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Abstract 

Stability Study and Photovoltaic Application of Quinoxaline Based Polymers and 

Effect of  Low Boiling Point Solvent Additives on Photovoltaic Performance of Bulk 

Heterojunction Polymer Solar Cells 

  

Bedasa Abdisa  

Addis Ababa University, 2016 

 

In this study the photochemical stability and photovoltaic performance of two 

polymer families are presented; one based on a thiophene-quinoxaline unit and the 

other one on a thiophene-pyridopyrazine unit. Copolymerization of these monomers 

together with thiophene-hexylthiophene was performed in order to make the polymers 

more black, i.e. to fill the gap between the high- and the low-energy peak in the 

absorption spectra. The study has focused on how an increasing fraction of thiophene-

hexylthiophene affects the photo-oxidative stability of these polymers, as well as the 

solar cell performance. Accordingly, thiophene-pyridopyrazine devices displayed 

increased device efficiency. In addition, the stability is retrained upon inclusion of the 

extra monomer of 30% and 50% mole fraction of thiophene-hexylthiophene. In 

contrast, it was found that for the thiophene-quinoxaline based copolymer both, 

device efficiency and stability, decreased with inclusion of 30%, 50%, and also 80% 

thiophene-hexylthiophene. 
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 Furthermore, the effect of incorporation of low mole fraction of thiophene-

hexylthiophene i.e 1% and 2.5% in to quinoxaline based polymer on photochemical 

and photovoltaic performance was also studied. In contrast to the incorporation of 

large fraction of thiophene-hexylthiophene in to quinoxaline based polymer, 

incorporation of low fraction of thiophene-hexylthiophene has improved both 

photochemical stability and photovoltaic performance of the copolymers. 

 

Additionally, the effect of low boiling point solvent additives such as iodomethane, 

iodoethane, and diiodomethane on photovoltaic performance of bulk heterojunction  

polymer solar cells was studied. According to our findings, the efficiency of 

TQ1:[60]PCBM based devices have increased from 3.41% (control device) to 4.28, to 

4.41, and 4.66% when the devices are processed from 3% (v/v) IMe, IEt, and DIMe, 

respectively. Similarly, the PCE of PCDTBT:[70]PCBM based devices have also 

showed enhancement from 3.08% (control device) to 3.39, 3.80, and 4.37% when 

processed from 3% (v/v) IMe, IEt, and DIMe, respectively. All the solvent additives 

have improved current density and fill factor leading to enhanced power conversion 

efficiency compared to control device fabricated without any additive. This is due to 

formation of nanomorphology creating large D-A interface area for better charge 

carrier dissociation and interpenetrated networks for efficient charge carrier transport 

to electrodes as confirmed from the AFM images. As confirmed by comparing UV-

Vis absorption spectra of pristine blend films and blend films soaked in the additives 

for 5 seconds, the solvent additives selectively dissolved the PCBM aggregates 

leading to enhancing their misciblity/interaction in to the polymer domains of the 
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active layer. The enhanced misciblity and nanoscale formation of the blends were 

further confirmed by an increase of the quenching efficiency of the PL of the blends 

containing the solvent additives compared to the pristine blends. Therefore, the 

increase in interface area and formation of networks between the donors and 

acceptors up on addition of the low boiling point solvent additives are the main 

reasons for the improvement of current density and fill factor leading to enhanced 

PCEs. 
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1. Introduction 

1.1 The Need for Solar Energy 

Continuous industrialization and urbanization of developing countries, growth in 

human population, and a general increase in human welfare is projected to increase 

the demands for energy in the future by a large proportion. By the year 2050, the 

anticipated level of energy consumption by humans is 28 - 35 TW, which is a 

challenge we currently cannot meet with the sources of energy available. Presently, 

more than 80% of the energy supply is derived from fossil fuels (coal, oil, and gas) 

[1]. However, these sources of energy largely pollute the environment and emit green 

house gases and have become the main cause for the global warming of the world. 

Besides the environmental problem they cause, fossil fuels are also largely decreasing 

from their reservoir and would not satisfy potentially the energy need of the world in 

the future [2 - 7]. As a result of this detrimental factor and their decrease from 

reservoir of fossil fuels, clean and renewable alternative energy sources have been 

under investigation by researchers for fulfilling the energy demand of the world. 

These renewable and clean energy sources include hydropower, solar energy, 

geothermal energy, wind energy, and ocean energy. Among the renewable and clean 

energy sources, solar energy outweighs most of the other renewable energy sources 

by orders of magnitude when comparing the theoretical potentials [1, 8, 9]. As a 

matter of fact the side of the earth that is exposed to the sun receives approximately 

1.2 × 105 TW hour from the sun continuously, which is approximately 10,000 times 

the energy we consumed in the year 2004 i.e. more energy from the sun hits the earth 

in one hour than all of the energy consumed on our planet in an entire year [1, 9]. 
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This indicates that there is a huge gap between our present use of solar energy and its 

potential which defines the grand challenge in energy research. Therefore, solar 

energy is a renewable and clean energy source with a large potential for fulfilling the 

increasing energy demand of the world and this has motivated many scientists 

working in this field. 

1.2 History of Photovoltaics 

 Photovoltaics also called solar cells are devices that convert solar energy into 

electrical energy. The photovoltaic effect, the conversion of light into electrical 

power, can be traced back to Becquerel’s 1839 pioneering studies that discovered a 

photocurrent when platinum electrodes, covered with silver bromide or silver 

chloride, was illuminated in aqueous solution. Strictly speaking this is a 

photoelectrochemical effect [10].  

 

In the modern era, the tipping point that transformed photovoltaics into a technology, 

to convert sun light into electricity, was the 1954 report by Chapin et al. [11] of a 

silicon based single p-n junction solar cell device. This type of silicon solar cell 

absorbs light and generates electron-hole pairs that diffuse to the p-n junction and 

driven efficiently to respective electrodes in opposite directions by an electric field 

produced at the boundary and generated electric current. With this pioneering work of 

photovoltaics a solar power conversion efficiency of 6% was achieved [11]. Since 

then, this clean and sustainable energy technology have been expected to play a major 

role in meeting the global energy challenge and drawn the attention of scientists to 

carry out in depth research work to improve the solar energy-to-electric current 
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conversion efficiency of the technology. Decades after this pioneering work, intensive 

research work on the area has boosted the power conversion efficiency of single 

crystalline silicon solar cells to about 25.6% at present [12, 13]. As a result of this the 

current solar technologies are dominated by wafer-size single-junction solar cells 

based on crystalline silicon that are assembled into large area modules.  

 

Furthermore, the monocrystalline silicon solar cells, the so called first-generation 

photovoltaics, exhibited little degradation in performance during operations. 

Therefore, from the birth of the solar cell as a technology it was thus not an integral 

part of the understanding that such a device could exhibit instability. However, the 

drawback of the monocrystalline silicon solar cell was the significant loss in material 

when sawing the ingots into wafers and also the appreciable thickness of the wafers 

(∼0.25 mm - 1 mm). In an effort to decrease the manufacturing cost of the 

technology, massive research efforts were dedicated towards realizing thin film solar 

cell with the idea of lowering the thermal budget and the materials usage [14].  

 

Thin film solar cells, referred to as second-generation photovoltaics, have been under 

active investigation in order to further reduce the cost of produced electricity. This 

was intended to be done by increasing the power conversion efficiency, reducing the 

amount of absorbing material needed, and lowering the assembly cost of modules. 

Thin film photovoltaic technologies are based on inorganic semiconductor materials 

that are more absorbing than crystalline silicon and can be processed directly onto 

large area substrates [15]. Such semiconductors include amorphous silicon, II-VI 
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semiconductors such as CdS or CdTe, and chalcogenides such as CuInSe2 (CIS) or 

CuInGaSe2 (CIGS) [16]. Despite the laboratory demonstration of cells with high 

efficiencies, 20.5% for CIGS and 21% for CdTe, the controlled manufacturing of 

second generation cells remains a challenge and their commercial use is growing but 

not as widespread yet as their price is still high to enter the market on a large scale 

[12, 13]. Therefore, other solar cell technology alternative which takes in to account 

ease of fabrication and cost has been investigated. These photovoltaic technologies 

are the organic solar cells.  

 

The basis for organic solar cells, referred to as the third-generation photovoltaics, was 

the finding of dark conductivity in halogen doped organic compounds in 1954 [17]. In 

the late 1970s, the conductivity of the polymer polyacetylene, again by doping with 

halogens, was discovered [18], for which its three main contributors Shirakawa, 

Heeger and MacDiarmid were awarded the Nobel Prize in Chemistry in 2000. It is the 

semiconducting and light absorbing properties that make conjugated organics a very 

interesting choice for photovoltaics.  

 

The first organic solar cells were based on an active layer made of a single material, 

sandwiched between two electrodes of different work functions. The typical device 

configuration is shown in Figure 1.2.1 (left). By the absorption of light, strongly 

Coulomb-bound electron-hole pairs are created, so-called singlet excitons. The 

binding energy of excitons in organic semiconductors is usually between 0.5 and 1 eV 

as their effective dielectric constant is much lower than the corresponding inorganic 
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materials. To generate photocurrent, the e/h forming exciton has to be separated from 

each other. In order to overcome the exciton binding energy, one has either to rely on 

the thermal energy, or dissociate the exciton at the contacts [19]. Unfortunately, both 

processes have a rather low efficiency. Under the operating conditions of solar cells, 

the temperature is not high enough, and the sample thickness is much higher than the 

exciton diffusion length. The consequence is that not all excitons are dissociated, but 

can as well recombine radiatively by photoluminescence. Consequently, the single 

layer organic solar cells had power conversion efficiencies of far below 1% for the 

solar spectrum [20]. Therefore, the introduction of a second organic semiconductor 

layer, that can accept the excited electron, was required to enhance the power 

conversion efficiency leading to the concept of bilayer organic solar cell.  

 

 

Figure 1.2.1. Polymer solar cells constructed with three different active layer 
structures: single layer (left), bilayer (middle), and bulk heterojunction (right). 
 

 

The first organic bilayer solar cell was presented by Tang in the mid-1980s [21]. The 

typical device configuration is shown in Figure 1.2.1 (middle). The light is usually 
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absorbed in the so-called donor material, a hole conducting small molecule such as 

copper phthalocyanine. In bilayer devices, the photogenerated singlet excitons could 

diffuse within the donor towards the planar interface to the second material, the 

acceptor, buckminsterfullerene (C60) which is usually chosen to be strongly 

electronegative. The acceptor material provides the energy needed for the singlet 

exciton to be separated, as the electron can go to a state of much lower energy within 

the acceptor. This charge transfer dissociates the exciton, the electron moves to the 

acceptor material, whereas the hole remains on the donor [22]. This charge transfer, 

or electron transfer, is reported to be very fast. Indeed, it was found to be faster than 

100 fs in polymer-fullerene systems, and very efficient, as the alternative loss 

mechanisms are much slower [23]. Thus, the exciton is dissociated and the resulting 

charge carriers are spatially separated. Then the separated charge carriers are driven 

to their respective electrodes by electric field. Accordingly, the organic bilayer solar 

cells invented by Tang achieved a power conversion efficiency of about 1% [21]. The 

limiting factor in this concept is that for a full absorption of the incident light, the 

layer thickness of the absorbing material has to be of the order of the absorption 

length, approximately 100 nm. This is much more than the diffusion length of the 

excitons, about 10 nm in disordered and semicrystalline polymers and small 

molecules. As mostly the exciton diffusion length is much lower than the absorption 

length, the potential of the bilayer solar cell is difficult to exploit. 

 

In the early 1990s a novel concept bulk heterojunction solar cell was introduced 

accounting for the low exciton diffusion length in disordered organic semiconductors 
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and the required thickness for a sufficient light absorption [24]. This approach, shown 

in Figure 1.2.1 (right), features a distributed junction between the donor and the 

acceptor material forming interpenetrated materials through the bulk of the film. This 

concept is implemented by spin coating a polymer-fullerene blend, or by co-

evaporation of conjugated small molecules. Bulk heterojunctions have the advantage 

of being able to dissociate excitons very efficiently over the whole extent of the solar 

cell, and thus generating electron-hole pairs throughout in the film. The disadvantages 

are that it is somewhat more difficult to separate these still strongly Coulomb bound 

charge carrier pairs due to the increased disorder, and that percolation to the contacts 

is not always given in the disordered material mixtures. Furthermore, in bulk 

heterojunction based solar cells it is also more likely that trapped charge carriers 

recombine with mobile ones. However, the positive effects on the device performance 

outweigh the drawbacks [24] and currently power conversion efficiency exceeding 

11% and 12% for single-and multi-junction polymer solar cells have been reported, 

respectively [12, 13]. 

 

Generally, the low-temperature processing of either organic small molecules from the 

vapor phase or polymers from solution confers organic semiconductors with a critical 

advantage over their inorganic counterparts. For inorganic based solar cells high-

temperature processing requirements limit the range of substrates on which they can 

be deposited. Particularly attractive for organic semiconductors are flexible plastic 

substrates that can lead to applications and consumer products with lower cost, highly 

flexibility, and light weight. Low-temperature processing also cuts on energy use 
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during manufacturing, further reducing the energy payback time which is defined as 

the operating life of a power-generating device needed to produce the amount of 

energy invested during manufacturing, installation and maintenance. These attributes, 

combined with the ability to tune the physical properties of organic materials by fine 

tuning their chemical structure, constitute the main drivers boosting research and 

industrial interest in organic photovoltaics [25]. 

1.3 Conjugated Organic Polymers 

Conventional polymers, plastics, have been used traditionally because of their 

attractive chemical, mechanical, and electrically insulating properties, and not for 

their electronic properties. A polymer, material containing a long chain of molecular 

structures, is first and foremost an insulator. The idea that polymers or plastics could 

conduct electricity is considered absurd for decades ago. Their wide application as an 

insulating material is the reason they are studied and developed in the first place. In 

fact, these materials are commonly used for surrounding copper wires and 

manufacturing the outer structures of electrical appliances that prevent humans from 

coming in direct contact with electricity [26 - 29].  

 

However, over three decades ago researchers showed that certain class of polymers 

exhibits semiconducting properties [30, 31]. Accordingly, studies showed that 

polypyrroles exhibit signs of conductivity and its conductivity changed following the 

adsorption of electron acceptor or donor molecules in relation to the concentration of 

donor nitrogen atoms in polypyrrole. This brought the researchers to the conclusion 

that the polymer may behave as an intrinsic or extrinsic semiconductor with n- or p-
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type characteristics. Charge-transfer complexes of strength sufficient to cause partial 

ionization induce extrinsic behavior by changing the ratio of the number of electrons 

to the number of holes. Furthermore, substituent groups such as the hetero atoms like 

nitrogen in polypyrrole which interact with the π-electron system inductively or 

through resonance affect only the relative mobility of the charge carriers and induce 

intrinsic behavior [32]. This discovery was followed by the work of Shirakawa and 

co-workers in 1977 who reported the first synthesis of doped polyacetylene which 

was formed accidentally. This incident took place when one of the co-workers 

mistakenly added excessive amounts of catalyst in the reaction vessel for the 

polymerization of acetylene which resulted in the formation of a silver film instead of 

the expected black powder. When analyzed, the new product had different optical 

properties compared to the normal black powder. Hence, by using iodine vapor they 

attempted to oxidize polyacetylene in order to obtain its normal optical properties. 

However, that only resulted in an increase in the conductivity of the polymer [18]. It 

was since this discovery reported by Shirakawa and co-workers, conducting polymers 

(CPs) have received much attention in the field of material Science.  

 

By the mid-1980s, several research teams in both academia and industry were 

investigating π-conjugated small molecules and polymers to gain benefit of their 

unique optical and semiconducting properties leading to the emergence of the fields 

of plastic electronics and photonics. Technologies depending on conjugated polymers 

are thought to compliment current inorganic-based optoelectronic devices, which 

greatly impacted our society starting from the second half of the 20th century. The 
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goal of organic based opto-electronic devices is not that of attaining or exceeding the 

level of performance of silicon technologies but of enabling the fabrication of certain 

optoelectronic devices or part of them at far reduced costs and/or enabling completely 

new device functionalities such as: mechanical flexibility and optical transparency, 

that are challenging to achieve with silicon [33]. 

1.3.1 Nature of Conjugated Organic Polymers 

Since carbon has the electronic structure, 1s22s22p2, carbon atoms form four nearest-

neighbor bonds. In -bonded polymers, the C-atoms are sp3 hybridized, as in 

polyethylene (PE), and each C-atom has four -bonds. In such non-conjugated 

polymers, the electronic structure of the chain of atoms which comprises the 

backbone of the macromolecule consists of only -bands. However, in this kind of 

polymers there is a possibility for -electronic levels to be localized on side groups 

as, for example, in polystyrene. The bandgap (Eg()) for these kind of polymers is the 

energy difference between the anti-bonding and bonding sigma () bonds which is 

expected to be large. Therefore, the large electron energy band gaps in -bonded 

polymers, Eg(), renders these polymer materials electrically insulating, and generally 

non-absorbing to visible light. In polyethylene, for example, which consists of a 

monomeric repeating unit -(CH2-CH2)-, the optical band gap is on the order of 8 eV 

[27]. 

 

However, in conjugated polymers, there exists a continuous network of a simple 

chain of adjacent unsaturated carbon atoms i.e. carbon atoms in the sp2 hybridized 
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state. Each of these sp2 C-atoms has three -bonds. The remaining fourth pz atomic 

orbital, which is perpendicular to the plane of the three sp2 hybridized orbitals, 

exhibits -overlap with the pz-orbitals of the nearest neighbor sp2 hybridized C-atoms. 

This chain of atoms with -overlap of the atomic pz-orbitals leads to the formation of 

-states delocalized along the polymer chain which is the origin of conductivity in 

these conjugated organic compounds [27, 34]. In a system with one-dimensional 

periodicity, these -states form the frontier electronic bands, with a -band gap, Eg() 

 (Eg(), accounting for optical absorption at lower photon energies. The bonding and 

antibonding π and π* orbitals, also called the highest occupied molecular orbital 

(HOMO) and the lowest unoccupied molecular orbital (LUMO), are formed, 

respectively.  

 

The essential properties of the delocalized -electron system, which differentiate a 

typical conjugated polymer from a conventional polymer with -bands, are (i) the 

electronic band gap, Eg, is relatively small (1 - 3 eV), leading to low-energy 

electronic excitations and semiconductor behavior; (ii) the polymer chains can be 

rather easily oxidized or reduced, usually through charge transfer with molecular 

dopant species; (iii) carrier mobilities are large enough that high electrical 

conductivities are realized in the doped state; and (iv) charge carrying species are not 

free electrons or holes, but quasi-particles, which may move relatively freely through 

the material, or at least along uninterrupted polymer chains [27, 34, 35]. Figure 1.3.1 

shows some of the most common conjugated polymers. 
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Figure 1.3.1. Some common conjugated polymers. 
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1.3.2 Doping of Conjugated Organic Polymers 

Conjugated organic polymers are either electrical insulators or semiconductors. Those 

that can have their conductivity increased by several orders of magnitude from the 

semiconductor regime are generally referred to as electronic polymers and have 

become of very great scientific and technological importance since 1990. The concept 

of doping is the unique, central, underlying, and unifying theme, which distinguishes 

conducting polymers from all other types of polymers. During the process, an organic 

polymer, either an insulator or semiconductor having a small conductivity, typically 

in the range from 10-10 to 10-5 S/cm is converted to a polymer, which is in the metallic 

conducting regime (1 - 104 S/cm). The controlled addition of usually small (≤ 10% 

w/w) non-stoichiometric quantities of chemical species, for chemical doping, causes 

dramatic changes in the electronic, electrical, magnetic, optical, and structural 

properties of polymer. Doping is reversible with little or no degradation of the 

polymer backbone [36, 37]. Reversible doping of conducting polymers, with 

associated control of the electrical conductivity over the full range from insulator to 

metal, can be accomplished either by chemical doping, or by electrochemical doping. 

By controllably adjusting the doping level, a conductivity anywhere between that of 

the non-doped (insulating or semiconducting) and that of the fully doped (highly 

conducting) form of the polymer can be easily obtained. During chemical and 

electrochemical doping, charge neutrality is maintained by the introduction of counter 

ions. The electrical conductivity results from the existence of charge carriers, 

obtained through doping, and from the ability of those charge carriers to move along 

the -bonded back bone of the polymers. Figure 1.3.2 shows conductivity of 
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conjugated polymers in neutral and doped state compared to other common materials. 

Doping can be accomplished in a number of ways [31, 38]. These include chemical 

doping by charge transfer, electrochemical doping, acid-base chemistry doping, 

photodoping, and doping by charge injection at metal-semiconductor interface. 

Among these the most commonly used doping methods are described below [31, 36 - 

38]. 

 

 

Figure 1.3.2. Conductivities of conjugated polymers compared with other common 
materials [38]. 
 



 
 

 Page 15 
 

Chemical doping: The chemical doping by charge transfer involves partial oxidation 

(p-type doping) and partial reduction (n-type doping) of -backbone of the polymer. 

When the doping level is sufficiently high, the electronic structure evolves to that of a 

metal. Examples of p- and n-type chemical doping are shown below. 

 

p-type doping: (-polymer)n +  
 
 ny(I2)  [(-polymer)+y(I3

-)y]n 

n-type doping: (-polymer)n + [Na+(naphthalide).]y  [(Na+)y(-polymer)-y]n +    

(naphthaline)0  

 

Electrochemical doping: Although chemical doping is an efficient and straight 

forward process, it is typically difficult to control. Complete doping to the highest 

concentrations yields reasonably high quality materials. However, attempts to obtain 

intermediate doping levels often result in inhomogeneous doping. In electrochemical 

doping, the electrode supplies the redox charge to the conducting polymer, while ions 

diffuse into (or out of) the polymer structure from the nearby electrolyte to 

compensate the electronic charge. The doping level is determined by the voltage 

between the conducting polymer and the counter electrode. At electrochemical 

equilibrium the doping level is precisely defined by that voltage. Thus, doping at any 

level can be achieved by setting the electrochemical cell at a fixed applied voltage 

and simply waiting as long as necessary for the system to come to electrochemical 

equilibrium, the state where the current through the cell going to zero. 

Electrochemical doping is illustrated by the following examples: 
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p-type: (-polymer)n + [Li+(BF4
-)]soln  [(-polymer)+y(BF4

-)y]n + Li (electrode) 

n-type: (-polymer)n + Li (electrode)  [(Li+)y(-polymer)-y]n + [Li+(BF4
-)]soln 

 

Photodoping: This is a doping process which does not involve dopant ions. The 

semiconducting polymer is locally oxidized and reduced by photoabsorption and 

creates electron-hole bound excitons. When trans-(CH)x for example, is exposed to 

radiation of energy greater than its band gap, electrons are promoted across the gap 

and the polymer undergoes photo-doping. However, the electron-hole pairs disappear 

rapidly because of the recombination of electrons and holes when irradiation is 

discontinued. If a potential is applied during irradiation, then the electrons and holes 

separate and photoconductivity is observed. Photodoping is illustrated in the 

following example. 

 

(-polymer)n  + h  [{-polymer}+y + {-polymer}-y]n 

where y is the number of electron-hole pairs 

 

Charge-injection doping: This type of doping conjugated polymers also does not 

involve dopant ions. Charge-injection doping is most conveniently carried out using a 

metal/insulator/semiconductor (MIS) configuration involving a metal and a 

conducting polymer separated by a thin layer of a high dielectric strength insulator. In 

this type of doping, electrons and holes can be injected from metallic contacts into the 

*- and -bands, respectively, as shown below.  
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Hole injection into filled -band: (-polymer)n - y(e-)  [(-polymer)+y]n 

Electron injection into an empty *-band: (-polymer)n + y(e-)  [(-polymer)-y]n 

 

For charge injection doping method at a metal-semiconductor (MS) interface, 

electrons reside in the *-band and/or holes reside in the -band only as long as the 

biasing voltage is applied. This type of doping make conjugated polymers to be 

widely used in light-emitting diodes applications. 

1.3.3 Conjugated Organic Polymers for Optoelectronic Devices 

Conducting polymers have wide range of applications in day-to-day life of human 

being. Among the wide applications of these materials the major ones include: 

supercapacitors, light emitting diodes, field effect transistors, solar cells, and sensors 

[39 - 41]. Insulator materials, such as polyethylene, are dielectric and display 

forbidden bands at energy levels situated well outside the optical spectrum. The 

energy separation between molecular bonding () and antibonding (*) orbitals 

joining-CH2 -groups is due to the considerable axial overlapping of these orbitals 

permitted by the polymer geometry.  Therefore, to prepare organic optoelectronic 

components, one has to go beyond using these passive insulator materials. In contrast 

to insulator materials, the energy separation between π-bonding and π*-anti-bonding 

orbitals in conjugated organic polymers is relatively small, as lateral orbitals exhibit 

limited overlapping. As a result, band gap for polymeric solids containing such 

orbitals is typically between 1 and 3 eV, a value which covers the optical domain 

well. This electronic property of conjugated organic polymers makes them suitable 
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for optoelectronic device applications. Furthermore, doping of such polymers gives 

rise to semiconducting materials, and the metallic state can also be reached with 

certain materials such as polyaniline or its derivatives (Figure 1.3.2). With these 

optical and electrical properties of conjugated organic polymers, it becomes possible 

to envisage the fabrication of polymer optoelectronic devices [35, 38]. 

 

Furthermore, conjugated organic polymers must present two essential structural 

features for optoelectronic applications. The first is a π-conjugated backbone 

composed of linked unsaturated units resulting in extended π-orbitals along the 

polymer chain enabling proper charge transport and optical absorption [42, 43]. The 

second is the functionalization of the polymer core with solubilizing substituent, 

which is essential for inexpensive manufacture by solution methods as well as to 

enhance solid state core interactions [44, 45]. The extent of conjugation/interaction 

between these units determine the polymer solution/solid state electronic structure, 

which in turn control key polymer properties such as optical absorption/emission, 

redox characteristics, and frontier molecular orbital energy levels which in turn 

affects the performance efficiency of the optoelectronic devices.  

 

Other important conjugated organic polymer architecture parameters to be considered 

for optoelectronic applications are the molecular weight (Mw) and the polydispersity 

(PD) index which influence solubility, solution aggregation, and formulation 

rheology, as well as the thin film formation and morphology for both pristine and 

blended materials. The electronic structure, thermal properties, and microstructure of 
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polymers generally vary considerably when going from low (oligomers) to high 

(polymer) molecular weights. Therefore, it is important to achieve Mw/PD regime 

where certain property stabilizes, so that greater reproducibility of the polymer 

property from batch to batch can be achieved which are very important for device 

applications. This value is likely to be strongly dependent on the polymer structure. 

For example, most soluble thiophene-based polymers with a number average 

molecular weight value of about 20 - 30 kDa and a PD of 1.2 - 1.8 are reasonable for 

this threshold values [46]. Since polymers do not vaporize before decomposition and 

thus have negligible vapor pressure, they are not susceptible to interlayer diffusion 

during the typical device-fabrication thermal cycles and typically exhibit robust 

mechanical properties, making nanometer-thick semiconductor films potentially 

compatible with roll-to-roll fabrication on flexible substrates for optoelectronic 

devices fabrications [45 - 46].  

1.4 Bulk Heterojunction Polymer Solar Cells 

Since the first discovery of bulk heterojunction (BHJ) solar cells by research groups 

of Heeger [24] and Friend [47] using polymer-fullerene and polymer-polymer as 

components of the active layer blend, respectively, several research works have been 

revealed showing the potential of this architecture for replacing the inorganic based 

solar cells. The BHJ device configuration is achieved by blending the n-type and p-

type materials to increase the number of interfaces between the donor and acceptor 

phases in order to provide more exciton dissociation/charge separation sites to 

generate more charge carriers compared to the bilayer architecture [24]. Bulk 

heterojunction based polymer solar cells have become a promising alternative to 
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inorganic materials due to their advantages of being cheaper, light weight, flexible, 

and made into large areas by roll-to-roll processing [48 - 54]. However, there are 

three main issues to overcome before OSC devices and technologies can be 

competitive with other energy generation systems.  

 

First of all, the crucial efficiency value of organic solar cells (OSCs) is still inferior to 

all inorganic counterparts. Currently, a combination of novel polymer development, 

nanoscale morphology control, and processing optimization has led organic solar 

cells to have over 10% power conversion efficiencies (PCEs) both in single and 

multijunction architectures [55 - 59]. 

 

The second issue to overcome is device stability under ambient operating conditions. 

The manufacturers of commercial crystalline silicon solar cells usually assure a 25 

years lifetime warranty. However, so far there are few OSC devices that can pass a 

1000-hour test in damp heat (85°C and 85% relative humidity, RH) with less than 

10% degradation of PCE. While it is possible to protect the devices through cell 

encapsulation and device packaging, it will no doubt increase overall production 

costs. A good solution is to search for stable materials that are less sensitive to 

oxygen and moisture so that only minimal encapsulation and packaging is required 

[60 - 63]. Another elegant way to overcome such an issue is the so-called “inverted” 

bulk heterojunction (BHJ) polymer solar cells (PSCs), a device geometry in which the 

charge collection is reverted in comparison with the standard geometry device i.e. the 

electrons are collected by the bottom electrode and the holes by the top electrode 
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which is in contact with air [64]. The detail of this architecture in comparison to the 

conventional geometry, which uses bottom high work function and top low work 

function electrodes, is discussed in the next section. 

 

The third issue is processing technologies for mass production. State-of-the-art OSCs 

with high efficiencies are usually made in research laboratories. These champion cells 

usually have very small active areas (less than 1 cm2) and are typically fabricated by 

multiple steps utilizing many different processing techniques. Indeed, these 

techniques suitable for research purposes in the laboratory may not be able to scale up 

to large-area and low-cost mass production. Although OSC technology can 

potentially offer a credible solution to the problem of high-cost fabrication 

encountered for other photovoltaic technologies, there are still a lot of issues to be 

solved and finding suitable technologies that allow processability and mass 

production without sacrificing power conversion efficiency (PCE) are required [60]. 

1.4.1 Polymer Solar Cells Device Architecture  

There are two device architectures in polymer solar cells. These are the conventional 

and inverted device architectures. Therefore, all lab-scale fabrication of polymer solar 

cells uses either conventional or inverted device architecture. The basic difference of 

the two device architectures is the polarity of the charge carriers during photocurrent 

generation. In conventional device architecture, holes are collected by bottom high 

work function anode electrode and electrons are collected by top low work function 

cathode electrode. However, in inverted device architecture, holes are collected by the 

top high work function anode electrode and electrons are collected by low work 
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function bottom cathode electrode [65 - 69]. Figure 1.4.1 shows schematic 

representation of conventional and inverted device architectures. 

 

 

Figure 1.4.1. (a) Conventional geometry of a BHJ solar cell and (b) Inverted 
geometry that causes electrons and holes to exit the device in the opposite direction. 

  
 

1.4.1.1 Conventional Device Architecture 

This is the most commonly used and pioneering device structure for a BHJ organic 

solar cell. This architecture comprises a conductive transparent substrate such as 

indium tin oxide (ITO) or fluorine-doped tin oxide (FTO) coated on glass or plastic 

substrates at the bottom. The conductive substrate is then covered by a thin hole 

conducting layer poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) 

(PEDOT:PSS) over which the active layer is deposited typically from a solution by 

means of spin coating. Finally, a thin metal layer such as Al, Ca/Al, or LiF/Al is 

usually thermally evaporated to complete the device for characterization [70 - 74]. In 

general, the normal configuration of OSCs are made of an active BHJ layer or planner 

heterojunction layers sandwiched by a high work function transparent metal oxide as 
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the bottom anode and a low work function metal as the top cathode. The schematic 

device structure is shown in Figure 1.4.1a. For efficient charge collection, work 

functions of anode and cathode should be matched to the highest occupied molecular 

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

acceptor, respectively. However, low work function metals undergo very fast 

oxidation when exposed to air losing their conductivity and suddenly turning a 

working device into a faulty one. Furthermore, evaporation of the top electrode needs 

high vacuum and energy consuming which increases cost and fabrication complexity. 

This architecture is also not compatible for large scale roll-to-roll fabrication of 

polymer solar cells. Moreover, the hole conducting PEDOT:PSS is acidic and 

hygroscopic in nature and is thus detrimental to the underlying metal oxide layer. 

This acidic PEDOT:PSS etches the ITO and make indium to diffuse in to the active 

layer resulting in change in morphology of the active layer and fast degradation of the 

performance of the solar cell device [75, 76]. Finally, it has been widely reported that 

polymer/fullerene, as well as polymer/polymer blends, are characterized by a 

stratified composition i.e. vertical phase separation during the film formation [77, 78]. 

This vertical phase separation of the components of the blend results in fullerene 

phase, electron transporting phase, to be concentrated at the bottom of the film and 

polymer phase, hole transporting phase, to be concentrated at the top of the film. The 

vertical phase separation is attributed to the surface energy difference of the 

components and their interactions with the substrates. Thus, the film vertical phase 

structure is opposite to the ideal one where the electron-conducting phase must face 

the top low work function electrode and the hole conductive phase must face the 
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bottom high work function electrode [79, 80]. The above problems can be avoided by 

reversing the collection process i.e. collecting the holes by the top electrode and the 

electrons by the bottom electrode. The architecture compatible with reversing the 

collection process of charge carriers is the inverted architecture [60, 64, 81 - 83]. 

1.4.1.2 Inverted Device Architecture 

In contrast to the conventional device architecture, inverted device architecture of 

polymer solar cell comprises low work function bottom cathode electrode and high 

work function top anode electrode in between which the active layer is sandwiched. 

As a result, this architecture reverses the charge carriers collection process i.e. holes 

are collected by the top electrode and electrons are collected by the bottom electrode. 

Figure 1.4.2b shows the schematic device representation of inverted architecture 

polymer solar cell. Inverted structure was first exploited in the fabrication of organic 

light emitting diodes and initially referred to as an “upside-down” structure [78]. It 

was after this work that inverted architecture started to be exploited also in the 

photovoltaic field. After these pioneering works, it has been demonstrated that the 

inverted structure allows one to reach performances even better than the standard 

polymer solar cell [84 - 87]. Moreover, inverted polymer solar cells have several 

advantages over the conventional architecture polymer solar cells.  

 

Firstly, the inverted device architectures removes the use of acidic hole collecting 

PEDOT:PSS layer at the ITO interface which is one of the detrimental factor for the 

stability of conventional polymer solar cells. Furthermore, Ameri et al. [86] has 

shown that the PEDOT:PSS absorbs about 20% of the solar radiation reducing the 
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fraction of photons reaching the active layer. Therefore, avoiding PEDOT:PSS layer 

enhances stability of the solar cell devices and also increases the fraction of photons 

reaching the active layer. For ITO based inverted polymer solar cells n-type metal 

oxides such as ZnO and TiOx are more commonly utilized as the interface 

modification layer for ITO and reverse the polarity of the charge carriers. These n-

type metal oxides used in inverted polymer solar cells are advantageous due to their 

high optical transparency in the visible and near infrared, high carrier mobility, high 

environmental stability, and solution processibility which make this architecture 

compatible for large scale roll-to-roll fabrication of polymer solar cells. Furthermore, 

the LUMO and HOMO energy levels of these metal oxides have been reported to be 

around -4.4 eV and -7.6 eV, respectively. The low LUMO and high HOMO levels 

allow these materials to be good electron selective and hole-blocking layers [81]. 

Moreover, the application of n-type metal oxides used as ITO-surface modification in 

inverted polymer solar cells also act as optical spacers for redistributing radiation 

inside the active layer enhancing light absorption inside the active layer that may 

contribute to the enhancement of current density [88 - 92]. Besides these n-type metal 

oxides, there are also several solution processable and cheap polymer materials such 

as polyelectrolytes which have been applied for ITO-surface modification in inverted 

polymer solar cells and potentially reversed the polarity of the charge carriers [93 - 

97].    

 

Secondly, inverted polymer solar cells use high work function top metal electrodes 

such as Au and Ag that are in contact to air and stable enhancing the stability of 
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inverted polymer solar cell device [98 - 100]. The inverted architecture also uses non-

vacuum deposited high work function metal electrodes at the top interface which 

reduces cost and fabrication complexity. As the fabrication process for OSCs will be 

solution processing, in which different cell layers are deposited onto flexible 

substrates to tailor for the ultimate simple roll-to-roll type printing, inverted 

architecture is an ideal geometry for large scale fabrication and commercialization of 

polymer solar cells [101 - 104].  

 

Thirdly, inverted architecture polymer solar cells give an opportunity to use indium 

tin oxide (ITO) free polymer solar cells [105 - 111]. ITO is a commercially dominant 

transparent conductor with relatively high conductivity (sheet resistance of 10 - 20 

Ω/cm2) and transmission (> 80%) in the visible region of the solar spectrum and as a 

result it is the material-of-choice for transparent conductors in any optoelectronic 

application. However, scarce resources of indium and high market demand of ITO 

have created large price fluctuations and future supply concerns. Apart from the 

volatility of indium prices, its incorporation in the processing of ITO requires high 

preparation temperatures and vacuum-based highly energy intensive deposition 

techniques such as sputtering, thus further increasing the cost of ITO [112]. As life 

cycle analysis (LCA) showed in polymer solar cells (PSCs), ITO is the single-most 

cost driving factor due to expensive raw materials and processing [113 - 115]. ITO, 

besides being expensive, has also very poor performance under mechanical stress 

because of its fragile oxide nature [116]. Given the limited lifetime and stability of 

PSCs as compared with other mature technologies such as silicon-based solar cells, 
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the technological future of PSCs beyond that of academic interests rests in reducing 

cost of production. In this regard, replacing ITO has the potential to dramatically 

reduce material and processing cost and the energy payback time of PSCs. Several 

alternatives to ITO in inverted architecture polymer solar cells have been presented in 

literature that potentially reduce further the cost of polymer solar cells compared to 

inorganic based solar cells and even compared to ITO-based polymer solar cells 

[112]. 

 

Therefore, the inverted configuration OSCs is the best candidate to meet all 

requirements including high efficiency, stability, low-cost and high-speed production 

into one system compared to conventional architecture. Furthermore, the inverted 

device architecture has also been investigated as a suitable architecture tailoring for 

solution processing, which allows various cell layers to deposit onto flexible 

substrates and is promising for scale-up production via industrial roll-to-roll type 

fabrication [81, 82]. 

1.4.2 Working Principles of Polymer Solar Cells 

Operation of polymer solar cells involves series of steps that make the devices 

convert solar energy in to useful electrical energy. These operational steps in organic 

solar cells are absorption of light by photoactive layer, creation of electrostatically 

bound excitons, diffusion of excitons to donor-acceptor (D-A) interface, exciton 

dissociation into charge carriers, transportation of charge carriers through the bulk of 

the active layer to electrodes, and collection of charge carriers by electrodes to 

generate photocurrent through the external wire. Figure 1.4.2 shows schematic 
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representation of the working mechanism of polymer solar cells. The detail of each 

steps during operation of polymer solar cells are described below [117]. 

 

 

Figure 1.4.2. Operating mechanism of polymer solar cells [117]. 
 

 

1.4.2.1 Light Absorption 

The strength and width of the absorption spectrum of a photoactive layer determines 

to a large extent its potential for harvesting incident solar radiation. In an organic 

donor-acceptor solar cell, light is usually absorbed mostly in the donor material i.e. 

conjugated polymer and molecule. Organic semiconductors often exhibit very high 

absorption coefficients above 107 m-1 so that high optical densities can be achieved at 

peak wavelength. Consequently, very low thicknesses between 100 - 300 nm are 

sufficient for a good absorption yield in organic photovoltaic devices [34, 118]. In 

contrast, solar cells based on the inorganic polycrystalline semiconductor CuInSe2 

need few micron thick active layers for good absorption, and crystalline silicon solar 
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cells require more than 100 microns. This is due to their low absorption coefficient 

compared to that of the organic semiconductor materials. Thus, lower material 

amounts are needed for organic solar cells which are one of the reasons they are 

called relatively cheap. Unfortunately, many organic materials have a rather narrow 

absorption width with low or no absorption at longer wavelength spectrum regions. 

Conjugated polymers commonly used in organic solar cells typically cover the visible 

optical spectrum only although polymers with wider absorption bands exist [119 - 

124]. The narrow absorption coverage of conjugated polymers is due to their well-

defined electronic transitions that are typically quite narrow [125, 126]. In contrast, 

the inorganic semiconductors silicon and CuInSe2 absorb across the whole visible 

spectrum of the sun light, and beyond to more than 1000 nm with optical bandgap of 

1.1 eV. To increase the photon absorption of active layer in BHJ polymer solar cells 

low-bandgap conjugated polymers which covers wider solar spectrum have been used 

which doubled harvesting of sun’s photon from about 20% for P3HT, which absorbs 

between 450 nm - 600 nm, to 41% if the absorption range is extended between 350 

nm - 826 nm [127 - 129]. 

 

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

either by adding antireflection coatings or by structuring the interfaces, and 

engineering the optical interference inside the device to maximize the electromagnetic 

field in the active region by using optical spacers [130 - 134]. 
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Upon absorption of a photon of sufficient energy by the organic semiconductor, an 

electron is promoted from highest occupied molecular orbital (HOMO) into the 

lowest unoccupied molecular orbital (LUMO) leaving behind a hole [118]. The 

generated electron-hole pairs in the organic semiconductors exhibit significant 

electrostatically binding energy of about 0.3 - 1 eV which is much larger than the 

thermal energy at room temperature of about 25 meV [19, 135 - 137]. Consequently, 

unlike inorganic semiconductors, optical absorption in organic materials does not 

directly lead to free electron and hole carriers that could readily generate an electrical 

current. The exciton with high binding energy is therefore given the name Frenkel 

exciton. Thus, in contrast to inorganic semiconductors which generate charge carriers 

up on photon absorption, the absorption of a photon at room temperature in 

conjugated materials does not lead to free charge carriers but to neutral bound 

electron-hole pairs. This is the reason why two components, an electron donor and an 

electron acceptor, are required to promote the generation of charge carriers in organic 

solar cells.  

1.4.2.2 Exciton Diffusion  

In order to generate separated negative and positive charges, the excitons need to 

diffuse to the donor-acceptor interface where they can dissociate [138]. Since 

excitons are neutral species, their motion is not influenced by any electric field and 

they diffuse via random hops [12]. The fraction of excitons that reach the D-A 

interface is determined by the exciton diffusion length (LD), the product of diffusion 

constant and exciton life time [125]. Several values have been reported for exciton 

diffusion lengths in organic semiconductors, ranging between 1 and 20 nm [135, 139 
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- 143] which are significantly shorter than device thicknesses. Exciton diffusion can 

be limiting in that decay routes are in competition with charge carrier generation. In 

bilayer polymer solar cells, for example, the small exciton diffusion length limits the 

thickness of the absorbing donor layer [144]. Excitons generated further away from 

the planar interface to the acceptor than the exciton diffusion length are lost by 

recombining radiatively. Consequently, the dimensions of the donor layer should 

ideally be chosen to be thin that in turn limit the amount of photon flux to be 

absorbed. Here, the reason why bulk-heterojunctions usually perform better than 

bilayer architectures becomes clear. Due to the small exciton diffusion length, the real 

active region of the bilayer device is limited to a very narrow region close to the D-A 

interface, while the remaining thickness only contributes to increase series resistance 

and to filter part of the light intensity before it reaches the active zone. On the other 

hand, in cells where the donor and acceptor are mixed, such as in BHJs, exciton 

diffusion is not normally considered a major limitation as donor (acceptor) phase 

domains tend to be of the order of the diffusion length. However, generated charges 

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

percolation and increased recombination losses [145, 146]. 

1.4.2.3 Exciton Dissociation 

Once the exciton, diffusing within the donor phase, has reached the interface to the 

acceptor material within its diffusion length, it can transfer its electron to the 

electronegative acceptor [2, 34]. In suitable materials combination this charge transfer 

is very fast. The process can be very efficient, with reported internal quantum 

efficiency values close to 100% [147]. This is because the kinetics of charge transfer 
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in optimized polymer-fullerene devices is ultrafast, around 40 - 45 fs [24, 148 - 150], 

and in this time regime there is no competing decay process for the optically excited 

electron-hole pair. However, excitons dissociate only at energetically favorable 

acceptor molecules such as the fullerenes, when the energy gain is larger than the 

exciton binding energy. Briefly, the exciton can dissociate when its energy is larger 

than the energy of the electron-hole pair after the electron transfer, often called charge 

transfer complex/state [151 - 152]. Only then an electron or charge transfer takes 

place, dissociating the singlet exciton into an electron residing on LUMO of the 

fullerene acceptor and a hole on the HOMO of the polymer. However, in such a case, 

since they remain in close proximity, the electron and the hole are still rather strongly 

coulombically bound. Charge separation can also be influenced by concentration and 

morphology gradients near the heterojunction that take place during the formation of 

the organic films, or can be assisted by local electric fields [12, 153]. Generally, 

charge separation process in organic semiconductors must be energetically favorable 

i.e. the change in Gibbs free energy on converting a neutral species into two separated 

charged species must be negative [154].  

1.4.2.4 Charge Carrier Transport 

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

holes remain in the donor phase. As a result, the charge carriers can drift and diffuse 

through the bulk of the organic materials towards their respective electrodes. Current 

density in organic photovoltaics is composed of drift and diffusion components. 

During this transport holes move to the anode electrode through donor material and 

electrons move to the cathode electrode through cathode electrode, respectively. Due 
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to the lack of long-range order in the solution processed and evaporated organic 

semiconductors, the electrical transport mostly takes place by hopping from one 

localized state to the next [155], instead of band transport found in crystalline 

inorganic semiconductors. Efficient charge transport is important as it will be in 

competition with interfacial recombination, and will therefore limit device thickness 

[2, 34]. Therefore, the charge carriers need a driving force to be transported through 

the bulk and reach their respective electrodes and generate current. This internal 

electrical field determines the maximum open circuit voltage (VOC) and contributes to 

a field-induced drift of charge carriers. Also, the usage of asymmetrical contacts, low 

work-function metal for the collection of electrons and high work-function metal for 

the collection of holes, is proposed to lead to an external field under short circuit 

condition. Another driving force can be the concentration gradients of the respective 

charges. It leads to diffusion current. During this bulk transport process, trapping of 

carriers can occur. However, if carriers are trapped for a finite time, the mobility is 

affected and carriers can finally be collected at electrodes without losses and the 

charge transport efficiency reaches up to unity. Conversely, if the carriers are trapped 

for an infinite time, they are lost with respect to electrical current. Thus the charge 

carries’ mobility not only depends on inherent characters, but also has correlation 

with charge traps effect [118]. 
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1.4.2.5 Charge Carrier Extraction 

Once charges drifting and diffusing through the bulk of the active layer of the organic 

solar cell and reach the electrode, they need to be extracted with minimum loss for the 

generation of photocurrent through external wire. The simplest picture for charge 

extraction would be a hopping [155] or tunnelling [156] step, from the organic 

material, HOMO level for holes and LUMO level for electrons, to the Fermi levels of 

the electrodes. However, the nature of the electrode/organic layer interfaces is 

complex. The efficiency of the charge collection process cannot be simply determined 

from the difference between the work function of the isolated electrode and the donor 

ionization potential or acceptor electron affinity. The deposition of organic layers on 

electrodes or vice versa leads to interfacial charge-density redistributions and/or 

geometry modifications that strongly affect the alignment of the organic frontier 

electronic levels versus the electrode Fermi level [157]. Therefore, in real devices 

charge extraction is also a much more complex problem. Ion or metal diffusion into 

the organic layer [158], interfacial dipoles at the contact [159], band bending [160], 

and chemical reaction [161] can all affect the energetic at the interface and influence 

the injection process.  

1.4.3 Characterization of Polymer Solar Cell Performance 

The following terms are often used to characterize solar cells. Some of the terms are 

also shown on the J-V graph (Figure 1.4.3) [148, 162 - 167]. 

 

Open Circuit Voltage (VOC): The maximum possible voltage across a photovoltaic 

cell. The voltage across the cell in sunlight when no current is flowing i.e., under the 
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open circuit condition when all photo-generated charges are recombined inside the 

cell. In organic solar cells, VOC is found to be linearly dependent on the energy 

difference between the HOMO of the donor and the LUMO of the acceptor. 

Accordingly, those donor materials with low HOMO level and acceptors with high 

LUMO levels are usually applied in organic photovoltaic (OPV) devices in order to 

achieve high VOC and efficiency. For the ideal diode, the VOC increases 

logarithmically with light intensity and is given by:  

 

    
   

 
   

   
  

                           

 

Where n is the diode ideality factor (typically between 1 and 2); Jo is the saturation 

current density of the diode (caused by diffusion of minority carriers from the neutral 

region to the depletion region); q is the elementary charge, 1.6 x 10-19 C; k is 

Boltzman constant of value 1.38 x 10-23 J/K, T is the Kelvin temperature of the cell 

and JSC is short circuit current density. 

 

Short Circuit Current Density (JSC): This is the current that flows through an 

illuminated solar cell when there is no external resistance i.e. when the electrodes are 

simply connected or short-circuited. The short circuit current density is the maximum 

current that a device is able to produce. Under an external load, the current will 

always be less than JSC. At short circuit the photo-generated charges are expected to 

flow into the external circuit with unit efficiency. According to diode equivalent 

circuit, the short circuit current, JSC, is equal to the difference between the photo-
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generated current Jph and that lost in the diode and shunt resistance (JD) i.e. JSC = Jph - 

JD and can also be expressed as: 

 

JSC = qe                                        
   

   
 

 

where qe is the electron charge and IPCE is defined as the incident monochromatic 

photon-to-electron conversion efficiency 

 

 

Figure 1.4.3. Current-voltage (J-V) curves of an organic solar cell [2]. 
 

   

Maximum Power Point (MPP): This is the point on the J-V curve where the area of 

the resulting rectangle is largest. The point (JM, VM) on the J-V curve is where the 

maximum power is produced. Power (P) is the product of current and voltage (P = 

I*V) and is illustrated in Figure 1.4.3 as the area of the rectangle formed between a 

point on the J-V curve and the axes.  
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Fill Factor (FF): FF characterizes how ‘‘square’’ the J-V curve is and it represents 

how ‘‘difficult’’ or how ‘‘easy’’ the photogenerated carriers can be extracted out of a 

photovoltaic device. The ideal value for FF is unity (100%), when the J-V curve is a 

rectangle. Only a small voltage deviating from the VOC (< VOC) can make the current 

density rise perpendicularly to the maximum value (JSC), and keep constant during the 

applied voltage changes from VOC to zero and even a large reversed bias. In fact, FF 

cannot reach 100%. Even in the inorganic solar cells, the PCE of which is far larger 

than OSCs, the maximum FF reported is about 90%. Fill factor is the ratio of a 

photovoltaic cell’s actual maximum power output to its theoretical power output if 

both current and voltage were at their maxima, JSC and VOC, respectively. The 

formula for FF in terms of the above quantities is: 

 

   
    

      
                        

 

Power Conversion Efficiency (PCE): The ratio of power output to power input. In 

other words, PCE measures the amount of power produced by a solar cell relative to 

the power available in the incident solar radiation (Pin). Pin here is the sum over all 

wavelengths and is generally fixed at 100 W/cm2 when solar simulators are used. This 

is the most general way to define efficiency. The formula for PCE, in terms of 

quantities defined above, is: 
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External Quantum Efficiency (EQE): The external quantum efficiency or incident 

photon to current conversion efficiency (IPCE) is simply the number of electrons 

collected under short circuit conditions divided by the number of incident photons at 

a given wavelength. IPCE is calculated using the following formula: 

 

         
       
   

                        

where  (nm) is the incident photon wavelength, JSC (A/cm2) is the photocurrent of 

the device, and Pin (W/cm2) is the incident power. 

1.5 Photochemical Stability of Conjugated Polymers and Device Stability 

In order to achieve commercial viability for organic solar cells, both the efficiency 

and stability are important research areas. Currently the lab-scale efficiency of 

organic solar cell devices is exceeding the milestone limit i.e. a power conversion 

efficiency of 10% before large scale commercialization is viable [55 - 59]. Most of 

the high performance devices presented in the literature are prepared and studied 

under inert atmosphere conditions. To transfer to practical use and large scale 

production of organic solar cells, combination of high efficiency and good stability in 

the same device is essential. With much progress and encouraging advancement in 

the device efficiency, stability is becoming a crucial issue for the development of 

OSC. Over recent years, the lifetime of OSC has greatly improved from a matter of 

minutes to thousands of hours [14, 168 - 171]. However, for well-encapsulated 

devices under controlled temperature conditions, the lifetime is estimated to reach up 

to 5 - 10 years [14, 172, 173]. This encapsulation of devices of course can be done by 
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using glass, which is very effective in blocking out ambient air. Encapsulation of 

organic solar cells with glass however result in the disadvantages of being bulky and 

inflexible while organic solar cells are claimed to have advantages over the inorganic 

solar cells by their light weight and flexibility [48 - 54]. To avoid the bulkiness and 

inflexibility of the glass encapsulated organic solar cells, plastic encapsulation have 

been tried and such device lifetimes are likely to be less than for glass-encapsulated 

devices. In addition, the presence of thermal stress during outdoor exposure can 

further decrease the device operating lifetimes regardless of encapsulation. Overall, 

the stability of OSC is still significantly poorer than conventional silicon photovoltaic 

which typically exhibits over 25 years of operating lifetime [174].  

 

In polymer solar cells different components undergo degradation and affect the life 

time of the devices. Degradation in polymer solar cells is the net sum of chemical 

degradations from the electrodes [75, 175, 176], PEDOT:PSS [177 - 179], and photo-

oxidative degradation of active layers. The active layer component in the organic 

solar cell is the part of the device that is very prone to degradation since it is integral 

to the device functionality. This translates directly into a degradation of the power 

conversion efficiency. Even though photo-oxidative reaction contributes strongly to 

the degradation of the active layers in polymers, thermal degradation cannot also be 

ignored [180, 181]. Polymer photochemical degradation contributes the most in 

degradation of active layer in polymer solar cells compared to the polymer-acceptor 

blend photochemical degradation in which the acceptor acts as stabilizing material. In 

the last years, several studies have been published in literatures comparing the 
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photochemical stability of polymers and polymer-acceptor blend films for polymer 

solar cell applications [63, 181 - 183]. These works revealed that photochemical 

stabilities of polymers depend on several factors such as length and nature of side 

chains [183 - 187]. Additionally, the nature of the backbone of the polymers i.e. the 

distance of highest occupied molecular orbital (HOMO) and lowest unoccupied 

molecular orbital (LUMO) from vacuum level [181, 188, 189] are among the major 

factors affecting the photochemical stability of polymers. The studies showed that 

increase in the side chain length of polymers has negative impact on the 

photochemical stability of the polymers [183 - 187]. Furthermore, the architecture of 

the side-chain has also influence on the nature of thin film formed. Short and 

branched side-chains are advantageous in forming compact and ordered films that 

decreases rate of diffusion of oxygen and moisture in to the film and hence enhance 

stability of the polymer film. With regard to the energy levels of the polymers, 

polymers with HOMO and LUMO close to the vacuum energy level can readily 

photo-oxidize compared to those polymers with HOMO and LUMO energy levels far 

away from the vacuum energy level. A notable study by Manceau et al [181] 

compared the photochemical stability for a systematic and wide range of 

semiconducting polymers and is used as rule of thumb for photochemical stability of 

polymers. Through this study, several parameters in terms of chemical structures that 

may undergo faster rates of photo-oxidation have been identified. For instance, the 

presence of readily cleavable bonds such as C-N, C-O and exocyclic double bonds 

like in MDMO-PPV can lead to poor stability and moieties with quaternary sites have 

been suggested to be unstable due to the high oxidizability of such sites.  
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Therefore, overcoming the stability issue of polymer solar cells before large scale 

production and commercialization is important. There are several approaches used to 

overcome the stability issues in polymer solar cells. These include using 

encapsulation technology to minimize the availability of oxygen and water [172, 

173], tuning the electronic energy levels of the polymers to make more resistant to 

oxidation [188, 189], making the polymers "harder" by tuning their glass-transition 

temperature or with cross-linking, using thermo-cleavable polymers the side chain of 

which can be removed post processing [181], using less reactive electrodes or 

capping reactive metal electrodes with less reactive ones and using inverted device 

architecture [98 - 100]. Encapsulation and using inverted device architecture were the 

most successful approaches. 
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1.6 Effect of Solvent Additives on Photovoltaic Performance of Polymer 

Solar Cells 

One of the factors limiting PCEs of BHJ device in organic solar cells is the 

morphology of the interpenetrating networks of donor and acceptor materials in the 

photoactive layer [190]. Multiple interfaces for efficient charge separation and long 

percolation pathways of the network for efficient charge transfer are among the 

requirements for efficient OSCs. Multiple interfaces of the network requires an ideal 

BHJ donor/acceptor domain length scale of ≤ 10 nm [191] which is the diffusion 

length limit of the excitons before decaying. Many processing methods have been 

explored to achieve the required morphologies in organic solar cells. These include 

postproduction annealing [192], solvent annealing [193], using mixed solvents [194], 

and the introduction of processing additives [190, 195 - 198]. Among these many 

processing methods, using additives offer an attraction over annealing processes in 

that they do not require an additional fabrication step which makes it cost effective 

and compatible with large scale production. For solvent additives to be used in OSCs 

processing, there are two widely accepted design rules.  The first is the boiling point 

must be significantly greater than that of the processing solvent to maximize the 

interaction time between the additive and the active layer components during thin 

film formation. And the second is, one active layer component must be significantly 

more soluble in the additive than the other component to enhance the miscibility [190, 

195, 199]. Figure 1.6.1 shows schematic depiction of the role of the processing 

additive in the self-assembly and selective solubility of either of the components of 

bulk heterojunction blend materials. 
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Figure 1.6.1.  Schematic depiction of the role of the processing additive in the self-
assembly of bulk heterojunction blend materials (a) and structures of PCPDTBT, 
C71PCBM, and additives (b) [195]. 
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2. General and Specific Objectives 

 

The general objective of this study is photo-oxidative stability study and photovoltaic 

application of quinoxaline based copolymers and study of effect of low boiling point 

solvent additives on photovoltaic performance of bulk heterojunction polymer solar 

cells. 

 

Specific objectives: 

 

 to study the effect of incorporation of thiophene-hexylthiophene in to 

quinoxaline based donor polymers on photochemical stability and 

photovoltaic performance 

 to study the effect of incorporation of thiophene-hexylthiophene in to 

pyridopyrazine based donor polymers on photochemical stability and 

photovoltaic performance 

 to study the effect of incorporation of small fraction of thiophene-

hexylthiophene in to quinoxaline donor polymers on photochemical stability 

and photovoltaic performance 

 to study the effect of low boiling point solvent additives on photovoltaic 

performance of bulk heterojunction polymer solar cells 

 

 

 



 
 

 Page 45 
 

3. Experimental Section 

This section describes materials used in the experiments for the study. The chemical 

structures of some of the materials which are thought to be necessary are also 

included. This section also includes experimental procedures and equipments used for 

the study. 

3.1 Materials 

3.1.1 Photoactive Donor Polymers  

Photoactive polymers used as donor materials include: poly[2,3-bis-(3-

octyloxyphenyl)quinoxaline-5,8-diyl-alt-thiophene-2,5-diyl] (TQ1) with molecular 

weight Mn = 17; copolymers of TQ1 with different hexylthiophene fraction named as 

TQTHTs: fTHT = 1 (Mn = 18.8), fTHT = 2.5 (Mn = 33.7), fTHT = 30 (Mn = 15), fTHT = 50 

(Mn = 17), and fTHT = 80 (Mn = 10);  poly[2,3-bis(3-(octyloxy)phenyl)pyrido[3,4-

b]pyrazine-alt-thiophene] (TQN) with molecular weight Mn = 20.2; copolymers of 

TQN with different hexylthiophene fraction named as TQNTHTs: fTHT = 30 (Mn = 

20.7), fTHT = 50 (Mn = 15.6); Poly(thiophene-hexylthiophene) (THT) with molecular 

weight Mn = 5.9; and poly[N-9′-heptadecanyl-2,7-carbazole-alt-5,5-(4′,7′-di-2-

thienyl-2′,1′,3′-benzothiadiazole)] (PCDTBT) with molecular weight (Mw = 20 - 100) 

The molecular weights expressed here are in kg mol-1. Except PCDTBT, which was 

purchased from sigma-Aldrich, all the other polymers were synthesized by 

collaborating groups at Chalmers University, Sweden. Figure 3.1.1 shows the 

molecular structures of the donor polymers. 
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Figure 3.1.1. Molecular structure of: a) TQ1 (m = 0), TQTHT (fTHT = 30) (n = 0.7, m 
= 0.3), TQTHT (fTHT = 50) (n = 0.5, m = 0.5), TQTHT (fTHT = 80) (n = 0.2, m = 0.8), 
TQTHT (fTHT = 2.5) (n = 0.975, m = 0.025), and TQTHT (fTHT = 1) (n = 0.99, m = 
0.01); b) TQN (m = 0), TQNTHT (fTHT = 30) (n = 0.7, m = 0.3), and TQNTHT (fTHT = 
50) (n = 0.5, m = 0.5). n = 0 represents molecular structure of THT; c) PCDTBT. 
 

 

3.1.2 PEDOT:PSS, PFPA-1 and PCBM  

Conductive PEDOT:PSS (H.C. Starck) was used as interlayer to modify the surface 

of indium doped tin oxide (ITO) and used as hole transporting layer for conventional 

geometry bulk heterojunction solar cell devices fabricated for the study.  However, 

the high conductive (HC-)PEDOT:PSS (H.C. Starck) was used as anode electrode for 

inverted geometry solar cell devices. Poly(3,3′-([(9′,9′-dioctyl-9H,9′H-[2,2′-

bifluorene]-9,9-diyl)bis(4,1-phenylene)]bis(oxy))bis(N,N-dimethylpropan-1-amine)) 

(PFPA-1)  (synthesized by collaborating group at Chalmers University, Sweden) is a 

polymer used as an interlayer to modify the surface of TiOx electron collecting layer 

in inverted geometry bulk heterojunction solar cell devices [200]. [6,6]-phenyl-C71-

butyric acid methyl ester ([70]PCBM) and [6,6]-phenyl-C61-butyric acid methyl ester 
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([60]PCBM) were used as electron acceptor in this study. Figure 3.1.2 shows the 

molecular structures of PEDOT:PSS, PFPA-1, and PCBMs. 

 

 

 

                                         

Figure 3.1.2. Molecular structure of PEDOT:PSS (top left), PFPA-1 (top right), 
[60]PCBM (bottom left), and [70]PCBM (bottom right). 

 
 

3.1.3 Solvents  

The low boiling point solvent additives used in this study were: Iodomethane (IMe, 

bp = 42oC), Iodoethane (IEt, bp = 72oC), and Diiodomethane (DIMe, bp = 181oC). 

The host solvent used was 1,2-dichlorobenzene (o-DCB, bp = 186oC). Figure 3.1.3 

shows the chemical structures of the low boiling point solvent additives. 
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Figure 3.1.3. Chemical structure of: a) Iodomethane, b) Diiodomethane, and c) 
Iodoethane. 
 

 

Other solvents such as acetone, isopropanol, dichloromethane, ammonia, hydrogen 

peroxide, and distilled water were also used for cleaning purposes in this study. 

Toluene, chloroform and chlorobenzene were also used for thin film preparation of 

polymers. Furthermore, dimethylsulfoxide (DMSO) and Zonyl FS-300 surfactant 

were used as additives to enhance the conductivity of HC-PEDOT:PSS.  

3.1.4 Other Materials and Chemicals 

Other materials and chemicals used in this study include: Glass substrate, indium 

doped tinoxide (ITO) as anode electrode for conventional geometry bulk 

heterojunction solar cell devices, aluminum metal rod used for evaporating cathode 

electrode both in conventional and inverted geometry solar cell devices, titanium 

metal used as interlayer for electron transporting in inverted geometry solar cell 

devices, and silver paste used for contact during device characterization both in 

conventional and inverted geometry bulk heterojunction solar cell devices. 
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3.2 Sample Preparation and Characterization 

3.2.1 Thin Film Preparation for Photochemical Stability Measurement 

The polymers were dissolved in a solvent mixture of 90 vol% chloroform and 10 

vol% chlorobenzene and then spin-coated onto 2 x 2 cm cleaned glass substrates. The 

glass substrates were cleaned by sonication in acetone and isopropanol, respectively, 

followed by rinsing with water, acetone, dichloromethane and isopropanol, 

consecutively. Unless otherwise stated the film thickness was  100 nm. For 

photochemical stability of TQTHTs with low fraction of THT (fTHT = 2.5 and fTHT = 

1) compared with TQ1, all the films were prepared from solution of the same 

concentration in o-DCB with same spin speed to roughly manage the thickness. Prior 

to the stability measurements the films were annealed for 10 - 15 min at 100°C in 

ambient atmosphere to remove residual solvents but with light protection to avoid 

prior photochemical degradation. Thickness determination was done with a Digital 

Instrument Nanoscope IIIa equipped with a type G scanner (Digital Instrument Inc., 

Santa Barbara, CA, USA). The measurements were done in tapping mode and in air 

using a Micro Masch NSC 15 silicon cantilever. 

3.2.2 Photochemical Stability Measurements of Polymer Films 

Samples were illuminated under 1 sun in ambient atmosphere using an 

Educational/Research benchtop open array solar simulation system from Eye 

Lighting International (AM 1.5 spectral matching filter, 1000 W m-2) for films of 

copolymers with large fraction of thiophene-hexylthiophene and SolSim solar 

simulating photodetector (AM 1.5 spectral matching, 1000 W m-2) for copolymers 
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with low fraction of thiophene-hexylthiophene. During illumination, the samples 

were placed on a heating plate at 85°C [181]. The samples were removed periodically 

and the UV-visible absorbance spectra were recorded from 300 to 900/1100 nm with 

a Perkin Elmer Lambda 900 UV-Vis-NIR and Perkin Elmer Lambda 950 UV-

Vis/NIR, USA, absorption spectrophotometer to monitor the degradation. 

3.2.3 Solar Cell Device Fabrication  

ITO-free inverted polymer solar cells were fabricated with the following device 

geometry: glass/Al (80 nm thick)/TiOx (2 nm thick)/PFPA-1/Active layer/HC-

PEDOT:PSS PH1000. Prior to cathode electrode deposition, the glass substrates were 

cleaned with detergents followed by a TL1 treatment, i.e. the substrates were put into 

a mixture of deionized water, ammonia solution (25%), and hydrogen peroxide 

solution (28%) in the ratio 5:1:1 by volume and heated to 85°C during 5 min to 

remove organic adsorbents. The Al/Ti-bilayer was thermally evaporated onto the 

glass substrate through a shadow mask at a pressure of less than 10-5 mbar. The 

electrode was subsequently exposed to air for 12 hours to form TiOx [200]. PFPA-1 

was spin-coated onto the electrode from a toluene solution inside a glove box, 

followed by rinsing with toluene to remove residual PFPA-1 that is not chemically 

bonded to the TiOx surface. PFPA-1 was synthesized according to previous literature 

[200]. All polymer/PC71BM blend solutions were spin-coated inside a glove box from 

ortho-dichlorobenzene (o-DCB) onto the PFPA-1 modified cathode. After deposition 

of the active layer all samples were taken out of the inert atmosphere and aqueous 

HC-PEDOT:PSS PH1000 (H.C. Starck) mixed with 5% dimethyl sulfoxide (DMSO) 

and 0.25% surfactant (Zonyl FS-300) was spin-coated on top of the active layer and 
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annealed for 5 - 10 min at 60oC in ambient atmosphere to remove residual water and 

then used as anode electrode. The complete devices were then taken back to the glove 

box for encapsulation using glass lids and light sensitive adhesive glue and lastly 

silver paste paint was used for contact. All solar cells had an active area of   4 mm2, 

as measured by optical microscopy. 

 

For conventional geometry bulk heterojunction solar cell devices the device structure 

was Glass/ITO/PEDOT:PSS/Active Layer/LiF/Al. As a buffer layer, the conductive 

polymer PEDOT:PSS (H.C. Starck) was spin-coated at 3500 rmp onto ITO-coated 

glass substrates, followed by annealing at 120°C for 10 minutes to remove residual 

water. The thickness of the PEDOT:PSS layer was about 45 nm. Thicknesses of blend 

films and PEDOT:PSS were determined by a Dektak 6M surface profilometer. The 

active layer, blend of donor polymer and [70]PCBM, was spin coated from o-DCB 

solution onto the PEDOT:PSS layer. The active layers were spin-coated in a glove 

box and directly transferred to a vapor deposition system mounted inside of the glove 

box. LiF (0.6 nm) and Al (80 nm) were used as top electrodes and were deposited via 

a mask in vacuum onto the active layer. The accurate area of every device defined by 

the overlap of the ITO and metal electrode was about 4 mm2. Figure 3.1.4 shows the 

device architecture of inverted and conventional bulk heterojunction solar cell used in 

this study. 
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Figure 3.1.4. Device architecture of inverted (left) and conventional (right) solar cell 
devices [200]. 

 
 

For the study of effect of low boiling point solvent additives on photovoltaic 

performance of BHJ solar cells a 1:2 (w/w) ratio of TQ1:PC61BM blend solution (25 

mg/mL) was prepared by mixing 1 mg of TQ1 and 2 mg of PC61BM in o-DCB host 

solvent. Blend solutions containing 2% (v/v), 3% (v/v), and 4% (v/v) low boiling 

point solvent additives (iodomethane, iodoethane, and diiodomethane) in the host 

solvent were also prepared by the same procedure. In addition to 2% (v/v), 3% (v/v), 

and 4% (v/v), 10% (v/v) DIMe was also prepared to get more insight of effect of the 

solvent additives on morphology. To enhance solubility and miscibility of the blends, 

cleaned magnetic stirrer was introduced into the solutions for stirring and the 

solutions were left over night under stirring at 40oC. The device structure of the solar 

cell fabricated was glass/ITO/PEDOT-PSS/Active layer/Al in the absence of LiF 

interlayer. Prior to spin coating the hole transporting layer PEDOT-PSS film, the pre-

patterned ITO glass substrates with a sheet resistance of 15 Ω/cm2 were washed 

manually in detergent. Furthermore, the substrate was ultrasonically cleaned by 

distilled water, acetone and isopropanol sequentially for 15 min and dried with a hot 
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air gun. A dispersion of aqueous solution of PEDOT-PSS was then spin coated 

(CHEMAT TECHNOLOGY SPINCOATER KW-4A) onto cleaned ITO substrates at 

3500 rpm for 60 s in ambient atmosphere and baked at 120°C on hot plate for 10 min 

to remove residual water. Then, the active layers, both pristine and containing the 

solvent additives, were spin coated from the blend solution of TQ1:PC61BM at 1000 

rpm and PCDTBT:[70]PCBM at 1500 rpm, respectively, for 60 s on top of 

PEDOT:PSS layer in ambient atmosphere. The devices were completed for 

measurement after thermal deposition of aluminum film (100 nm) as the cathode on 

top of the active layer by thermal evaporator (Edwards 306) through a shadow mask 

under vacuum pressure of ~5 × 10-6 mbar. Lastly, to avoid easy scratching of the Al 

electrode during characterization, silver paste paint was used for contact. The area of 

each device was defined by the overlap of the ITO and metal electrode and was about 

6 mm2. The device structure used for this study is similar to the conventional solar 

cell architecture stated (Figure 3.1.4, right) except the absence of LiF buffer layer. 

3.2.4 Solar Cell Device Characterization 

Current density-Voltage (J-V) curves were measured by using Keithley 2400 Source 

Meter under illumination of AM 1.5 filtered light with intensity of 100 mW cm-2 from 

a SS 50A Photoemission Tech. solar simulator. For inverted solar cell devices 

illumination took place from the top side i.e. from HC-PEDOT:PSS PH1000 while 

the same phenomenon took place from bottom (ITO) side for conventional solar cell 

devices. EQE spectra were obtained using a Newport Merlin lock-in with the solar 

cells illuminated with chopped monochromatic light. Atomic Force Microscopy 
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(AFM) images were recorded on a Dimension 3100 system (Digital 

Instruments/Veeco) in taping mode.  

 

For the study of the effect of low boiling point solvent additives, the current density-

voltage (J-V) measurements of the solar cell devices was performed using a 

computer-controlled CHI600A Electrochemical Analyzer, and a 250 W xenon lamp 

regulated by an Oriel power supply (Model 68830) which was used to illuminate the 

solar cells. Before illumination of the device, the white light intensity was set to 100 

mW/cm2 using Gigahertz-Optik X11 Optometer. For incident photon-to-current 

conversion efficiency (IPCE) measurement, a grating monochromator (Model 77250) 

placed into the light path to select a wavelength between 300 and 800 nm, was used. 

The photocurrent spectral response of the lamp was corrected using a standard silicon 

photodiode (Hamamatsu, Model S1336-8BK). Photoluminescence (PL) spectra of 

polymers and blend films were measured using Flouromax-4 spectroflourometer. To 

check that the additives selectively dissolve the acceptor or donor materials, films 

prepared from pristine blends of TQ1:[60]PCBM and PCDTBT:[70]PCBM were 

soaked in each additive for 5 seconds and their UV-Vis spectra were taken and 

compared with that of the un soaked pristine films of the same blends [195]. 
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4. Results and Discussion  

4.1 Study of Photochemical Stability and Photovoltaic Application of 

Quinoxaline Based Copolymers  

 It is desirable to improve the absorption of the active layer in order to increase the 

amount of generated charge pairs. This can be achieved by several means, for 

example by making the active layer thicker or by designing the polymer structure to 

absorb more light, i.e. to make the polymers more black [201]. The latter could be 

realized by incorporation of a new moiety in the conjugated backbone of the polymer 

via copolymerization. Another route that has been employed successfully to increase 

the absorption is by using [6,6] phenyl-C71-butyric acid methyl ester (PC71BM) 

instead of [6,6] phenyl-C61-butyric acid methyl ester (PC61BM) as the acceptor 

material [175, 202]. Quinoxaline based copolymers with incorporation of THT are 

therefore synthesized to improve absorption of the active layer for photovoltaic 

applications and their photochemical stabilities are also investigated in this work. The 

first photovoltaic application of quinoxaline based polymer, TQ1, was reported by 

Wang et al. [203]. The interest in photovoltaic investigation of this polymer was 

based on the interesting photophysical properties of the polymer disclosed by 

Yamamoto et al. [204]. Accordingly, the initial high power conversion efficiency 

(PCE) of an easily synthesized TQ1 blended with [6,6]-phenyl-C71-butyric acid 

methyl ester ([70]PCBM) acceptor has been reported to be about 6% [203] in 

conventional geometry. In inverted geometry the polymer has shown a PCE of 5.2% 

[200]. Furthermore, Kim et al. [196] has also reported a PCE of higher than 7% by 

means of engineering active layer nanomorphology using chloronaphthalene (CN) 
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solvent additive. With regard to the photochemical stability, an earlier stability study 

by Carlé et al. [205] has shown that the quinoxaline based polymer, TQ1, is five times 

more stable than P3HT when comparing the decrease in absorbed photons after being 

subjected to 1 sun and 85°C at ambient conditions. The ease of synthesis of TQ1, 

promising stability, and its promising power conversion efficiency of its device [196, 

203, 205] would make it a good candidate material for large scale production of 

polymer solar cells.  

 

Therefore, in this study, varying amounts of thiophene and hexylthiophene monomers 

were used in a semi-random copolymerization process with quinoxaline monomer to 

increase the absorption in the gap between the high- and the low-energy absorption 

peaks of the thiophene-quionoxaline polymer TQ1 i.e. to make the polymers more 

black. Therefore, this work explores how the incorporation of hexylthiophene affects 

the photochemical stability and the broadening of the spectra will affect the 

photovoltaic performance of these copolymers.   

4.1.1 Photophysical and Electrochemical Properties 

By copolymerizing the monomers of thiophene and hexylthiophene with quinoxaline 

monomer, the resulting polymer should become more black than TQ1 since THT 

absorbs light in the area where TQ1 lack absorption. The absorption spectra of the 

synthesized copolymers and TQ1 are shown in Figure 4.1.1 (top). The absorption 

spectrum of TQ1 shows two distinct peaks. The high energy peak of the spectrum is 

due to - electronic transition and the low energy peak of the spectrum is due to 

intramolecular charge transfer between the donor and acceptor moieties of the 
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polymer along the backbone [203, 204]. Similarly, the copolymers also show two 

distinct peaks at high and low energy regions due to -* and intramolecular charge 

transfer between donor and acceptor moieties along the backbone of the copolymers, 

respectively.  
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Figure 4.1.1. Top: Normalized UV-Vis absorption spectra for TQ with 0 mol% (a), 
30 mol% (b), and 50 mol% (c) hexylthiophene. Bottom: UV-Vis absorption spectra of 
THT.  
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From the absorbance spectra it could be seen that by incorporation of a THT fraction 

(    ) of 30 or 50 mol% the absorbance between 400 nm and 600 nm is indeed 

increased as the absorption of thiophene-hexylthiophene lies between the two distinct 

peaks (Figure 4.1.1, bottom). In addition, the high energy peak around 360 nm is 

decreased. The increased photoabsorption between the two peaks by incorporation of 

THT in quinoxaline based copolymers is expected to harvest more photons to 

increase the photovoltaic performance by generating more excitons [201]. Figure 

4.1.2 shows the UV-Vis spectra of the copolymers and THT blended with PC70BM 

acceptor. As it is observed from Figure 4.1.2, the presence of the acceptor increases 

the plateau nature of the spectra by contributing to absorption at low wavelength 

region [175, 202].  
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Figure 4.1.2. UV-Vis spectra of TQ1, TQTHT copolymers, and THT blended with 
[70]PCBM acceptor. 
 



 
 

 Page 59 
 

This enhancement of absorption due to the presence of acceptor could also enhance 

photon generated excitons and hence the photovoltaic performance of the solar cells 

made of the copolymers.  

 

Table 4.1.1 shows the electrochemical parameters of TQ1, TQTHT copolymers, and 

THT obtained from the square wave voltammetry (SWV) [206]. HOMO and LUMO 

were determined from the third oxidation and reduction scans, respectively, using the 

peak value and setting the oxidative potential of Fc/Fc+ versus the normal hydrogen 

electrode (NHE) to 0.630 V [207] and the NHE energy level relative to vacuum to 4.5 

V [208] with the following equation: HOMO = -(Eox + 5.13) eV and LUMO = -(Ered 

+ 5.13) eV [209].  

 

Table 4.1.1. Electrochemical parameters of TQ1, TQTHTs, and THT. 

S.No Polymer fTHT Eox (eV) HOMO 
(eV) 

E red (eV) LUMO  
(eV) 

1 TQ1 0 0.67 -5.8 -1.73 -3.4 
 

2 TQTHT 30 0.47 -5.6 -1.83 -3.3 
 

3 TQTHT 50 0.37 -5.5 -1.93 -3.2 
 

4 TQTHT 80 0.37 -5.5 -1.83 -3.3 
 

5 THT 100 0.27 -5.4 -2.13 -3.0 
 

 

 

The lying positions of the highest occupied molecular orbital (HOMO) and the lowest 

unoccupied molecular orbital (LUMO) of the photoabsorber materials (polymers) 
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with respect to the corresponding HOMO and LUMO energy levels of the acceptor is 

important in determining photovoltaic performance of solar cells [188, 189].  

 

Furthermore, for efficient charge transfer and dissociation of photogenerated excitons 

in polymer solar cells, sufficient LUMO (polymer)-LUMO (acceptor) offset 

equivalent to the exciton binding energy of 0.3 eV [137] has also to be maintained. 

This indicates that electronic structure of polymer materials plays major role in 

photovoltaic performance of polymer solar cells. For example, Wang et al. [203] 

calculated HOMO and LUMO energy levels of TQ1 from oxidation and reduction 

peak potentials of SWV to be -5.7 eV and -3.3 eV, respectively, and came to the 

conclusion that the high LUMO level of TQ1 ensures a downhill driving force for 

charge separation to PCBM whose LUMO level has been reported to be -4.1 eV 

measured under the same experimental conditions [210].  

 

The gap between the HOMO of the polymer and the LUMO of the acceptor has also 

direct relationship with open circuit voltage (VOC) and is its experimental limit in 

polymer solar cells. Hence, low lying HOMO value of polymers can be expected to 

produce high VOC [167]. Furthermore, the energy gap between the HOMO and 

LUMO of polymers could also be used to determine the electrochemical bandgap 

which is an informative parameter to know the extent to which the photoabsorbers 

covers electromagnetic radiation for photons harvesting.  
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In addition, the positions of the HOMO and LUMO energy levels with respect to the 

vacuum energy level are one of the factors which determine the photochemical 

stability of polymers for photovoltaic applications [188, 189]. Accordingly, polymers 

possessing low lying HOMO and LUMO energy levels are expected to be 

photochemically stable and are preferable for solar cell application. In summary, as 

can be seen from Table 4.1.1, as the fraction of THT is increased the HOMO and 

LUMO energy levels of the copolymers are up-shifted towards the vacuum level. 

This is most probably because of the electron donating property of the THT which 

increases the electron density in the polymer and as a consequence resulted in up-

shifting of the energy levels. This is of course one of the factors that could hamper the 

open circuit voltage and performances of solar cells made from the polymers unless 

and otherwise this would be compensated by the increased photon absorption as the 

THT fraction is increased. 

4.1.2 Photochemical Stability 

The degradation of the neat polymer, TQ1, was studied by monitoring the bleaching 

of the UV-Vis absorption spectra as shown in Figure 4.1.3. In addition, a thiophene-

hexylthiophene (THT) polymer was synthesized and used as a reference. During the 

test, the sample was subjected to solar simulator light with an intensity of 1 sun and 

annealed at 85°C [181].  
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Figure 4.1.3. UV-Vis spectra measured after ageing for indicated times under the 
solar simulator for TQ1 (left) and THT (right). Dotted line indicates the spectra 
before pre-heating. 
 

 

By comparing UV-Vis spectra measured at several times (Figure 4.1.3), it could be 

concluded that TQ1 is much more stable than THT. The remaining peak absorbance 

(                 ) at low energy peak was used to monitor the degradation for TQ1 

compared to THT. This remaining peak absorbance is determined using the following 

expression: 

 

                  
    

              
                             

 

where      is the absorbance at the peak at each time and               is post-heating 

start value of the peak absorbance. It should be kept in mind that the thicknesses of 

the films decreased during the experiment probably due to loss of degraded materials, 
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which also contributes to the decrease in maximum absorbance. For THT, 

                  is reduced to 74% after 5 h and after 24 h                   is as low 

as   25%. For TQ1                   was    93% after 5 hours and after 50 hours 

                    53%. From the UV-Vis absorbance spectra, it can be seen that the 

low-energy peak decreases faster than the high-energy peak (Figure 4.1.3) i.e. the 

ratio between the peaks is changed for TQ1. This indicates that the conjugation length 

is decreased when the polymer is subjected to photo-induced oxidation, probably due 

to chain scission, that hinders the interamolecular charge transfer of the polymers 

along the backbone. 

 

To investigate if the increasing of       influences the stability of the copolymers, the 

same stability test as described above, was performed on the copolymers. Since the 

photo-induced degradation of THT is faster than that of TQ1, it would be expected 

that the stability of the copolymers would decrease with increasing     . In Figure 

4.1.4 it can be seen that this is true for the TQTHTs, which could be explained by the 

fact that both HOMO and LUMO levels of TQTHTs are closer to vacuum than for 

TQ1 as shown in Table 4.1.1. Therefore, incorporation of 30% and 50% mole fraction 

of THT in to TQ1 polymer decreased stability of the copolymers and resulted in 

negative impact with regard to the stability of the polymer materials. 
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Figure 4.1.4.                   measured by UV-Vis after ageing under simulated 
solar irradiation is plotted against time for TQ with 0 mol% (stars), 30 mol% 
(diamonds), 50 mol% (triangles), and 80 mol% (pentagons) THT with respect to TQ1. 
As a reference the normalized maximum peak absorbance (circles) for THT is added. 
 

 

4.1.3 Photovoltaic Performance 

Photovoltaic devices of the copolymers were prepared according to the description in 

the experimental section. In all devices PC71BM is used as the electron acceptor. It 

has been shown that the D-A ratio greatly influences the performance of the organic 

BHJ solar cell as it strongly affects the crystalline order, phase separation, and 

morphology of the thin film bicontinuous percolation pathways with maximal 

interfacial area [211]. Hence, optimization of donor-acceptor ratio is an important 

step for fabrication of efficient polymer solar cells. Accordingly, for devices prepared 
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with TQTHTs and reference devices prepared with THT the optimal ratio between 

polymer and electron acceptor was found to be 1:2.  

 

Table 4.1.2 shows the summary of the donor-acceptor blend optimization done to 

obtain optimum efficiency of polymer solar cells fabricated from TQ1, TQTHT, and 

THT copolymers. TQTHTs based devices show lower device efficiency compared to 

TQ1 based devices. Furthermore, the JSC of the optimized TQTHTs based devices 

were not improved, even though this was expected from absorption contribution of 

THT in the copolymers, compared to TQ1 based devices. The decrease in JSC and 

device efficiency of TQTHTs compared to the TQ1 based once could be due to the 

morphology difference of the blends. As observed from AFM images (Figure 4.1.6 a, 

b, and c) the grain size of the TQTHTs based blend is larger than that of the TQ1 

based blend limiting the diffusion of excitons to D-A interfaces to be dissociated in to 

free charge carriers. Both copolymers with      = 30 and       50 mol% show a 

substantial decrease in efficiency but the efficiency of the devices with       50 

mol% are slightly higher. The increase in photovoltaic performance of device 

fabricated from       50 mol% compared to that of      = 30 is due to significant 

improvement of its FF and descent increase in short circuit current density (JSC). The 

better JSC and FF obtained could be due to good nanomorphology and interpenetrating 

network formation of the donor and acceptor materials (Figure 4.1.6 b and c). In 

addition, even with a      = 80 mol% the efficiency of the solar cells is still more 

than twice as high as THT devices. 
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Table 4.1.2. Performance of solar cells fabricated with different donor-acceptor 
ratios for TQ1, TQTHTs, and THT polymers. 
 

S.No Polymer Polymer: [70]PCBM 
ratio 

JSC 
(mA/cm2) 

VOC 
(V) 

FF PCE (%) 
(max) 

 
1 
 

 
THT 

1:1 2.95 0.59 0.36 0.62 
 

1:2 5.01 0.49 0.41 1.0 
 

1:3 5.19 0.47 0.36 0.87 
 

1:4 5.42 0.44 0.36 0.85 
 

2 TQ1 1:2 10.18 0.78 0.54 4.27 
 

1:3 10.12 0.74 0.52 3.89 
 

3 fTHT = 30 1:2 7.28 0.68 0.47 2.32 
 

4 fTHT = 50 1:2 8.18 0.64 0.54 2.83 
 

 
5 

 
fTHT = 80 

1:1 5.21 0.69 0.49 1.77 
 

1:2 6.88 0.62 0.53 2.28 
 

1:3 6.78 0.61 0.53 2.24 
 

1:4 6.44 0.55 0.53 1.88 
 

 

 

Figure 4.1.5 shows J-V curve of the best performing device fabricated from THT, 

TQ1, and TQTHTs blended with [70]PCBM. As observed from the graph and Table 

4.1.3, which shows the summary of the photovoltaic parameters of Figure 4.1.5, the 

VOC of the solar cells made from TQTHT polymers has largely decreased as the 

fraction of THT is increased compared to the pristine TQ1. This is one of the factors 

which hampered the photovoltaic performance of TQTHTs based solar cells. One 
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reason for the decrease in VOC is due to the electron energy level modification [212] 

of the copolymers as introduction of THT up-shifted the HOMO energy level of the 

copolymers. 
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Figure 4.1.5. J-V curves of solar cells with maximum performance fabricated from 
TQ1, TQTHTs, and THT blended with [70]PCBM acceptor. 

 

 

Furthermore, the current densities of the devices made of the TQTHT copolymers 

compared to the pristine TQ1 were not increased as expected from the UV-Vis 

spectra as the fraction of the THT is increased. However, as stated above, slight 

current density and FF increment has been observed when the THT fraction has 

increased from fTHT = 30 to fTHT = 50 and led device made of fTHT = 50 to possess 

better performance compared to devices made of the other TQTHT copolymers. In 

fact, current density in solar cells is not solely depends on the absorption of 
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photoactive materials but also can largely be affected by exciton diffusion to the 

donor-acceptor interface, charge carrier dissociation at the interface, and charge 

carriers transportation to respective electrodes. 

Table 4.1.3. Summary of the photovoltaic parameters of the best performing devices 
fabricated from THT, TQ1, and TQTHTs. 
 

S. No Polymer Polymer: [70]PCBM 
ratio 

JSC 
(mA/cm2) 

VOC 
(V) 

FF PCE (%) 
(max) 

1 THT 1:2 5.01 0.49 0.41 1.0 
 

2 TQ1 1:2 10.18 0.78 0.54 4.27 
 

3 fTHT = 30 1:2 7.28 0.68 0.47 2.32 
 

4 fTHT = 50 1:2 8.18 0.64 0.54 2.83 
 

5 fTHT = 80 1:2 6.88 0.62 0.53 2.28 
 

 

 

To see the effect of THT fraction on the blend morphology of the photoactive 

materials atomic force microscope (AFM) and photoluminescence, to complement 

AFM data, have been generated. The AFM image of the blends with different THT 

fraction is shown in Figure 4.1.6. As it is indicated in the caption of Figure 4.1.6, the 

root mean square (RMS) roughness values are more or less very similar and are low. 

This indicates that all the polymers are well dissolved and mixed with the acceptor 

material in the organic solvent (o-DCB) used to prepare the films. Furthermore, as 

observed from the AFM images, the grain size of blend films of copolymers with fTHT 

= 30 and fTHT = 50 look larger than that of pristine blend. This might have contributed 
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for the low current density of devices fabricated from the copolymers limiting the 

diffusion length of generated excitons [139 - 143] even though the copolymers posses 

better absorbance coverage.   

 

Figure 4.1.6. AFM height image (1µm x 1µm) of: a) TQ1, b) fTHT = 30, c) fTHT = 50, 
d) fTHT = 80 and e) THT blended with [70]PCBM. The root-mean-square (RMS) 
values are 0.840, 1.470, 0.951, 0.461 and 0.365, respectively. 
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However, the AFM image of film prepared from fTHT = 80 looks blurred showing the 

smallest RMS (0.461 nm) among the copolymers and is very similar to that of 

reference film made of THT (0.365 nm). This may be due to the increase in solubility 

of the copolymer and miscibility with acceptor as increase in fraction of 

hexylthiophene results in increase in side chain proportion [213] of the copolymer. Of 

course miscibility beyond the limit is also a disadvantage for photovoltaic 

performance of organic solar cells as it breaks percolation of acceptor and donor 

materials to respective electrodes for efficient charge carrier transport and collection 

[214, 215]. This then can lead to charge carriers recombination before collection by 

respective electrodes. This can also be put as one possible reason for the low current 

density of fTHT = 80:[70]PCBM based solar cells while its donor absorbance cover 

large portion of the solar spectrum compared to the other donor polymers of the 

family.  

 

Figure 4.1.7 shows photoluminescence (PL) spectra of pristine polymer and their 

corresponding blend films. As it can also be observed from the PL spectra (Figure 

4.1.7, top) of the polymers, the fluorescence of all donor copolymers are well 

quenched when they are blended with the [70]PCBM acceptor. This also indicates 

that donors and acceptor materials are soluble in the host solvent o-DCB and well 

mixed contributing for formation of better nanomorphology [216]. The same 

phenomena has also been observed for the reference film formed from THT polymer 

blended with [70]PCBM acceptor (Figure 4.1.7, bottom).  
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Figure 4.1.7. Photoluminescence spectra of TQ1, TQTHTs, THT, and their blends 
with [70]PCBM. Top: TQ1, TQTHT, and their blends. Bottom: THT and its blend.  
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Furthermore, as observed from Figure 4.1.8, the stability of the solar cell devices 

fabricated from the copolymers was also compared to device made of pristine TQ1 

polymer. During the stability measurement of the solar cell devices, the PCE of the 

devices stored in ambient atmosphere were measured starting from the date of 

fabrication at fixed interval of time as shown in Figure 4.1.8.  Figure 4.1.8 shows that 

devices fabricated in inverted geometry have shown greater stability compared to 

their corresponding devices fabricated in conventional geometry.  
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Figure 4.1.8. Device stability of inverted (Glass/Al/TiOx/PFPA-1/active layer/HC-
PEDOT:PSS/Ag paste and conventional (ITO/PEDOT:PSS/active layer/Al) polymer 
solar cells fabricated from TQ1 and TQTHTs. 
 

 

Accordingly, devices fabricated in inverted geometry have retained more than 80% 

PCE after 35 days storage in ambient atmosphere. However, the corresponding 

devices fabricated in conventional geometry have almost lost their performance after 
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15 days storage in similar air condition. This brings us to the conclusion made that 

fabrication of polymer solar cells in inverted geometry is more advantageous than 

conventional polymer solar cells for large scale printing and commercialization [82].   

4.1.4 Conclusion 

Copolymerization of quinoxaline and thiophene-hexylthiophene monomers has 

resulted in copolymers with enhanced absorption in the valleys between the two 

absorption peaks of the pristine polymer, TQ1. As determined from square wave 

voltammetry (SWV) the copolymers have shown up-shifted HOMO and LUMO 

energy levels as expected because of the electron donating property of the 

copolymerized monomer, thiophene-hexylthiophene. Furthermore, the incorporation 

of the thiophene-hexylthiophene in to the TQ1 polymer has negatively affected the 

photochemical stability of the copolymers. This could be due to the up-shifting of the 

copolymers compared to the TQ1 polymer which make the copolymers more 

sensitive to photo-oxidation. Moreover, the incorporation of the thiophene-

hexylthiophene has also affected the photovoltaic performance of the copolymers 

negatively. Therefore, the incorporation of the thiophene-hexylthiophene in to the 

TQ1 polymer has resulted in neither photochemical stability nor photovoltaic 

performance improvement.  
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4.2 Study of Photochemical Stability and Photovoltaic Application of 

Pyridopyrazine Based Copolymers 

 

Pyridopyrazine based copolymer (poly[2,3-bis(3-(octyloxy)phenyl)pyrido[3,4-

b]pyrazine-alt-thiophene](TQN)) was first synthesized by Kroon et al. [217]. They 

investigated the influence of structural alteration on physical and electronic properties 

by making slight modification on quinoxaline based polymer, TQ1, either on the 

acceptor structure directly or on pendent side chains. Accordingly, they synthesized 

pyradopyrazine based polymer, poly[2,3-bis(3-(octyloxy)phenyl)pyrido[3,4-

b]pyrazine-alt-thiophene] (TQN), by incorporation of an extra electron withdrawing 

imine-nitrogen directly on the acceptor moiety to increase acceptor strength and 

hence intramolecular charge transfer. This structural alteration resulted in red-shift of 

the UV-Vis absorption of the polymer because of increased intramolecular charge 

transfer between donor-acceptor moieties due to the incorporation of stronger 

acceptor group [218]. Similar to TQ1, TQN also displays two distinct absorption 

peaks, one high-energy peak originating from the absorption in aromatic structures 

and one low-energy peak from the intramolecular charge transfer along the backbone 

of the polymer. Furthermore, for TQN polymer the low energy peak exhibits some 

vibronic feature commonly attributed to some degree of ordering in the solid state. 

This UV-Vis spectra feature was not observed in quinoxaline based polymer [203, 

204]. The reported device performance when the polymer, TQN, is blended with 

[6,6]-phenyl-C61-butyric acid methyl ester ([60]PCBM) was   1%. However, the 

stability study of TQN polymer has not been reported.  
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Here, varying amounts of thiophene and hexylthiophene monomers were used in a 

semi-random copolymerization process with pyridopyrazine monomer. This was 

done, in similar manner with the quinoxaline based polymers, in order to increase the 

absorption in the gap between the high- and the low-energy absorption peaks of the 

thiophene-pyridopyrazine polymer TQN; i.e. to make the polymers more black. 

Therefore, this work explores how the incorporation of hexylthiophene affects the 

photochemical stability and the broadening of the spectra will affect the photovoltaic 

performance of these copolymers.   

4.2.1 Photophysical and Electrochemical Properties 

Figure 4.2.1 shows the UV-Vis absorption spectra of TQN in comparison with that of 

TQ1. As can be seen from Figure 4.2.1, incorporation of strong electron withdrawing 

imine-nitrogen in to the acceptor moiety of the TQ1 polymer has red-shifted the 

absorption peak at low energy region.  
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Figure 4.2.1. UV-Vis spectra of films of TQ1 and TQN polymers in o-DCB. 
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Figure 4.2.2 shows the UV-Vis spectra of TQN and copolymers of TQN with 30% 

and 50% THT mole fraction and that of THT.  
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Figure 4.2.2.  Top: Normalized UV-Vis absorption spectra for TQN with 0 mol% (a), 
30 mol% (b),  and 50 mol% (c) THT and bottom: UV-Vis of THT as reference.  
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Similar to TQTHT copolymers, copolymerization of thiophene and hexylthiophene 

monomers with pyridopyrazine monomer has resulted in increase in light absorption 

between the low energy peak and the high energy peak since THT absorbs light in the 

area where TQN lacks absorption (Figure 4.2.2). Figure 4.2.2 also shows that as the 

THT fraction of the copolymer increases from fTHT = 0 to fTHT = 30 and to fTHT = 50, 

the absorption also increased between the two peaks of the spectra. Furthermore the 

addition of the THT fraction has also resulted in harvesting of more photons at the 

longer wave length compared to the pristine TQN while the low energy peak 

positions has not been affected. This may be due to aggregation and increase in 

conjugation length of the polymers and narrowing the bandgap of the polymers. In 

addition, similar to the TQTHT copolymers, the absorption of TQNTHT copolymers 

has also showed decrease in absorption at high energy position. 

 

Figure 4.2.3 shows the UV-Vis spectra of TQN and copolymers with 30% and 50% 

THT mole fraction blended with [70]PCBM acceptor material. As shown in Figure 

4.2.3, when the polymers are blended with [70]PCBM acceptor, the plateau nature of 

the absorption spectra has increased because of the contribution in absorption by the 

acceptor at low wavelength region [175, 202]. This absorption contribution by 

acceptor molecule may also enhance the photovoltaic performance of polymer solar 

cells by generating additional excitons during photoabsorption by active layer. 
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Figure 4.2.3. UV-Vis spectra of TQN and TQNTHT copolymers blended with 
PC70BM acceptor. 
 

 

Table 4.2.1 shows the electrochemical parameters of TQN and TQNTHT copolymers 

determined from the square wave voltammetry [206]. Compared to TQ1, the HOMO 

and LUMO values of TQN have shifted away from vacuum level. This is due to the 

incorporation of the stronger electron withdrawing imine-nitrogen in to the acceptor 

moiety of TQN. This downshift of the HOMO energy level of TQN is expected to 

increase the VOC of solar cells of the polymer [217]. Similarly, the HOMO and 

LUMO energy levels of TQNTHTs have also shifted away from the vacuum level 

compared to the HOMO and LUMO energy levels of the corresponding TQTHT 

copolymers. Generally, this down shift of energy levels of the TQN and TQNTHs 

compared to TQ1 series polymers may contribute to better photochemical stability for 
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solar cell application and also may enhance open circuit voltage for better 

photovoltaic performance of the copolymers. 

Table 4.2.1. Electrochemical parameters of TQN and TQNTHTs. 

S.No Polymer THT 
(%) 

Eox (eV) HOMO 
(eV) 

Ered (eV) LUMO 
(eV) 

1 TQN 0 0.87 -6.0 -1.43 -3.7 
 

2 TQNTHT 30 0.77 -5.9 -1.53 -3.6 
 

3 TQNTHT 50 0.47 -5.6 -1.63 -3.5 
 

 

However, a too strong electron withdrawing results in decrease of the LUMOpolymer-

LUMOacceptor offset which usually decreases efficiency of exciton dissociation and 

decreases current density of solar cells [219, 220]. Similar to TQTHTs, the HOMO 

and LUMO energy levels of TQNTHT copolymers have shifted towards the vacuum 

level compared to the pristine TQN polymer. This may be due to the electron 

donating nature of the THT that could increase electron density. This of course may 

affect the VOC negatively and hence performance of solar cells fabricated from 

TQNTHT copolymers compared to that of pristine TQN similar to devices fabricated 

from TQTHTs copolymers. 

4.2.2 Photochemical Stability 

Under similar experimental conditions and procedures as that of TQ1 and its 

copolymers, the degradation of TQN and its copolymers was also studied by 

monitoring the bleaching of the UV-Vis absorption spectra. Figure 4.2.4 shows the 

UV-Vis spectra during bleaching experiment. As observed from UV-Vis spectra 
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measured at several times, it could be concluded that the TQN is much more stable 

than THT (Figure 4.2.4).                    was also used to monitor the degradation 

of TQN and TQNTHTs similar to TQ1 and TQ1THTs. When                    is 

reduced to 74% after 5 h and to 25% after 24 h for THT, it reduces to 95% after 5 

h and to 66% after 50 h for TQN. This also indicates that TQN is much more stable 

than THT.  

 

 

Figure 4.2.4. UV-Vis spectra measured after ageing for indicated times under the 
solar simulator for TQN (left) and THT (right). Dotted line indicates the spectra 
before pre-heating. 
 

 

The data also shows that TQN is also more stable than TQ1 for which 

                  reduced to 93% after 5h and to 53% after 50 h under similar 

conditions. This may be due to the difference in the energy positions of the HOMO as 

well as the LUMO (Table 4.1.1 and 4.2.1) of the two polymers [205, 221].  Both 
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energy levels of TQ1 lay closer to vacuum than that of TQN. The difference in 

stability may also be due to different degrees of packing of the polymers during film 

formation to limit oxygen and moisture diffusion in to the film. 

 

To investigate if increasing      influences the stability of the copolymers, the same 

stability test as described for TQTHT copolymers was performed on TQNTHT 

copolymers (Figure 4.2.5).  

 

 

Figure 4.2.5.                   measured by UV-Vis after ageing under simulated 
solar irradiation is plotted against time for TQ with 0 mol% (stars), 30 mol% 
(diamonds), 50 mol% (triangles) THT with respect to TQN. As a reference the 
normalized maximum peak absorbance (circles) for THT is added. 
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For TQNTHTs it would also be expected that the stability of the copolymers decrease 

with increasing       as the stability of the reference polymer (THT) is very low. 

However, the stability of TQNTHTs is more or less similar to that of TQN as it can 

be seen from Figure 4.2.5. This similar stability of TQN and TQNTHTs even though 

the TQNTHTs has energy levels closer to vacuum than TQN could be due to the 

strong packing of the polymers during film formation and limit oxygen diffusion into 

the films [222]. In addition to increase in absorption with increase in THT fraction, 

this better stability of TQNTHT compared to TQTHT copolymers can be taken as an 

advantage for photovoltaic applications. 

4.2.3 Photovoltaic Properties 

Solar cell devices were fabricated by blending TQN and TQNTHTs with [70]PCBM 

acceptor similar to TQ1 and TQTHTs. The first and important step in characterizing 

the photovoltaic properties of new polymers is to optimize the donor-acceptor ratio 

for optimum donor-acceptor nanomorphology formation and better performance. 

Table 4.2.2 shows the performance of devices with different donor-acceptor ratios for 

TQN and TQNTHTs based polymers. As can be seen from Table 4.2.2, the maximum 

performing devices were obtained when the blend ratio between the polymers and 

[70]PCBM is 1:3. So it is this blend ratio which has formed the optimum 

nanomorphology between the donors and acceptor for better performance of the 

devices.  
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Table 4.2.2. Performance of solar cells fabricated from TQN and TQNTHTs with 
different donor-acceptor ratios.  
 

S. No Polymer Polymer: [70]PCBM 
ratio 

JSC 
(mA/cm2) 

VOC 
(V) 

FF PCE(%) 
(max) 

 
1 
 

 
TQN 

1:1 3.03 0.56 0.28 0.48 
 

1:2 3.12 0.60 0.38 0.72 
 

1:3 3.36 0.62 0.42 0.89 
 

1:4 2.67 0.62 0.42 0.71 
 

 
2 

 
fTHT = 30 

 

1:1 6.21 0.54 0.33 1.11 
 

1:2 5.30 0.51 0.42 1.13 
 

1:3 6.49 0.50 0.41 1.34 
 

1:4 4.97 0.52 0.47 1.22 
 

 
3 

 
fTHT = 50 

1:1 8.66 0.54 0.35 1.62 
 

1:2  9.89  0.48  0.37  1.75  
1:3 10.03 0.49 0.44 2.17 

 
1:4 7.00 0.51 0.50 1.78 

 
 

 

Figure 4.2.6 shows the current density-voltage (J-V) curves for devices with 

maximum performance fabricated from TQN and TQNTHTs blended with 

[70]PCBM. The summary of the photovoltaic parameters of these devices and that of 

reference device with the same blend ratio i.e. 1:3 for comparison are shown in Table 

4.2.3. The photovoltaic performance of the polymers has increased as the fraction of 

the THT is increased in contrary to that of TQTHTs compared with TQ1. As it can be 
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observed from Figure 4.2.6 and Table 4.2.3, the increase in current density has major 

contribution to the increase in photovoltaic performance of the devices as THT 

fraction increases. This increase in current density is of course as expected and is in 

agreement with the increase in absorption of the donor polymers, coverage of the 

valleys between the high and low energy peaks, with increase in THT fraction (Figure 

4.2.2). 
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Figure 4.2.6. J-V curves of solar cells with maximum performance fabricated from 
TQN and TQNTHTs blended with [70]PCBM acceptor. 
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Table 4.2.3. Summary of the photovoltaic parameters of the best performing devices 
fabricated from TQN, TQNTHTs, and that of THT with same blend ratio. 
 

S. No Polymer Polymer: [70]PCBM 
ratio 

JSC 
(mA/cm2) 

VOC 
(V) 

FF PCE(%) 
(max) 

1 TQN 1:3 3.36 0.62 0.42 0.89 
 

2 fTHT = 30 1:3 6.49 0.50 0.41 1.34 
 

3 fTHT = 50 1:3 10.03 0.49 0.44 2.17 
 

4 THT 1:3 5.19 0.47 0.36 0.87 
 

 

 

The VOC of the devices are however decreased with increase of fraction of THT. This 

is also as expected from the electrochemical properties of the polymers (Table 4.2.1). 

That is with increase of fraction of THT, the HOMO energy level of the polymers has 

up-shifted and this minimizes the gap between the HOMO of the donor materials and 

the LUMO of the acceptor which directly influences the VOC of the devices. The fill 

factors of the devices are more or less similar.  

 

As stated above, TQN was synthesized by modifying the structure of TQ1 and the 

main modification was by incorporation of strong electron withdrawing imine-

nitrogen group on the acceptor moiety [217]. This has also resulted in shift of HOMO 

energy level away from the vacuum level compared to TQ1 (Table 4.1.1 and 4.2.1). 

From this electrochemical property of the polymers, it is expected that the VOC of 

device fabricated from TQN would be greater than that of TQ1. However, in contrary 

to the electrochemical properties of the two pristine polymers, the VOC of device 
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fabricated from TQN (0.62 V) is less than that of TQ1 (0.78 V). Since pyridine-based 

materials are well-known to form complexes with metals and also fullerenes [223], it 

could be this type of interaction that has limited the VOC and performance of TQN-

based devices. Another factor that is able to influence the voltage is the well-known 

acidity of PEDOT-PSS, which protonate the pyridine-nitrogen at the polymer-

PEDOT:PSS interface and there by altering the electronic properties of the materials 

interface. Kroon et al. [217] tested this by exchanging PEDOT:PSS for MoO3, after 

which the devices showed 50% increase in VOC and therefore in its performance. 

For TQNTHTs, the pyridine-nitrogen interaction with PEDOT:PSS might be hindered 

sterically by increase in THT fraction which increases the pendent hexylthiophene 

side chains leading to better photovoltaic performance compared to the pristine TQN, 

the pyridine-nitrogen of which is not hindered, based devices.  

 

In order to show the photoresponse of devices at different wavelengths, 

corresponding external quantum efficiency (EQE) of the PSCs was measured under 

the illumination of a monochromatic light source as shown in Figure 4.2.7. Similar to 

the UV-Vis spectra of the polymers (4.2.2), the devices have given good response 

between the wavelengths 300 - 700 nm. As observed from Figure 4.2.7, the devices 

fabricated from TQN and TQNTHTs efficiently harvest photons in the wavelength 

rage of about 350 nm to 550 nm and convert them in to electrical current while 

photon-to-current conversion of the devices decreased beyond about 550 nm to the 

longer wavelengths. However, the UV-Vis spectra of the polymers (Figure 4.2.2) 

show maximum absorbance between 550 nm and 700 nm where the devices lost 



 
 

 Page 87 
 

efficient photon-to-current conversion. This might also be due to the interaction of 

pyridine-nitrogen with metal and acidic PEDOT:PSS which could have changed the 

electronic structure of the polymers and resulted in poor performance of the devices 

[217]. 
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Figure 4.2.7. EQE spectra of TQN, fTHT = 30, and fTHT = 50 solar cell devices with 
maximum PCEs. 

 

 

As described in the experimental section, the device structure in our study was 

glass/Al/TiOx/active layer/HC-PEDOT:PSS/Ag. To avoid the interaction of pyridine-

nitrogen with acidic PEDOT:PSS, the acidic HC-PEDOT:PSS was replaced by 

neutral HC-PEDOT:PSS. Table 4.2.4 shows the values of photovoltaic parameters of 

devices fabricated from TQN and TQNTHTs using acidic and neutral HC-

PEDOT:PSS as electrode. 
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Table 4.2.4. Photovoltaic parameters of devices fabricated from TQN and TQNTHTs 
using acidic and neutral HC-PEDOT:PSS as anode electrode. 
 

S. No Polymer HC-PEDOT:PSS JSC 
(mA/cm2) 

VOC 
(V) 

FF PCE(%) 
(max) 

1 TQN 
 

acidic 3.36 0.62 0.42 0.89 
 

neutral 2.8 0.52 0.37 0.54 
 

2 fTHT = 30 acidic 6.49 0.50 0.41 1.34 
 

neutral 5.3 0.48 0.39 0.98 
 

3 fTHT = 50 acidic 10.03 0.49 0.44 2.17 
 

neutral 9.2 0.45 0.36 1.50 
 

 

As observed from Table 4.2.4, replacing the acidic HC-PEDOT:PSS electrode with 

neutral HC-PEDOT:PSS even worsened the performance of the devices. Replacing 

the acidic HC-PEDOT:PSS by neutral HC-PEDOT:PSS degrades all the photovoltaic 

parameters. Moet et al. [224] demonstrated that neutralization of PEDOT:PSS leads 

to reduced work function which results in a lower open circuit voltage of devices 

based on a polyfluorene derivative with a higher ionization potential. So, this could 

happen also in the case of the TQN and TQNTHTs based devices as the open circuit 

voltage is one of which degraded most when the acidic HC-PEDOT:PSS was 

replaced with the neutral one. Furthermore, replacing of acidic PEDOT:PSS with 

neutral PEDOT:PSS might have resulted in bad morphology of the blend films as all 

photovoltaic parameters are degraded. 
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To investigate the effect of THT on the blend morphology of pyridopyrazine based 

copolymers, AFM height image of the blend films were taken and is shown in Figure 

4.2.8. The RMS values of the pyridopyrazine based blends are shown in the caption 

of Figure 4.2.8 in comparison with the blend of the reference material THT. 

Compared to the TQ1 and TQTHTs in general, TQN and TQNTHTs copolymer 

blends show rougher morphology structure. This could be due to the development of 

larger grain size crystals and self-aggregation of the components resulting from low 

miscibility of the components.  

 

 

Figure 4.2.8.  AFM height image (1µm x 1µm) of: a) TQN, b) fTHT = 30, c) fTHT = 50, 
and d) THT blended with [70]PCBM. The root-mean-square (RMS) values are 1.42, 
1.92, 1.16 and 0.365,  respectively. 
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Therefore, morphologies containing large phase structures are observed from Figure 

2.2.8 indicating poor nanomorphology of the blends. The large grain structures 

showed reduction from TQN:[70]PCBM to (fTHT = 30):[70]PCBM and (fTHT = 

50):[70]PCBM which is also one of the contributing factors for performance 

enhancement of TQNTHTs based devices. The large grain size structures of the 

blends largely affect exciton dissociation as they decay radiatively or non-radiatively 

before reaching donor-acceptor interfaces. Generally, this poor morphology of the 

blend films have contributed in hampering photovoltaic parameters like JSC, FF, and 

VOC resulting in poor performance of the devices fabricated from these copolymers.  

 

To further investigate the nanomorphology of the blend films, photoluminescence 

experiment was also carried out and the PL spectra of the blends are shown in Figure 

4.2.9.  
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Figure 4.2.9. Photoluminescence spectra of TQN, TQNTHTs, and their blends with 
[70]PCBM. 



 
 

 Page 91 
 

As observed from the PL spectra of the blend films, the quenching efficiency of the 

PL spectra of the pyridopyrazine based copolymers is less compared to the 

corresponding quinoxaline based copolymers when blended with the same acceptor 

material. This is mostly due to the larger grain size of the polymer resulting in exciton 

radiative recombination before it reaches the donor-acceptor interface and this 

degrades the performance of the solar cell devices. This also complements the poor 

nanomorphology observed from the AFM height image. 

Similar to quinoxaline based devices, stability measurement of devices fabricated 

from pyridopyrazine were also carried out to compare with photochemical stability of 

films of these polymers. Figure 4.2.10 shows the stability of the solar cell devices 

fabricated from pyridopyrazine based polymers. The stability of the devices was 

measured also by storing the devices in dark ambient condition and measuring their 

PCE starting from the date of fabrication at different time intervals. As one can 

observe from Figure 4.2.10, devices fabricated from the pyridopyrazine based 

polymers have more or less similar stability regardless of the fraction of THT and 

showed a little tendency of increase in stability as THT fraction increases. This little 

increase in stability with increase in THT fraction may be explained due to the steric 

hindrance of interaction of imine-nitrogen with acidic HC-PEDOT:PSS limiting the 

possibility of protonation and complex formation with metals. Compared to the 

corresponding conventional devices, the inverted solar cell devices are here also 

showed much better stability similar to devices fabricated from quinoxaline based 

copolymers. 
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Figure 4.2.10. Device stability of inverted (Glass/Al/TiOx/PFPA-1/active layer/HC-
PEDOTPSS/Ag paste and conventional (ITO/PEDOT-PSS/active layer/Al) polymer 
solar cells fabricated from TQN and TQNTHTs. 
 

 

The inverted solar cell devices have retained more than 90% of their performance 

after 23 days storage in ambient atmosphere while the corresponding conventional 

solar cell devices lost 80% of their performance in 10 days under similar condition. 

This is also a further confirmation for conclusion made that fabrication of polymer 

solar cells in inverted geometry is a convenient architecture for large scale production 

and commercialization [82].   
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4.2.4 Conclusion 

As expected, copolymerization of the pyridopyrazine monomer with thiophene-

hexylthiophene monomer has resulted in copolymers with enhanced absorption in the 

valley of the absorption of TQN. As thiophene-hexylthiophene monomer has electron 

donating property, incorporation of the monomer in to the TQN polymer has up-

shifted the HOMO and LUMO energy levels of the copolymers. Unlike the 

copolymers of TQ1, the incorporation of thiophene-hexylthiophene in to TQN 

copolymer has not affected the photochemical stability and the copolymers had 

similar stability compared to the pristine TQN polymer. Furthermore, the copolymers 

have shown better photovoltaic performance compared to that of TQN. Therefore, the 

pyridopyrazine based copolymers with incorporated thiophene-hexylthiophene are 

advantageous for photovoltaic applications compared to the pristine TQN while the 

photochemical stabilities of the copolymers are more or less the same with TQN.     
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4.3 Photochemical Stability and Photovoltaic Performance of Quinoxaline 

Based Copolymers with Low Thiophene-Hexylthiophene Composition 

 

The effect of incorporation of large fraction of thiophene-hexylthiophene (30% and 

50%) in to both quinoxaline and pyridopyrazine based copolymers have been studied 

in our previous work [206] under section 4.1 and 4.2. According to the findings 

incorporation of THT in to quinoxaline based copolymers affected negatively both 

their photochemical stability and photovoltaic performance. However, incorporation 

of the same fraction of THT as in that of quinoxaline based copolymers in to 

pyridopyrazine based copolymers increased their photovoltaic performance without 

affecting the photochemical stability. Therefore, the incorporation of large fraction of 

THT in to quinoxaline and pyridopyrazine based copolymers affected their 

photochemical stability and photovoltaic performance differently. However, the 

effects of incorporation of low fraction of thiophene-hexylthiophene in to quinoxaline 

based copolymers were not investigated. This investigation is required to see whether 

or not the loading of low mole fraction of THT in to the quinoxaline based polymer 

affect photochemical stability and photovoltaic performance in similar fashion with 

the high mole fraction of THT loaded in to the same polymer. This is because nature 

of chemical structure of polymer materials can affect their film nature that in turn 

affects the photochemical stability and photovoltaic performance of polymers.  

Therefore, here in this study the effect of incorporation of low fraction of THT (1% 

and 2.5%) in to quinoxaline based copolymers on their photochemical stability and 

photovoltaic performance were studied.    
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4.3.1 Photophysical and Electrochemical Properties 

Quinoxaline based copolymers (TQTHTs) possessing THT fraction of 1% is named 

as fTHT = 1, and TQTHT with THT fraction of 2.5% is named as fTHT = 2.5. Figure 

4.3.1 shows the UV-Vis absorption spectra of TQ1 and the copolymers with small 

fraction of THT fraction. As observed from the spectra (Figure 4.3.1a) all the 

polymers possess two distinct absorption peaks at low and high energy regions. For 

TQ1 it was reported that the peak at high energy region is due to the -* electronic 

transitions and the peak at low energy region is due to intramolecular charge transfer 

from the donor moiety (thiophene) to the acceptor moiety (quinoxaline) of the 

polymer along the backbone [203, 204], respectively. Similarly the two peaks 

observed from UV-Vis spectra of TQTHT copolymers (Figure 4.3.1a) with low 

fraction of THT at high and low energy regions are also due to -* electronic 

transitions and intramolecular charge transfer between the donor-acceptor moieties, 

respectively. When the UV-Vis absorption spectra of the TQTHT copolymers with 

low fraction of THT are compared to that of the TQ1, the valleys between the high 

and low energy regions are not covered as expected by incorporation of the THT 

fraction which was known to absorb in this region. This could be due to the low 

fraction of the THT in the copolymers that did not affect the absorption feature 

significantly. However in our previous work high fraction of THT (30% and 50%) in 

the quinoxaline and pyridopyrazine based copolymers showed absorption increment 

between the two absorption peaks. 
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Figure 4.3.1b shows also UV-Vis spectra of the copolymers blended with [70]PCBM. 

Blending the copolymers with [70]PCBM largely enhanced the absorption between 

the two peaks. This is due to absorption contribution from the [70]PCBM making the 

absorption spectra more plateau [175, 202] similar to the previous works. 

400 600 800

0.0

0.2

0.4

0.6

0.8

1.0 a
c b

a

 

 
N

o
rm

a
liz

e
d

 A
b

s
o

rb
a

n
c
e

 (
a

.u
)

Wavelength (nm)

 TQ1

 f
THT

 = 1

 f
THT

 = 2.5

 

400 600 800

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

a
b
c

b

 

 

A
b
s
o
rb

a
n
c
e
 (

a
.u

)

Wavelength (nm)

 TQ1:[70]PCBM

 f
THT

 = 1:[70]PCBM

 f
THT

 = 2.5:[70]PCBM

 
Figure 4.3.1. UV-Vis spectra of: a) films of copolymers and b) films of copolymers 
blended with [70]PCBM. 
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Table 4.3.1 shows the electrochemical values of the copolymers determined from 

square wave voltammetry (SWV) [206]. As observed from Table 4.3.1, the 

electrochemical values of the copolymers are not affected compared to TQ1. This is 

also due to the small fraction of the THT incorporated in to the copolymers that 

insignificantly affects the electronic structure. However, significant fraction of THT 

incorporated in to quinoxaline based copolymers was shown to largely affect the 

electrochemical values and in turn largely affected the photochemical stability and 

also photovoltaic performance of solar cell devices mainly the VOC of the solar cells. 

 

Table 4.3.1. Electrochemical values of TQ1 and TQTHT copolymers. 

S.No Polymer THT (%) E ox (eV) HOMO 
(eV) 

E red (eV) LUMO 
(eV) 

1 TQ 0 0.63 -5.76 -1.77 -3.36 
 

2 fTHT = 1 1 0.63 -5.76 -1.77 -3.36 
 

3 fTHT = 2.5 2.5 0.63 -5.76 -1.77 -3.36 
 

 

 

4.3.2 Photochemical Stability  

As described in the experimental section, photochemical stability of the copolymers 

was studied by comparing the UV-Vis bleaching of films. The films were aged under 

1 sun solar simulator for different time interval while being annealed at 85oC [181]. 

Figure 4.3.2 shows the bleaching UV-Vis absorption spectra of TQ1 and TQTHT 

with low fraction of THT copolymers aged under 1 sun solar simulator at different 

time intervals. From Figure 4.3.2 it can be observed that for prolonged ageing while 
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the films were being heated at 85oC, the absorption peak at low energy region get 

decreased and showed blue shift. This indicates that the conjugation length get 

decreased when the polymer is subjected to photo-induced oxidation, probably due to 

chain scission. The direction of the arrows show ageing time from 0 h to 92 h during 

bleaching experiment.    

 

 

 

Figure 4.3.2. UV-Vis spectra of: a) TQ1, b) fTHT  = 1, and c) fTHT  = 2.5 copolymers 
aged under 1 sun solar simulator for 0 h, 0.5 h, 3 h, 7 h, 12 h, 18 h, 26 h, 36 h, 44 h, 
63 h, 72 h, 82, and 92 h. 
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It can also be seen from Figure 4.3.2 that at low energy region TQ1 bleaches faster 

than the copolymers with low fraction of THT. Furthermore the low-energy 

absorption peak decreases faster than the high-energy peak i.e. the ratio between the 

peaks is changed for all polymers. Accordingly, the rate of decrease in absorbance 

during bleaching of peaks at low and high energy regions further confirms that it is 

TQ1 polymer that bleaches faster at low energy region compared to the other 

copolymers as it possesses steep slope than the others do.  
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Figure 4.3.3. Change in absorbance of TQ1 and TQTHTs with low fraction of THT at 
low and high energy regions of their corresponding bleaching UV-Vis spectra. 
 

 

As observed from the bleaching UV-Vis spectra of the copolymers, polymers with 

low fraction of THT shows descent decrease in the absorption peak at low energy 

region compared to the copolymer without THT fraction (TQ1). To monitor the 
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degradation and remaining peak absorbance of the copolymers at low energy region  

                   was used similar to the previous works.  

 

Figure 4.3.4 shows the plot of Amax, remaining of the copolymers with and without THT 

fraction aged under 1 sun solar simulator for different time intervals.  
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Figure 4.3.4. Plot of Amax, remaining of the copolymers (TQ1, fTHT = 1 and fTHT = 2.5) 
aged under 1 sun solar simulator for 0 h,  0.5 h, 3 h, 7 h, 12 h, 18 h, 26 h, 36 h, 44 h, 
63 h, 72 h, 82, and 92 h. 
 

 

As it can be observed from Figure 4.3.4, the small fraction of THT has improved the 

photochemical stability of the copolymers compared to pristine TQ1. This 

improvement in photochemical stability of the copolymers with low fraction of THT 

could be due to increased in stiffness of the films of the copolymers. Compact and 
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dense films decrease rate of diffusion of oxygen and moisture in to the film and as a 

result decreases rate of degradation [222].  

4.3.3 Photovoltaic Performance 

To see the effect of the small fraction of THT on photovoltaic performance of the 

copolymers, solar cell devices were fabricated from blend solutions of the copolymers 

with [70]PCBM. Table 4.3.2 shows the summary of the photovoltaic parameters of 

the devices during optimization. As can be seen from Table 4.3.2 the optimum donor-

acceptor ratio for all the copolymers is 1:2 which resulted in best performing devices. 

 

Table 4.3.2. Summary of photovoltaic parameters of TQ1 and TQTHTs with low 
fraction of THT based devices with different donor-acceptor ratios. 

Device Ratio JSC (mA/cm2) VOC (V) FF PCE (max) 
 

 
TQ1:[70]PCBM 

1:2 10.23 0.77 0.55 4.33 
1:3 10.12 0.74 0.52 3.89 

 
 

fTHT  = 1:[70]PCBM 

1:1 8.43 0.84 0.42 2.99 
1:2 10.12 0.77 0.57 4.45 
2:5 9.11 0.80 0.56 4.08 
1:3 9.41 0.79 0.56 4.14 
1:4 9.64 0.74 0.52 3.69 

 
 

fTHT  = 2.5:[70]PCBM 

1:1 8.47 0.83 0.39 2.72 
1:2 10.80 0.75 0.57 4.64 
2:5 10.05 0.75 0.57 4.34 
1:3 9.99 0.75 0.60 4.50 
1:4 9.73 0.72 0.55 3.86 
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Figure 4.3.5 shows the J-V curves and Table 4.3.3 is the summary of the photovoltaic 

parameters of the best performing devices of TQ1 and TQTHTs based solar cells with 

low fraction of THT. As it can be observed from Table 4.3.3 and the curves, the small 

fraction of THT incorporated in to the copolymers has decently affected the 

photovoltaic performance of the devices. Devices fabricated from the copolymer with 

2.5% THT have shown better performance compared to the others. The enhancement 

has mainly arisen from the improved current density and fill factor compared to 

devices fabricated from TQ1. The improved current density could be due to the 

enhancement of UV-Vis absorption spectra of the blend shown in Figure 4.3.1. 

-0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

-12

-11

-10

-9

-8

-7

-6

-5

-4

-3

-2

-1

0

1

2

c
b
a

 

 

C
u

rr
e

n
t 

d
e

n
s

it
y
 (

m
A

/c
m

2
)

Voltage (V)

 a: TQ1:[70]PCBM

 b: f
THT

 = 1:[70]PCBM

 c: f
THT

 = 2.5:[70]PCBM

 

Figure 4.3.5. J-V curves of best performing solar cell devices fabricated from blend 
solutions of copolymers of TQ1 and TQTHTs with low fraction of THT. 
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However, devices fabricated from copolymer with 2.5% THT showed descent 

decrease in VOC compared to devices fabricated from other copolymers. Compared to 

the TQ1 based solar cell devices, devices fabricated from the copolymers containing 

1% and 2.5% THT showed better fill factor which has also contributed to their better 

performance. This could also be due to the better interpenetrating network formation 

of the blends between the two electrodes that largely facilitates charge carriers 

transportation. Moreover, the copolymer with THT fraction of 2.5% has resulted in 

better current density which contributed to the better photovoltaic performance for the 

device fabricated from the copolymer. The enhanced current density may also be due 

to the better degree of ordering of the film. Generally, incorporation of small fraction 

of THT in to TQ1 copolymer showed descent improvement of the performance of 

devices fabricated from the copolymers compared to the pristine TQ1 based devices.  

 

Table 4.3.3. Summary of photovoltaic parameters of best performing solar cell 
devices fabricated from blend solutions of TQ1 and TQTHTs with low fraction of 
THT. 
 

Device Ratio JSC (mA/cm2) VOC (V) FF PCE (max) 
 

TQ1:[70]PCBM 1:2 10.23 0.77 0.55 4.33 
 

fTHT = 1:[70]PCBM 1:2 10.12 0.77 0.57 4.45 
 

fTHT = 2.5:[70]PCBM 1:2 10.80 0.75 0.57 4.64 
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The spectral responses of devices fabricated from the copolymers were also 

investigated by the external quantum efficiency (EQE) measurement. As can be seen 

from Figure 4.3.6 the spectral response of the devices at each and every wavelength 

was measured. Figure 4.3.6 clearly shows that all the devices show good spectral 

response over the whole wavelength range of the measurement of their corresponding 

UV-Vis spectra. The spectral response also agrees with the corresponding current 

densities of the best performing devices shown in Table 4.3.3 i.e. the spectral 

coverage of the device fabricated from the copolymer with THT fraction of 2.5% is 

higher compared to the spectral coverage of the devices fabricated from the other 

copolymers. 
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Figure 4.3.6. EQE spectra of best performing devices fabricated from blend solutions 
of copolymers of TQ1 and TQTHTs with low fraction of THT.  
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To see the effect of the incorporation of low fraction of THT in to TQ1 copolymer on 

morphology of the blend, height images of the blends were recorded using atomic 

force microscopy (AFM). Figure 4.3.7 shows the AFM images of blends of TQ1 and 

TQTHTs with small fraction of THT.  

 

 

Figure 4.3.7. AFM images (1µm x 1µm) of copolymers of: a) TQ1, b) fTHT = 1, and c) 
fTHT  = 2.5 blended with [70]PCBM. The RMS values are 0.845 nm, 0.881 nm, and 
1.26 nm respectively. 
 

 

As observed from Figure 4.3.7 the roughnesses of the blends get increased with 

increase in THT fraction. This may be due to the increase in crystallization due to 



 
 

 Page 106 
 

packing of the blend films up on increase in THT fraction. However, generally as 

observed from low RMS values of the blends, all the blends are very smooth 

indicating the copolymers are highly soluble in organic solvent and miscible with the 

acceptor material. However, the better degree of packing in copolymers with THT 

might have contributed to the better photochemical stability of the copolymers as 

packing decreases the rate of diffusion of moisture and oxygen in to the film [222]. 

 

To complement the AFM data of blends of TQ1 and TQTHTs with [70]PCBM, 

photoluminescence experiment was carried out. Figure 4.3.8 shows 

photoluminescence spectra of the blends.  
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Figure 4.3.8. Photoluminescence spectra of blends of TQ1 and TQTHTs with low 
fraction of THT with [70]PCBM. 
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As observed from Figure 4.3.8 when all the copolymers are mixed with [70]PCBM, 

the photoluminescence of the copolymers were highly quenched. This further 

confirms that the copolymers are highly miscible with the acceptor material creating 

optimum nanomorphology for the excitons generated to diffuse to the donor-acceptor 

interface before decaying. 

 

Figure 4.3.9 shows the device stability test of solar cells fabricated from copolymers 

with low fraction of THT for which the devices were stored in ambient dark 

environment before J-V test.  
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Figure 4.3.9: Device stability of solar cells fabricated from low fraction of THT. 
 

 

As it can be seen from Figure 4.3.9 the device stability is more or less in agreement 

with the photochemical stability of the copolymers. The devices fabricated from 
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copolymers with THT have shown better stability compared to that of pristine TQ1. 

In addition, the solar cell fabricated from copolymer with THT fraction of 1% has 

shown better device stability compared to solar cell devices fabricated from the other 

copolymers.  

4.3.4 Conclusion 

The effect of incorporation of small fraction of THT in to quinoxaline based polymer 

on photochemical stability of the copolymers and photovoltaic performance of the 

solar cells were studied. Unlike the incorporation of large fraction of THT in to 

quinoxaline based polymer, the incorporation of the low fraction of THT in to 

quinoxaline based polymer has not affected the UV-Vis and the HOMO and LUMO 

energy levels of the copolymers. The incorporation of this low fraction of THT in to 

the quinoxaline based polymer however increased the photochemical stability and 

photovoltaic performance of solar cells fabricated from the copolymers compared to 

pristine TQ1 polymer. The increased photochemical stability of the copolymers with 

low fraction of THT could be due to formation of stiff films that decreases diffusion 

of oxygen and moisture in to the films.  
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4.4 Effect of Low Boiling Point Solvent Additives on Photovoltaic 

Performance of Bulk Heterojunction Polymer Solar Cells 

Despite the two general rules of solvent additives [195, 199], there are limited reports 

on low boiling point solvent additives application for controlling of nanomorphology 

in organic solar cells. Among these, Chu et al. [225] reported the use of two dipolar 

solvents-dimethyl sulfoxide (DMSO, bp = 189oC) and dimethyl formamide (DMF, bp 

= 153oC) as processing additives in ortho-dichlorobenzene (o-DCB, bp = 186oC). 

They improved the device performance of PCDTBT:PC71BM based solar cells from 

6.0% to 7.1% and to 6.7% with an active area of 1.0 cm2 using DMSO and DMF, 

respectively. According to their findings, the use of these additives had significant 

impact on the aggregation and packing of the PCDTBT molecules and thus affects the 

nanoscale morphology of the resulting BHJ films. This led to a fibrous nanoscale 

morphology which gives efficient exciton dissociation, improved hole mobility 

resulting in enhanced PCE. Similarly, Mahadevapuram et al. [226] also showed that a 

low-boiling point solvent additive tetrahydrofuran (THF, bp = 66oC) in a high-boiling 

point parent solvent o-DCB was used to control nanomorphology in P3HT:PCBM 

cells. The use of this additive led to efficient charge extraction and fill factors (FF) as 

high as 69.5%. This is among the highest FF recorded ( 68%) for the P3HT:PCBM 

system [191]. The overall efficiencies however were comparable for both, devices 

with THF additive (o-DCB-THF devices) and o-DCB-only devices, due to slight 

reduction in short circuit current density (JSC) for o-DCB-THF device. Hence, the 

possibility of applications of the low boiling point solvent additives for controlling 

nanoscale morphology mentioned here above in polymer solar cells have also 
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motivated us to look for other low boiling point solvent additives in organic 

electronics applications. Here we studied the effect of low boiling point solvent 

additives iodomethane (IMe, bp = 42oC), iodoethane (IEt, bp = 72oC), and 

diiodomethane (DIMe, bp = 181oC) in high boiling point host solvent o-DCB (bp = 

186oC) on poly[2,3-bis-(3-octyloxyphenyl)quinoxaline-5,8-diyl-alt-thiophene-2,5-

diyl](TQ1):[6,6]-phenyl-C61-butyric acid methyl ester (PC61BM) and poly[N-9″-

hepta-decanyl-2,7-carbazole-alt-5,5-(4′,7′-dithienyl-2′,1′,3′ 

benzothiadiazole)](PCDTBT):[6,6]-phenyl-C71-butyric acid methyl ester (PC71BM) 

based bulk heterojunction solar cells. 

4.4.1 Photophysical Properties  

Figure 4.4.1a shows the UV-Vis spectra of films of pristine TQ1:[60]PCBM and 

same blend containing 3% (v/v) solvent additives. As previously reported, the 

absorption spectrum of TQ1 film shows two distinct peaks one at high energy and the 

other at low energy regions [203]. The peak at high energy region is due to -* 

electronic transition of the polymer. The peak at low energy region is due to 

intramolecular charge transfer between the donor moeity (thiophene) and the acceptor 

moeity (quinoxaline) of the polymer [203]. Similarly, PCDTBT has also showed two 

distinct absorption peaks at high and low energy regions due to -* and charge 

transfer electronic transitions, respectively [227]. When the polymers are blended 

with PCBMs, the valley between the high and low energy peaks of the films is 

covered due to the absorption contribution from the PCBMs resulting in more plateau 

spectra. As the absorption contribution of [70]PCBM in visible region is more than 
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that of [60]PCBM [202, 228], the absorption valley between the high and low energy 

regions of PCDTBT is highly covered.  
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Figure 4.4.1. UV-Vis absorption spectra of: a) TQ1:[60]PCBM and b) 
PCDTBT:[70]PCBM blend  films containing 3% low boiling point solvent additives 
IMe, IEt, and DIMe. 
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Moreover, blending of the polymers with PCBMs largely enhanced the high energy 

region peak of the polymers as the absorption maxima of PCBMs are in this region 

[202, 228]. Furthermore, the absorption band of films processed from 

TQ1:[60]PCBM blend solution containing 3% (v/v) solvent additives have shown 

significant increment in absorption intensity at low energy region compared to the 

pristine blend (Figure 4.4.1a). The absorption maxima of films processed from 

TQ1:[60]PCBM however did not show peak shift compared to the pristine 

TQ1:[60]PCBM which is at 620 nm. This fixed absorption maxima indicates that the 

thin films prepared using additives have amorphous phase [229]. Even though the 

exact mechanism of increment in absorption band up on addition of the solvent 

additives is not well known, it might be due to morphology change of the active layer 

[230, 231]. Hence, the increment in absorption of the blend films up on addition of 

these low boiling point solvent additives are expected to have contribution for 

improvement of current density compared to that of the pristine blend based solar cell 

devices. However,  for PCDTBT:[70]PCBM blend films, significant increment of the 

absorption bands at low energy region up on addition of the low boiling point solvent 

additives was not observed (Figure 4.4.1b). This could be due to difference in 

interaction mechanism of the additives with the two blends. 

 

Figure 4.4.2 shows the UV-Vis spectra of films of TQ1:[60]PCBM blend solutions 

containing the solvent additives with different composition in the optimization range.  
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Figure 4.4.2. UV-Vis absorption spectra of films of TQ1:[60]PCBM blend solution 
containing different composition of solvent additives: a) IMe, b) IEt, and c) DIMe. 
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Additive composition optimization for photovoltaic performance of TQ1:[60]PCBM 

blend were carried out from 2% to 3% and to 4% for which the 3% solvent additive 

composition became optimum as it resulted in enhanced PCEs for all the additives 

(Figure 4.4.3 and Table 4.4.1). As 3% (v/v) low boiling point solvent additives have 

shown significant absorption band increment at low energy region, we were also 

interested to investigate the effect of the composition of the solvent additives on 

photophysical properties of TQ1:[60]PCBM blend solution in the optimization range. 

As it can be observed from Figure 4.4.2, the absorption increment is maximum for the 

optimum composition i.e. 3% (v/v) for all the solvent additives and the absorption 

band strength was weakened for 2% and 4% composition for same blend 

concentration and spin speed even though film thicknesses of blends with 2% solvent 

additives (IEt and DIMe) are greater than blends with 3% solvent additives (Table 

4.4.1). Therefore, this difference in absorption intensity with different composition of 

additives could be due to morphology change of the active layer and the 3% additives 

might have resulted in more orderly arrangement of the blend films [230, 231]. 

4.4.2 Photovoltaic Properties 

To look in to the effect of the low boiling point solvent additives on photovoltaic 

performance of TQ1:[60]PCBM blend, percent composition by volume optimization 

were carried out for each solvent additive. The J-V curves and the corresponding 

photovoltaic parameters of devices fabricated from different additive composition 

during optimization of each additive used are shown in Figure 4.4.3 and Table 4.4.1. 

During the optimization, solar cells based on TQ1:[60]PCBM blend solution were 

fabricated from o-DCB containing 2%, 3%, and 4% (v/v) of each solvent additive.  
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Figure 4.4.3. J-V curves of solar cell devices fabricated from TQ1:[60]PCBM blend 
solution with different composition of additives: a) IMe, b) IEt, and c) DIMe. 
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Values in parentheses of Table 4.4.1 are average values of four devices. As it can be 

seen from Figure 4.4.3 and Table 4.4.1 when the composition of the solvent additives 

became 2% significant increase in fill factors for all fabricated devices were observed 

with descent decrease of short circuit current for IMe and IEt [226].  

 

Table 4.4.1. Summary of Photovoltaic parameters of solar cell devices fabricated 
from TQ1:[60]PCBM blend solution with different composition of additives IMe, IEt, 
and DIMe. 
 

Device JSC 
(mA/cm2) 

VOC (V) FF PCE (%) Additive 
used 

Thickness 
(nm) 

 

 

 

 

 

TQ1:PC61BM 

7.48(7.60) 0.80(0.79) 0.57(0.55) 3.41(3.30) No 80 

6.66(6.58) 0.82(0.82) 0.60(0.59) 3.29(3.18) 2%  IMe - 

9.27(8.99) 0.81(0.82) 0.57(0.58) 4.28(4.25) 3% IMe - 

6.17(5.78) 0.81(0.81) 0.51(0.51) 2.54(2.39) 4% IMe - 

7.23(7.13) 0.83(0.82) 0.61(0.61) 3.65(3.59) 2% IEt 84 

9.40(9.33) 0.80(0.80) 0.57(0.58) 4.41(4.35) 3% IEt 85 

6.92(6.67) 0.82(0.83) 0.53(0.53) 3.00(2.90) 4% IEt 75 

8.22(7.54) 0.82(0.82) 0.58(0.59) 3.88(3.62) 2% DIMe 85 

9.84(9.49) 0.80(0.80) 0.59(0.60) 4.66(4.55) 3% DIMe 80 

7.24(6.86) 0.82(0.80) 0.52(0.53) 3.08(2.90) 4% DIMe 75 

 

 

However, devices fabricated from DIMe containing blend solution showed little 

increase in short circuit current. The increase in fill factor for devices fabricated from 
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the blend solution containing 2% of the low boiling point solvent additives has shown 

the potential of the additives for the application of controlling nanoscale morphology 

in BHJ solar cells as in literature [225, 226]. Further increase in composition of the 

additives to 3% has largely improved the short circuit current density and average fill 

factor of all the devices resulting in enhanced PCEs. However, when the composition 

of the additives is increased further to 4%, short circuit current densities and fill 

factors of all devices for all additives are largely degraded. The decrease in absorption 

band intensities for 2% and 4% composition of the additives (Figure 4.4.2) could 

have contributed for the decrease in short circuit current density of the corresponding 

solar cell devices. However, in all additive composition, the VOC of the solar cells are 

more or less the same. Accordingly, the optimum percent composition by volume of 

all additives resulted in best performing solar cell devices was found to be 3%.   

 

Figure 4.4.4 and Table 4.4.2 show J-V curves and the summary of photovoltaic 

parameters of the best performing solar cell devices fabricated from blends containing 

3% (v/v) of each low boiling point solvent additive. Therefore, optimization of the 

composition of the solvent additives IMe, IEt, and DIMe have resulted in 

enhancement of PCE of TQ1:[60]PCBM based solar cell devices from 3.41% to 

4.28%, to 4.41%, and 4.66%, respectively. This showed the potential of these low 

boiling point solvent additives in controlling nanomorphology of BHJ solar cells 

resulting in large interface area between the donor and acceptor materials for efficient 

exciton dissociation as confirmed from morphology study of the blend films (Figure 

4.4.5).  
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Figure 4.4.4. J-V curves of solar cell devices fabricated from TQ1:[60]PCBM based 
blend solution containing 3% low boiling point solvent additives. 
 
 
 

Table 4.4.2. Summary of the photovoltaic parameters of devices fabricated from 
pristine and 3% solvent additives containing TQ1:[60]PCBM blend solutions. 

 

S.No TQ1:[60]PCBM JSC (mA/cm2) VOC (V) FF PCE (%) 

1 Pristine 7.48(7.60) 0.80(0.79) 0.57(0.55) 3.41(3.30) 

2 3% IMe 9.27(8.99) 0.81(0.82) 0.57(0.58) 4.28(4.25) 

3 3% IEt 9.40(9.33) 0.80(0.80) 0.57(0.58) 4.41(4.35) 

4 3% DIMe 9.84(9.49) 0.80(0.80) 0.59(0.60) 4.66(4.55) 

 

 



 
 

 Page 119 
 

The AFM height image of films processed from blend solutions containing 2%, 3%, 

and 4% IEt and 2%, 3%, 4%, and 10% DIMe were recorded in taping mode. As 

observed from Figure 4.4.5 addition of 2% solvent additives enhanced formation of 

networked nanomorphology structures compared to the pristine blend.   

 

 

Figure 4.4.5. AFM height images (5µm x 5µm) of: (a) pristine TQ1:[60]PCBM (RMS 
= 2.46 nm) and  (b - h) processed from 2% DIM (RMS = 2.63 nm), 3% DIM (RMS = 
1.62 nm), 4% DIM (RMS = 2.36 nm), 10% DIM (RMS = 2.82 nm), 2% IEt (RMS = 
2.18 nm), 3% IEt (RMS = 1.54 nm), and 4% IEt (RMS = 1.58 nm), respectively. 
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For blend film processed from both DIMe and IEt with 3% (v/v) more fine and 

interpenetrated networks are observed which largely contributed for the improvement 

of JSC and FF by creating large interface area between D-A components and 

extending the network between the electrodes for better charge carriers’ transport and 

enhanced PCEs of the solar cells. However, when the composition of additives 

increases to 4% (for both IEt and DIMe) and 10% (for DIMe) large grains and 

bloating are observed indicating formation of bad morphology of the blends 

hampering the performance of the solar cells [232]. This shows the potential of the 

low boiling point solvent additives to control the nanomorphology of active layer in 

polymer solar cells. The AFM images were also complemented with PL spectra 

measurement of the TQ1:[60]PCBM based blends with and without solvent additives 

to investigate further the formation of nanoscale morphology (Figure 4.4.6). 
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Figure 4.4.6. Photoluminescence spectra of TQ1 polymer film, pristine 
TQ1:[60]PCBM, and TQ1:[60]PCBM blend films containing 3% IMe, IEt, and 
DIMe. 
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As observed from Figure 4.4.6, PL intensity of TQ1 was decreased up on addition of 

the solvent additives. This increased quenching efficiency of PL of the polymer up on 

addition of the solvent additives is due to formation of better nanoscale morphology 

and creation of large interface area between donors and acceptors. The large interface 

area between donors and acceptors is an advantage for generation of excitons at close 

vicinity to the donor-acceptor interface and their diffusion to the interface to 

dissociate efficiently before decaying [191]. Therefore, the increase in PL quenching 

efficiencies of the polymers processed from blend solutions containing solvent 

additives are indicative of formation of better nanoscale morphology in BHJ solar 

cells leading to improved PCEs of the solar cells. 

 

To see the response of TQ1:[60]PCBM based solar cell devices at each and every 

absorption wavelengths, IPCE measurements were made (Figure 4.4.7).  
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Figure 4.4.7. IPCE spectra of solar cell devices fabricated from pristine and blend 
solutions of TQ1:[60]PCBM containing 3% solvent additives IMe, IEt, and DIMe. 
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It can be seen from Figure 4.4.7 that the solar cell devices fabricated from 

TQ1:[60]PCBM based blend solutions have shown good spectral response over the 

wide range of absorption wavelengths. Moreover, the action spectra are very similar 

to their corresponding UV-Vis spectra indicating the devices are responsive over all 

absorption wavelengths. Furthermore, the action spectra also indicate that the 

responses of the devices are more pronounced with addition of solvent additives that 

agrees with increase in short circuit current density of the devices fabricated from the 

blend solutions containing the low boiling point solvent additives. 

 

To see the applicability of the solvent additives on wide range of materials, solar cell 

devices based on PCDTBT:[70]PCBM blend solution were also fabricated. 

Optimizations of the low boiling point solvent additives were not carried out for this 

blend solution. However, the optimum additive composition used for TQ1:[60]PCBM 

based BHJ solar cells was applied. Figure 4.4.8 shows the J-V curves of solar cells 

fabricated from PCDTBT:[70]PCBM based blend solution containing 3% (v/v) 

solvent additives and the corresponding photovoltaic parameters are summarized in 

Table 4.4.3. As it can also be observed from Table 4.4.3, addition of 3% additive to 

the blend has also improved short circuit current density and fill factor of the devices 

compared to that of pristine device fabricated from PCDTBT:[70]PCBM blend 

solution. This is similar to that of TQ1:[60]PCBM based devices. However, devices 

fabricated from PCDTBT:[70]PCBM blend solution containing 3% IMe additive has 

shown 60 - 70 mV decrease in VOC while the other additives do not affect the VOC of 

the solar cell devices. The enhancement in PCE of the PCDTBT:[70]PCBM based 
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solar cell devices further confirm that the additives can be applied on the wide range 

of materials. 
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Figure 4.4.8. J-V curves of solar cells fabricated from PCDTBT:[70]PCBM based 
blend solutions containing 3% low boiling point solvent additives. 
 

Table 4.4.3. Photovoltaic parameters of solar cells fabricated from 
PCDTBT:[70]PCBM based blend solutions containing 3% low boiling point solvent 
additives. 
 

S.No PCDTBT:[70]PCBM JSC (mA/cm2) VOC (V) FF PCE (%) 

1 Pristine 9.66(9.92) 0.76(0.74) 0.42(0.40) 3.08(2.97) 

2 3% IMe 11.4(11.00) 0.69(0.68) 0.43(0.43) 3.39(3.21) 

3 3% IEt 10.7(10.9) 0.77(0.76) 0.46(0.45) 3.80(3.71) 

4 3% DIMe 11.7(11.6) 0.76(0.75) 0.49(0.48) 4.37(4.22) 
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In general, the study showed that the low boiling point solvent additives IMe, IEt, and 

DIMe could be applied for wide range of materials for controlling nanomorphology 

of active layer in BHJ solar cells.  

Figure 4.4.9 also shows the action spectra of PCDTBT:[70]PCBM based devices. To 

see the spectral response of the devices fabricated from PCDTBT:[70]PCBM based 

solar cell devices, the incident-photon-to-current-conversion efficiency (IPCE) 

measurements were carried out.  
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Figure 4.4.9. IPCE spectra of solar cell devices fabricated from pristine and blend 
solutions of PCDTBT:[70]PCBM containing 3% solvent additives IMe, IEt, and 
DIMe. 
 

As observed from the Figure 4.4.9, the solar cell devices fabricated from 

PCDTBT:[70]PCBM blend solutions have also shown good spectral response over 

the wide range of absorption wavelengths. Furthermore, the action spectra, similar to 
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the action spectra of TQ1:[60]PCBM based devices, also indicate that the responses 

of the devices are enhanced with addition of solvent additives that agrees with 

increase in short circuit current density of the devices fabricated from the blend 

solutions containing the low boiling point solvent additives. To see the effect of the 

solvent additives on nanoscale morphology formation of PCDTBT:[70]PCBM blend, 

PL spectra measurement was also carried out (Figure 4.4.10). 
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Figure 4.4.10. Photoluminescence spectra of PCDTBT polymer film, pristine 
PCDTBT:[70]PCBM blend films, and PCDTBT:[70]PCBM blend films containing 
3% IMe, IEt, and DIMe. 
 

 

Similar to the TQ1:[60]PCBM based films, PL intensities of PCDTBT was decreased 

up on addition of the solvent additives. This increased quenching efficiency of PL of 

the polymers up on addition of the solvent additives is also due to formation of better 
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nanoscale morphology and creation of large interface area between donors and 

acceptors fastening charge transfer before decaying radiatively or non-radiatively 

[191].  

 

To see how the additives affected the performance of BHJ solar cells for 

TQ1:[60]PCBM and PCDTBT:[70]PCBM blend solutions, we carried out solubility 

test of pristine blend films in IEt and DIMe additives [195]. Figure 4.4.11 shows UV-

Vis spectra of pristine blends and blends soaked for 5 seconds in solvent additives 

[195]. As can be seen from the UV-Vis spectra of the blends (Figure 4.4.11a and 

4.4.11b), the absorption region at lower wavelengths were decreased and the valleys 

at these wavelengths get deeper after the pristine films were soaked in the additives. 

As PCBMs absorb at lower wavelengths [202, 228], the decrease in absorption band 

intensity at lower wavelengths indicates that the PCBMs were washed out up on 

soaking in the additives and as a result their absorption feature were disappeared. This 

further confirms that the additives selectively dissolve the PCBMs verifying the 

selective solubility rule of the general additive design [195, 199]. The UV-Vis 

spectral feature obtained after soaking the films in the solvent additives have almost 

the same structure as that of the UV-Vis spectra of their corresponding polymer films 

used as references. This similarity in spectral feature of the soaked films with films of 

the polymers indicates that the later films are less or not soluble in the solvent 

additives used.  
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Figure 4.4.11. UV-Vis spectra of: a) TQ1:[60]PCBM and b) PCDTBT:[70]PCBM 
blend films in pristine form and after soaked in IEt and DIMe for 5 seconds. UV-Vis 
of the corresponding films of the polymers are also included for comparison. 
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Figure 4.4.12a and 4.4.12b are the corresponding PL spectra of the soaked films, the 

UV-Vis of which are depicted in Figure 4.4.11a and 4.4.11b, respectively. PL 

experiments were carried out to further confirm that PCBMs were washed out to 

complement the results found from UV-Vis experiments. PCBMs are efficient 

acceptors of electrons in BHJ solar cells [24]. When polymers get excited with photon 

energy at a given wavelength in the presence of PCBMs in the blend, the intensity of 

PL of polymer decreases. Therefore, the PL spectra of the soaked films in Figure 

4.4.12a and 4.4.12b obtained are evidence for the decrease of the concentration of the 

quenchers as the PL intensities of the polymers get increased compared to the PL 

spectra of the corresponding pristine (unsoaked) blends. This also confirms that it is 

the PCBMs which were washed out up on soaking. Additionally, the PL spectra also 

give information that it is DIMe which strongly interacts with PCBMs as the 

intensities of PL spectra of the films soaked in it for both blends are about one order 

of magnitude greater than the other additives. This strong interaction of DIMe could 

be due to the presence of two partially negatively charged iodides which can strongly 

interact with electron deficient PCBM acceptors. This is also in agreement with the 

high fill factors and current densities (Table 4.4.2 and 4.4.3) obtained for solar cells 

fabricated from  both TQ1:[60]PCBM and PCDTBT:[70]PCBM blend solutions 

processed in DIMe compared to IMe and IEt. 
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Figure 4.4.12. Photoluminescence spectra of a) TQ1:[60]PCBM and b) 
PCDTBT:[70]PCBM blend films in pristine form and after soaked in IEt and DIMe 
for 5 seconds.  
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4.4.3 Conclusion 

In this study it was shown that TQ1:[60]PCBM and PCDTBT:[70]PCBM bulk 

heterojunction devices processed from low boiling point solvent additives exhibited 

enhanced PCE compared to that of devices fabricated from the corresponding pristine 

blend solutions.  Accordingly, devices fabricated from TQ1:[60]PCBM blend 

containing 3% of the low boiling point solvent additives iodomethane, iodoethane, 

and diiodomethane have shown PCEs of 4.28%, 4.41%, and 4.66%, respectively as 

compared to devices without solvent additive (3.41%). Similarly, devices fabricated 

from PCDTBT:[70]PCBM blend solutions containing 3% IMe, IEt, and DIMe have 

also shown enhanced PCEs from 3.08% (control device) to 3.39 to 3.80 and to 4.37%, 

respectively. The reason for the enhancement of PCE of devices fabricated from both 

blends is mainly due to the improvement of fill factors and short circuit current 

densities up on addition of the solvent additives. In both cases addition of the solvent 

additives has not affected the VOC of the devices. The improvement of fill factors and 

short circuit current densities clearly shows that the low boiling point solvent 

additives control the nanoscale morphology of the blend films. This leads to increase 

in interface area between donors and acceptors for efficient exciton dissociation 

before decaying. The additives might also enhance the percolation of donors and 

acceptors to electrodes for efficient charge carriers transport to respective electrodes. 

Generally, we have here shown that low boiling point solvent additives IMe, IEt, and 

DIMe have potential in controlling nanoscale morphology for BHJ solar cell 

applications and enhance PCEs of OSC devices. 
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