of N2200 

and a PTQ1/N2200 blended layer were spin-coated onto each Al electrode.  A Cs2CO3 

interlayer (4 nm) and an Al (80 nm) layer were then vacuum-deposited as the cathode 

(Al|N2200|Cs2CO3|Al and Al|PTQ1/N2200|Cs2CO3|Al).  Thickness of the N2200 neat 

layer and the PTQ1/N2200 blended layer were 98 nm and 85 nm, respectively.  The Cs2CO3 

layer was used to enhance the efficiency of electron injection.36  The dark current density–

voltage (JV) characteristics of the devices were measured in air (hole-only devices) and in 

N2 atmosphere (electron-only devices) by using a direct-current voltage and a current 

source/monitor (Advantest, R6243).  The PTQ1 and N2200 neat layers were spin-coated 

from chlorobenzene solutions.  The PTQ1/N2200 blended layers were spin-coated from CF 

solutions in which PTQ1 and N2200 were dissolved at weight ratios ranging from 10:90 to 

90:10. 

Photoluminescence Quenching Measurements: Photoluminescence (PL) spectra were 

measured for the PTQ1 and N2200 neat films and the PTQ1/N2200 blended films, which 

were spin-coated onto quartz substrates and annealed at 120 °C for 10 min, using a calibrated 
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fluorescence spectrophotometer (Horiba, NanoLog).  The samples were excited at 600 nm 

to excite primarily the PTQ1 component and at 720 nm to excite the N2200 component.   

Excitation fractions of PTQ1 and N2200 in the PTQ1/N2200 blended films are listed in 

Appendix, Table 5-A1.  The PL quenching efficiency of PTQ1 was evaluated from the ratio 

of the PL intensity of PTQ1 for the PTQ1/N2200 blended films to that for a PTQ1 neat film 

(after each PL intensity was corrected for variations in the PTQ1 absorption at 600 nm).  

The PL quenching efficiency of N2200 was evaluated from the ratio of the PL intensity of 

N2200 for the PTQ1/N2200 blended films to that for an N2200 neat film (after each PL 

intensity was corrected for variations in the N2200 absorption at 720 nm). 

AFM Measurements: AFM images were collected in tapping mode (Shimadzu, SPM-9600) 

using silicon probes with a resonant frequency of ~150 kHz and a force constant of ~9 N 

m1 (Olympus, OMCL-AC200TS). 

 

5.5. Appendix 

5.5.1. Calculation of the Number of Photons Absorbed by PTQ1/N2200 Layers 

The number of photons absorbed by the PTQ1/N2200 blended films, Nph, was 

calculated using the following equation. 

Nph = ∫
NAM1.5G(λ) ∙ %Abs(λ) ∙ dλ

100

900 nm

350 nm
   (A1) 

In A5.5.1, NAM1.5G is the number of photons included in AM 1.5G solar light, %Abs is the 

percentage absorption of the PTQ1/N2200 blended films, and  is the wavelength.  The 

value of %Abs was calculated from the absorbance (Abs) of the blended films as %Abs() = 

(110Abs()) × 100.  The absorbance was measured in reflection geometry at an incident 

angle of 5° normal to the substrate (Hitachi, U-4100) for the blended films covered with an 

Al top electrode.  Figure 5-A1 shows the reflection absorption spectra of the blended films 

used for the calculation.  These blended films were spin-coated from CF solutions onto 
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glass substrates under the same conditions used for the device fabrication.  Figure 5-A2 

shows normalized Nph as a function of PTQ1 weight percentage.   

 

 

Figure 5-A1.  Reflection absorption spectra of the PTQ1/N2200 blended films.  The inset 

shows a schematic of the film structure. 

 

 

Figure 5-A2.  Normalized Nph as a function of PTQ1 weight percentage. 

  



  

112 

 

5.5.2. Photoluminescence Quenching Measurements 

Photoluminescence spectra of the PTQ1/N2200 blended films were measured by 

selective excitation of the PTQ1 and N2200 components at 600 nm and 720 nm, respectively.  

The excitation fractions are summarized in Table 5-A1. 

 

Table 5-A1.  Excitation fractions of PTQ1 and N2200 in the PTQ1/N2200 blended films. 

Weight ratio 

of PTQ1:N2200 

Excitation fraction / % 

PTQ1 (at 600 nm) N2200 (at 720 nm) 

20:80 41 94 

30:70 52 91 

40:60 61 88 

50:50 69 83 

60:40 76 78 

70:30 82 — 

80:20 88 — 
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5.5.3. Mobility Measurements 

Charge-carrier mobilities () were evaluated from the J–V characteristics using the 

space-charge-limited current (SCLC) method with the MottGurney equation for the current 

density JSCLC expressed as JSCLC = 
9
8
ε0εrμ

V
2

L
3, where 0 is the vacuum permittivity, r is the 

dielectric constant of the film (r = 3 was assumed), and L is the thickness of the active 

layer. 27,A1  The J–V characteristics of the hole-only devices and those of the electron-only 

devices are shown in Figures 5-A3 and A4, respectively. 

 

 

Figure 5-A3.  J–V characteristics of ITO|PEDOT:PSS|PTQ1(138 nm)|Au and 

ITO|PEDOT:PSS|PTQ1/N2200(100 nm)|Au hole-only devices with different PTQ1:N2200 

weight ratios. 
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Figure 5-A4.  J–V characteristics of Al|N2200(98 nm)|Cs2CO3/Al and Al|PTQ1/N2200(85 

nm)|Cs2CO3/Al electron-only devices with different PTQ1:N2200 weight ratios.  The 

applied voltage V was corrected for the built-in voltage VBI of 2.1 V.A2,A3 
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5.5.4. Averaged Values of the Photovoltaic Parameters 

Table 5-A2.  Photovoltaic parameters of the devices.  

Weight ratio 

of PTQ1:N2200 

JSC / mA cm−2 

(Average)a 

FF 

(Average)a 

VOC / V 

(Average)a 

PCE / % 

(Average)a 

20:80 4.4 0.38 0.78 1.3 

30:70 6.6 0.39 0.81 2.1 

40:60 7.4 0.46 0.82 2.8 

50:50 7.7 0.52 0.83 3.3 

60:40 8.0 0.55 0.84 3.7 

70:30 8.4 0.56 0.84 4.0 

80:20 7.5 0.59 0.85 3.8 

a The photovoltaic parameters are averaged values over 11 devices. 

 

5.5.5. Device Structure 

 

Figure 5-A5.  Schematic illustration of the device structure. 
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Chapter 6 

 

Efficient Charge-Carrier Generation and Collection in Low-Bandgap 

Donor/Acceptor Polymer Blend Solar Cells with High Charge-Carrier 

Mobilities 

 

6.1. Introduction 

Currently, the most widely studied polymer-based solar cells consist of a bulk-

heterojunction (BHJ) structure in which a conjugated polymer is mixed with a low-

molecular-weight fullerene derivative.  In these systems, the conjugated polymer acts as an 

electron donor and the fullerene derivative acts as an acceptor.  The power conversion 

efficiencies (PCEs) of polymer/fullerene BHJ solar cells have increased over the past two 

decades, and approaching 10% in single-junction cells.1,2  This improvement is mainly 

because various low-bandgap donor polymers have been developed with rational molecular 

designs.3–7  On the other hand, polymer/polymer BHJ solar cells, which consist of a 

polymer donor and polymer acceptor, have a number of potential advantages over 

conventional polymer/fullerene BHJ solar cells.  Of particular importance is the flexible 

molecular design of not only the donor but also the acceptor polymers, which allows for fine 

tuning of the optical, electronic, and morphological properties of the materials.  

Consequently, recent studies have been devoted to developments of polymer acceptors.8 

Owing to considerable efforts in synthesizing various polymer acceptors and 

optimizing the blend morphology, the PCE of polymer/polymer BHJ solar cells has been 

steadily improving up to 2  4% in the last few years.8–19  However, these PCEs are still 

much lower than the efficiencies of polymer/fullerene BHJ solar cells.  Even in the most 

efficient polymer/polymer BHJ solar cells, the maximum external quantum efficiency (EQE) 



  

120 

 

is as low as 40  50%15,16,18,19, which is far below that of polymer/fullerene solar cells (70  

80%).1,3–5  Such low EQEs of polymer/polymer BHJ solar cells are generally considered to 

be due to poor charge-carrier generation and/or collection efficiencies8,17,20–22, implying that 

polymer/polymer BHJ solar cells might be inherently inferior to polymer/fullerene BHJ solar 

cells. 

In this chapter, the author demonstrates highly efficient donor/acceptor polymer 

blend solar cells with a maximum EQE of ~60% and a PCE of 5.73%, which are the highest 

efficiencies reported for polymer/polymer BHJ solar cells.  Based on the applied reverse 

(negative) voltage dependence of the photocurrent under various intensities of the incident 

light, the author finds that both the charge-carrier generation and collection efficiencies are 

as high as 80% in this polymer blend.  This finding demonstrates that polymer/polymer 

solar cells have the potential to improve the device performance, making it as efficient as 

polymer/fullerene solar cells. 

Poly{[N,N-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-

alt-5,5-(2,2-bithiophene)} [P(NDI2OD-T2); Polyera ActivInkTM N2200]23 is one of the 

attractive polymer acceptor alternatives to fullerenes owing to its high electron mobility, 

high electron affinity, and light absorption ability at near-infrared wavelengths.  Among the 

low-bandgap polymer donors reported, of particular interest are a series of copolymers 

composed of alternating benzo[1,2-b:4,5-b]dithiophene (BDT) and thieno[3,4-b]thiophene 

(TT) units (denoted PBDTTTs) since they offer very high PCEs for polymer/fullerene BHJ 

solar cells.  This is because of their strong absorption in the long-wavelength region and 

good hole mobility on the order of 10−4 cm2 V−1 s−1.24–26  In particular, PBDTTTs based on 

the thienyl-substituted BDT unit have been reported to exhibit higher hole mobilities than 

those based on alkoxy-substituted BDTs.27  The author therefore utilized poly[[4,8-bis[5-

(2-ethylhexyl)thiophene-2-yl]benzo[1,2-b:4,5-b]dithiophene-2,6-diyl][3-fluoro-2-[(2-
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ethylhexyl) carbonyl]thieno[3,4-b]thiophenediyl]] (PBDTTT-EF-T)28 as a polymer donor 

and N2200 as a polymer acceptor (Figure 6-1a).  As shown in Figure 6-1b, both PBDTTT-

EF-T and N2200 exhibited efficient absorption at around 700 nm, where the photon flux of 

 

 

Figure 6-1.  (a) Chemical structures of PBDTTT-EF-T and N2200.  (b) Absorption 

coefficients (α) of PBDTTT-EF-T (solid line) and N2200 (broken line) neat films spin-coated 

from chlorobenzene.  (c) Energy level diagram of PBDTTT-EF-T and N2200 neat films.  

The HOMO levels were evaluated by photoelectron yield spectroscopy, and the LUMO 

levels were estimated by adding the optical bandgap energy, calculated from the 0–0 

transition, to the HOMO energy (see Appendix, Figure A6-6). 
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the solar spectrum is the highest, which is important for obtaining a large short-circuit current 

density (JSC).  Moreover, the energy offsets both in the lowest unoccupied molecular 

orbitals (LUMOs, 0.8 eV) and highest occupied molecular orbitals (HOMOs, 0.7 eV) are 

sufficient to promote efficient electron transfer from the photoexcited state of PBDTTT-EF-

T and hole transfer from the photoexcited state of N2200, respectively (Figure 6-1c).29 

 

6.2. Results and Discussion 

The PBDTTT-EF-T/N2200 blend was spin-coated from a chlorobenzene (CB) 

solution onto poly(3,4-ethylenedioxythiophene):poly(4-styrenesulfonate)-coated 

(PEDOT:PSS-coated) indium–tin-oxide (ITO) substrates.  The weight fraction of 

PBDTTT-EF-T in the blend was 50%, and the film thickness of the PBDTTT-EF-T/N2200 

active layer was adjusted to 100 ± 10 nm.  Figure 6-2 shows the J–V curves and EQE  

 

 

Figure 6-2.  (a) J–V characteristics of a PBDTTT-EF-T/N2200 BHJ solar cell with the best 

PCE of 5.73% under AM 1.5G illumination from a calibrated solar simulator with an 

intensity of 100 mW cm−2 (solid line) and in the dark (broken line): JSC = 13.0 mA cm−2, VOC 

= 0.794, and FF = 0.556.  (b) EQE (solid line) and reflection absorption (broken line) 

spectra of the PBDTTT-EF-T/N2200 BHJ solar cell. 
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spectrum of the PBDTTT-EF-T/N2200 BHJ solar cell with the best PCE.  The photovoltaic 

parameters including the JSC, open-circuit voltage (VOC), fill factor (FF), and PCE are 

summarized in Table 6-1.  The PBDTTT-EF-T/N2200 BHJ solar cells exhibited a JSC as 

high as 13.0 mA cm−2, resulting in a PCE of 5.73% under AM 1.5G illumination with an 

intensity of 100 mW cm−2.   The author notes that the value of JSC was close to the 

photocurrent density calculated by integrating the EQE spectrum with an AM 1.5G reference 

spectrum (the error was ~3%).  An EQE value over 50% at 380 nm indicates that N2200 

successfully contributes to the photocurrent generation because light absorption at 

wavelengths around 380 nm is mainly accomplished by N2200, as shown in Figure 6-1b.  

More importantly, the EQE exceeded 60% in the range of 620 – 720 nm and was still as high 

as 50% even at 740 nm.  The broken line in Figure 6-2b is the reflection absorption 

spectrum of a PBDTTT-EF-T/N2200 blended film with a thickness of ~100 nm, revealing 

that more than 90% of the incident photons are absorbed around 700 nm because of the 

efficient light absorption by both PBDTTT-EF-T and N2200.  The efficient light absorption 

at the near-infrared wavelength ranges is responsible for the large JSC measured for the 

PBDTTT-EF-T/N2200 BHJ solar cell.  As a result, the values for JSC, maximum EQE, and 

PCE are the highest reported thus far for polymer/polymer BHJ solar cells.   

 

Table 6-1.  Photovoltaic Parameters of the PBDTTT-EF-T/N2200 BHJ Solar Cells. 

 JSC / mA cm−2 VOC / V FF PCE / % 

Best 13.0 0.794 0.556 5.73 

Averagea 13.0 ± 0.22 0.795 ± 0.00 0.534 ± 0.01 5.50 ± 0.08 

a Averaged values over 25 devices.  Photovoltaic parameters of the 25 devices are shown 

in Appendix, Figure S6-1. 
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To address the origin of the efficient conversion of absorbed photons into 

photocurrent in the PBDTTT-EF-T/N2200 BHJ solar cell, the author first focuses on the 

charge-carrier generation and then discuss the charge transport.  Figure 6-3 shows the net 

photocurrent density (Jph) as a function of the applied reverse (negative) voltage under 

illumination at 100 mW cm−2.  Here, Jph is given by Jph = JL − JD, where JL and JD are the 

current densities under illumination and in the dark, respectively.  As shown in Figure 6-3, 

Jph was saturated at reverse voltages higher than −6 V, suggesting that at a reverse voltage 

of −6 V, the electric field within the device would be large enough to sweep out all charge  

 

 

Figure 6-3.  Photocurrent density (Jph) of the PBDTTT-EF-T/N2200 BHJ solar cell as a 

function of the applied reverse (negative) voltage under AM 1.5G illumination (100 mW 

cm−2).  The Jph values were obtained by subtracting the current density in the dark (JD) from 

that under illumination (JL) as Jph = JL − JD.  Jph,sat and JSC represent the reverse saturation 

photocurrent density and short-circuit current density, respectively. 
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carriers to the electrodes prior to recombination.30,31  In other words, all of the 

photogenerated charge carriers in the device are collected at reverse voltages higher than −6 

V.  The reverse saturation photocurrent density Jph,sat was 17 mA cm−2.  On the other hand, 

the maximum obtainable photocurrent density (Jmax) was calculated to be ~22 mA cm−2 from 

the integral of the product of the reflection absorption of the PBDTTT-EF-T/N2200 active 

layer and the incident photon flux density of AM 1.5G solar light (Appendix, Figure 6-A2).  

Therefore, the charge-carrier generation efficiency in the device can be estimated from the 

ratio of Jph,sat to Jmax.  The Jph,sat/Jmax ratio was as high as 77%, suggesting efficient charge-

carrier generation in the PBDTTT-EF-T/N2200 BHJ solar cell.  The exciton quenching 

efficiency following light absorption is also estimated based on the photoluminescence (PL) 

quenching.18  The PL spectra of the blended films were measured by excitation of the 

PBDTTT-EF-T component at 500 nm (excitation fraction is 78%) and N2200 component at 

400 nm (excitation fraction is 72%).  The PL quenching efficiencies of PBDTTT-EF-T and 

N2200 were > 99% and 86%, respectively, for the blended film of PBDTTT-EF-T/N2200.  

The efficient PL quenching of both donor and acceptor polymers is consistent with the 

efficient charge-carrier generation as mentioned above, suggesting that charge-carriers are 

generated with minimal loss of absorbed photons in the PBDTTT-EF-T/N2200 BHJ solar 

cell.  Figure 6-4 shows the atomic force microscopy (AFM) topographical and phase 

images (1 m × 1 m) of the PBDTTT-EF-T/N2200 blended film: no distinct phase-

separated domain structures were observed.  The fine surface morphology is consistent 

with the efficient PL quenching of both PBDTTT-EF-T and N2200, which implies that the 

donor and acceptor polymers are mixed on the nanometer scale.  The author therefore 

concludes that efficient charge-carrier generation following light absorption is one of the key 

contributors to the large EQE observed for the PBDTTT-EF-T/N2200 BHJ solar cell.   
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Figure 6-4.  Tapping-mode AFM topographical (left) and phase (right) images (1 m × 1 

m) of a PBDTTT-EF-T/N2200 blended film. The scale bar corresponds to a length of 0.5 

m.  The film was spin-coated from a chlorobenzene solution onto a glass substrate. 

 

Next, the author discusses charge transport under short-circuit condition.  From 

the ratio of JSC to Jph,sat, the charge collection efficiency was estimated to be as high as 79% 

under the short-circuit condition.  Moreover, as shown in Figure 6-5a, the charge collection 

efficiency (JSC/Jph,sat) was almost nondependent on the illumination intensities ranging from 

0.32 to 100 mW cm−2.  If charge transport under the short-circuit condition suffers from 

bimolecular recombination, the increased charge-carrier density with light intensity should 

increase the magnitude of bimolecular recombination rates and thus decrease the JSC/Jph,sat 

ratio.  Therefore, the nondependence of JSC/Jph,sat on illumination intensity suggests that 

bimolecular recombination is not dominant under the short-circuit condition.  The 21% loss 

in Jph might be due to geminate recombination of charge carriers.  To further confirm this, 

the author measured the illumination intensity dependence of JSC.  As shown in Figure 6-

5b, JSC followed a power-law dependence JSC  Plight
S  with a slope S of 0.96 for the entire 

range of illumination intensities (Plight).  The value of the slope being close to unity is also 
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Figure 6-5.  (a) Charge transport efficiencies under short-circuit condition (JSC/Jph,sat) 

obtained by varying incident light intensities ranging from 100 to 0.32 mW cm−2; Jph,sat is 

the reverse saturation photocurrent density.  (b) Incident light intensity (Plight) dependence 

of JSC.  The data were fitted by a solid line according to JSC  Plight
S  with a slope S of 0.96; 

S was given by a least-squares fit over the entire range of light intensities. 

 

indicative of negligible bimolecular recombination.32–36  These results demonstrate that 

photogenerated charge carriers in the device are efficiently transported to the electrodes prior 

to bimolecular recombination under short-circuit condition.  Thus, the author concludes 

that efficient charge collection is another key contributor to the large EQE observed for the 

PBDTTT-EF-T/N2200 BHJ solar cell.  Here, the author notes that the loss in Jph was 42% 

at the maximum power point, indicating that bimolecular recombination is not negligible at 

the low electric fields.   

Finally, the author focuses on the charge-carrier mobility in the active layer, because 

the charge collection efficiency is determined by the competition between carrier sweep-out, 

which is limited by the charge-carrier mobility, and bimolecular recombination loss.  The 

author measured the hole mobility μh and the electron mobility μe in both the neat and 
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blended films using the space-charge-limited current (SCLC) method with the Mott–Gurney 

equation (see Appendix, Figure 6-A3-1 and 6-A3-2).37,38  The PBDTTT-EF-T neat film 

exhibited a hole mobility of μh = 9.6 × 10−4 cm2 V−1 s−1.  The N2200 neat film exhibited an 

electron mobility of μe = 4.1 × 10−3 cm2 V−1 s−1.  In the PBDTTT-EF-T/N2200 blended film, 

μh and μe were evaluated to be 3.4 × 10−4 and 3.6 × 10−4 cm2 V−1 s−1, respectively.  The high 

charge-carrier mobility on the order of 10−4 cm2 V−1 s−1 in the blended film can reduce the 

carrier sweep-out time and hence improve the charge collection under the short-circuit 

condition.  In addition, the SCLC measurements show that the hole mobility of the 

PBDTTT-EF-T/N2200 blended film is similar to the electron mobility.  In other words, a 

balanced charge transport between hole and electron can be achieved in the PBDTTT-EF-

T/N2200 device.  A balanced charge-carrier transport is important for the improvement in 

FF because it would reduce the build-up of space-charges.39,40  It is known that the space-

charge-limited photocurrent shows a square root power dependence on voltage, and thus, 

limits the maximum FF to only 0.42.39,40  In Figure 6-6, the Jph of the PBDTTT-EF-

T/N2200 BHJ solar cell was plotted against the effective applied voltage (V0 − V), where V0 

is the compensation voltage at which Jph is zero.  Apparently, the Jph was free from space-

charge effects discriminated by Jph  (V0 − V)1/2, as depicted by the broken line in Figure 6-

6.39,40  The author therefore concludes that the high and balanced charge-carrier mobility 

on the order of 10−4 cm2 V−1 s−1 not only reduces the carrier sweep-out time under short 

circuit condition, but also suppresses the build-up of space-charges in the device, leading to 

improvements in EQE and FF, and consequently PCE.  A fill factor of 0.47 was obtained 

even for the 150-nm-thick active layer (see Appendix, Figure 6-A5).  This value is still 

higher than 0.42, indicating that charge carriers are collected at the electrodes without the 

space-charge limit even in the thick active layer. 
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Figure 6-6.  Photocurrent density Jph of the PBDTTT-EF-T/N2200 BHJ solar cell plotted 

against the effective applied voltage (V0 − V) under AM 1.5G illumination at 100 mW cm−2; 

V0 is the voltage at which Jph is zero and V is the applied voltage.  The broken line represents 

the square-root dependence of the Jph on voltage. 

 

6.3. Conclusions 

The author has demonstrated that a PCE of 5.73% can be achieved even for 

polymer/polymer BHJ solar cells.  This is mainly because the charge-carrier generation and 

collection efficiencies are both as high as ~80%, which is comparable to those of efficient 

polymer/fullerene BHJ solar cells.1,3–5, 29  This finding represents that polymer/polymer 

solar cells are not inherently inferior to polymer/fullerene solar cells, but rather that they 

have great potential as an alternative to polymer/fullerene solar cells.  Recently, Polyera 

Corporation has announced achieving a PCE of 6.47%,8 demonstrating that the potential for 

highly efficient polymer/polymer solar cells is not confined to this donor/acceptor polymer 

systems but rather versatile and achievable for other combinations of donor and acceptor 

polymers too.  As shown in Figure 6-1b, both donor and acceptor polymers used in this 

study have a large absorption band from 550 to 800 nm and an “absorption window” from 
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400 to 550 nm at the same time.  In other words, the device efficiency in this study is mainly 

limited by the weak absorptivity in the visible range rather than by charge-carrier generation 

and collection.  Such absorption loss can be overcome by using donor and acceptor 

polymers with complementary absorption bands.  If the complementary absorption 

spectrum ranges from 350 to 800 nm, we can achieve a JSC value of 16 mA cm2 even with 

an EQE of 60%.  Moreover, using a wider HOMOLUMO bandgap acceptor polymer with 

a LUMO energy level larger than that of N2200 by more than 0.2 eV (or a donor polymer 

with a HOMO energy level smaller (deeper) than that of PBDTTT-EF-T by more than 0.2 

eV) will allow the VOC to rise above 1 V.  Consequently, a PCE of 8% should be achievable.  

In addition, the author notes that the device shown in this study is fabricated by simply spin-

coating an active layer onto a normal ITO/PEDOT:PSS electrode.  Processing approaches 

such as using solvent additives5,41,42 and novel interfacial layers combined with an inverted 

device structure,1,43 will further increase the PCE.  The author, therefore, believes that the 

PCEs of polymer/polymer blend solar cells can be further improved up to 9%, as in the case 

of state-of-the-art polymer/fullerene solar cells. 

 

6.4. Experimental 

Materials: The polymers PBDTTT-EF-T and N2200 were obtained from 1-Material Inc. and 

Polyera Corporation, respectively, and used as received.  The weight-average molecular 

weight Mw, and polydispersity index (PDI; given by Mw/Mn, where Mn is the number-average 

molecular weight) of PBDTTT-EF-T as provided on the Certificate of Analysis were 

115,000 g mol−1 and 2.5, respectively.  Those of N2200 were 178,000 g mol−1 and 3.7, 

respectively.  The Mw and PDI of N2200 were measured by size-exclusion chromatography 

(Shodex, GPC-101) using o-dichlorobenzene as the eluent, which was calibrated against 

monodisperse polystyrene standards (Shodex, STANDARD S-Series).  The HOMO levels 
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of the PBDTTT-EF-T and N2200 neat films were evaluated by photoelectron yield 

spectroscopy (Riken Keiki, AC-3).  To evaluate their accurate HOMO levels, the bottom 

sides of their neat films were measured.  Their LUMO levels were determined by adding 

the optical bandgap energy (Eg) calculated from the 0-0 transition to the HOMO energy: Eg 

was calculated as 1.68 eV (PBDTTT-EF-T) and 1.55 eV (N2200) by using Eg = hc/0-0, 

where h is the Planck’s constant, c is the velocity of light, and 0-0 is the wavelength of the 

crossing point between the absorption and PL bands of the neat films (see Appendix, Figure 

6-A6). 

Device Fabrication and Measurements: ITO-coated glass substrates (10 Ω per square) were 

washed by ultrasonication with toluene, then acetone, and finally ethanol for 15 min each 

and then dried under an N2 flow.  The washed substrates were further treated with a UV–

O3 cleaner (Nippon Laser & Electronics Lab, NL-UV253S) for 30 min.  A 40-nm-thick 

layer of PEDOT:PSS (H. C. Stark, PH-500) was spin-coated onto the ITO substrate at a 

spinning rate of 3000 rpm for 99 s and then dried in air at 140 °C for 10 min.  A blended 

layer of PBDTTT-EF-T/N2200 was spin-coated onto the PEDOT:PSS film at 2500 rpm for 

60 s from CB solution.  The blended solution was prepared by mixing PBDTTT-EF-T and 

N2200 in a 1:1 weight ratio in CB: PBDTTT-EF-T (9 mg) and N2200 (9 mg) were dissolved 

in 1 mL of CB.  The thickness of the PBDTTT-EF-T/N2200 blended layers was 100 ± 10 

nm.  Preparation of the CB solutions and subsequent spin coating of the solutions onto the 

PEDOT:PSS film was carried out in an N2-filled glove box.  After the spin coating, the 

PBDTTT-EF-T/N2200 blended films were stored in an N2-filled glove box for one week at 

room temperature.  Finally, a calcium interlayer (Ca, 2 nm) and an aluminum electrode (Al, 

70 nm) were vacuum-deposited through a shadow mask at 2.5 × 10−4 Pa.  The J–V 

characteristics of the devices were measured using a direct-current voltage and current 

source/monitor (Advantest, R6243) under illumination by an “air mass 1.5-Global” (AM 
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1.5G) simulated solar light at 100 mW cm−2.  The light intensity was corrected with a 

calibrated silicon photodiode reference cell (Bunko-Keiki, BS-520; active area: 0.0534 cm2).  

The spectral-mismatch factor calculated with respect to the AM 1.5G spectrum for the 

PBDTTT-EF-T/N2200 test-cell and BS-520 silicon reference-cell combination was 1.02.44  

The illumination intensity dependence of the JV characteristics was performed by using 

reflective neutral density (ND) filters with optical densities (OD) from 0.1 to 1.5.  The EQE 

spectrum was measured with a digital electrometer (Advantest, R8252) under illumination 

of monochromatic light from a 500-W Xe lamp (Thermo Oriel, 66921) with optical cut filters 

and a monochromator (Thermo Oriel, UV–visible Cornerstone).  The active area of the 

device was 0.07 cm2, which was determined from the area of the top Ca/Al electrode.  To 

minimize the edge effect, the author used a device layout consisting of unpatterned 

PEDOT:PSS and PBDTTT-EF-T/N2200 layers sandwiched between unpatterned ITO and 

Ca/Al top electrodes.  In this layout, the photoactive area can be assumed to be the area of 

the Ca/Al top electrode.45  Simulated solar light was illuminated on the ITO side of the 

device.  All measurements were carried out under an atmosphere of N2 at room temperature.  

The device structure is depicted in Appendix, Figure 6-A7.  More than 25 devices were 

fabricated to ensure the reproducibility of the J–V characteristics. 

Mobility Measurements: Hole-only devices were fabricated by the following procedure.  A 

PBDTTT-EF-T neat layer and PBDTTT-EF-T/N2200 blended layer were spin-coated onto 

separate ITO substrates covered with 40-nm-thick PEDOT:PSS, which acted as the anode.  

A gold electrode (Au, 50 nm) was then vacuum-deposited on each layer as the cathode 

(ITO|PEDOT:PSS|PBDTTT-EF-T|Au and ITO|PEDOT:PSS|PBDTTT-EF-T/N2200|Au).  

Thicknesses of the PBDTTT-EF-T neat layer and PBDTTT-EF-T/N2200 blended layer were 

123 nm and 82 nm, respectively.  Electron-only devices were fabricated by the following 

procedure.  A 50-nm-thick Al layer, which acted as the anode, was vacuum-deposited on a 
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glass substrate covered with 20-nm-thick poly(sodium 4-styrenesulfonate) (Mw = 70,000 g 

mol−1).  A neat layer of N2200 and PBDTTT-EF-T/N2200 blended layer were spin-coated 

onto each Al electrode.  A Cs2CO3 interlayer (4 nm) and Al layer (80 nm) were then 

vacuum-deposited as the cathode (Al|N2200|Cs2CO3|Al and Al|PBDTTT-EF-

T/N2200|Cs2CO3|Al).  Thicknesses of the N2200 neat layer and PBDTTT-EF-T/N2200 

blended layer were 145 nm and 95 nm, respectively.  The Cs2CO3 layer was used to 

enhance the efficiency of electron injection.46  The dark JV characteristics of the devices 

were measured in air (hole-only devices) and under an N2 atmosphere (electron-only 

devices) by using a direct-current voltage and current source/monitor (Advantest, R6243).  

The PBDTTT-EF-T and N2200 neat layers were spin-coated from CB solutions.  The 

PBDTTT-EF-T/N2200 blended layer was spin-coated under the same conditions used for 

device fabrication. 

Photoluminescence Quenching Measurements: PL spectra were measured for the PBDTTT-

EF-T and N2200 neat films and PBDTTT-EF-T/N2200 blended film, which were spin-

coated onto quartz substrates, using a calibrated fluorescence spectrophotometer (Horiba, 

NanoLog).  The sample films were excited at 500 nm to primarily excite the PBDTTT-EF-

T component and at 400 nm to mainly excite the N2200 component.  The excitation 

fraction of each component was 78% (PBDTTT-EF-T) and 72% (N2200).  The PL 

quenching efficiency of PBDTTT-EF-T was evaluated from the ratio of PBDTTT-EF-T PL 

intensity for the PBDTTT-EF-T/N2200 blended films to that for a PBDTTT-EF-T neat film 

(after each PL intensity was corrected for variations in PBDTTT-EF-T absorption at 500 

nm).  The PL quenching efficiency of N2200 was evaluated from the ratio of N2200 PL 

intensity for the PBDTTT-EF-T/N2200 blended films to that for an N2200 neat film (after 

each PL intensity was corrected for variations in N2200 absorption at 400 nm). 
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Reflection Absorption Measurements: Absorbance was measured in reflection geometry at 

an incident angle of 5° normal to the substrate (Hitachi, U-4100) for the PBDTTT-EF-

T/N2200 blended films covered with an Al top electrode.  A schematic of the film structure 

used in reflection absorbance measurements is depicted in the inset of Figure 6-A2 in 

Appendix.  The blended film was spin-coated from CB solution onto a glass substrate under 

the same conditions used for device fabrication.  The reflection absorption of the PBDTTT-

EF-T/N2200 blended films was calculated from the reflection absorbance (Abs()) as 

(110−Abs()) × 100. 

AFM Measurements: Surface morphology of the PBDTTT-EF-T/N2200 blended film was 

observed by Atomic Force Microscopy (AFM, Simadzu, SPM-9600).  Silicon probes were 

used with a resonant frequency of ~267 kHz and a force constant of ~42 N m1 (NANO 

WORLD, NCHR-10). 
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6.5. Appendix 

6.5.1. Device Parameters 

 

Figure 6-A1.  Distributions of JSC, FF, PCE, and VOC of PBDTTT-EF-T/N2200 BHJ solar 

cells.  Circles of the same symbols in each figure represent the parameters obtained from 

the same device. 

 

6.5.2. The Number of Photons Absorbed by the PBDTTT-EF-T/N2200 Layer 

The number of photons absorbed by the PBDTTT-EF-T/N2200 blended film (Nph) 

was calculated using the following equation:  

Nph = ∫
NAM1.5G(λ) ∙ %Abs(λ) ∙ dλ

100

900 nm

350 nm
   (A1) 

In Equation A1, NAM1.5G is the number of photons from AM 1.5G solar light, %Abs is the 

percentage absorption of the PBDTTT-EF-T/N2200 blended film, and  is the wavelength.  

The value of %Abs was calculated from the absorbance (Abs) of the blended film as %Abs() 
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= (1  10−Abs()) × 100.  The absorbance was measured in reflection geometry at an incident 

angle of 5° normal to the substrate (Hitachi, U-4100) for the blended film covered with an 

Al top electrode.  Figure 6-A2 shows the reflection absorbance of the blended film used for 

the calculation of %Abs.  The blended film was spin-coated from CB solution onto a glass 

substrate under the same conditions used for device fabrication. 

 

 

Figure 6-A2.  Reflection absorbance spectrum of the PBDTTT-EF-T/N2200 blended film.  

The inset shows a schematic of the film structure used in the reflection absorbance 

measurement. 

 

6.5.3. Mobility Measurements 

Charge-carrier mobilities () were calculated from the dark J–V characteristics using 

the space-charge-limited current (SCLC) method using the MottGurney equation for 

current density JSCLC, expressed as JSCLC = 
9
8
ε0εrμ

V
2

L
3, where 0 is the vacuum permittivity, 

r is the dielectric constant of the film (r = 3 was assumed), and L is the thickness of the 

active layer.37,38  The J–V characteristics of the hole-only devices and those of the electron-

only devices are shown in Figures 6-A3-1 and 6-A3-2, respectively. 
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Figure 6-A3-1.  The dark J–V characteristics of ITO|PEDOT:PSS|PBDTTT-EF-T(123 

nm)|Au and ITO|PEDOT:PSS|PBDTTT-EF-T/N2200(82 nm)|Au hole-only devices. 

 

 

Figure 6-A3-2.  The dark J–V characteristics of Al|N2200(145 nm)|Cs2CO3/Al and 

Al|PBDTTT-EF-T/N2200(95 nm)|Cs2CO3/Al electron-only devices.  The applied voltage 

V was corrected for the built-in voltage VBI of 2.1 V.A1,A2 
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6.5.4. Dependence of Charge-Carrier Mobilities on Film Thickness 

Charge-carrier mobilities in the PBDTTT-EF-T/N2200 blended film calculated by 

considering the voltage drop due to contact resistance (the resistance of these single-carrier 

devices was assumed to be 10 ΩA3,26) are μh = 4.1 × 10−4 cm2 V−1 s−1 and μe = 4.8 × 10−4 cm2 

V−1 s−1, respectively 

 

 

Figure 6-A4.  Hole (h) and electron (e) mobilities of PBDTTT-EF-T and N2200 neat 

films evaluated for different film thickness. 

 

6.5.5. Dependence of FF on Active Layer Thickness 

 

Figure 6-A5.  Fill factor of PBDTTT-EF-T/N2200 BHJ solar cells with varying 

thicknesses ranging from 60 nm to 150 nm under AM 1.5G illumination (100 mW cm−2). 
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6.5.6.  Calculation of Optical Bandgap Energy (Eg) 

 

Figure 6-A6.  Absorbance (solid line) and PL (dashed line) spectra of (a) PBDTTT-EF-T 

and (b) N2200 neat films spin-coated from chlorobenzene solution.  The optical bandgap 

energy (Eg) was calculated from the 0-0 transition using Eg = hc/0-0, where h is the Planck’s 

constant, c is the velocity of light, and 0-0 is the wavelength of the crossing point between 

the absorption and PL bands. 

 

6.5.7. Device Structure 

 

Figure 6-A7.  Schematic illustration of the device structure.  
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Summary 

 

 In this thesis, the author describes the development of efficient polymer blend solar 

cells composed of conjugated donor and acceptor polymers, through both optimization of 

the nanoscale phase-separated structure of polymer/polymer blend films and an appropriate 

selection of donor and acceptor polymer materials.  The origin of the improved device 

performances is also addressed.  The first part of this thesis is concerned with the 

optimization of blend nanomorphology and the correlation between morphology and 

photovoltaic performances.  The latter part of the thesis focuses on the application of low-

bandgap polymers to polymer/polymer blend solar cells in order to enhance their 

photovoltaic performances.  A summary of each chapter is presented below. 

In Chapter 2, the preparation of polymer/polymer blend solar cells consisting of 

poly(3-hexylthiophene) (P3HT) as the donor and poly[2,7-(9,9-didodecylfluorene)-alt-5,5-

(4,7-bis(2-thienyl)-2,1,3-benzothiadiazole)] (PF12TBT) as the acceptor is reported.  

The author found that the photovoltaic performances of P3HT/PF12TBT solar cells varied 

drastically with changes in the processing solvents and annealing temperatures.  The device 

prepared by spin coating using high-boiling point solvents, chlorobenzene and o-

dichlorobenzene, exhibited a short-circuit current density (JSC) as low as 1 mA cm−2 due to 

the formation of phase-separated structures on the micro- and sub-micrometer scale during 

the slow evaporation of solvents.  On the other hand, the device prepared from chloroform 

(a low-boiling point solvent) resulted in a higher JSC as high as 4 mA cm−2 due to the presence 

of a finely mixed blend morphology comprising nanoscale phase-separated domains.  In 

addition, thermal annealing was found to improve domain purity and subsequently promoted 

domain growth on a nanometer scale.  As a result, JSC increased due to low-temperature 

annealing but decreased due to high-temperature annealing.  Thus, the author concludes 
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that efficient photovoltaic performances are achieved owing to thermal purification of 

nanoscale phase-separated domains, obtained from a low-boiling point solvent such as 

chloroform.   

 In Chapter 3, charge carrier generation and recombination dynamics in thermally-

annealed P3HT/PF12TBT blend films are investigated using transient absorption 

spectroscopy.  Charge carrier dynamics were found to vary depending on the annealing 

temperature.  In the case of the unannealed blend film, the majority of charges were 

generated promptly within an excitation laser pulse (100 fs) without diffusion of singlet 

excitons.  This indicates that donor and acceptor polymers are mixed on the scale of a few 

nanometers, which is shorter than the diffusion length of singlet excitons.  In this case, most 

of the generated charges were constrained within the isolated polymer domains, and were 

found to recombine monomolecularly to the ground state with a lifetime of 2500 ps.  

Thermal annealing was observed to suppress the monomolecular recombination loss and to 

increase the efficiency of free carrier generation owing to both purification of the PF12TBT 

domains and crystallization of the P3HT chains.  The author therefore concludes that 

photovoltaic performances are dominated by the generation efficiency of free charge carriers, 

which is significantly affected by the nanomorphology of blend films. 

 From the discussion in Chapters 2 and 3, the author found that an improvement in 

device performance is obtained with a blend morphology that can offer efficient free-carrier 

generation and transport by the thermal purification of nanoscale phase-separated domains 

without domain growth.  In Chapter 4, based on these findings, a further improvement in 

performances is demonstrated using high-molecular-weight of the acceptor polymer, 

PF12TBT.  The power conversion efficiency (PCE) increased from 1.9% to 2.7% as the 

weight average molecular weight of PF12TBT increased from 8,500 to 78,000.  In the 

device with high-molecular-weight PF12TBT, efficient charge generation was maintained 



  

147 

 

even at high annealing temperatures.  This is likely because high-molecular-weight 

PF12TBT has a relatively high Tg, and its chains exhibit reduced diffusional mobility, thus 

resulting in the suppression of domain growth during the thermal annealing of 

P3HT/PF12TBT blend films.  Efficient charge transport was also achieved by the 

formation of interconnected networks of PF12TBT domains, and by the ordering of P3HT 

chains in P3HT domains by thermal annealing.  Therefore, in the device with high-

molecular-weight PF12TBT, optimum blend morphology that realizes efficient charge 

generation as well as charge transport by thermal annealing results in the improvement in 

device performance.   

 In Chapter 5, the use of low-bandgap polymers as both donor and acceptor materials 

to enhance the light-harvesting efficiencies in the near infrared region is examined.  Low-

bandgap polymer/polymer blend solar cells were prepared using poly[2,3-bis-(3-octyloxy-

phenyl)quinoxaline-5,8-diyl-alt-thiophene-2,5-diyl] (PTQ1) as the donor and poly{[N,N-

bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5-(2,2-

bithiophene)} (N2200) as the acceptor.  Due to efficient light absorption by both PTQ1 and 

N2200, the solar cells consisting of a 50:50 blend of PTQ1:N2200 gave a PCE as high as 

3.4%.  Moreover, the device performance was further enhanced by the optimization of the 

PTQ1:N2200 blend ratio, with a maximum external quantum efficiency (EQE) of 50% and 

an excellent PCE of 4.1% being achieved for the device containing 70% PTQ1.  To explain 

the origin of the superior device performance in the presence of a higher PTQ1 to N2200 

ratio, charge generation and transport efficiencies were investigated for the blend films with 

different PTQ1 contents.  Photoluminescence quenching measurements indicated that 

charge generation from PTQ1 excitons occurred more efficiently than that from N2200 

excitons as the excitons in PTQ1 were effectively conveyed to the interface with N2200 via 

energy transfer.  Furthermore, mobility measurements showed that hole mobilities in the 



  

148 

 

blend film improved and became more balanced with electron mobilities as the PTQ1 

content increased.  Consequently, the device performances were optimized at high PTQ1 

contents. 

 In Chapter 6, the preparation of highly efficient polymer/polymer blend solar cells 

using poly[[4,8-bis[5-(2-ethylhexyl)thiophene-2-yl]benzo[1,2-b:4,5-b]dithiophene-2,6-

diyl][3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl]] (PBDTTT-EF-T) as 

the donor and N2200 as the acceptor is demonstrated.  In this case, both the donor and 

acceptor are low-bandgap polymers with high charge carrier mobilities, resulting in an EQE 

approaching 60% and a PCE of 5.7%.  The author found both charge-carrier generation and 

collection efficiencies to be as high as 80%, which is comparable to those of efficient 

polymer/fullerene blend solar cells.  This is due to the finely mixed morphology on 

nanometer scale and high charge-carrier mobilities in blend films.  This finding therefore 

demonstrates that the potential of polymer/polymer blend solar cells is comparable to that of 

polymer/fullerene solar cells.   
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