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CHAPTER 1 

MOTIVATION AND THESIS STATEMENT 

 

1.1 Introduction 

Energy has become a powerful engine of economic, technological, and social 

development to every country. The rate of energy consumption in the world increases 

year after year, such that the developed countries can be considered to have the main 

contribution in this consumption (Liu, Wang, Zhang, & Xue, 2010). The continuous 

demand of energy and the limiting supply of its today’s main sources (petroleum, 

natural gas, and coal) with their detrimental long-term effects on the environment, 

necessitate a rapid development into the renewable-energy sources. In 2001, the 

European Union officially recognized the need to promote Renewable Energy Sources 

(RES) as a priority measure for environmental protection and sustainable development 

(Dusonchet & Telaretti, 2010). Among the energies use, electricity is the most versatile 

form. Access to and consumption of electricity is closely correlated with quality of life. 

Figure 1.1 shows the Human Development Index (HDI) for over 60 countries, which 

includes over 90% of the Earth’s population, versus the annual per capita electricity use. 

To improve the quality of life in many countries, as measured by their HDI, will require 

increasing their electricity consumption by factors of 10 or more, from a few hundred to 

a few thousand kilowatt-hours (kWh) per year (Luque & Hegedus, 2003). From this 

inspection, it is cleared that the usage and neediness curve of electricity will be on a 

continuous growth route with the proceeding of time. Therefore, the only sustainable 

source that can supply this additional electric power to the world with its capability of 

protecting our environment from being polluted is thought to be the solar energy 

(Durisch, Tille, Wörz, & Plapp, 2000; Gibson & Kelly, 2010; Kalogirou, 2009). Earth is 
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receiving solar energy from the sun in one hour with an amount which is larger than that 

the world is using it during a whole year (Inoue, 2005). 

 

 

1Figure 1.1: Human development index (HDI) versus per capita kWh 
 electricity use. 

 

  

1.2 Motivation 

Solar energy can be exploited to generate electricity by means of solar cell devices 

in a technology known as photovoltaic (PV) technology. The PV technology sector is a 

fast growing industry, which has shown a worldwide increase to about 7.3 GW in 2008 

(Kautto & Arnulf, 2009), and proving in this way its ability for future development. 

Figure 1.2 shows the world's photovoltaic production capacity from 1990 to 2008. 
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2Figure 1.2: World photovoltaic electricity production capacity from 1990 to 2008. 
 

Nowadays, the majority of used solar cells are the first and second-generation 

types. The first generation photovoltaic device consists of a large-area, single p-n 

junction diodes, which are basically made from silicon wafers. The most widely used 

material in their fabrication is crystalline silicon (c-Si) representing over 90% of global 

commercial PV module production in its various forms (Foster, Ghassemi, & Cota, 

2010). The second generation of photovoltaic is based on the use of thin films of 

inorganic semiconductor materials. The thin film technology reduces the mass of 

materials required and therefore contributes to a prediction of significantly reduced 

costs for thin film solar cells. However, one of the major obstacles in front of the 

implementation of these PV cells is the high cost of their materials processing. 

Manufacturing of Si-based devices is very expensive due to strong requirements to the 

high purity of the semiconductor and the techniques used in the devices fabrication 

(Skompska, 2010). In addition, it is seen that emissions to the environment mainly 

occur from using fossil-fuel-based energy in generating the materials for these solar 

cells, modules, and systems (Fthenakis & Kim, 2011).  
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From these points of view, it is obvious that to gain ground over conventional 

electricity sources, PV technologies need to overcome the key commercial challenges of 

high initial costs. Over the last two decades great efforts have been made to develop the 

low cost and ambient temperature processing solar cells based on organic and polymeric 

materials active layers. Today, these devices are known as third generations of solar 

cells. Despite easy fabrication of these cells, they are able to show extra important 

features, such as flexibility, light weight, and suitable degradability for recycling 

purpose. Moreover, the high optical absorption coefficient of organic materials, in 

comparison to that of silicon, makes them attractive in fabricating thin film (100–200 

nm) organic solar cells, thereby low material usage in their fabrication. Organic 

semiconductor-based solar cells are seen to be the most plausible candidates with 

substantial future prospects and low-price materials consisting of low band gap 

conjugated polymers, fullerenes (C60 and its derivatives), and carbon nanotubes (CNTs) 

(Arranz-Andrés & Blau, 2008; Bundgaard & Krebs, 2007; Cai, Gong, & Cao, 2010; 

Krebs, 2009b; Mozer & Sariciftci, 2006; Reyes-Reyes, López-Sandoval, Liu, & Carroll, 

2007; Wienk, Struijk, & Janssen, 2006; Zhao et al., 2010). But, due to their low 

efficiencies of about 6-8% (Chu et al., 2011; Kang, Park, Ahn, Xu, & Guo, 2010; Kim, 

Liu, Namboothiry, & Carroll, 2007; Li et al., 2005) and stability problems (Jørgensen, 

Norrman, & Krebs, 2008), they are still far from being commercialized, while at least 

10% of power conversion efficiency and considerable live time for the devices are 

required in order to realize the daily applications by the organic solar cells (Arranz-

Andrés & Blau, 2008; Heremans, Cheyns, & Rand, 2009; Minnaert & Burgelman, 

2007). The unsolved issues of low power conversion efficiency, stability problem, 

materials cost and environmental impact, requires rigorous studies to be performed 

covering from studying of various materials for organic solar cells application followed 

by their devices analysis and assessment. Moreover, despite the use of different organic 
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materials in fabricating solar cells, understanding some of the electrical parameters and 

nanoscale morphology of these devices active layers have not yet been achieved 

completely. Hence, as much as the exploitation of materials in fabricating organic solar 

cells is important for seeking a realistic photovoltaic effect, applying the materials in 

devices with simple fabrication process (e.g., solution-processed), and characterizing 

them to get probing into the origin of the devices photovoltaic parameters are of great 

importance for achieving strategies towards further improvement in the organic solar 

cells performance (Djara & Bernède, 2005; Muhammad & Sulaiman, 2011b; Sharma, 

Suresh, Sharma, & Roy, 2008; Yamanari, Taima, Sakai, & Saito, 2009). 

 

1.3 Objectives 

The objective of the thesis is to introduce tris (8-hydroxyquinolinate) metals 

(Mq3), e.g., Gaq3 and Alq3, as a novel class of small molecular organic materials for 

solution-processed organic solar cells, thereby targeting to improve the overall 

performance of the devices in ternary (three components) bulk heterojunction structures 

by means of Mq3 inclusion. The host electron donor and electron acceptor materials, α, 

ω- dihexyl-sexithiophene (DH6T) and 6,6-phenyl C61-butyric acid methyl ester 

(PCBM), respectively, are purposely selected due to the close values of their charge 

carrier mobility (Iosip et al., 2004; Muhammad & Sulaiman, 2011c; Murphy, Fréchet, 

Chang, Lee, & Subramanian, 2004). Through the materials selection and incorporation 

of Mq3 into the DH6T/PCBM blend based devices, the objective of achieving enhanced 

solution-processed organic solar cells is also being realized. As such, the Mq3 materials 

are widely characterized and analyzed in terms of their solar cells related properties, and 

then they are introduced into the devices active layers. Thus, the thesis objectives can be 

summarized as followings: 
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• Characterization of tris (8-hydroxyquinolinate) metals for solution-processed 

organic solar cells, i.e., conducting the fundamental studies on optoelectronics, 

spectroscopic, electrochemical, structural, morphological, and thermal properties of 

tris (8-hydroxyquinolinate) metals for their application in solution-processed OSCs.  

• Fabrication and characterization of solution-processed photovoltaic devices upon 

incorporation of Mq3 materials. Thereby, modifying the photo-absorption charge 

transfer between the donor (DH6T) and acceptor (PCBM) components of the 

devices active layers and hence improving the overall performance of the devices. 

• Understanding and analyzing the photovoltaic and electrical responses of solution-

processed organic solar cells with and without incorporating tris (8-

hydroxyquinolinate) metals in the form of ternary bulk heterojunction structures, 

e.g., various DH6T/Mq3/PCBM architectures. 

    

1.4 Thesis Outline 

In Chapter one, a brief introduction revealing the neediness for rapid research 

development into the exploitation of solar energy was given, followed by motivations 

assisted the thesis studies to be performed, and then the objectives that are targeting to 

be realized were mentioned therein. Chapter two is devoted to provide a background on 

the organic solar cells covering their history of development, fabrication techniques 

towards their operating principles and physical characteristics; afterwards, a review is 

given on the approaches that have been taken and should be addressed to improve the 

performance of organic solar cells, these including; the variation in the devices 

architecture, application of different materials, and the process of materials selection in 

terms of their energy band alignment; finally, organic solar cells based on 

thiophene/fullerene structures and those with incorporated small molecular organic 
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materials are reviewed. In Chapter three, details on the materials and experimental 

techniques used for the films deposition, their characterization processes and devices 

assessment are presented. The organic materials and solvents that are used to produce 

solutions from which films are deposited onto substrates, as well as the substrates with 

and without coated electrodes, their patterning, and cleaning procedures are given. 

Afterwards, the coating procedures of the films and photoactive layers for 

characterization and devices fabrication purposes are reported followed by the 

prescribed techniques to perform these objective tasks. Through these context stages, 

the reader will be introduced to the followings: scope of study, problems existing in 

front of researchers of the field, objectives and importance of the thesis studies, various 

approaches to develop organic solar cells along with the hypothesis and methodology 

beyond the proposed work including the practical procedures undertaking to collect the 

results. Consequently, Chapter four reports and discusses the results on Mq3 

characterization by investigating their optoelectronics, spectroscopic, electrochemical, 

structural, morphological, and thermal properties. As such, complete information about 

the basic properties of tris (8-hydroxyquinolinate) metals for organic solar cells 

application is obtained before they are being employed into the devices fabrication. 

Hence, in this Chapter, the absorption bands, energy gaps, refractive index, dielectric 

parameters, photoluminescence behaviors, and molecular energy levels of the materials 

are assigned. Then, the glass transition, crystalline, and melting temperatures are 

estimated followed by studying the optical, spectroscopic, and structural behaviors of 

Mq3 upon high temperature thermal annealing. After the addition of Mq3 into the 

photoactive layers and devices fabrication, Chapter five is devoted to report and discuss 

the results on the tuning of the photo-absorption and charge transfer responses in DH6T 

donor and DH6T/PCBM blends by means of Mq3 dopant, while an empirical formula is 

proposed to approximately determine the optimum amount of Mq3 that to be 
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incorporated. Moreover, the photoluminescence and absorption behaviors of 

DH6T/Mq3/PCBM blends with and without Mq3 are presented and discussed, thereby 

understanding the possibility of enhancing photoabsorption charge transfer and 

broadening light spectrum harvesting. Comparatively, results on the organic solar cells 

based on DH6T/PCBM heterostructures are then discussed to nominate the efficient 

architectural design and understanding the photovoltaic performance before 

incorporating the optimal amount of Mq3 into these devices active layer. Last but not 

least, analysis and discussion on the solution-processed organic solar cells based on 

ternary DH6T/Mq3/PCBM bulk heterojunction are reported. The devices 

characterization and assessment are performed relying on the current density-voltage 

and power density-voltage results to extract the electrical parameters including series 

and parallel resistances, by which probing into the charge transport behavior and 

equivalent circuits model the organic solar cell devices. Finally, in Chapter six the 

achieved conclusions are highlighted and further interesting works that should be 

undertaken as future studies are provided.  
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CHAPTER 2  

BACKGROUND AND LITERATURE REVIEW 

 

2.1 Organic Solar Cells  

Organic solar cells (OSC)s are basically made from those materials in which 

carbon atoms are participating in their chemical structures. OCSs are recognized by 

their potential as low-cost, light weight, and flexible devices that are capable of 

converting solar energy directly into electricity. This generation of solar cells is 

different from traditional inorganic p-n junctions, in which free charge carriers are 

generated directly upon photon absorption. In OSCs electron-hole pairs are inherently 

generated in the form of exciton (loosely bound electron-hole) before they dissociate 

into free charge carriers of electrons and holes. This separation of excitons into free 

electrons and holes are occurred only at the donor-acceptor boundaries due to the 

differences in the internal electric fields between the photovoltaic active layers. Almost 

all OSCs have a planar-layered structure, where the organic light-absorbing layer is 

sandwiched between two different electrodes. The first electrode must be semi-

transparent (usually with > 90% transmittance) for the purpose of light absorption by 

the absorbing layer. Indium-tin-oxide (ITO) is normally utilized as first electrode, but a 

very thin metal layer can also be used. The most commonly used second electrode is 

one of these metals; aluminum, calcium, magnesium, or gold (Spanggaard & Krebs, 

2004). Figure 2.1 shows a prototype structure of OSC device. These devices promise to 

open up new markets for solar energy, potentially powering everything from watches 

and calculators to laptop computers. They are the focus of the world wide intense 

research efforts owing to their potential applications in the low cost, minimal weight, 

and flexible electric power sources (Liu, Shao, Guo, Zhao, & Xie, 2010; Taima, Sakai, 

Yamanari, & Saito, 2006). 



Chapter Two                                                                                     Background and Literature Review 

 

 

 10

 

 

3Figure 2.1: Structure of organic based solar cell devices. 
 

2.1.1 Historical Background 

The discovery of photovoltaic (PV) effect in 1839 is referred to Becquerel 

(Alexandre-Edmond Becquerel, French Physicist), who discovered a photocurrent when 

platinum electrodes, covered with silver bromide or silver chloride, was illuminated in 

aqueous solution. Thereafter, Smith and Adams made the first reports on 

photoconductivity of selenium in 1873 and 1876, respectively. The first organic 

compound in which its photoconductivity observed was anthracene, investigated by 

Pochettino in 1906 and Volmer in 1913 (Spanggaard & Krebs, 2004). Tang et al. 

(1987), quoted by (Inoue, 2005; Sun & Sariciftci, 2005), at Kodak research laboratories, 

Eastman Kodak Company, suggested the first organic solar cell based on the two-layer 

donor-acceptor concept in 1987. Tang reported a breakthrough in organic photovoltaic 

performance, achieving power efficiency of nearly 1% under a simulated solar 

illumination. This solar cell was fabricated by evaporating a 25 nm thin layer of copper 

phthalocyanine (CuPc) onto an indium tin oxide (ITO)-coated glass substrate, followed 

by a 45 nm thin layer of 3,4,9,10-perylene tetracarboxylic-bisbenzimidazole (PTCBI) 

and finally a silver cathode was evaporated on top of the structure.  The next convincing 

step was the application of a dispersed bulk heterojunction of poly(2-methoxy-5(2'-

L
ight
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ethyl) hexoxy-phenylenevinylene (MEH-PPV) polymer and phenyl-C60-butyric acid 

methyl ester (C60) and later soluble derivatives of C60 (methanofullerene, C61), which 

increased the power conversion efficiency to 2.5% (Krebs, 2009b).  In 2005, devices 

with active layers of mixtures of poly-3-hexylthiophene (P3HT) polymer and phenyl-

C61-butyric acid methyl ester (PCBM) which allowed efficiencies of around 5% has 

been reached thanks to the nanoscale morphologically control and post production 

annealing process (Ma, Yang, Gong, Lee, & Heeger, 2005).  Peet et al. (2007), with the 

improved light harvesting in the near infrared region by incorporating a low band gap 

polymer, such as poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b']-

dithiophen)-alt-4,7-(2,1,3-benzothiadiazole)] (PCPDTBT), they managed to achieve a 

higher power conversion efficiency of 5.5%. More recently, a power conversion 

efficiency (PCE) of about 6% was reported for devices based on fluorinated thieno[3,4-

b] thiophene and benzodithiophene units PTB4/PC61BM films prepared from mixed 

solvents (Liang et al., 2009). In 2011, Chu, et al. (2011) achieved on power conversion 

efficiencies of 7.3% by using thieno[3,4-c]pyrrole-4,6-dione and Dithieno[3,2-b:20,30-

d]silole copolymer as active layers. All these achievements proved that polymeric based 

OSCs have a bright future. However, these values are still far away for daily 

applications. Table 2.1 shows some important milestones in the development of OSCs 

(Cai, et al., 2010; Chu, et al., 2011; Kim, et al., 2007; Krebs, 2009b; Li, et al., 2005; 

Liang, et al., 2009; Ma, et al., 2005; Peet, et al., 2007). 
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1Table 2.1: Some notable events in the history of organic solar cells 
 
Year Event 

1839 Becquerel observed the photoelectrochemical process. 

1906 Pochettino studied the photoconductivity of anthracene. 

1958 
Kearns and Calvin worked with magnesium phthalocyanines (MgPh), 

measuring a photovoltage of 200 mV. 

1964 
Delacote observed a rectifying effect when magnesium phthalocyanines 

(CuPh) was placed between two different metalelectrodes. 

1986 Tang published the first heterojunction PV device. 

1991 Hiramoto made the first dye/dye bulk heterojunction PV by co-sublimation. 

1993 Sariciftci made the first polymer/C60 heterojunction device. 

1994 Yu made the first bulk polymer/C60 heterojunction PV. 

1995 Yu / Hall made the first bulk polymer/polymer heterojunction PV. 

2000 
Peters / van Hal used oligomer-C60 dyads/triads as the active material in PV 

cells. 

2001 

Schmidt-Mende made a self-organised liquid crystalline solar cell of 

hexabenzocoronene and perylene and Ramos used double-cable polymers in 

PV cells. 

2001 
Shaheen et al. obtained 2.5% conversion efficiency of organic photovoltaic 

devices based on a conjugated polymer/methanofullerene blends. 

2005 
Li et al. reported 4.4% efficient P3HT/PC61BM based OSC by controlling 

the active layer growth rate. 

2005 
Ma et al. made devices with active layers of P3HT/PC61BM with 

efficiencies of up to around 5%. 

2007 
Peet et al. used PCPDTBT/PC71BM to achieve power conversion efficiency 

of 5.5%. 

2007 
Kim et al. received efficiencies of about 6% upon controlling the nanoscale 

morphology of P3HT/PC61BM active layer. 

2009 
Liang et al. made devices based on fluorinated PTB4/PC61BM films 

fabricated from mixed solvents – efficiency over 6%. 

2011 
Chu et al. used Thieno[3,4-c]pyrrole-4,6-dione and Dithieno[3,2-b:20,30-

d]silole Copolymer to obtain power conversion efficiency of about 7.3% 
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2.1.2 Fabrication Techniques  

The high dollar-to-performance ratio of inorganic based solar cells is due to the 

expensive materials such as silicon or gallium arsenide (GaAs), along with high-cost 

processes which require high temperatures (400-1400 oC) and high vacuum conditions.  

Therefore, new environmental friendly photovoltaic devices are needed to drive costs 

down to the desired levels and to facilitate their production in the ambient temperature 

condition. Based on the semiconducting properties of organic molecules, the active 

materials used for fabricating OSCs are soluble in most of common organic solvents. 

This makes OCSs possess the potential to be fabricated by spinning and common 

printing techniques (Krebs, 2009b). Besides being easily up scalable on rigid as well as 

on flexible substrates, they open the route of roll-to-roll production of low cost 

renewable energy sources (Krebs, 2009a). Various coating and printing technologies 

have been proven their compatibility with semiconducting polymer processing.  Figure 

2.2 shows some standard techniques used in coating and printing processes of the 

organic active layers in OSCs. 

Nevertheless, to achieve a product viable on the market and competitive with the 

other available technologies, OCSs have to fulfill the standard requirements: cost, 

efficiency, and lifetime. This latest generation of OSCs potentially offers a convincing 

solution to the problem of a high cost which commonly encountered for the previous 

generation PV technologies. However, low power conversion efficiency, poor 

operational stability; materials cost and environmental impact are still become the main 

constrains that prevent this OSCs to be fully commercialized in the market (Jørgensen, 

et al., 2008; Krebs, 2009b; Reijnders, 2010). 
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4Figure 2.2: Photographic picture of some techniques used for coating and printing 
active layers of OSC; (a) spin coating, (b) doctor balding, (c) screen printing, (d) ink-jet 

printing, (e) pad printing and (f) role-to-role technique. 
 

                     (a)                                                                       (b) 

                     (c)                                                                       (d) 

                     (e)                                                                       (f) 
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2.2 Physics and Characterization of OSC Devices 

Generally, OSC devices can be modeled with an equivalent electrical circuit in the 

manner that shown in Figure 2.3. The circuit is comprised of the following items: 

• A current source (Isc): represents the highest photocurrent generated within the cell. 

This current, flows in opposite direction compared to the forward one of the diode 

and depends on the voltage across the device.  In practical consideration, the value 

of Isc increases with both of light intensity and temperature (Dyakonov, 2004) and 

decreases with increasing the thickness layer of the device (Monestier et al., 2007). 

• A voltage source (V): is facilitated by the voltage drop across the diode, depending 

on the current passing through it.  In the case where the circuit is shorted (Isc), its 

value is zero since no current passes through the diode.  Once the circuit is opened, 

all the current passes through the diode. Hence, the diode potential barrier (Vf) limits 

the voltage to open circuit voltage (Voc).       

• A series resistance (Rs): gathers the ohmic contributions of the electrodes as well as 

the contact resistance between the organic semiconductor and the metal.  Besides, Rs 

reflects the capability of the organic active layers to transport charge carriers, which 

has to be minimized as small as possible. The value of Rs is found to be relatively 

stays unchanged with increasing light intensity (Dyakonov, 2004). 

• A shunt resistance (Rsh): illustrates the potential leakage current through the device. 

It is the overall quality of the thin film. Unlike the Rs, it has to be maximized to 

reach high efficiency for the device. It has been observed that Rsh enlarges with 

decreasing thickness and reduces drastically with increasing light intensity 

(Aernouts et al., 2002; Dyakonov, 2004; Waldauf, Schilinsky, Hauch, & Brabec, 

2004). 
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5Figure 2.3: An equivalent circuit which models OSC devices. 
 

The current density, J (current per the device active area, I/A) of illuminated solar cell is 

described by the following equation (Dyakonov, 2004): 
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where NV, NC are the effective densities of states in the valence and conduction bands, 

respectively, µ is mobility, Eg the band gap, L the mean free path, and NA the acceptor 

density. 

In order to explain the physics of the devices working principle (light in- current 

out) and characterization of OSCs, the discussion will be divided into four major 

sections; first, photo-absorption and exciton formation, second, exciton diffusion and 

dissociation, third, charge transport and collection at the electrodes, and fourth, devices 

parameters, which are key factors to get insight into the photovoltaic performance of 

OSCs.  
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2.2.1 Photo-absorption and Exciton Generation 

In crystalline inorganic semiconductors with a three dimensions (3D) crystal 

lattice, the individual lower unoccupied molecular orbitals (LUMOs) and higher 

occupied molecular orbitals (HOMOs) form a conduction band (CB) and valence band 

(VB) throughout the material, respectively. This is fundamentally different from most 

organic semiconductors where the intermolecular forces are too weak to form 3D crystal 

lattices. Consequently, the molecular LUMOs and HOMOs do not contribute strongly 

enough to form a CB and VB.  In conjugated polymers, excitons (bounded electron-

hole) are considered to be localized on the specific chain segments. However, there are 

cases where excitons seem to be delocalized.  In these cases, the excitons are referred to 

as polarons (Dick et al., 1994; Spanggaard & Krebs, 2004). 

It is known that the more efficient OSC is one which its thin active layers (the 

light absorber and charges generator) consists of at least two materials (bi-layer), one is 

responsible for electron transporting called acceptor (A) and the other for hole 

transporting called donor (D). As shown in Figure 2.4, when the active layer absorbs 

light with sufficient photon energy, an electron is excited from the HOMO to the 

LUMO forming an exciton.  Exciton is an electron-hole pair with a zero net charge that 

is bounded by a weakly coulomb interaction force.  In organic PV devices, this process 

must be followed by exciton dissociation, i.e., the electron-hole pairs must be separated 

in such as way that electrons should reach the cathode, whilst holes should reach the 

anode. As a consequence of relatively large exciton binding energies of approximately 

200-500 meV (Kietzke, 2007; Shaheen, Brabec, & Sariciftci, 2001) and small thermal 

energy at room temperature (~25 meV) such excitons do not dissociate into free charge 

carriers quantitatively with thermal excitations. However, the mobilities of organic 

semiconductors several orders of magnitude less than those of inorganic 

semiconductors, e.g. electron mobilities for organic materials hovering around 
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0.1 cm2.V-1.s-1 (Kietzke, 2007), but strong optical absorption coefficients of organic 

semiconductors and polymers (~105 cm-1) (Dongjuan, Chenjun, Yan, Yang, & Qibing, 

2008) allow for using <100 nm thin devices, which somehow circumvents the problem 

of low mobilities. 

Therefore, the purposely designed organic materials and tuning their optical band 

gap for organic solar cells application are crucial to achieve broad absorption spectrum, 

thereby harvesting sufficient amount of solar energy. Due to these, the low band gap 

organic materials (Peet, et al., 2007) are usually of prerequisite choices to be utilized as 

active layer in OSCs. Moreover, the HOMO and LUMO energy levels alignment 

between the donor and acceptor components is of great importance that would be seen 

within the next contents of the thesis. 

 

 

6Figure 2.4: Photo-absorption and exciton generation processes in OSC devices. 
 

2.2.2 Exciton Diffusion and Dissociation 

Once excitons have been created by the absorption of photons, they can diffuse 

over a length of approximately 5–15 nm (Dennler & Sariciftci, 2005; Skompska, 2010) 

towards the donor-acceptor (D-A) proximity and then dissociate there.  It is apparent 

that exciton dissociation takes place effectively at the interface of the D-A 

heterojunction, thus the exciton should be formed within the diffusion length of the 
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interface. Figure 2.5 illustrates schematically the charge separation processes at the 

interface between donor and acceptor in active layer of OSCs.  The electron can jump 

from the LUMO of the donor to the LUMO of the acceptor if the potential difference 

between the ionization potential (IP) of the donor and the electron affinity (EA) of the 

acceptor is larger than the exciton binding energy.  However, this process can lead to 

free charges only if the hole remains on the donor due to its higher HOMO level. In 

contrast, if the HOMO of the acceptor is higher, the exciton transfers itself completely 

to the acceptor (i.e., the lower energy gap, Eg material) accompanied by energy loss. 

Under the right condition, excitons dissociate into free carriers in the time scale of 

femto-second (~50 fs) (Cai, et al., 2010), while the remaining excitons recombine either 

radiatively or non radiatively (Dennler & Sariciftci, 2005; Wurfel, 2007). 

Recombination is a limiting factor for almost any kind of PV devices, which is the main 

determinant of Voc and in some cases it may also affect Isc (O'Regan et al., 2005).  

Thicker film layers increase light absorption but in this case only a small fraction 

of the excitons will reach the interface and dissociate. This problem can be overcome by 

blending donor and acceptor, in a concept called dispersed (or bulk) heterojunction that 

will be discussed later in Section 2.3.1. There are experimental indications for the 

formation of an interfacial dipole between the donor and acceptor phases due to 

spontaneous charge transfer across the interfaces (Liu, et al., 2010). This can stabilize 

the charge-separated state by a repulsive interaction between the interface and the free 

charges. Such condition activates the exciton dissociation, hence leading to enhanced 

charge transfer. Exciton dissociation can also occur at charge traps or impurities, but 

such films are likely to have poor charge transport (Riedel et al., 2004). 
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7Figure 2.5: Schematic diagram of exciton diffusion and dissociation processes in OSC 
devices (Black circle represents hole, while red circle represents electron). 

 

2.2.3 Charge Transport and Collection 

In the final step of photocurrent generation process and after dissociation of 

excitons, the free charge carriers undergo the following physical phenomena; either they 

recombine geminately or transport by diffusion and drift forces through the device, 

where they recombine with other oppositely charged carriers (Shaheen, et al., 2001), or 

they are transported to the appropriate electrodes and out to the external circuit.  This 

final phenomenon leads to the photocurrent generation. Hence, in order to get an 

efficient device, it needs to be optimized as much as possible. As shown in Figure 2.6, 

the free charges are swept to the electrodes by a built-in electric field due to the 

difference in the Fermi energy state relative to the band edges of the p-type (donor) and 

n-type (acceptor) layers. The built-in electric field arises from the difference in work 

functions of the cathode (Al) and anode (ITO) electrodes, is insufficient to ionize the 

Fermi energy state. Alternatively, the photocurrent is generated by a charge transfer 

reaction between the donor and acceptor molecules due to differences in the electron 

affinity or ionization potential, or both. However, these considerations which are 

inherently affecting the open circuit voltage (Voc) and performance of the devices are 

Diffusion 
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still matters of debate (Yamanari, et al., 2009). Since charge transport proceeds by 

hopping between delocalized states, rather than transport within a band, the charge 

carrier mobility in organic semiconductors are generally low compared to inorganic 

semiconductors. In addition, complete charge separation is more difficult in organic 

semiconductors due to the low dielectric constant (Spanggaard & Krebs, 2004), which 

acts upon the medium of the material to polarize less efficiently compared to that of 

inorganic one. Since charge transfer takes place at the organic heterojunction, 

absorption must take place at the interface or within the exciton diffusion length in the 

respective materials. In principle, the exciton diffusion length can be calculated by 

analyzing the spectral response of a device. Photoluminescence (PL) quenching is a 

conceptually simple experiment that can be used to estimate diffusion lengths 

(Gommans, Schols, Kadashchuk, Heremans, & Meskers, 2009; Markov, Amsterdam, 

Blom, Sieval, & Hummelen, 2005). 

 

 

8Figure 2.6: Charge transport and collection process in OSC devices. 
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2.2.4 Characterization Parameters   

Figure 2.7 shows a schematic diagram of the current density–voltage curve of a 

solar cell under illumination.  OSC devices are generally characterized by the short-

circuit current density (Jsc), the open-circuit voltage (Voc), the fill factor (FF) and power 

conversion efficiency (η). These four quantities define the performance of a solar cell, 

and thus they are its key characteristic parameters.  

 

 

9Figure 2.7: J-V characteristic of OSC devices. 
 

For the purpose of comparison in the devices performance, all the cells must be 

considered under a standard illumination condition. The standard test condition (STC) 

for solar cells, regardless of their design and active material, is the Air Mass 1.5 

spectrum (AM 1.5G, represents sunlight with the Sun at an oblique angle of 48.2o above 

the earth atmosphere), with an incident power density of 1000 W.m-2 (100 mW.cm-2).  

This is also defined as the standard 1 sun value, at an ambient temperature of 25 oC.  

This condition was defined by the American Society for Testing and Materials 

(Pagliaro, Palmisano, & Ciriminna, 2008; Santbergen, Goud, Zeman, van Roosmalen, & 

van Zolingen, 2010) (see Figure 2.8).  
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10Figure 2.8: shows (a) solar irradiance spectrum above atmosphere and at surface, and 
(b) air masses at different sun zenith angle. 

 

When the cell is placed in an open circuit and illuminated condition, the electrons 

and holes separate starting to flow towards the low and high work function electrodes, 

respectively. At some point, the charge will build up and reach a maximum value equal 

to the Voc, which is limited by the difference in HOMO of the donor and LUMO of the 

acceptor. The maximum current that can run through the cell is defined by the short-

circuit current (Isc). This quantity is determined by connecting the two electrodes, 

whereby the potential across the cell is set to zero, and then illuminating the cell while 

the current flow is measured simultaneously. Isc yields information about the charge 

separation and transport efficiency in the cell. The square Imax × Vmax defines the 

maximum work (maximum power) that the cell is able to produce. The fill-factor (FF) 

is given by Imax.Vmax/Voc.Isc, and is typically around 0.4–0.6 (Spanggaard & Krebs, 

2004). The fill factor is the ratio of the dark shaded to the light shaded area under the 

curve illustrated in Figure 2.7. 

       ocscocsc VI
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The power conversion efficiency (η) of the device is defined as the ratio between 

the maximum electrical power generated (Pm) and the incident optical power (Pin) of 

photons: 

       in

ocsc

in P

VIFF

P

P ×
== maxη                                                                                           (2.4) 

Another important parameter of PV cells is external quantum efficiency (EQE), 

which is defined as the number of generated electrons per incident photon, without 

correction for reflection loses. Under monochromatic light illumination at a wavelength 

λ (nm), the EQE is defined by equation (Skompska, 2010): 

       λλ o
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=                                                                                     (2.5) 

and, 

       
∫=
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λ

λ

λλλ dEQEP
hc

e
J insc                                                                                     (2.6) 

where, Jsc is the short-circuit current density, h the Planck's constant (J.s), c the 

velocity of light (m.s-1), and e the electronic charge in Coulomb.  

A high value of EQE does not guarantee good photovoltaic energy conversion, 

but it is essential. The quantum conversion efficiency of the solar cells is usually much 

lower than 100% due to the losses associated with reflection of incident photons, their 

imperfect absorption by the photoactive material and recombination of the charge 

carriers before they reach the electrodes. Additionally, there are electrical resistance 

losses in the cell and in the external circuit due to both of electrodes and wire 

connections. 

EQE is also equal to the multiplication of all the efficiencies in the energy transfer 

processes (Cai, et al., 2010): 

       cctrtcdiffabsEQE ηηηηη=                                                                                           (2.7) 
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Where, absη is the photon absorption efficiency. The last four parameters, namely 

diffη , tcη , trη and ccη , are the internal quantum efficiency (IQE), which represents the 

efficiencies of the exciton diffusion process, the hole–electron separation process, the 

carrier transport process, and the charge collection process, respectively. The most 

effective way to improve the Jsc is to enlarge absη . Therefore, OSCs materials need not 

only to absorb the photons at the maximum irradiance but also to have a broad 

absorption spectrum and high absorption coefficient. 

 

2.3 Approaches to Improve Organic Solar Cells 

It was previously illustrated that upon the absorption of light, excitons are formed 

in the organic photoactive layer, followed by the exciton diffusion and dissociation, 

which occurs at the donor/acceptor interface via an ultra-fast charge transfer between 

the LUMOs of donors and acceptors. Subsequently, the separated free electrons and 

holes transport through their individual percolating pathways, and then they are 

extracted by the corresponding electrodes. Therefore, the overall improvement in 

efficiency and the devices performance can be approached by enhancing various factors 

participating during the processes of light absorption, exciton diffusion/dissociation, 

charge transport, and charge collection.  

One major obstacle in OSCs is how to make excitons dissociate effectively into 

free charge carriers. Another challenge, which is common in both of organic and 

inorganic solar cells, is the full collection of photogenerated charge carriers by the 

correspondence electrodes (negative and positive electrodes). In organic, especially 

disordered materials, carrier mobility is several orders of magnitude smaller than that in 

crystalline inorganic semiconductors. This imposes restrictions on the maximum 

thickness of organic photovoltaic devices and makes them to have very thin active 
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layers (in nanometers scale). Furthermore, organic semiconductors suffer from 

imbalance of electron and hole mobilities within the same material. Accumulation of 

less mobile charge carriers in the bulk structure will hamper charge collection at the 

electrodes and thereby drastically reduce the solar cell efficiency. Another problem is 

difficulties in efficient harvest of excitons. Because of a large binding energy, intrinsic 

dissociation of excitons into free carriers is virtually impossible. Due to this, diffusion 

of excitons towards either charge transfer centers or donor/acceptor interfaces is a 

prerequisite for charge photogeneration (Poortmans & Arkhipov, 2006). Therefore, 

different practical approaches are needed to be undertaken to overcome the above 

mentioned bottlenecks in front of the OSCs. The next subsections will provide an 

overview of these approaches.  

 

2.3.1 Bulk Heterojunction Structure 

The idea behind bilayer heterojunction is to use two materials with different 

electron affinities (LUMO) and ionization potentials (HOMO). By this, favorable 

exciton dissociation is obtained; the electron will be accepted by the material with the 

higher electron affinity while the hole by the material with the lower ionization potential 

(Spanggaard & Krebs, 2004). The main drawback of this concept resides in the rather 

short diffusion length of excitons (5–15 nm) (Chen, Hong, Li, & Yang, 2009). Indeed, 

only those excitons that are created within a distance from the donor–acceptor (D-A) 

interface shorter than their diffusion length may contribute to the photocurrent 

generation (Poortmans & Arkhipov, 2006). This limits the photocurrent and hence the 

overall performance of bilayer organic solar cells. To overcome this limitation, the 

surface area of the D-A interface needs to be increased. This can be achieved by 

creating a mixture of donor and acceptor materials with a nanoscale phase separation 

resulting in a three-dimensional interpenetrating network; the “bulk heterojunction” 



Chapter Two                                                                                     Background and Literature Review 

 

 

 27

(Zhao, et al., 2010) as shown in Figure 2.9. This suggests the goal of achieving a larger 

interfacial area between the electron- and hole-transporting materials. The photocurrent 

achieved by bulk heterojunction devices are up to several milliamperes per square 

centimeter, improving drastically the efficiencies of bilayer cells (Dennler & Sariciftci, 

2005; Muhammad & Sulaiman, 2011b). Among these PV cells, solution-processed bulk 

heterojunction with donor–acceptor blends sandwiched between the anode and cathode 

are the most promising alternative to realize large-scale solar cell production (Krebs, 

2009a; Liu, et al., 2010). 

 

 

11Figure 2.9: Bulk heterojunction structure between ITO and Al electrodes. 
 

The bulk heterojunction device is similar to the bilayer device with respect to the 

D-A concept, but it exhibits a vastly increased interfacial area dispersed throughout the 

bulk. The bulk heterojunction requires percolated pathways for both phases throughout 

the volume, i.e., a bicontinuous and interpenetrating network. Therefore, the nanoscale 

morphology in the bulk donor/acceptor active layer is more complicated to be controlled 

well in terms of the phase separation between the donor and acceptor regions and hence 

possibly the leakage current persistence due to the insufficient contact of the acceptor 

phase with the cathode and donor phase with the anode electrodes (Djara, & Bernède, 

2005). Figure 2.10 shows cross-section nanoscale morphology of a bulk film taken by 

scanning electron microscope (SEM). It is observed that the nanostructure is dominated 
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by large nanoclusters embedded into a matrix (skin) and these nanoclusters comprised 

of fullerenes (PCBM) (Hoppe et al., 2004). The bulk heterojunction devices used today 

consist, in general, of a poly(4-tyrenesulfonate) (PEDOT-PSS) covered ITO substrate, 

coated with a single photoactive bulk heterojunction layer (e.g., polymer–fullerene 

mixtures) closed by a low work function cathode such as Al (Hayashi et al., 2006). 

 

 

12Figure 2.10: SEM side views of MDMO-PPV:PCBM blend films with various ratios 
of MDMO-PPV to PCBM, (a) 1:2, (b) 1:4 and (c) 1:6, on top of PEDOT: PSS coated 

ITO glass. 
 

2.3.2 Multilayer and Tandem Structures 

As each organic material has a unique band gap, broad sunlight spectra cannot be 

harvested efficiently by a single layer. Therefore, multiple layers and stacked tandem 

cell structure, in which each layer absorbs a different light wavelength, can mostly 

resolve the limited absorption problem. Organic materials have higher extinction 

coefficient than that of inorganic materials. Therefore, about 300 nm film is thick 

enough to absorb the most incident light (Cai, et al., 2010). However, the thickness is 

ultimately limited by the short exciton diffusion length and low charge carrier mobility 

(Zhao, et al., 2010), while the balance between the light absorption and the charge 

transport plays a crucial role in the efficiency improvement. As a result, the optimized 

thickness for most of OSCs is less than 100 nm (Cai, et al., 2010). Several materials and 

device structures have been developed to obtain high short-circuit photocurrent density 
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(Jsc), e.g., bulk heterojunction structure that was mentioned previously (Taima, et al., 

2006), the concept of tri-layer organic p–i–n junction (Maennig et al., 2004), in which i-

layer is a co-deposited layer of two different organic semiconductors. Co-deposited 

layers have a vast number of heteromolecular (donor–acceptor) contacts acting as 

efficient photocarrier generation sites (Chen, et al., 2009) (see Figure 2.11-(a)). 

Additionally, tandem structure as an effective approach to enhance the light harvesting 

by means of stacking multiple cells with complementary absorption spectra has also 

been proposed. The limits to power conversion efficiency and photovoltage can be 

breached through fabrication of tandem solar cells (Cheyns, Poortmans, Gommans, 

Genoe, & Heremans, 2007; Hadipour, de Boer, & Blom, 2008; Kim et al., 2007). A 

tandem solar cell consists of two stacked solar cells made from materials with different 

optical gaps. Initially, light is absorbed by the higher-gap cell lower energy photons 

pass through the higher gap device and then photons are absorbed by the second cell. 

There is a conductive layer connecting the two cells accordingly, which works as a site 

for charge recombination. However, in terms of device fabrication, there are difficult 

tasks such as optimizing the layers thickness, selection of suitable materials, and 

recombination site that have to be treated with a great caution. Figure 2.11-(b) shows a 

representative tandem solar cell with two stacked cell structure having a gold metal 

(Au) layer as the conductive layer to provide the recombination site. 
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13Figure 2.11: The structure of (a) multilayer organic p-i-n solar cells and (b) organic 
tandem solar cells. 

 

2.3.3 Exciton Blocking Layer 

As revealed in Figure 2.9, the active layer of bulk heterojunction structure is 

sandwiched between the anode and cathode electrodes, in which both donor and 

acceptor materials are in direct contact with the electrodes. Hence, it is possible for the 

acceptor material to transfer electrons to the hole-collecting anode and for the donor to 

transfer holes to the electron-collecting cathode, thereby resulting large leakage current 

and decreased PV performance of the cell. In order to tackle these problems, interfacial 

buffer layers are mostly inserted between the active layer and electrodes to enhance the 

collection of the photogenerated charges and to reduce the leakage current (Liu, et al., 

2010). In a study in which an exciton blocking layer (EBL) of bathocuproine (BCP) was 

incorporated, photovoltaic properties of PV devices based on pentacene/PCBM were 

investigated (Yoo et al., 2007). It was seen that a thin layer of BCP has improved EQE 

and charge carrier collection of the devices. More recently, tris (8-hydroxyquinolinate) 

aluminium (Alq3) was also used between the cathode electrode and acceptor materials 

(Kao, Chu, Huang, Tseng, & Chen, 2009; Vivo, Jukola, Ojala, Chukharev, & 
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Lemmetyinen, 2008) (see Figure 2.12). It was seen that this has led to increase in both 

efficiency and stability of the devices. 

  

 

14Figure 2.12: OSC device incorporating exciton blocking layer of Alq3 between the 
cathode electrode and acceptor material. 

 

Similar to the cathode interface, atoms from the anode can react with the organic 

material. Indium atoms from indium tin oxide (ITO) anode were found to diffuse into 

the organic layer where it acts as trapping site for the charge carriers (Spanggaard & 

Krebs, 2004). One strategy that is used to minimize indium and oxygen diffusion is to 

put an interfacial hole-transporting layer, such as poly(3,4-

ethylenedioxythiophene):poly(4-styrenesulfonic) acid (PEDOT-PSS), between ITO and 

the active material. This layer also serves to smooth out the uneven surface of ITO and 

provides larger injection of holes into the anode electrode. As shown in Figure 2.13, the 

insertion of a thin PEDOT:PSS layer (≈35 nm) between the polymer blend and anode 

electrode, was seen to increase the overall efficiency of the devices significantly 

(Muhammad & Sulaiman, 2011b). 
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15Figure 2.13: OSC device incorporating exciton blocking layer of PEDOT:PSS 
between the anode electrode and acceptor material. 

 

2.3.4 Double Cable Polymer 

It is clear that the control of morphology in dispersed bulk heterojunction devices 

is a critical point. The degree of phase separation and domain size depend on solvent 

choice, speed of evaporation, solubility, miscibility of the donor and acceptor, annealing 

temperature, etc. One strategy towards increasing the D-A phase control is to covalently 

link donor and acceptor to get some sort of polymers called double cable polymers. 

Recently, researchers Cravino & Sariciftci (2002), Cravino et al. (2003), and Zerza et al. 

(2001) synthesized a pendant fullerene moieties and polythiophene backbone with 

covalently bound tetracyanoanthraquino-dimethane (TCAQ) moieties (donor–acceptor 

double-cable polymer), respectively, for utilization in organic solar cells. Even though 

the synthesized soluble cable polymers have shown some promising results, the fully 

optimized double-cable polymers are still not achieved. As the complexity of the 

designed systems increase, the more critical it becomes to optimize design parameters. 

The realization of effective double cable polymers will bring the D–A heterojunction at 

a molecular level. Figure 2.14-(a) shows a schematic representation of this system.  

An alternative approach to double-cables polymer is block copolymers consisting 

of a donor and acceptor block as shown in Figure 2.14-(b). In general, block copolymers 

(Cureton, Beyer, & Turner, 2010; Surapati, Seino, Hayakawa, & Kakimoto, 2010) are 

Silver paste 
contact 
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well recognized for phase separation and ordered domains formation, similar to those of 

the double-cable polymers. Stalmach, de Boer, Videlot, van Hutten, & Hadziioannou 

(2000) synthesized a block copolymer consisting of an electron acceptor block and an 

electron donor block through atom-transfer radical addition with the objective of 

enhancing the photovoltaic efficiency of the PPV-C60 system (PPV = poly(p-

phenylenevinylene)). Since the solubility of such complicated structures is very limited, 

the practical handling for device fabrication is cumbersome (Spanggaard & Krebs, 

2004). 

 

 

16Figure 2.14: Shows (a) schematic representation of a realistic double-cable polymer 
where interchain interactions are considered, and (b) self-assembled layered structure of 

di-block copolymers. 
 

2.4 Materials Selection and Energy Bands Alignment  

The discovery of semiconducting conjugated polymers stimulated the research 

field of organic electronics, thereby developing a variety of organic based devices such 

as, solar cells, light-emitting diodes, field-effect transistors, and memory devices. The 

emergence of the fields can be tracked back to the mid-1970 when Shirakawa reportedly 

prepared the first polymer (polyacetylene) by accident, subsequently Heeger and 

MacDiarmid discovered that the polymer would undergo an increase in conductivity of 

12 orders (Masi, 2003). The most important functionality of the organic materials is the 

large polarizability of their extended π -conjugated electron systems formed by the 
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delocalization of the pz-orbitals of the carbon atoms (Mozer & Sariciftci, 2006). Due to 

this basic functionality, and upon the absorption of sun light, these materials can show 

the photo-induced charge carriers and transport properties by hopping process along 

their conjugated backbone. Therefore, most of the organic materials have attracted 

considerable attention to be exploited in the fabrication of electronic and optoelectronic 

devices (Shirota, 2000). In particular, two types of materials are usually selected as 

photovoltaic active layers in the fabrication of OSCs. The first layer must be conductive 

to holes. This is referred to as donor, while the second layer is conductive to electrons 

and known as acceptor. Regardless of that the device structure is a bilayer or bulk 

heterojunction, it is of great importance that the HOMO and LUMO energy levels of the 

donor-acceptor (D-A) system are matched well to facilitate efficient exciton generation, 

dissociation and charge transport conduction, as discussed earlier in Section 2.2. A basic 

description of the photoinduced charge transfer between a donor (D) molecule and an 

acceptor (A) molecule can be described as follows (Koeppe & Sariciftci, 2006): 

Step 1: ADAD +→+ *                      (photoexcitation of D) 

Step 2: ** )( ADAD −→+                   (excitation delocalized between D and A) 

Step 3: ** )()( −+ −→− δδ ADAD         (polarization of excitation: partial charge transfer) 

Step 4: )()( * −•+•−+ −→− ADAD δδ    (ion radical pair formation) 

Step 5: −•+•−•+• +→− ADAD )(         (complete charge separation) 

Table 2.2 shows some representative electron donors and acceptors including 

their HOMO and LUMO energy levels with their molecular structures. Fullerenes are 

considered the best electron acceptors so far. This is because of: (i) ultrafast (~50 fs) 

photoinduced charge transfer that is happened between the donors and fullerenes; (ii) 

fullerenes exhibit high mobility, for example, C60 has shown field effect electron 

mobility of up to 1 cm2 V-1 s-1; (iii) fullerenes show a better phase segregation in the 
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blend films (Cai, et al., 2010; Koeppe & Sariciftci, 2006). Among all the organic donor 

materials concerned, sexithiophene (6T) films show the highest mobility when they are 

used as hole transport layers (Chen, Ikeda, & Saiki, 2006; Mu, Chen, & Luong, 2009). 

Upon improving the solubility of sexithiophenes by the addition of hexyl side chains to 

α -sexithiophene (6T) (Sato, Fujitsuka, Shiro, & Tanaka, 1998) has provided us with 

ωα , -dihexyl-sexithiophene (DH6T) organic semiconductor which is characterized by 

reasonable field-effect mobility reaching as high as 0.1 cm2/V.s (Iosip, et al., 2004; 

Murphy, et al., 2004). 

 

2Table 2.2: The nomenclature, molecular energy levels, and structure of some 
representative organic donor and acceptor materials. 

 
 

Nomenclature 
 

HOMO (eV) 

 

LUMO (eV) 

 

Molecular structure  

 

Poly [2-methoxy-5-(2’-

ethyl-hexyloxy)-1,4-

phenylene vinylene](a) 

 

 

5.2 

 

 

2.8 

 

O

O

n

MEH-PPV  

 

Poly (3-

hexylthiophene)(a) 

 

 

4.8 

 

 

2.7 

 

S
n

P3HT
 

D
o

n
o

r 

Poly[2,6-(4,4-bis-(2-

ethylhexyl)-4H-

cyclopenta[2,1-b;3,4-

b']dithiophene)-alt-4,7-

(2,1,3-

benzothiadiazole)](b) 

 

 

 

4.9 

 

 

 

3.5 

 

 

S S

N

N

S

nPCPDTBT

 



Chapter Two                                                                                     Background and Literature Review 

 

 

 36

 
Table 2.2, continued. 
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(a) (Yamanari, et al., 2009) 
(b) (Kim, et al., 2007) 
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(d) (Muhammad, Abdul Hapip, & Sulaiman, 2010) 
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Benefited by the high carrier mobility of DH6T and PCBM, and their appropriate 

energy band alignment for solar cells application (Muhammad & Sulaiman, 2011b), 

along with the possibility of tuning the optical band gap of DH6T by organometallic 

dopants (Muhammad & Sulaiman, 2011c), the selected photoactive materials in the 

thesis are based on DH6T/Mq3/PCBM ternary bulk heterostructures. A proper energy 

bands alignment of Gaq3 with the D-A components in fabricating solution-processed 

devices based on DH6T/Mq3/PCBM can be seen as shown in Figure 2.15. Nevertheless, 

Gaq3 was seen to show the most promising results compared to those of Alq3 

(Muhammad, et al., 2010; Muhammad & Sulaiman, 2011a, 2011d), which will be 

discussed later in Chapter 4. Figure 2.15 shows the molecular energy levels of the 

DH6T/Gaq3/PCBM components (D-A-A), in which a satisfactory HOMO and LUMO 

energy bands alignment can be seen as one of the prerequisites in the OSCs fabrication.   

 

 

17Figure 2.15: The correct HOMO and LUMO energy band alignment of DH6T, Gaq3 
and PCBM, from left to right, respectively for the OSCs application. 
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2.5 Thiophene/Fullerene Based Organic Solar Cells   

The discovery of intrinsic conductive polyacetylene polymer in the mid-1970s by 

Shirakawa (Masi, 2003) and subsequent increment in its conductivity through the 

doping effect by Heeger and MacDiarmid (Heeger, 2000) have inspired the researchers 

to search for varieties of organic materials capable to meet the desired optoelectronic 

and electronics applications. These organic materials can be classified into an insulator- 

or semiconductor- or conductor-like materials based on their ability to conduct 

electrons. The basic electrical conduction in the organic materials comes from p-

conjugated system, which is formed by the overlap of carbon pz orbitals to make 

alternating carbon-carbon double bonds. Figure 2.16 shows an example of such orbital 

bonding between carbon-carbon atoms to build a conjugation nature, where the weakly 

bound electrons are delocalized along the conjugation length in the form of electron 

clouds enabling them to hope from chain to chain. However, the conjugation behavior 

may also be produced between the carbon and other atoms.  

 

18Figure 2.16: The carbon-carbon double bond conjugation and its p-electron clouds. 
 

When a material having electron rich molecules is brought into a contact with an 

electron deficient molecule, it is possible for the first material to donate electrons to the 

second one. In this case the material that has given electrons is called donor (D), while 

the electron receiver is known as acceptor (A). The combination of D-A system and its 

application as active layer is the basic building block in the fabrication of efficient 

OSCs. Till now, the most efficient donors in fabricating OSCs are those based on 
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thiophenated backbone molecules (Chu, et al., 2011; Kim, et al., 2007; Li, et al., 2005) 

(heterocyclic compounds with the formula C4H4S, see Table 2.2). This could be mainly 

due to their high charge carrier mobility (Murphy, et al., 2004), their miscibility with 

most of the acceptors (Liang, et al., 2009; Peet, et al., 2007), and their easily 

functionalizing or doping at the molecular level to change their photophysical properties 

(Chan & Ng, 1998). On the other hand, the buckminsterfullerene, C60 and its 

methanofullerene, PCBM derivatives (with high solubility) (Liang, et al., 2009; Riedel, 

et al., 2004) have shown a strong tendency to accept electrons, thereby serving as 

efficient acceptors in the organic solar cell devices.  

The extensive studies of thiophene based organics in the past decades (Chan & 

Ng, 1998; Horowitz et al., 1997; Lane et al., 1996; Wu & Conwell, 1997) initiated an 

opening route towards their exploitation in the electronics and optoelectronics devices, 

among them OSCs. The absorption spectroscopy of sexithiophene films in a doped and 

photogenerated state (Lane, et al., 1996), their charge transport (Wu & Conwell, 1997) 

and optoelectronic properties (Horowitz, et al., 1997) have revealed that the 

characteristics of these organic based devices (Garnier, 1998) can be identical with 

those of silicon based ones. The polymeric based polythiophene thin films were seen to 

possess a microcrystalline structure, in which the excitons of longer life times are 

generated (Sato, Fujitsuka, Segawa, Shimidzu, & Tanaka, 1998). This property provides 

a higher priority for the thiophene crystalline films to be selected in OSCs fabrication. 

However, the small molecules of thiophene based of sexithiophene amorphous films 

have revealed an ultrafast charge separation (Lanzani, Cerullo, Stagira, De Silvestri, & 

Garnier, 1998). Katz, Lovinger, & Laquindanum (1998) reported that single crystal 

semiconductor films of α,ω-dihexylquaterthiophene, DH4T correspond to the dramatic 

increase in the mobility compared to non-single crystalline α-quaterthiophene. The key 

advantage of these thiophene oligomers (relatively low molecular weight) over their 
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parent polymers (relatively high molecular weight) is the higher degree of molecular 

and crystalline ordering (Fichou, 2000). Nevertheless, oligothiophenes with no 

substituted side chains (e.g., α-thiophenes ) (Schön, Kloc, Berg, Siegrist, & Batlogg, 

2001; Tavazzi et al., 2001) basically show the low solubility in most of common 

organic solvents. This in turn, renders their films from being deposited by an easy and 

simple solution-processed of spin coating technique. Consequently, it is of great 

importance to functionalize the thiophene backbone with some sort of substituent that 

enhances the solubility of the material and at the same time allows preserving the charge 

carrier mobility at as high level as possible. The conformational properties and 

supramolecular organization of oligothiophenes, which are controlling the electrical and 

optical properties, can be tuned by the proper chain substitution (Botta et al., 2001). As 

such, the concept of solution-processed OSCs based on conjugated polymer/fullerene 

(Kim et al., 2001) has been utilized by Shaheen, et al. (2001) to obtain a breakthrough 

of 2.5% efficient devices. Since then, new generations of solar cells have received more 

attention in both of academic research and technological points of view (Goetzberger, 

Luther, & Willeke, 2002; Huynh, Dittmer, & Alivisatos, 2002; Loussaïef et al., 2002; 

Nelson, 2002). 

Research activities in preparing the soluble thiophene based materials (Afzali, 

Breen, & Kagan, 2002; Sotgiu, Zambianchi, Barbarella, & Botta, 2002) and 

understanding the charge recombination process in the polymer/fullerene blend films 

(Nogueira et al., 2003) have been continued intensively. Triggered by the solubility of 

both donor and acceptor materials of poly(3-hexylthiophene) (P3HT) and 

methanofullerene, (PC61BM), and concurrently applied the post production treatment, a 

higher efficiency of 3.5% with devices based on solution-processed P3HT/PC61BM has 

been obtained by Padinger, Rittberger, & Sariciftci (2003). However, the rapid 

achievement of increasing OSCs efficiency is seen not to be an easy task owing to the 
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complexity of the devices active layers in terms of the morphological, structural, 

optical, and phase separation behaviors. The history of OSCs shown in Table 2.1 

supports this inherent reality. Moreover, the low band gap polymers for efficient photon 

energy harvesting (Winder & Sariciftci, 2004), device concepts (Waldauf, et al., 2004) 

for organic solar cells fabrication (Brabec, 2004; Coakley & McGehee, 2004; Sariciftci, 

2004), and further characterization of thiophene based materials (Campione et al., 2004; 

Casado et al., 2004; Huisman, Huijser, Donker, Schoonman, & Goossens, 2004) have 

been addressed. Besides, to realize high efficient photoinduced charge separation, the 

optimum energy levels and offsets (Sun, 2005) for organic D-A binary materials and 

solar cells should be achieved.  

Al-Ibrahim et al. (2005) investigated the influence of side chain length in three 

polythiophene donors on their optoelectronic and photovoltaic parameters. They 

observed that the longer side chain has caused a slight increment in the electrochemical 

band gap, but produced a systematic drop in the absorption coefficient. As well as, 

efficiency and short circuit current decreased; whilst the devices open circuit voltage 

possessed an increase with increasing the polymers chain length. Consequently, for the 

high performance devices fabrication the interface electronic properties between the D-

A materials and their respective contact electrodes (Liu, Knupfer, & Huisman, 2005) 

need to be well understood. Different practical cinereous including heat treatment 

(Inoue et al., 2005), self organization of polymer blends (Li, et al., 2005) and the 

reversed device architectures (Al-Ibrahim, Sensfuss, Uziel, Ecke, & Ambacher, 2005) 

have been proposed to improve the P3HT/PC61BM based OSCs. The researches clearly 

emphasis that the role of photo-absorption behaviors (Wienk, et al., 2006), active layer 

crystallinity (Zhokhavets, Erb, Gobsch, Al-Ibrahim, & Ambacher, 2006), morphology 

complexity (Benanti & Venkataraman, 2006; Vanlaeke et al., 2006) and devices 

degradation due to air exposure (Kawano et al., 2006) are major problems in limiting 
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overall OSCs performance (Günes, Neugebauer, & Sariciftci, 2007; Jin et al., 2007; Li, 

Shrotriya, Yao, Huang, & Yang, 2007; Mayer, Scully, Hardin, Rowell, & McGehee, 

2007). Aggressive research works focusing on the photophysical response of PCBM 

acceptor (Cook, Katoh, & Furube, 2009) and its combination with various thiophenated 

donors to fabricate solar cells (Geiser et al., 2008; Günes et al., 2008; Millefiorini, 

Kozma, Catellani, & Luzzati, 2008; Ouhib et al., 2008; Wang & Wang, 2008; Wong et 

al., 2008) have been developed. In particular, the P3HT/PC61BM-based, has been 

gaining the popularity (Guo, et al., 2008; Yasuhiko Hayashi, Sakuragi, Soga, 

Alexandrou, & Amaratunga, 2008; Oku et al., 2008; Y. Zhao, Xie, Qu, Geng, & Wang, 

2008) over the other materials-based devices in the field. This is basically due to its 

prospective capability to harvest higher energy compared to the other organic based 

devices. Up to this stage, numerous studies on thiophene/PC61BM based solar cells have 

been reported (Baek et al., 2009; Bull, Pingree, Jenekhe, Ginger, & Luscombe, 2009; 

Cha et al., 2010; Cook, et al., 2009; Huang et al., 2009; Woo, Beaujuge, Holcombe, 

Lee, & Fréchet, 2010; Xin et al., 2010) . Despite these appealing results on the routes of 

higher efficiency yield achievement, it has been cleared that today's OSCs are unable to 

be commercialized and placed into the markets at the moment. This is because of two 

major reasons; first, their efficiency in terms of cost outcomes and energy incomes are 

not beneficially comparable yet. And second, they are not strong environmentally stable 

devices to show a long life time in outdoor conditions compared to the inorganic based 

solar panels. Therefore, continuous research studies are highly required to explore the 

factors rolling in these problems and to address the proper solutions in a foreseeable 

future. These are possible to be obtained through a complete understanding of the 

devices operation (Bagienski & Gupta, 2011; Liao, Yambem, Haldar, Alley, & Curran, 

2010), deeper materials investigation (Bazylewski et al., 2011; Bronstein et al., 2011; 

Duhm, Xin, Koch, Ueno, & Kera, 2011; Lee & Loo, 2010; Manceau et al., 2011), 
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energy levels alignment between D-A components (Sehati et al., 2010), probing the 

photovoltaic parameters (Djara & Bernède, 2005; Gupta, Mukhopadhyay, & Narayan, 

2010; Yamanari, et al., 2009), morphological treatment (Chen, Nakahara, Wei, 

Nordlund, & Russell, 2010), critical optimization of their nanoscale active layers 

morphology (Huang et al., 2011) and D-A miscibility (Treat et al., 2011). Nevertheless, 

almost all the above mentioned issues are the major challenges in the field and they are 

not fully understood and/or optimized yet.             

 

2.6 Organic Solar Cells Incorporating Small Molecular Organic Materials 

Veenstra et al. (1997) described the conjugated sexithiophene oligomers (6T) co-

evaporated with buckminsterfullerene (C60) as a successful model to generate free 

charge carriers efficiently in fabricating 6T/C60 based photovoltaic devices. This free 

charge generation was attributed to the way of materials deposition, in which it was 

claimed that thermal evaporation method allows the sexithiophene layers to crystallize 

slowly, thereby producing a clear phase separation between D-A moieties to attain rapid 

exciton dissociation. These organic small molecular based solar cells are usually 

fabricated under vacuum conditions. Therefore, a relatively small change in the D-A 

components (Gebeyehu, Maennig, Drechsel, Leo, & Pfeiffer, 2003), molecular 

architecture and intermixing (Heutz, Sullivan, Sanderson, Schultes, & Jones, 2004) will 

pronouncedly affect the overall devices performance. What has made the solution-

processed method to not normally apply in the small molecular OSCs is the low 

solubility of these materials in common organic solvents. This is basically due to their 

having short conjugated chain lengths. However, oligothiophenes can be substituted 

with various functional groups and alkylated chain lengths to increase their solubility. In 

such cases, the electronic (Knupfer & Liu, 2006), structural properties and electrical 

conductivity (Chisaka et al., 2007; Yakuphanoglu, 2007) should be carefully 
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investigated so as to maintain the mobility and crystallinity of their films at a high level 

of possibility. Again, studies on the energy level alignment between the D-A parts (Ge 

& Whitten, 2007) in the organic small molecular solar cells (Rand, Genoe, Heremans, & 

Poortmans, 2007) staying necessary. In a solution-processed OSC based on P3HT/C60 

blends, the effect of electron and hole transport buffer layers (Rait et al., 2007) showed 

considerable enhancement in the devices efficiency. The hole transport layer 

(PEDOT:PSS) was coated from solution, while the electron transport one, lithium 

fluoride (LiF) was deposited by thermal evaporation. In the case of using cupper 

phthalocyanine (CuPc) in an inverted cell structure with C60/Al as anode composite 

(Wang et al., 2007) the relative improvement in stability and efficiency of the devices 

were referred to the role of C60/Al architectural position. However, the role of 

employing CuPc as electron transport layer has also been highlighted, comparably to 

LiF and bathocuproine (BCP) buffer layers, the optimal PV performance resulted when 

the CuPC buffer layer controlled between 2-10 nm (Hong, Huang, & Zeng, 2007). 

Different approaches to increase the life time and efficiency through the use of p-i-n 

tandem structure (Franke, Maennig, Petrich, & Pfeiffer, 2008) and exciton blocking 

layers (buffer layers) (Tripathi, Datta, Samal, Awasthi, & Kumar, 2008; Vivo, et al., 

2008) in the phthalocyanine and its derivatives with C60 fullerene have been tried. Due 

to the incorporation of Alq3 buffer layer through thermally evaporation, efficiency was 

enhanced by 60 times with a half life time stability over 7 weeks in dark (Vivo, et al., 

2008). Moreover, several attempts have been paid to improve the PV performance 

through enlarging the open circuit voltage (Voc) of devices based on pentacene(-

derivatives)/C60 and p-i-n doped structure of zincphthlocyanine/C60 active layers (Palilis 

et al., 2008; Tetsuya Taima, Sakai, Yamanari, & Saito, 2009). Other researchers have 

focused their studies on sexithiophene/fullerene based OSCs (Sakai, Taima, & Saito, 



Chapter Two                                                                                     Background and Literature Review 

 

 

 45

2008; Sakai, Taima, Yamanari, & Saito, 2009) due to the high hole and electron carrier 

mobility in both of oligothiophenes and fullerenes, respectively. 

Very recently, doping Alq3 small molecular semiconductor into the donor or 

acceptor layers (Kao, et al., 2009) and as buffer layers in OSCs (Du et al., 2011; Wang, 

Yu, Yue, & Jiang, 2010) were reported. Also, utilization of Alq3 and Gaq3 to fabricate 

ultraviolet photodetectors in thermally evaporated bilayered structures (Su, Chu, & Li, 

2010) has been employed. The methodology of all studies was relied on thermally 

deposition of Mq3 into the solar cells structure. Additionally, due to the focused 

researches on the exploitation of various materials in OSCs rather than the optimization 

in terms of the devices parameters and architectures (Lee, Lim, & Kim, 2010), some 

basic electrical parameters (Gupta, et al., 2010; Yamanari, et al., 2009) are still 

controversial and matters of debate. It is cleared from all the previous studies that 

devices incorporating Alq3 or Gaq3 materials have not been completely fabricated by 

solution-processed technique, even if part of the active layers has been done so, but the 

buffer layers (Alq3) have deposited by thermal evaporation technique, which is 

becoming a bottleneck in front of easier, cheaper and room temperature fabricated 

devices. However, despite the improved efficiency and stability of the devices upon 

Alq3 incorporation, the exact contribution of Alq3 is not fully understood yet, as this 

material has been generally well known to be used for organic light emitting diodes 

(OLED)s rather than OSCs. 
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Consequently, the thesis is focusing on widely characterization of tris (8-

hydroxyquinolinate) metals (Gaq3 and Alq3 as representatives) in terms of the OSCs 

related properties rather than OLEDs alone, thereby nominating them for solution-

processed organic solar cells. As such, various device architectures, including 

incorporation of Mq3 materials, are fabricated and assessed to understand the basic 

contribution of such materials on the overall devices performance and their photovoltaic 

performance. Hence, the devices are fabricated by solution-processed technique and 

tested under the ambient condition. 

 

 

 
 




