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Abstract 

 

The organics photovoltaics approaches do not rely on conventional single p–n junctions for 

their function but are based rather upon charge separation at a donor–acceptor interface. Accounts 

that follow the complexity of the matters facing scientists and engineers involved in organic 

photovoltaics research and development. The various optical and electronic processes that 

ultimately produce the transformation of sunlight into electricity are linked in such a way that 

their respective optimizations require opposing criteria to be fulfilled. In this thesis, the 

optimization of the polymer solar cells based on regioregular poly(3–hexylthiophene) (P3HT) 

and the bisadduct of phenyl C61–butyric acid methyl ester (bisPCBM) is studied thoroughly as a 

role of solvent annealing effect as well as different concentration of bisPCBM. In the case of 

P3HT:bisPCBM of 1 : 0.8 w/w, more balanced electron mobility and hole mobility are observed, 

resulting in better performance of the solar cells. Under the best balance conditions such as 

P3HT:bisPCBM of 1 : 0.8 w/w, the solvent annealing is employed to further clarify the 

optimization of the devices. Such a treatment leads to the formation of crystalline P3HT domains 

in the blend films, which is determined by X–ray diffraction, UV–vis spectroscopy, and atomic 

force microscopy. From this experiment, one can conclude that the best power conversion 

efficiency of 3.75% is achieved in a layered structure of P3HT:bisPCBM of 1 : 0.8 w/w for a 

solvent annealing time of 24 h. 
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1. Introduction 

174 petawatts of incoming solar radiation illuminates at the atmosphere of Earth. 

Approximately 30% is reflected to space while the remainder is absorbed by cloud, ocean and land. 

The solar spectrum at the surface of earth is mainly spread across the visible and near–infrared 

ranges with a small part in the near–ultraviolet. The surface of Earth, oceans and atmosphere 

absorb solar radiation, and this raises their temperature (Figure 1). Warm air and evaporated water 

from the oceans caused atmospheric circulation or convection. When the air reaches a high altitude 

of the low temperature, the vapor condenses into clouds, which rain onto the surface of Earth, 

completing the water cycle. The potential heat of water condensation amplifies convection, 

producing wind, storm and so on. Sunlight absorbed by the oceans and land keeps the surface at an 

average temperature of 14 °C.  

 

 

 

Figure 1. Incoming solar energy reaches the Earth's surface. 

* Source –http://en.wikipedia.org/wiki/File:Breakdown of the incoming solar energy.svg 
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The solar photon energy absorbed by atmosphere, oceans and land is approximately, 

850,000 exajoules (EJ) per year. In 2002, it was more energy in one hour than the world used in 

one year. Photosynthesis captures approximately 3,000 EJ per year in biomass. The amount of solar 

light energy reaching the surface of Earth is so extensive that in one year it is about twice as much 

as will be obtained from all of the non–renewable resources of fossil fuel, for example coil, oil, 

natural gas, and mined uranium combined. From the Table 1, it would appear that solar, wind or 

biomass would be sufficient to supply all of our energy demands, however, the increased use of 

biomass has induced a negative effect on global warming and considerably increased food prices 

by diverting forests and crops into biofuel production. As energy resources, solar and wind raise 

other issues. Depending on a geographical location the closer to the equator the more potential 

solar energy is more useful.  

 

 

Table 1. Yearly Solar fluxes & Human Energy Consumption 

Yearly Solar fluxes Human Energy Consumption 

Solar 3,850,000 EJ 

Wind 2,250 EJ 

Biomass 3,000 EJ 

Primary energy use (2005) 487 EJ 

Electricity (2005) 56.7 EJ 

* Source– http://en.wikipedia.org/wiki/Solar_energy 
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Organic material based bulk–heterojunction (BHJ) photovoltaic devices based on blends of 

conjugated polymers an donor materials and fullerene derivatives as accepter materials are 

considered to be the chemical flexibility for modifications on organic semiconductors through 

chemical synthesis methods as well as a large–area, flexibilty, and more importantly economical 

renewable–energy source drives the research in this field in the academy and industry. 1 Even 

though the fact that considerable progress has been made in this field of research, the relatively low 

power conversion efficiency and also stability issues, are a drawback for commercialization of 

these devices. During the last decade, tremendous progress has been made towards the aim of 

successful commercialization of organic photovoltaic cells. Thereby, the power conversion 

efficiency (PCE) over of 6–7% have been realized in both single–junction and tandem 

configuration. 2, 3, 4 

 

1.1. The history of organic solar cells 

The first generation of organic photovoltaic solar cells was based on single layers sandwiched 

between two metal electrodes of different work functions. 5 The rectifying behavior of single layer 

devices was attributed to the asymmetry in the electron and hole injection into the molecular π* 

and π orbitals, respectively, 6 and to the formation of a Schottky–barrier 7, 8, 9 between the p–type 

organic layer and the metal with the lower work function. 10, 11 In this case, the organic layer was 

sandwiched between a metal–metal oxide and a metal electrode, therefore enhancing the Schottky–

barrier effect of metal–insulator–semiconductor (MIS) 12 devices. The next breakthrough was 

achieved by introducing the bilayer heterojunction concept, in which two organic layers with 

specific electron or hole transport characteristics were sandwiched between the electrodes. Tang 

reported 1986 about 1% PCE for two organic materials, a phtalocyanine derivative as p–type 

semiconductor material and a perylene derivative as n–type semiconductor material, sandwiched 

between a transparent conducting oxide and a semitransparent metal electrode. 13 This result was 

for a number of years the predominant objective. 14 Hiramoto et al. did pioneering work 

introducing the theory of a tandem cell structure by stacking two heterojunction devices. 15 They 

also developed a three layer p–n structure with a double deposited interlayer between the p–type 

and n–type material layers. 16 The first single layer devices based on these new materials were 

published. 17 But also, these polymer single layer solar cell devices were showing barely PCE of 

less than 0.1%. The observation of a photoinduced electron transfer from excited conjugated 

polymers to the C60 molecule 18 and the observation of greatly increased photoconductivity upon 

C60 addition to the conjugated polymers 19 led to the development of polymer– fullerene bilayer 

heterojunction 20 and BHJ 21, 22 devices incorporating C60 and fullerene derivatives(e.g. PC60BM, 
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PC70BM and bisPCBM) with enhanced solubility. 23 The BHJ concept, similar to the evaporated 

molecular structures of Hiramoto, 16 was introduced by blending two polymers having donor 

material and acceptor material properties in solution. 24, 25 Spin cast films from such as the solution 

then resulted in solid state mixtures compound of both materials. A further approach was 

lamination of two polymer layers, leading to a diffusive interface between D and A moieties, and 

calculated PCE approaching 2% were reported. 26 The organic solar cell development gained 

momentum in the past years: Conversion efficiencies between 1.5 and 4% have been achieved for 

evaporated bilayer devices, 27, 28 BHJ polymer–fullerene devices, 29, 30, 31 co–evaporated molecular 

devices, 32, 33 and hybrid devices including organic and inorganic materials. 34, 35 Theoretically 

similar to BHJ, there is a wide research field of dye sensitized, electrochemical solar cells. For 

using practical application, not only the PCE but also the lifetime of the photovoltaic device is of 

importance. The stability of organic solar cells is mainly affected by photo degradation of the 

active layer materials.29, 36, 37 When analyzing the electronic levels of the P3HT:PCBM composites 

system, a lot of loss mechanism can be identified: due to the high exciton binding energy in 

conjugated polymers, excitons rather than free carriers are created upon light absorption. By 

blending in an electron acceptor and acceptor materials, it becomes energetically favorable for the 

electron to make a transfer to the acceptor, thus breaking up the exciton. 

 

  

1.2. The structure of organic solar cells  

Schematic representations of a typical bi–layer and a typical BHJ solar cell are shown in 

Figure 2. Organic solar cells are made on a supporting substrate typically coated with a conducting 

material that will serve as an electrode. This electrode is normally coated with a conducting 

polymer (e.g. (poly(3,4–ethylenedioxythiophene)–polystyrene sulfonate) PEDOT:PSS) or an 

inorganic transparent conductor, metal oxide, such as ZnO or TiOx etc. They are used normally in 

an inverted cell configuration, 38 and then coated with the active donor and acceptor materials. 

Finally, the second electrode is deposited, often after the deposition of a very thin buffer layer. At 

least one of the electrodes must be transparent to allow photoexcitation of the active materials. The 

most commonly used transparent electrode is indium tin oxide (ITO). However, due to the shortage 

of indium, the cost increases and brittleness of the ITO when deposited onto flexible electrodes, 

significant effort has been devoted to research on alternative transparent electrodes. 39 For 

simplicity, it will be explained the more conventional device structure, where the electrode covers 

a transparent substrate, followed by PEDOT:PSS as hole transport layer, active layer composed D–

A materials and a metal electrode, it is typically Al. However, the processes described below are 
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general to most device architectures.  

  

 

 

Figure 2. Typical bilayer and bulk–heterojunction device structure. 

 

 

 

1.3. The principle of organic solar cell 

The energy conversion process is comprised of at least five fundamental steps, it is explained 

on following: (a) light absorption by the donor polymer of active layer and exciton generation, (b) 

exciton diffusion, (c) ultrafast charge transfer of the electron to the fullerene; the hole remains on 

the donor polymer, (d) dissociation of the still Coulomb–bound charge pair and charge transport to 

the respective electrodes, (e) charge extraction, photocurrent generation, and (f) charge 

recombination, The process is presented at Figure 3. 1, 40 
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Figure 3. Basic processes for the conversion from light to current of an organic bulk–

heterojunction solar cell.  

 

 

 

1.3.1. Light absorption  

The first step in the energy conversion is light absorption. Organic semiconductors typically 

have high absorption coefficients (e.g. >105 cm–1), therefore a layer thickness of only a few 

hundred nanometers is sufficient to absorb all of the light at the peak absorption wavelength. 

However, band gaps tend to be comparatively large and absorption bands tend to be relatively 

narrow compared to inorganic semiconductors and, therefore, just a small fraction of the solar 

spectrum is absorbed (Figure 4). 41 Moreover, there is typically a mismatch between the material 

absorption spectrum and the solar spectrum: the photon flux of the AM1.5 solar spectrum peaks at 

around 700 nm, it is about 1.8 eV while most common donor polymers have absorption peaks at 

higher energy. Thus, for instance, about 240 nm thick poly(3–hexylthiophene) (P3HT) film has 

been shown to absorb more than 95% of the incident light over the 450– 600 nm range. 42 A 
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common strategy is to use low bandgap polymers. 43 Indeed, if the absorption band of the D 

materials could be extended to the range 350–826 nm, 41% of the photons could be absorbed, 

effectively doubling the efficiency of the cell.  

 

 

 

 

Figure 4. AM 1.5 solar spectrum. Shaded areas highlight the solar flux that is absorbed by 

P3HT and what could be potentially absorbed by extending the absorption band of 

the photoactive layer. 

 

 

In practice, however, altering the polymer bandgap is not simple since it affects other device 

properties, as will be clear in the following sections. Moreover, making thicker active layers is not 

a useful strategy as this increases resistance losses, due to the typical low charge carrier mobilities 

present in organic materials.  

The research for new donors has been continued constantly while less effort is being invested in 

looking for new acceptors because fullerenes are usually regarded as almost ideal candidates for 

several reasons. They have a proper lowest unoccupied molecular orbital (LUMO), 44 which 

donates the molecule with a very high electron affinity relative to the numerous potential organic 

donors. Importantly, a number of polymer and fullerene composites are known to exhibit ultrafast 

photoinduced charge transfer, with a back transfer that is orders of magnitude slower. 45 Moreover, 

fullerene has been shown to have high electron mobility for organic semiconductors of up to 1 cm2 

V–1 s–1 in field effect transistors (FET). 46 Furthermore, coupled with the electronic properties, 
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soluble fullerene derivatives, for example, [6,6]–phenyl–C61–butyric acid methyl ester (PCBM), 

are able to pack effectively in crystalline structures with good charge transport. 47 A major 

drawback of fullerenes, however, is comparatively low absorption coefficient in the visible range 

but less symmetrical soluble fullerenes, such as C70, and C84 derivatives. C70 absorbs more light in 

the visible range than C60 because the high symmetry of the latter gives low–energy transitions 

formally dipole forbidden, resulting in a weak absorption in the visible, despite its 1.8 eV bandgap. 

48 Other strategies to increase light absorption include reduction of reflection losses, either by 

adding anti–reflection coating or by structuring the interfaces, and engineering the optical 

interference inside the device to maximize the electromagnetic field in the active layer. 49 The latter 

can be achieved by adding optical spacer layers to change the distance between the semitransparent 

and the reflecting electrode.  

 

 

1.3.2. Exciton generation 

As photons energy equal or larger than the band gap are absorbed, an electron–hole pair is 

generated, it is called exciton, with a binding energy slightly lower than the energy of a free 

electron and hole, and which depends on the active layer region. Due to the characteristic disorder 

in conducting polymers, the weak intermolecular forces and because of their relatively low 

dielectric constants (ca.3), strongly bound localized excitons are formed with binding energies on 

the order of hundreds of meV. 50 In contrast, in inorganic semiconductors dielectric constants are 

greatly larger than conducting polymers, which has the effect of screening the Coulomb interaction. 

The charge carriers are usually delocalized, band to band electronic transitions occur and weakly 

bound excitons are formed with binding energies. In contrast to inorganic semiconductors the free 

charge carriers of OPVs are not generated after photoexcitation, and another step is required to 

separate the exciton.  

 

 

1.3.3. Exciton diffusion 

Excitons diffuse through the donor and acceptor phase, where they can decay or recombine a 

D–A interface and dissociate into free charges. Exciton diffusion is characterized by a formal 

diffusion length, it is the product of a diffusion coefficient and an exciton lifetime. Several values 

have been reported for exciton diffusion lengths in organic semiconductors.50, 51 It is considerably 

shorter than device thicknesses. Exciton diffusion length can be limiting, in that decay, 

recombination routes are in competition with charge carrier generation. Here, the reason why BHJ 
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usually perform better than bi–layer architectures is obvious. Because of the small exciton diffusion 

length, the active layer region of the bilayer device is limited to a very narrow region close to the 

D–A compound interface, while the remaining thickness only contributes to increase series 

resistance and to filter part of the light intensity before it reaches the active layer region. On the 

other hand, the donor and acceptor are mixed in the cells, such as in BHJs, exciton diffusion is not 

normally considered a major limitation as donor and acceptor compound phase domains. However, 

generated charges have to be transported as well and very small domain sizes may lead to limited 

percolation and increased recombination losses. 51 Improvements in charge carrier mobility should 

increase exciton diffusion length, potentially leading to enhanced absorption as thicker layers could 

be employed and increase generally OPV performance. 52  

 

 

1.3.4. Exciton dissociation 

Once at the Donor and Acceptor interface the exciton can dissociate into free charge carriers. 

Basic steps in the process of photoinduced charge separation for a donor (D) and an acceptor (A). (1) 

photoexcitation of the donor (2) diffusion of the exciton and formation of recombination of  

electron and hole pair, direct charge separation through charge transfer, electron transfer within the 

encounter pair to form a geminate pair (4) charge separation. This is because the kinetics of charge 

transfer in optimized polymer–fullerene devices is ultrafast, around 40–45 fs, 44 and there is no 

competing decay process, it is recombination process for the optically excited electron–hole pair. 53 

It has been proposed that the exciton directly dissociates into free charge carriers, electron and hole, 

because the excess photon energy after exciton dissociation is used to dissociate the bound pair at 

the interface. 54 On the other hand, there is evidence that charge transfer forms a bound pair, which 

can dissociate or recombine. 55 A convincing extension of the Onsager model 56 of exciton 

dissociation has been proposed to explain the efficiency of the process, 57 which points out that the 

excess energy of the excited carriers formed directly after charge transfer governs the initial 

separation distance between the bound electron carriers and hole carriers, and thus the dissociation 

efficiency. Moreover a large mobility difference of electron and hole is expected to favor 

dissociation, although if too large it is likely to increase resistance losses since the slow charge 

carrier will limit the photocurrent. The overall charge separation process must be energetically 

favorable, 40 for instance the change in Gibbs free energy on converting a neutral species into two 

separated charged species must be negative. 58 In inorganic systems, the dielectric constants are high, 

such that temperature, dopant and impurity induced fields provide a sufficient driving force to 
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dissociate the Wannier–type singlet excitons. 59, 60 From one point of view field–assisted 

photoluminescence quenching researches showed that a strong field is required for dissociation. 61 

However, the obtained dissociation by measuring did not reveal whether free carriers or bound 

charge carrier pairs are formed up on exciton splitting. On the other hand, a combination of exciton 

quenching with photoluminescence and photocurrent measurements showed for a ladder–type 

polymer a two step process: formation of Coulombically bound geminate electron–hole pairs 

followed by dissociation into free carriers. 62 Contrary to previous assumptions, in that study the 

electric field mainly assisted in the formation of the bound pairs and not in the dissociation. It is 

important to notice that the concept of free charge carriers does not necessarily imply free electrons 

and holes. In organic semiconductors, injection of charge creates localized charge carriers that exist 

as cation, cation radical, anion, or anion radical. The polymer lattice generally allows relaxation 

around these charged carriers, and as such the resulting mobile distortions are described as 

quasiparticles: solitons, polarons and bipolarons. 63 Solitons are only relevant for π–conjugated 

organic materials with a degenerate ground state, such as polyacetylene. The vast majority of 

organic semiconductors have a non–degenerate ground state, including all those used for OPV 

devices, and thus polarons are the typical charge carrier species. In P3HT, and related alkyl 

derivatives, the nature of the charge carriers and the mechanism of charge transport have been 

extensively studied. Recently it has been found that polarons are the favored charge carrier. 64 It will 

be explained to positive and negative side of holes and electrons, respectively.  

 

 

1.3.5. Charge transport 

Following exciton dissociation, electrons are found in the acceptor phase whereas holes 

remain in the donor phase. The electrons and holes must be transported from the electron donor 

and electron acceptor interface towards the respective electrodes to produce photocurrent. Current 

density (J) is composed of a drift and a diffusion component. Depending on the morphology of the 

donor and acceptor interface relative to the respective electrodes, either diffusion or drift might 

dominate. For example, in planar bilayers diffusion current is very important and photocurrent can 

still be observed even in flat band conditions, allowing open circuit voltage (VOC) values that can 

be higher than the difference in work function of the metal electrodes. 65 On the other hand, for a 

pure BHJ device, where the donor–acceptor interfaces are randomly distributed in space, the net 

diffusion current is small and the drift component dominates. Obviously, the relative importance of 

the diffusion current will strongly depend on morphology, which often contains dead–ends and 

complicated pathways of each component to the respective electrode. 51 In this case, some 
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correlation of the VOC with the electrode work function can be observed, although other processes, 

such as Fermi level pinning and band bending may negatively affect its value. Efficient charge 

transport is important as it will be in competition with interfacial recombination, and will limit 

thickness of device. It has been found that it is hole transport rather than electron transport which is 

competitive with recombination, as hole mobility in the conducting polymers is typically lower 

than electron mobility in the acceptor for example PCBM. 63, 64 For instance, in polymer:PCBM 

composite films thickness about 100 nm, the recombination rate becomes competitive with the 

transport time for charge carriers to reach the electrodes, resulting in recombination loss rather than 

increased external current. 42 Because the PCBM absorption coefficient is small in the visible and a 

large fraction is required in BHJ blends, film thickness is a compromise between maximizing light 

absorption and minimizing recombination loss. Therefore increasing hole mobility in the donor is 

important to enable thicker films and more light absorption increasing the power conversion 

efficiency. Indeed, field–effect transistor 65 and also transient electroluminescence, impedance 

spectroscopy and space–charge–limited–current (SCLC) measurements have shown that hole 

mobility is increased up to two orders of magnitude in a MDMO–PPV:PCBM blend as compared 

to the pure polymer. Instinctively one would expect polymer dilution in the PCBM would lead to a 

reduction of hole mobility, to a first approximation, due to a reduced percolation pathway. 

Efficient polymer packing may be coming into play and could explain the higher hole mobility. 

Thus, to obtain OPV proper values it is important to measure charge mobility in the blends as used 

in operational devices. In terms of the charge transport mechanism, hopping is usually the basis of 

all proposed models because of the localized nature of the charge carriers. Traditionally, 

conducting polymers have been treated mainly as pseudo–1dimentional (1D) conductors. 66 

However, recent researches suggest a more significant role for 1D conduction mechanisms. 67, 68 In 

accordance with this trend, a dopant induced crossover from 1dimentional to 3dimentional (3D) 

variable–range hopping transport has been reported in a region regular poly thiophene derivative, 

where interchain overlap was small. 69, 70 Reports by Friend’s group and Vardeny’s group on P3HT 

which are likely to have implications for the whole regioregular poly(3–alkyl thiophene) provide 

strong evidence to suggest that the enhanced supramolecular ordering present in this polymer has 

important implications. Furthermore, Friend et al. reported that P3HT possesses a single, intrinsic, 

charge carrier which is identified as a single charged 2dimentional (2D) polaron species. 

Additional study is necessary to understand the theory of the nature of charge carriers in 

conducting polymers and their relationship to molecular packing. This is fundamental to describe 

charge transport and to allow rational design of molecules. They need to be extracted with 

minimum loss when charges reach the electrode. The simplest description for charge extraction 

would be a hopping 71 or tunnelling 72 step, from the organic material HOMO level of the donor for 
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holes and LUMO level of acceptor for electrons to the Fermi level of the electrode. The latter 

process dominates for large energy barriers and low temperatures; however, at room temperature, 

thermionic emission over the barrier is normally used to describe transport characteristics. 73 

However, in real devices charge extraction is a much more complex problem, due to the 

morphological and chemical nature of the organic–electrode interface. Ion or metal diffusion into 

the organic layer, contact dipoles at the interface, 74 band bending 75 and other chemical reaction 76 

can affect the energy at the interface and influence the injection process. It is a difficult problem 

because it is related to the material properties and to the processing conditions. Although variable 

achievements have been published on the subject, 77, 78, 79, 80 more experiments on PV device 

conditions are necessary to improve the understanding of charge injection–extraction at the active 

layer and electrode interface.  

 

 

1.4. The progress of organic solar cells 

To achieve high efficiencies in the polymer solar cells, two main factors, short circuit current 

(Jsc) and open circuit voltage (Voc) should be increased. There are many ways to improve Jsc in BHJ 

solar cells by altering the donor–acceptor active layer morphology by means of thermal or solvent 

annealing of the active layers in the devices 80, 81 and incorporating additives in the solutions 82, 83 as 

well as by introducing an optical spacer to optimize the light intensity inside the devices. 84 

Recently, many p–type conjugated polymer with proper low bandgap have been synthesized to 

cover more the fraction of the solar spectrum, resulting in the increase of Jsc. 
85 

The Voc is determined by the difference between the energy levels of the highest occupied 

molecular orbital (HOMO) of the electron donor and the lowest unoccupied molecular orbital 

(LUMO) of the electron acceptor in conventional BHJ solar cells. 86, 87 One should not only 

engineer the energy levels both of the donor and accepter to increase the Voc but also the HOMO of 

the donor needs to be 0.3–0.5eV higher than the LUMO of the acceptor for efficient charge 

separation. 88 In the case of P3HT, this energy gap is much higher about 1.1 eV therefore this 

results in a less than optimal Voc, since the open–circuit voltage is mainly limited by the difference 

between the HOMO of the donor and the LUMO of the acceptor. 83, 84 (Scheme 1. The HOMO and 

LUMO level of BHJ solar cell materials.) There are two ways to reduce this energy offset, either 

on the donor or on the acceptor side.  
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Scheme. 1. The HOMO and LUMO level of BHJ solar cell materials. 

 

 

 

Recently, Hummelen et al. have presented that an increase in Voc of BHJ solar cells based on 

bisadduct analogues of the fullerene derivatives occurred through raising LUMO of the acceptor 

due to the changed fullerene’s p–system when compared to phenyl C61–butyric acid methyl ester 

(PCBM).89, 90 In the case of the P3HT:bisPCBM composites, however, ineffective charge transport, 

inefficient charge seperation, or undesirable morphology caused to a negative effect on the solar 

cells, leading to a reduced Jsc. 
88 Although this observation can result in arguments against the use 

of bisPCBM, 90 it is still a substantial candidate for electron acceptor in the polymer solar cells 

industry because it allows significant improvement of the Voc. The sturcture of bisPCBM is 

presented at Shceme 2.   
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Scheme 2. The structure of bisadduct of phenyl C61–butyric acid methyl ester. 

 

 

Herein, It has been entirely investigated the optimal conditions of P3HT:bisPCBM device to 

help us better understand as well as clarify its performance. In the course of the study to access a 

profile of the optimal ratio between P3HT and bisPCBM, electron and hole mobilities are 

measured from the thin films fabricated at various weight ratios (1:0.8, 1:1.2, 1:1.6, and 

1:2.0w/w). The best result is observed at 1:0.8 weight ratio of P3HT:bisPCBM. Thus, upon this 

composite, to further improve efficiency of P3HT:bisPCBM system via the controlled 

morphology, the solvent annealing effect of the cells is also scrutinized by X–ray diffraction 

(XRD), UV–vis spectroscopy, and atomic force microscope (AFM). 

 

2. Experiment 

 

2.1. Materials  

Regio–regular P3HT (Medium MW55 000 g/mol) was purchased from Rieke Metals, Inc. and 

bisPCBM was synthesized by prof. Changduk Yang.  

P3HT as an active polymer, electron donor, which has improved solar light harvesting, with the 

RR–P3HT absorption edge at 650 nm matching well with the strongest solar spectrum. In addition, 

RR–P3HT has the best charge transport properties among the conjugated polymers. It is a 

promising candidate for polymer field effect transistors (FETs) demonstrating hole mobilities up to 

0.1 cm2 V–1s–1. Pure films of RR–P3HT are shown to be composed of microcrystalline domains 

embedded in an amorphous matrix by X–ray diffraction analysis. Inside the microcrystalline 

regions, P3HT chains stack and form lamella of side chains. The inter–chain interactions facilitates 
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the enhancement in charge carrier mobility, it is also the source of the lowest energy feature in the 

polymer absorption spectrum.  

BisPCBM, which is the bisadduct analogue of [60]PCBM, as a new fullerene based n–type 

semiconductor material. BisPCBM is normally obtained as a by–product of the preparation of 

PCBM. The bisPCBM fraction was separated from the rest of the product mixture using standard 

column chromatography. The fraction was collected after removal of the monoadduct fraction, 

[60]PCBM, and collection of the bisadduct mixture was continued until liquid chromography mass 

spectrometry (LC–MS) analysis showed the appearance of the trisadducts. BisPCBM consists of a 

number of regioisomers. BisPCBM has a substantially higher LUMO than PCBM, as can be seen 

by a cyclic voltammetry (CV) comparison of bisPCBM and PCBM. An increase of the LUMO 

level of 100meV was found. 

 

 

2.2. Device Fabrication  

For the fabrication of BHJ solar cells, all materials were used without further purification. The 

indium tin oxide (ITO) coated glass was used as the anode and Al thermally deposited under 

vacuum (<10–6 Torr) was used as the cathode. Before device fabrication, the glass substrates coated 

with prepatterned ITO (~180 nm) were cleaned sequentially by ultrasonic treatment in dilute 

detergent and subsequently with deionized water, acetone, and isopropylalcohol, it is used the ultra 

sonicator (Figure 5a). 

 

 

 

 

Figure 5. a) The ultra sonicator, b) the UV–ozone cleaner, and c) the spin coater.  
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Each step was accompanied by N2–gas blowing to dry the residual solvent, drying overnight 

at100˚C and UV–ozone treatment for 15 min (Figure 5b). 

A 30–nm–thick buffer layer of poly(3,4–ethylenedioxythiophene):poly(styrene sulfonate) 

(PEDOT: PSS) was spin–coated from an aqueous solution onto the ITO coated glass substrates at 

4000rpm for 40s, followed by baking at 140 °C for 10 min. The spin coater is presented at Figure 

5c. For single–layer bulk–heterojunction devices, a P3HT and bisPCBM mixture was prepared by 

codissolving P3HT (24mg) and bisPCBM in 1 mL of o–DCB at 70 °C with P3HT:bisPCBM 

weight ratios of 1:0.8, 1:2, 1:1.5 and 1:2.0. P3HT: bisPCBM blend films (80–150 nm). A mixed 

solution of P3HT:bisPCBM in o–dichlorobenzene (DCB) prepared by spin coating a warm solution 

was then spin coated at 1000 rpm for 60 s on the top of ITO:PEDOT:PSS layer to obtain a BHJ 

film.  

The thicknesses of all the films were measured by a Dektak profiler. Post annealing of some 

devices was conducted by heating at 150 °C for 5 min, followed by cooling to room temperature at 

a cooling and others were carried out solvent annealing for 0, 2, 24 and 48h. Those samples were 

brought into a vacuum system (about 10–7 Torr), and an Al electrode (100 nm) was deposited on 

top of the BHJ layer (Figure 6. The glove box). In addition, the device structures of the hole only 

and electron only devices are ITO/PEDOT:PSS/P3HT:PCBM/Au and Al/P3HT:PCBM/Al, 

respectively. Typical devices were solvent annealed in a petri dish. The solvent annealing was 

conducted by adding small amounts of DCB into a petri dish containing the devices, to keep the 

films wet in an N2 filled glove box.  

 

 

   

Figure  6. The glove box. a) Fabrication glove box and b) charaterization glove box. 
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The petri dish was covered to keep uniform conditions. When the solvent annealing time was 

prolonged small amounts of solvent were added into the petri dish. The solvent annealing method 

is presented at 2.3 solvent annealing treatment section, specifically. The samples were not 

exposed to ambient air after being loaded into the glove box.  

 

 

 

 

Scheme 3. The flow chart of experimental process.  

 

 

 

2.3. Solvent annealing treatment 

For the devices fabricated by the solvent annealing process, the growth rate of the blend films 

was controlled by keeping the spin–coated films in a small, the petridish to protect against fast 

solvent evaporation and penetration of outside N2 gas into the glovebox. Small amounts of solvent 

(DCB) were added into the petri dish for retardation of the evaporation rate. The solvent annealing 

time was controlled by a weak flow of N2 gas over the films and by keeping the films from0 to 

48hr inside a covered glass petridish directly after spin coating. To retard the growth rate of the 
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films, a small amount of DCB solvent was added inside the insulated glass petridish with the 

deposited blend films. The method is presented at Figure 7.  

 

 

 

  

Figure 7. The solvent annealing method.   

 

 

 

2.4. Device characterization 

Measurements were carried out with the solar cells inside the glove box by using a high 

quality optical fiber to guide the light from the solar simulator equipped with a Keithley 2635A 

source measurement unit (Figure 8. The solar simulator). The current–voltage (I–V) curves were 

recorded on the equipment. The photocurrent was measured under simulated AM1.5G irradiation 

(100 mW cm–2), using a xenon lamp–based solar simulator. The fill factor (FF) was calculated by  

FF = (VmaxJmax)/(JscVoc), where Vmax and Jmax are the voltage and the current density in the 

maximum power point of the I–V curve in the fourth quadrant. The normal power conversion 

efficiency was calculated from the expression  

 

PCE=FF × Isc (mA cm–2) × Voc(V) ⁄ Pin (mW cm–2)     (1) 

 

where Voc, Isc, FF, and Pin are the open circuit voltage, short circuit current, fill factor, and incident 

light power, respectively. All devices were fabricated and tested in oxygen and moisture free 

nitrogen environment inside a glovebox (<0.3 ppm O2 and H2O). For a more accurate comparison 

of relative surfaces, AFM images were obtained of 5 μm × 5 μm area (veecoAFM) in tapping mode. 

XRD (Rigaku Cu Ka 3 kW) spectra of the different samples spin coated on glass were obtained 
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out–of plane and UV–vis (Varian Cary 5000) spectra were measured for films of bisPCBM, P3HT 

and composites on fused silica. 

 

 

Figure 8. The solar simulator. 

 

 

 

3. Results and discussion 

 

3.1. J–V characteristics of optimal ratio and solvent annealing time.  

Current density– voltage (J– V) characteristics of the solar cells based on blends of P3HT and 

bisPCBM at different ratios (1 : 0.8, 1 : 1.2, 1 : 1.6 and 1 : 2.0 w/w) are evaluated as a function of 

the solvent annealing, see Figure 9. The solvent annealing is carried out within a covered glass 

petri dish for 2 h and the detailed conditions are described in the experimental section. The data of 

JSC, VOC, fill factor (FF), and PCE for various BHJ composites are shown in Table 1. Additional 

data for other solvent annealing times are presented in section 3.3 The P3HT:bisPCBM cell weight 

ratio of 1 : 0.8 w/w achieves the highest FF, which indicates the sensitivity to bisPCBM 

concentration in the performance of solar cells.  
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Figure 9. Current density–voltage (J–V) characteristics of the P3HT:bisPCBM blend devices 

with different ratios 1:0.8 (□), 1:1.2 (○), 1:1.6 (△), 1:2.0w/w (▽) measured under 

AM1.5G illumination from a calibrated solar simulator with irradiation intensity of 

100 mWcm–2. 

 

 

Table 2. Table 1 Photovoltaic parameters of the devices with different P3HT:bisPCBM 

weight ratios in accordance with 2 h solvent annealing 

P3HT:bisPCBM 
Jsc 

(mAcm–2) 

Voc 

(V) 
FF 

PCE 

(%) 

1 : 0.8 7.85 0.72 0.63 3.56 

1 : 1.2 7.63 0.71 0.56 3.00 

1 : 1.6 8.12 0.67 0.48 2.57 

1 : 2.0 8.07 0.70 0.44 2.48 

 

 

 

3.2. Mobility  

To precisely assess the correlation between the ratio and device performance, It is carefully 

examined the electron and hole mobilities of the fabricated devices with different ratios of 
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P3HT:bisPCBM. For higher efficiency polymer BHJ solar cells, the mobility of electrons and holes 

in the polymer blends is an important parameter that must be well controlled because a balanced 

charge–carrier transport is an essential prerequisite for increasing FF. 91 The electron and hole 

mobilities can be calculated from the space–charge–limited current (SCLC) by eqn (1) 92 

 

      =
 

 
     (

  

  
)                                                       (1)  

 

where εr is the dielectric constant of the material,93 ε0 is the permittivity of free space, L is the 

distance between the cathode and anode, which is equivalent to the film thickness, and V is the 

applied voltage. Figure 10 displays the SCLC curves of P3HT:bisPCBM cells blended at 1 : 0.8, 1 : 

1.2, 1 : 1.6, and 1 : 2.0 w/w under the solvent annealing and the data are summarized in Table 2. 

The trend of electron and hole mobilities in P3HT:bisPCBM films has an obvious similarity to 

those in P3HT:PCBM, however, both mobilities show relatively low values, compared to the 

reported P3HT:PCBM films with 1 : 0.8 w/w (μelectron or μhole = ~ 10–8m2V–1s–1, respectively). 94 

Such deterioration of the mobilities in P3HT:bisPCBM can be largely attributed to a large number 

of bisPCBM isomers that can suppress the desirable bicontinuous interpenetrating networks of the 

BHJ composite. As the relative amount of bisPCBM weight increased in the blend, a more 

pronounced difference between electron and hole mobilities is noticeably observed. From 

mechanistic considerations of the balanced transport of holes and electrons in solar cells, it is 

concluded that the P3HT:bisPCBM of 1 : 0.8 w/w is an optimized ratio configuration. To ascertain 

the solvent annealing effect, the J–V characteristics of the optimal P3HT:bisPCBM system in 1 : 

0.8 w/w ratio are studied systematically as a function of the controlled annealing times (0, 2, 24, 

and 48 h) (Figure 11). It is calculated series resistances (Rs) and shunt resistances (Rsh) using J–V 

curves, the optimal results are obtained at 24 h solvent annealing time as shown in Table 4. Note 

that in the experiment (Table 4), the best solar cell yield obtained is for P3HT:bisPCBM with the 

annealing time for 24 h.  
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Figure 10. Measured J–V characteristics of the P3HT:bisPCBM blend devices under dark 

condition with different ratios 1:0.8 (□), 1:1.2 (○), 1:1.6 (△), 1:2.0w/w (▽) for a) 

electron–only devices, b) hole–only devices. 
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Table 3. Calculated electron and hole mobility values from dark current densities and active 

layer thickness values for P3HT:bisPCBM devices with various weight ratio at 2h 

solvent annealing 
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Figure 11. J–V characteristics of the P3HT:bisPCBM (1:0.8w/w) blend devices with 

different solvent annealing time for 0h(□), 2h(○), 24h(△), 48h(▽) measured 

under AM1.5G illumination from a calibrated solar simulator with irradiation 

intensity of 100 mWcm–2. 

  

P3HT:bisPCBM 

Thickness of 

electron only device 

[nm] 

Electron mobility 

[m2V–1s–1] 

Thickness of 

hole only device 

[nm] 

Hole mobility 

[m2V–1s–1] 
ratioa 

1:0.8 210nm 2.66 x 10–9 155nm 4.06 x 10–9 1.53 

1:1.2 170nm 3.10 x 10–9 165nm 8.38 x 10–9 2.68 

1:1.6 200nm 3.67 x 10–9 155nm 9.93 x 10–9 2.71 

1:2.0 300nm 4.09 x 10–9 250nm 2.20 x 10–8 5.38 

a The ratio of electron mobility and hole mobility 
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Table 4. Device photovoltaic parameters of the various solvent annealing times from 0 to 48h 

with 1:0.8 ratio 

 

 

 

3.3. J–V characteristics of other ratio and solvent annealing time  

The optimum ratio and solvent annealing time is 1:0.8 and 24h, respectively. The process to 

optimize is represented in Table 5 and Figure 12. The BHJ devices were fabricated for various 

ratios 1:0.8 to 1:2.0 to optimize, several times. All of data shows the best ratio is 1:0.8, so it can be 

elucidated that the optimal ratio is 1:0.8 and solvent annealing time is 24h. First it is carried out 

fabrication of the devices for various ratios without solvent annealing treatment (Table 5a and 

Figure 12a). The ratio for 1:0.8 is shown the best power conversion and it is same as the other 

conditions. The other data are the result of solvent annealing time for 24h and 48h. The results of 

solvent annealing time for 2h is attached to Table 2 and Figure 9, it is picked out the ratio 1:0.8 of 

all data and then collected in Table 4 and Figure 11.   

 

 

 

 

 

 

 

 

 

 

 

P3HT:bisPCBM 

Solvent 

annealing 

time 

Jsc 

[mAcm–2] 

Voc 

[V] 
FF 

PCE 

[%] 

Series 

resistance 

[Ω–cm2] 

Shunt 

resistance 

[Ω–cm2] 

1:0.8 

0 6.84 0.69 0.53 2.51 30.1  740.74  

2 7.85 0.72 0.63 3.56 13.1  1176.47  

24 7.97 0.71 0.67 3.75 10.9  1818.18  

48 7.60 0.70 0.64 3.36 16.4  1052.63  
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Table 5. Photovoltaic parameters of the devices with different P3HT:bisPCBM weight 

ratios in accordance various solvent annealing (0,24, and 48h) 

a) 

P3HT:bisPCBM 
Solvent 

annealing time 

Jsc 

[mAcm–2] 

Voc 

[V] 
FF 

PCE 

[%] 

1:0.8 

0h 

6.84 0.69 0.53 2.51 

1:1.2 6.89 0.71 0.46 2.25 

1:1.6 7.15 0.70 0.46 2.33 

1:2.0 7.57 0.69 0.43 2.23 

 

b) 

P3HT:bisPCBM 
Solvent 

annealing time 

Jsc 

[mAcm–2] 

Voc 

[V] 
FF 

PCE 

[%] 

1:0.8 

24h 

7.97 0.71 0.67 3.75 

1:1.2 0.79 0.75  0.58  3.43 

1:1.6 0.80 0.74  0.52  3.09 

1:2.0 0.81 0.72  0.52  3.05 

 

c) 

P3HT:bisPCBM 
Solvent 

annealing time 

Jsc 

[mAcm–2] 

Voc 

[V] 
FF 

PCE 

[%] 

1:0.8 

48h 

7.60 0.70 0.64 3.36 

1:1.2 7.67 0.67 0.58 3.00 

1:1.6 7.69 0.64 0.56 2.77 

1:2.0 7.69 0.63 0.55 2.67 
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Figure 12. Current density–voltage (J–V) characteristics of the P3HT:bisPCBM blend 

devices with different ratios 1:0.8 (□), 1:1.2 (○), 1:1.6 (△), 1:2.0w/w (▽) and not 

solvent annealing for a), 24h for b), 48h for c) measured under AM1.5G 

illumination from a calibrated solar simulator with irradiation intensity of 100 

mWcm–2. 
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3.4. X–ray diffraction 

The inspection of the X–ray diffraction(XRD) of pure bisPCBM fails to reveal distinct 

diffraction peaks typically caused by PCBM crystallites. The failure to observe those characteristic 

patterns in the bisPCBM is not unexpected due to the presence of a multitude of different bisadduct 

isomers. The resulting patterns of the pure P3HT film displays a primary diffraction peak at 

2θ=5.4o, corresponding to d–spacing of 1.61±0.20 nm by applying Bragg’s law; 2d sinθ = nλ. 95 

Notably, the crystallites with b– or c–axis orientations of P3HT 96 are clearly detected upon 

prolonged annealing times (Figure 13b). In the case of P3HT:bisPCBM blend film (weight ratio, 

1:0.8w/w), the a–axis orientation is clearly revealed while relatively ambiguous XRD patterns in 

b– or c–axis are observed when compare to those of pure P3HT (Figure 13c). A likely rationale for 

this difference of XRD features between pure P3HT and the P3HT:bisPCBM blend is that the 

crystallization of P3HT is slightly suppressed by the presence of bisPCBM, leading to a 

disturbance along the (010 and 001) aliments of P3HT segment crystallites. 
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Figure 13. X–ray diffractogram of respective materials a) pure bisPCBM, b) pure P3HT, 

and c) P3HT:bisPCBM (1:0.8w/w) composites films deposited on a glass 

represented on the same scale. d) The change in the relative intensities at 

2θ=5.4o of the P3HT:bisPCBM film with the solvent annealing times from 0 to 

48h. 

 

 

 

As depicted the change in the relative intensities at 2θ=5.4o of the P3HT:bisPCBM 

film Figure 13d, the height of the peak is increased with the solvent annealing time up to 

24h, but gradually decreased under further extended annealing time. This is suggestive that 

the solvent annealing of P3HT:bisPCBM film, up to 24h, supports the increased formation 

of crystalline P3HT domains but, over 24 h, causes a negative effect on P3HT:bisPCBM 

morphology. 
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3.5. UV–vis absorption 

The UV–vis absorption spectra of pure P3HT and P3HT:bisPCBM of 1:0.8w/w in thin 

film are similar in the shape with vibronic features, exhibiting a shoulder at 600 nm and a 

broad peak at around 530 nm (Figure 14). The absorption coefficient of the composite 

film is increased as solvent annealing times, but the time that exceeds 24h leads to the 

decreased absorption. This indicates that the controlled solvent annealing process results in 

the ordering of P3HT blocks in the P3HT:bisPCBM film. The increase in optical 

absorption of P3HT:bisPCBM upon solvent annealing times follows similar trends to that 

observed for P3HT:PCBM, 81 but much less pronounced. This is suggestive that bisPCBM 

has relatively more appreciable detrimental effect on the P3HT crystallinity when 

compared to P3HT blend  film with PCBM, due to the isomeric species in bisPCBM.  
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Figure 14. Absorption spectra of the pure P3HT (dotted line) without solvent annealing and 

P3HT:bisPCBM blends film with various solvent annealing times on fused silica, 

without solvent annealing (solid line), solvent annealing for 2h (dash–dotted line), 

24h (short dotted line), 48h (dashed line). 
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3.6. AFM image 

The physical topography of the P3HT:bisPCBM (weight ratio, 1:0.8w/w) composite film with 

various solvent annealing times (0, 2, 24, and 48h), observed by tapping mode atomic force 

microscopy (AFM) is shown in Figure 15. Interestingly, the surface in scan area of 5μmx5μm is 

gradually rougher as the solvent annealing times up to 24h, but become smooth with annealing 

treatment of 48h. The root–mean–square (rms) roughness at 0, 2, 24, and 48h is 2.17nm, 4.03nm, 

7.69nm, and 3.11nm, respectively. One possible conclusion is that the solvent annealing times up 

to 24h can allow optimization of the device performance in P3HT:bisPCBM since the rough 

surface may effectively reduce the charge–transport distance and increase the Jsc as well as the 

formation of nanoscaled texture. 97 This notion is in agreement with XRD as well as UV–vis data 

describe before. 
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Figure 15. Surface morphology and surface profile of P3HT:bisPCBM (1:0.8w/w) blend films 

with various solvent annealing times obtained from tapping mode AFM. Those root–

mean–squared surface roughness values are a) 2.17nm without solvent annealing, b) 

4.03nm with solvent annealing for 2h, c) 7.69nm for 24h, and d) 3.11nm for 48h. 
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Conclusions 

A significant study of the efforts has now been the optimization of the fabrication of solar cells 

based on P3HT as the donor and bisPCBM as the new acceptor with its LUMO level 100 meV 

higher than PCBM, for high–efficiency devices. The best efficiency is obtained from 

P3HT:bisPCBM device with weight ratio 1:0.8 that possesses an optimum balance between hole 

and electron mobilities. Moreover, through morphological manipulation of the active layer as a 

function of the solvent annealing time, it enables to achieve further improved efficiency of 

P3HT:bisPCBM composite film (PCE = 3.75%). This result is mainly attributed to the enhanced 

crystallization of P3HT that is confirmed by conventional methods such as XRD, UV–vis 

spectroscopy, and AFM, resulting in a well–ordered interpenetrating network in the polymer blend 

system. Although the efficiency of P3HT:bisPCBM is still necessary to be further improved with 

respect to high–end applications, this study offers an important guideline for the optimal 

morphology for bulk heterojunction solar cells in which consists of an electron–donating material 

and bisPCBM as an electron–accepting component. 
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영어논문들을 펼쳐보며 시작한 석사과정 생활이 어느덧 종점을 향해 가고 있습니다.  
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충고와 많은 조언으로 저의 대학원 생활에 큰 버팀목이 되어주신 양창덕교수님, 

앞으로도 많이 배우겠습니다. 또한 부족한 저의 논문지도와 좋은 말씀으로 격려해주신 

우한영교수님께도 감사의 인사를 전합니다. 학문적인 깨우침뿐 아니라 사회선배로서의 
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