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ABSTRACT 

 

CONJUGATED POLYMERS WITH BENZOTHIADIAZOLE AND 

BENZOTRIAZOLE FOR ORGANIC SOLAR CELLS 

 

Erer, Mert Can 

Master of Science, Chemistry 

Supervisor: Prof. Dr. Ali Çırpan 

Co-Supervisor: Prof. Dr. Levent Toppare 

 

September 2019, 68 pages 

 

In this study two novel random polymers, comprising benzothiadiazole and 

benzotriazole as the accepting units and benzodithiophene as the donor unit, were 

examined in terms of their photovoltaic performance. Moreover, effects thiophene 

and selenophene π bridges on optical, electrochemical and optoelectronic properties 

of the polymers were investigated. Optical band gap values of selenophene bearing 

P1 and thiophene P2 were found as 1.63 eV and 1.73 eV, respectively.  

Characterization of polymers via UV-Vis-NIR spectroscopy, cyclic voltammetry 

(CV), gel permeation chromatography (GPC) and thermal analysis were carried out. 

Organic solar cells (OSCs) were constructed and characterized in N2 filled glove 

box. While the polymers act as electron donors, PC71BM was the electron acceptor 

in OSCs with the device structure of ITO/PEDOT:PSS/Polymer:PC71BM/LiF/Al. As 

a consequence of measurements under standard AM 1.5 G illumination (100 

mW/cm2), the highest power conversion efficiency values were recorded as 1.60% 

and 3.83 % for P1 and P2 based OSCs, respectively.  
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Keywords: Organic Solar Cells, Selenophene, Thiophene, Benzothiadiazole, 

Benzotriazole  

 



 

 

 

vii 

 

ÖZ 

 

ORGANİK GÜNEŞ PİLİ UYGULAMALARI İÇİN BENZOTİADİAZOL VE 

BENZOTRİAZOL İÇEREN KONJÜGE POLİMERLER 

 

Erer, Mert Can 

Yüksek Lisans, Kimya 

Tez Danışmanı: Prof. Dr. Ali Çırpan 

Ortak Tez Danışmanı: Prof. Dr. Levent Toppare 

 

Eylül 2019, 68 sayfa 

 

Bu çalışmada, akseptör grup olarak benzotiyadiazol ve benzotriazol, donör grup 

olarak ise benzoditiyofen içeren iki özgün polimerin fotovoltaik performansları 

incelenmiştir. Buna ek olarak, tiyofen ve selenofen π köprülerinin, polimerlerin 

optik, elektrokimyasal ve optoelektronik özelliklerine etkileri çalışılmıştır. Selenofen 

içeren P1 ve tiyofen içeren P2 için optik bant aralığı değerleri sırasıyla 1.63 eV ve 

1.73 eV olarak bulunmuştur. Polimerler, UV-VIS-NIR spektroskopisi, dönüşümlü 

voltammetri (CV),jel geçirgenlik kromatografisi (GPC) ve termal analiz gibi 

yöntemlerle karakterize edilmiştir. Organik güneş gözeleri, N2 ile doldurulmuş 

eldivenli kabin sisteminde oluşturulmuş ve karakterize edilmiştir. Göze yapımında 

ITO/PEDOT:PSS/Polimer:PC71BM/LiF/Al şeklinde düz cihaz mimarisi kullanılmış 

olup, polimerler elektron donörü, PC71BM ise elektron akseptörü olarak 

kullanılmıştır. Standard AM 1.5 G ışıması (100 mW/cm2) ölçümler sonucunda, P1 

ve P2 bazlı organik güneş gözeleri için maksimum güç dönüşüm verimi değerleri 

sırasıyla %1.60 ve %3.83 olarak kayıtlara geçmiştir. 
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CHAPTER 1  

 

1. INTRODUCTION 

 

1.1. Solar Energy 

1.1.1. Interest on Solar Energy 

Energy production has become a very critical problem due to increasing human 

population and decreasing fossil fuel resources [1]. In today’s society, increasing 

human population and enhancing effects of global warming are considered among 

the most important problems. Excessive use of fossil fuels enhances the carbon 

dioxide emission to the atmosphere, which is a contributing factor for the climate 

change [2]. As a result, there have been a search for renewable and clean energy for 

the last decades. Among these, the most feasible source to be used is the solar 

energy, due to the increasing intensity of solar radiation reaching the earth during 

recently, and inevitable existence of sunlight during specific periods of the day [3,4].  

1.1.2. Solar Technology 

The solar technology is mainly based on the use of the semiconducting materials. In 

the market, the conducting systems are commonly based on inorganic materials. The 

solar materials are mainly consisted of silicon based inorganic materials. These 

materials possess several advantages such as high conductivity, charge mobility and 

low binding energy for excitons which all yield the relatively higher power 

conversion efficiency (PCE) values with an average of 20% [5–7]. In addition, 

enhanced stability towards air and light of the silicon materials are appealing 

characteristics of them to be the most convenient candidates among other materials 

to be used for solar cells. However, disadvantages such as expensive and challenging 

production methods, heavy weight, low absorption coefficients towards solar 

irradiation and non-tunable energy level characteristics necessitate the search for 
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alternative materials in this sphere of research [8,9]. There are several new 

technologies that are mostly under research and development stage, such as hybrid, 

tandem, dye-sensitized, perovskite and organic solar cells. All of these technologies 

are based on new materials, to create solar systems that contain the properties that the 

silicon based systems are lacking.   

1.2. Conjugated Polymers 

Conjugated polymers aroused interest for the systems that require semiconducting 

materials, due some of their promising properties. The semiconducting property of 

these materials arises from the conjugated structure they possess. 

 

Figure 1.1. Examples for the structures of some common conjugated polymers 

 

In Figure 1.1., some commonly used conjugated polymers are illustrated as an 

example.  The sp2-hybridized carbon based polymer structure provide electron 

delocalization throughout the polymer backbone. This results in the high electron 

polarizability and the semiconducting properties of the polymers [10]. For this 

reason, conjugated polymers are also called as conductive polymers. The work on 

the discovery and the development of the conjugated polymers rewarded Alan J. 

Heeger, Alan G. Mcdiarmid and Hidaki Shirakawa the Nobel Prize in Chemistry, in 
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2000. The work was mainly based on the enhanced conductivity of a conjugated 

polymer, polyacetylene, upon treatment with iodine vapor (I2) [11]. 

3x/2I2 + (CH)n → (CH)n
x+ + xI-

3  

Upon oxidation with halogen treatment, a hole and electron vacancy on the 

backbone is generated. As previously mentioned, this vacancy is carried through the 

polymer backbone bearing alternating single and double bonds. The process is called 

doping and it enhances the conductivity of polyacetylene up to 38 Scm-1, which is 

the maximum value observed for polyacetylene.   

After the discovery of conductive polymers, there have been an extensive research 

on the development and applications of the conjugated polymers. The advantages of 

such materials such as low cost, low weight, solution processability, simple device 

fabrication and tunability of the chemical structure and characteristics [10,12]. The 

possibility of synthesizing several conjugated polymers with different structures 

containing distinct monomer groups, encourage most researchers to focus on 

synthesizing novel molecules with promising characteristics as semiconducting 

materials.  

1.2.1. Application Areas of Conjugated Polymers 

Due to the semiconducting properties and the advantages of the conjugated polymers 

compared to their silicon counterparts, these molecules are promising candidates in 

terms of some application areas of materials science. These materials can be used in 

organic field-effect transistors (OFETs), electrochromic devices, organic light 

emitting diodes (OLEDs) and organic solar cells (OSCs) [13].  

1.2.1.1. Electrochromic Devices 

Electrochromism is basically defined as the reversible colour change of a material 

upon applied potential or an electric current. The process undergoes with the 

principle based on oxidation-reduction reactions. As a result of oxidation reduction 

processes taking place, there is a change in optical properties occur for the material 
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being used. This is due to the formation of new absorption bands, as a response to 

the electrochemical stimulus. Electrochromic devices can both be organic or 

inorganic based. Among these, conducting polymers possess superiorities as 

electrochromic materials, such as long-term stability, short switching time values 

which could be altered via synthetic methods, high coloration efficiency, enhanced 

optical contrast, extensive optical memory and multicolour properties due to 

commutable band gap values of organic molecules [14].  

The working principle is mainly based on the formation of polarons due to applied 

potential. Polarons are basically the positive charge carrying radicals, which are 

formed due to the oxidation of conjugated polymers, in other words, when they are 

p-doped, in which an electron is removed from its valence band, stimulated by the 

potential applied. Further oxidation forms the bipolarons which are dications that 

carry two positive charges on them. This results in the formation in an additional 

absorption band in the absorption spectra of the polymer, between 700-1000 nm. The 

formation of these charge carriers can also be observed from the depletion of the 

absorption band of the neutral conjugated system, which corresponds to the π-π* 

transitions. The reason for obtaining the polaron band at a relatively high band gap is 

the formation of additional energy states between the highest occupied molecular 

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

conjugated molecule, formed upon oxidation, as illustrated in Figure 1.2b [15,16].  

The efficiency of an electrochromic device is defined by some parameters which 

were mentioned previously. 

• Electrochromic Contrast is the change in percent transmittance as the 

polymer achieve its highest optical contrast at a specific wavelength. 

•  Coloration Efficiency is the amount of charge required for a material to 

experience a colour change. 

• Optical Memory is basically defined as the time that the electrochromic 

device sustains a specific colour 
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• Switching Time is the time required for the device to switch from one colour 

to another 

• Device Stability is the parameter that defines the time that the device could 

function without degrading. As the applied voltage increases, the device 

lifetime decreases. 

 

Figure 1.2. a) Schematic representation of an electrochromic device, b) illustration of formation of 

new energy states with oxidation of conjugated polymers 

 

The device architecture for an electrochromic device is depicted in figure 1.2a, in 

which both the anodically and cathodically coloring polymers are sandwiched 

between two indium tin oxide (ITO) electrodes. In the system, ITO substrates 

function as the working electrodes, and the gel electrolyte is used to provide ionic 

conductivity between the polymer and the sandwiched architecture. The potential 

difference is applied between two electrodes, for the polymers to perform a color 

change [17]. 

Two most common application areas of the electrochromic devices are the rear-view 

mirrors and smart windows.   

1.2.1.2. Organic Light Emitting Diodes (OLEDs) 

Organic light emitting diodes, (OLEDs) are the devices that emit light upon applied 

potential, and contain conjugated organic materials present as a thin film. OLED 
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technology aroused interest mainly for the display technologies. Owing to the 

superiorities that the conjugated materials possess compared to their inorganic 

counterparts that were mentioned previously, forced the researchers to concentrate 

on the OLEDs as an alternative to LEDs.  

The idea of using organic materials for the LED applications was mainly inspired by 

the work that Andre Bernanos performed on the organic material “acridine orange”, 

which proved that the electroluminescence can be achieved on conjugated organic 

systems, in 1953. This was followed by the work of Pope et al. at 1965, which 

proved that anthracene can perform luminescence [18]. Thus, the milestone for the 

applications of OLED technologies took place in 1987, when Ching. W. Tang and 

Stephan V. Slyke achieved bright luminance from a device comprising Alq3 (tris(8-

quinolinolato)-aluminium(III)), sandwiched between two electrodes [19]. The use of 

conjugated polymers for this technology was first performed by Richard Friend, with 

the construction and characterization of the single layer OLED by the use of poly(p-

phenylene vinylene) (PPV) as the emissive layer, which exhibits enhanced 

fluorescence when operated [20]. 

 

The working principle of OLEDs can be summarized in three main steps. 

• Charge injection on the corresponding electrodes due to the applied potential 

difference 

• Transportation of the injected charges to the emissive layer, which is a 

conjugated organic molecule, and collection of the electrons at the LUMO, 

and the holes at the HOMO 

• Radiative recombination of the electrons and the holes at the HOMO, results 

in emission of light 
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Figure 1.3. Schematic representation of basic OLED devices 

 

As it can be seen from Figure 1.3, the emissive layer is sandwiched between two 

electrodes. The ITO coated glass substrate functions as anode for the conventional 

architecture given, where holes are injected. Top contact that contains lithium 

fluoride (LiF) and aluminum (Al) functions as the cathode, in which the electrons are 

injected. The holes reach the emissive layer with the help of the hole transport layer 

(HTL), which eases the transportation of holes, by reducing the energy barrier 

between the anode and the emissive layer. The emission is transmitted by the 

transparent ITO coated glass substrate.  

1.3. Organic Photovoltaics 

As mentioned in section 1.1, the extinction of fossil fuels and the growing effects of 

global warming has urged the search for clean and renewable energy sources. 

Among them, the solar energy is the most convenient. Generally, in the market 

crystalline silicon based inorganic materials are used for the construction of solar 

cells, reaching the power conversion efficiency of 15-20%. However, as mentioned 

previously, some characteristics of the conjugated organic molecules, the focus of 

the scientific research shifted to organic photovoltaics. As the name recalls, 

photovoltaics are the systems that convert sunlight into electrical energy. Organic 

photovoltaics are the photovoltaic systems that are established by using 

semiconducting organic molecules. As it was stated before, semiconducting 
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molecules are conjugated polymers or small molecules. Due to their low cost, simple 

fabrication to large scale, solution processability, flexibility and low weight, organic 

photovoltaics aroused interest recently. Therefore, extensive researches have been 

executed on this specific topic during last decades [10].    

The most basic form of the organic photovoltaics is the organic solar cells (OSCs). 

These devices are basically diode systems that generate current as a result of 

collection of the charges generated as a result of absorption of sunlight. For the 

organic solar cells, the absorbing materials are the conjugated organic molecules. 

The first successful construction of an organic solar cell was performed by C. W. 

Tang in 1986, proposing a bilayer structure for the first time, different from the 

former single layer devices [21]. Power conversion efficiency was recorded as 1% 

for this work. The use of two distinct layers was designed for more effective charge 

separation, due to the device contained p-type copper phthalocyanine (CuPc) 

vacuum deposited on ITO to hold the holes, which are basically the positive charges 

formed due to excitation of the electron. Onto the p-type material, n-type perylene 

tetracarboxylic derivative was deposited to attain the electrons. The cathode was a 

thin silver (Ag) layer vacuum evaporated onto the n-type material. The appropriate 

use of p-type and n-type materials are important for efficient operation of organic 

solar cells, and the functions of these materials will be discussed in more detail in the 

following sections of this thesis. 

With all the research and development efforts put on the improvement of the organic 

solar cell technologies, today, the power conversion efficiency values achieved with 

the aid of this concept have overcome the level of 17% [22]. To reach this level, 

some problems occur with the use of organic photovoltaic systems have been aimed 

to be solved. To have a better insight about these problems and the milestones that 

lead the organic solar cells to today’s technology, the device architecture and the 

working principle should be well understood. 
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1.3.1. Device Architecture and Working Principle of Organic Solar Cells 

The working principle of organic solar cells can be summarized in four main steps 

[23]. 

• Absorption of light by the conjugated molecule and the formation of bound 

electron hole pairs, so called excitons 

• Exciton diffusion to the donor acceptor interphase, where the charge 

separation occurs 

• Charge separation at the donor acceptor interphase 

• Collection of the charges at the corresponding electrodes 

 

Figure 1.4. Illustration of working principle of organic solar cells 

 

As can be depicted from figure 1.4., organic solar cells require both donor and 

acceptor molecules to function properly. Terms donor and acceptor stand for 

electron donor and electron acceptor molecules. Conjugated polymers that are 

designed to absorb the sun light to execute the first step of the working principle, 

function as the electron donors, and they are classified as p-type materials. When the 

light is absorbed and the electron is excited to a higher energy level, the hole and the 

electron are in coulombic interaction until the charge separation occurs. Thus, an 
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exciton is defined as the bound electron hole pair [10,24]. The system requires a p-n 

junction to attain the effective exciton dissociation and charge separation process, 

hence an n-type electron accepting molecule is required. The reason for this is the 

high exciton binding energy (Eb) that the conjugated organic molecules possess 

compared to inorganic materials [25]. The value of this parameter is generally 

recorded as greater than 1 eV for the conjugated organic molecules [26], while the 

value is generally accepted as 14.7 meV for silicon based inorganic materials [27]. 

This is correlated to the use of an n-type material for the construction of an organic 

solar cells, as conjugated molecules cannot undergo a charge separation at room 

temperature, without an acceptor molecule acting as a driving force for the process, 

with high electron affinity. This idea was first come up when the ultrafast charge 

transfer from a conjugated polymer to fullerene by Heeger and Sariciftci was 

performed in 1992 [28]. This work also influenced the use of fullerene derivatives as 

p-type molecules. Silicon based technologies do not require p-n junction to process, 

as the exciton binding energy is low enough for the material to perform dissociation 

at lower temperatures.  

Another factor that is effective for the efficient operation of an organic photovoltaic 

system, is the energy barriers that the charges pass through to reach the electrodes. 

For the electrodes, the work function values are important. Work function of a metal 

is defined as the minimum amount of work required to remove an electron from the 

metal. As the holes are accumulated at the anode, work function of it should be 

relatively high, so that the holes could reach the low-lying Fermi level of the anode 

from the HOMO of the donor molecule, as illustrated in Figure 1.4. The work 

function of the cathode layer should be relatively lower as the electronegativity of it 

is sufficiently high to contain electrons. The LUMO level of the acceptor molecule 

should also be relatively low, so that it could bear stable excited states and be able to 

hold the electrons when the exciton is dissociated [10].  

 



 

 

 

11 

 

 

Figure 1.5. Schematic representation of a conventional organic solar cell 

 

As can be seen from figure 1.5., from bottom to top, a sample organic solar cell 

contain an transparent ITO coated glass substrate which serves as the anode and 

transmits the incoming solar radiation to reach the active layer, a hole transport layer 

(HTL) coated onto it, active layer containing donor and acceptor molecules, an 

active layer sandwiched between two electrodes and a LiF/Al metal layer as the top 

contact functioning as the cathode. The designs, the methods of processing and the 

importance of all the layers included will be explained in more detail in the 

following sections of this thesis.   

1.3.1.1. Active Layer and Bulk Heterojunction Principle 

As mentioned previously, active layer is where the absorption of the incoming solar 

irradiation and all the other steps stated up to the collection of charges at the 

corresponding electrodes. Extensive absorption coefficient values of conjugated 

polymers are the main reason of using them as the active materials for the organic 

solar cells. Organic solar cells that are constructed with the use of conjugated 

polymers are also called polymer solar cells (PSCs). n-type molecules are also 

included inside the active layer for enhanced exciton dissociation. Diffusion of the 

excitons to the donor acceptor interphase is required for the charge separation to 

occur. For this manner, bilayer devices, in which the p-type and n-type materials are 

deposited as two distinct layers, as it was performed for the wok of C.W. Tang, were 

designed and established for efficient energy conversion [21]. However, with this 
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method, performance of the OSCs did not reach the desired level, due to the low 

diffusion length values that the conjugated polymers possess. Diffusion length is the 

parameter that defines the distance that an exciton can travel without experiencing 

any recombination. The values are usually less than 20 nm, which means that for a 

bilayer device, number of excitons performing recombination before reaching the 

interphase is significantly high which reduces the overall efficiency of the OSC [29].  

Bulk heterojunction (BHJ) idea was developed by N. S. Sariciftci and A. J.  Heeger 

to overcome the problems arising from the low diffusion length of the conjugated 

polymers [23]. The system is mainly formed by mixing the donor and acceptor 

molecules in the same blend. The design reduced the distance for the excitons to 

reach donor interphase, by increasing the donor acceptor interfacial area. These lead 

the improvement of the exciton dissociation and overall power conversion efficiency 

values for the OSCs. Hence, the application of BHJ concept started a new era in 

terms of the development of OSCs [30]. 

 

Figure 1.6. Schematic representation of a) bilayer OSC b) BHJ OSC 

Figure 1.6. illustrates the difference between the bilayer and BHJ layers. As can be 

seen from Figure 1.6.b, bulk heterojunction provides an interpenetrating network 

between the donor and the acceptor molecules to enhance the number of charge 

separation taking place. The bicontinuous network in the active layer is illustrated in 

figure 1.6.b, as an example of an ideal morphology. The paths reaching the 

electrodes are called the percolation pathways and required for the charges to reach 

the corresponding electrodes, without being trapped and recombine [31,32].  
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1.3.1.1.1. Donor and Acceptor Molecules 

1.3.1.1.1.1. Characteristics of Ideal Donor Molecules 

Apart from being conjugated systems, donor molecules should possess some other 

characteristics to serve efficiently as a donor molecule. The structures of the 

conjugated polymers can be altered by synthetic methods to achieve the desired 

properties. One of the characteristics that the semiconducting polymers should attain 

is the high charge mobility to perform efficient charge transport towards the anode. 

Well-organized planar backbone, little variation in torsion angle, enhanced 

regioregularity and high order crystallinity are the factors that enhance the charge 

mobility [33]. The conjugated polymers to be used for OSC applications are usually 

synthesized as donor-acceptor (D-A) type, where the electron rich monomers which 

serves as the donor, and the electron poor acceptor units are coupled [34]. The 

monomers contain alkyl side chains, for optimized solubility [35]. Recently, 

conjugated polymers are being synthesized with antisymmetric alkyl side chains. 

This improves the order of crystallinity and the charge mobility for the polymers 

[36].  

The band gap (Eg) of the synthesized conjugated polymer is also very important in 

terms of its photovoltaic performance. Eg of a conjugated polymer is basically 

defined as the energy gap between its HOMO and LUMO levels. Eg values should 

be optimized to keep the parameters that contribute to the power conversion 

efficiency of the device constructed. The portion of the solar spectrum that the 

polymer absorbs is directly related to the photocurrent generated by the device. 

Standard solar spectrum that is used for the characterization of the OSCs is AM1.5G, 

which will be discussed in more detail in the following sections, covers a spectrum 

from 300 to 1000 nm. That means a significant portion of the spectrum resides on 

the near infrared (NIR) region. So that low band gap values are preffered, ideally 

around 1.2 eV, to absorb in the NIR region [37,38].  D-A polymer synthesis idea 

mainly came up for the need of tailoring the band gap of the polymers. Donor 
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moieties in the polymer backbone are mainly units that possess high energy frontier 

orbitals as they are electron rich. Electron poor acceptor moieties exhibits lower 

energy frontier orbitals. Coupling of these two groups results in the hybridization of 

the frontier orbitals, resulting a polymer HOMO level closer to the HOMO of the 

donor unit, and a LUMO level closer to the energy levels of the acceptor moiety. 

This results in narrow band gap formation [39]. 

 

Figure 1.7. Molecular orbital hybridization for a D-A type conjugated polymer 

 

However, lowering the Eg values below the ideal values might result in reduction of 

open circuit voltage (VOC) which decreases the power conversion efficiency. 

Therefore, Eg values should be optimized. The concept of VOC will be discussed in 

more detail in the following sections.  

Molecular weight (Mw) of the polymer is also critical for the performance of the 

OSC. Low Mw causes lower absorption of the polymers towards the solar spectrum 

and excessive solubility leading wider fibrils of polymers reducing the efficiency of 

exciton diffusion to the donor acceptor interphase without charge recombination 

[40]. On the other hand, when Mw is too high, solubility of the polymers in the 
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organic solvents decrease, resulting in problems of processing and a decrease in 

photovoltaic performance.  

Recently, synthetic variations on conjugated polymers to reduce EB and increase the 

diffusion length values are being studied and successful efforts have been put to 

increase the efficiency of the OSCs. Incorporation of π-bridges to enhance the π-

conjugation length, fluorination of the backbone to manipulate the frontier orbital 

energy levels are some of the synthetic variations being applied, and most of the 

attempts improved the results.  

1.3.1.1.1.2. Acceptor Molecules 

Generally, fullerene (C60) based molecules are used as the acceptor groups for BHJ 

based OSCs, due to the triply degenerate, stable excited states they possess and 

advanced electron transport properties [41]. However, chemically modified versions 

of the fullerene derivatives are used, such as phenyl-C61-butyric acid methyl ester 

(PC61BM), with enhanced solubility in organic solvents compared to unmodified 

fullerene. The solubility is enhanced with the incorporation of a side chain to the 

fullerene structure [42]. PC71BM, the C70 derivative is more commonly used 

compared to PC61BM as acceptor molecule, due to higher absorptivity coefficient it 

possesses and higher potential to form self-organized and ordered phase separation 

and morphology with the conjugated polymers [43]. It is because of the loss of 

symmetry for the Buckyball in case of C70. Processing PCBM derivatives as 

acceptor molecules for the BHJ might be limiting in terms of the power conversion 

efficiency of OSCs, as the energy levels cannot be altered, they can attain limited 

interaction with the conjugated polymers in the BHJ film, and they possess low 

absorptivity coefficients towards the solar spectrum. Hence, recently, there have 

been excessive efforts on synthesizing non-fullerene acceptors, which are designed 

to comprise the characteristics that the fullerene derivatives are lacking, and the 

superiorities of PCBM as an acceptor at the same time. In this manner, non-fullerene 
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acceptors, such as ITIC and IEIC are being used to improve the performance of 

organic photovoltaic devices [44].  

 

Figure 1.8. Structure of PC71BM 

 

1.3.1.1.2. Active Layer Morphology 

The morphology of the active layer is a key contributor for the overall efficiency of 

an OSC. Even though the BHJ concept solves the problem of exciton dissociation, if 

the active layer morphology does not exhibit percolations that eases the 

transportation of the charges to the electrodes. For such a situation, charges might 

get trapped and non-geminate recombination might occur. Note that geminate 

recombination is the recombination taking place before any dissociation occur, and 

the non-geminate recombination is the recombination after the charge separation 

process [45]. 

 

Figure 1.9. Schematic representation of a) ideal morphology b) non-ideal morphology for a donor 

acceptor blend, where the red region stands for the donor and blue region stands for the acceptor 
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Figure 1.9. illustrates the difference between an ideal and a morphology with a poor 

quality. As mentioned before, the main difference is the percolations that leads the 

charges to the corresponding electrodes. Due to the problems that a poor 

morphology could cause, morphology control at the nanoscale is important for 

efficient OSC operation [46].  

1.3.1.1.2.1. Morphology Control 

1.3.1.1.2.1.1. Donor-Acceptor (D-A) Blend Ratio 

Donor-acceptor blend ratio means the relative ratio of the quantity of donor inside 

the active layer blend to the amount of acceptor molecules. Both contribute to the 

overall performance of the OSC differently. The donor molecule mainly functions as 

the absorber so that increasing the quantity of the donor molecule mainly results in 

the enhancement of the absorption of the incoming solar irradiation by the active 

layer. The acceptor is mainly responsible for the charge transport properties of the 

active layer. As the ultrafast charge transfer is achieved at the donor acceptor 

interface, theoretically, an increase in the charge separation efficiency and the 

transportation of the separated charges to the corresponding electrodes is observed. 

So that the absorbance and the charge transport should be balanced in the active 

layer morphology, by optimizing the D-A blend ratio [47,48].  

1.3.1.1.2.1.2. Choice of Solvent 

Solvent processability of the conjugated polymers is one of the most important 

advantages for the OSC applications. Hence, choice of solvent is important to obtain 

a good morphology of the active layer. Usually, D-A blend films processed from 

high boiling point solvents, such as chlorobenzene (CB) or orthodichlorobenzene (o-

DCB), reaching the values around 180°C, possess higher performance, compared to 

low boiling point solvents such as chloroform. The main reason for this is that the 

blend can perform thermal treatment at higher temperatures, so that there is more 

time for the donor molecules to crystallize and align more regularly. For chloroform, 

as the solvent evaporates rapidly, an acceptor rich morphology in a polymer rich 



 

 

 

18 

 

matrix is formed, in which the domains with large size form. Large domain size 

yields less interfacial area, which reduces the number of efficient charge separation. 

This situation causes the exciton dissociation without charge recombination and 

charge transport charge transport to become more challenging. However, some 

polymers possess insufficient solubility in high boiling point solvents, such as CB 

and o-DCB, so that alternative solvent systems such as chloroform might be 

required. To achieve tolerable solubility and better morphology at the same time, 

with smaller domain size and more interpenetrated D-A network, co-solvent systems 

are also used. In such systems, chloroform acts as the host solvent, different volumes 

of o-DCB up to 5% vol is added to the solvent system, to achieve optimum 

morphology. Figure 1.10. illustrates the change in morphology as D-A blends are 

processed from different solvents [49,50].  

 

Figure 1.10. TEM images of thin films spin cast from (a) CF, (b) CB, and (c) DCB 

 

1.3.1.1.2.1.3. Thermal Annealing 

The D-A phase separation takes place in the solution. However, as the active layer is 

spin-casted, the process is paused. The phase separation and the alignment of the D-

A blend can be further improved by specific methods. Recent researches have 

proven that the thermal annealing of the film deposited at high temperatures up to 

150°C improves the performance of the active layer and the OSC. This improvement 

is correlated to the enhanced crystallinity of the phase separated donor and acceptor 

networks, improving the charge mobility and transportation through the film, 
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enhancing the efficiency of separated charges to reach the corresponding electrodes. 

The increase in the efficiency of the OSCs upon thermal annealing is related to the 

decrease in series resistance. These improvements could be proven by the red-shift 

observed for the UV-Vis absorption spectroscopy of the polymers, due to 

enhancement of interchain interaction of highly organized polymers with improved 

crystallinity. For one of the most common conjugated polymers used in the OSC 

applications, poly(3-hexylthiophen-2,5-diyl), it is proven that to achieve a significant 

power conversion efficiency value, thermal annealing around 110°C is required, by 

several researches [51].  

1.3.1.1.2.1.4. Solvent Annealing 

Solvent annealing is another technique to improve the phase separation of the film. It 

is a slow growth process that alters the orientation of the polymer film. The ordering 

of the polymer can be controlled with the manipulation of the rate of solvent 

annealing. The process includes the solvent transmitting the mobility of the polymer, 

and sudden removal of defects at the film. This method results in highly oriented and 

nearly defect free formation of improved morphology, with interpenetrated D-A 

phase separation [52,53]. 

1.3.1.1.2.1.5. Processing Additive 

Processing additive provides one of the most effective and basic methods to control 

the morphology of the active layer. Trace amounts of additives can serve as a useful 

tool to improve the morphology of the D-A blend. Additives generally display 3 

specific characteristics. 

• They should be miscible with the host solvent. 

• They comprise higher boiling point compared to the host solvent. 

• They exhibit selective solubility towards the acceptor molecules, such as the 

enhanced side chain solubility provided for PCBM.  
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When the D-A blend solution is cast, the phase separation might yield with the 

domain sizes that are too small or too large compared to the optimum scale. This 

causes problems with the exciton diffusion and charge transport and might increase 

the number of charge recombination. When the solution is processed via additives, 

the selectively dissolved PCBM molecule are interpenetrated through the polymer 

matrix, enhancing the D-A interfacial area and decreasing the domain size. Without 

additives, PCBM molecules aggregate by forming undesired phase separation with 

the donor type conjugated polymers. 1,8-Diiodooctane (DIO), chloronaphthalene 

(CN) and diphenyl ether (DPE) are common processing additives that increase the 

power conversion efficiency of the OSCs via improved morphology, by forming 

bicontinuous interpenetrating network between the donor and acceptor molecules. In 

addition, as the additives are less volatile compared to the host solvent, allowing to 

blend to perform the bicontinuous D-A interpenetrating network phase separation to 

take place before the solvent evaporates during thermal treatment of the solution. 

Figure 1.11. illustrates how acceptor molecules such as PCBM is dispersed through 

the polymer matrix to form the interpenetrating network, without aggregating, by 

processing with the solvent additives [54,55].  

 

Figure 1.11. Illustration of the effect of additive treatment for the phase separation of D-A blends 
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1.3.1.1.2.1.6. Active Layer Thickness 

Solution processable D-A blends are spin cast onto the HTL, to form a thin layer 

film. The rate of spin casting process is inversely related with the Thickness of the 

film is a key parameter for the photovoltaic performance of a conjugated polymer. 

Optimum thickness is a characteristic property for a specific D-A blend, depending 

on several parameters. As mentioned previously, photocurrent generated by the OSC 

is directly related to the portion of the solar spectrum absorbed by the active layer. 

Enhanced thickness results in increased absorption of the active layer towards solar 

irradiation. So for the polymers with relatively lower absorptivity coefficient values, 

thickness of the active layer should be high to harvest the sunlight efficiently. 

However, as discussed previously, organic conjugated polymers possess low 

diffusion length values. Compared to their silicon based inorganic counterparts, 

charge mobilities are proven to be lower. So that for polymers with low diffusion 

length and charge carrier mobility, excessive thickness might result in several 

recombination processes before the charges reach the electrodes from the active 

layer. Thus, active layer thickness should be optimized for improved morphology. 

Usually, for D-A blends containing conjugated polymers as the donor molecules, the 

optimum active layer thickness is determined to be 100 nm. However, this value 

could be higher or lower for specific polymers, due to its absorptivity and charge 

transport properties, as mentioned before [56].  

1.3.1.1.2.1.7. D-A Blend Solution Concentration 

Concentration of the D-A blend solution should also be optimized to achieve 

optimum morphology for a conjugated polymer being characterized. Again, similar 

to the case of achieving thicker active layers, increasing concentrations improves the 

absorption of the solar spectrum by the D-A blend. Yet, D-A blend solution 

concentrations exceeding 40 mg/mL are not usually included in the optimizations of 

the morphology or possess no improvement on the photovoltaic performance of the 

polymers. This is mainly caused by the solubility problems that the blend 
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experiences at very high concentrations. In addition, when the concentration is too 

high, again the thickness of the active layer processed might exceed the optimum 

values, reducing the efficiency of the photocurrent generation by the device and the 

overall photovoltaic performance of the polymer [57].   

1.3.1.2. Anode 

Indium tin oxide (ITO) and fluorine-doped tin oxide (FTO) are generally used as the 

anodes for OSCs. FTO is usually preferred when the device is processed at high 

temperatures, as its thermal stability is higher compared to ITO. The high work 

function, good conductivity, high transparency in the visible region and non-toxic 

nature of ITO make it a good candidate to be used as the anode. Work function of 

ITO is calculated to be around 4.70 eV, which enables the holes to reach the fermi 

level from the HOMO of the donor molecules. The transparency in the visible region 

is higher than 90%, which transmits the solar irradiation towards the active layer, for 

efficient absorption. Again, high conductivity values reaching 15 Ω/sq, eases the 

charge collection and the energy conversion performed by the device [58–60]. 

1.3.1.3. Hole Transport Layer (HTL) 

Generally, for OSCs built with conventional architecture, between the anode and the 

active layer, there is HTL coated to reduce the energy barrier between those two 

layers. HTL should comprise specific aspects to serve as an OSC with high 

photovoltaic performance [61]: 

• HTL requires semiconducting properties. 

• It should possess high transmittance in the visible region. 

• It should possess relatively high Eg value, low HOMO level to reduce the 

energy barrier with the HOMO of the donor polymer and high LUMO level 

to block possible electron transport from acceptor moieties.  

In the earlier stages of development of OSCs, polyaniline was used as the HTL. 

However, recently, the most popular material used as the HTL for OSCs is the 
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polymeric material, named as poly(3,4-ethylenedioxythiophene)-

poly(styrenesulfonate) (PEDOT:PSS). PEDOT:PSS is a water soluble ionic 

molecule, in which PEDOT acts as the hole carrying semiconductor while PSS 

serves as a dopant for PEDOT to enhance the dispersion stability. The reason for the 

choice of PEDOT:PSS to polyaniline is the higher conductivity and higher thermal 

stability that it possess. HOMO of PEDOT:PSS is aligned around -5.0 eV, and the 

LUMO is placed around -2.2 eV, provide the polymer both hole transport and 

electron blocking properties [60,62].  

 

Figure 1.12. Structure of PEDOT:PSS 

 

1.3.1.4. Cathode  

For OSCs, cathode serves as the top contact, and the most important aspects of an 

ideal cathode layer is the high conductivity and relatively lower work function (high 

electronegativity) to hold the electrons. In this manner, for conventional architecture, 

metal contacts such as silver (Ag) and aluminum (Al) are used. Ag has a work 

function around 4.70 eV, which is close to ITO. So that the electron transport 

through the cathode could be challenging, due to high work function of the metal, 

without the use of an electron transport layer (ETL). Therefore, before the deposition 

of Ag layer, there are usually interfacial layers coated onto the active layer. Ag is 

usually used with calcium (Ca) as the top contact, to reduce the active work function 

of the Ag layer [63].  
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Al, is a commonly used metal as the cathode, with a work function of 4.30 eV. 

Although the work function is quite low, Al is also used via an interfacial layer, 

which is lithium fluoride. LiF possess a work function around 2.90 eV, which 

corresponds to an energy level above the LUMO of the acceptor molecule (-3.90 eV 

for PC71BM). As a result, it causes the electron to jump to a higher energy level, 

which is more excited and less electronegative, during the transportation towards the 

cathode. Hence, when LiF layer deposition becomes greater than 0.7 nm, LiF begins 

to bear insulating properties. However, deposition of thin layer LiF before Al 

deposition is required for reasons other than electron transport. One of the reasons is 

the high boiling point of Al. At standard conditions, the boiling point of Al is 

recorded as 2.470 °C, which is much higher than the temperatures that the active 

layer can tolerate without degrading. Although the Al layer is vacuum deposited and 

the evaporation temperature is reduced, LiF layer coated onto the active layer 

prevents hot bombing of the Al metal onto the D-A blend, as a precaution to polymer 

degradation. In addition, it provides a smooth surface for Al deposition, improving 

the contact quality between the active layer and the cathode, and reducing the series 

resistance of the device to improve the overall photovoltaic performance. Lastly, LiF 

reduces the active work function of Al layer, to decrease the energy barrier between 

the Al and the LUMO of the acceptor molecule for efficient transport of electrons to 

the cathode, as an ETL. Lastly, due to very low work function, LiF functions as a 

hole blocking layer to enhance the shunt resistance [60,64].  

1.4. Parameters Affecting the Overall Performance of an OSC 

1.4.1. Solar Spectra and Standard Solar Spectrum (AM1.5G) 

Solar spectrum changes during day, mainly due to the relative angle of the incoming 

solar radiation to the Earth surface. There are several solar spectra that are classified 

due to the angle of incidence and the total intensity of the incoming light. The 

classification of solar spectra are usually defined in terms of “air mass”, abbreviated 

as AM, stands for the ratio of the direct optical pathlength that the solar irradiation 
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follows to the Earth atmosphere, to the vertical path length of solar irradiation to the 

zenith, where the intensity of the light reaching the atmosphere is the highest. The 

AM coefficient in the naming of the spectrum, in which AM0 stands for the 

irradiation following the vertical path from the Sun to the atmosphere. For AM1.5, 

the angle of the solar irradiance relative to the zenith angle is 48.2°, and as the name 

recalls, AM coefficient is determined as 1.5. This coefficient can be calculated as the 

cos-1(48.2°) for AM1.5 spectrum, and be varied depending on the angle for all other 

solar spectra. Naming of the spectrum ends with the symbol defining the type of 

irradiation considered for characterizations. Symbol D stands for direct solar 

radiation reaching the Earth atmosphere. On the other hand, symbol G stands for the 

global radiation, which considers the direct solar radiation and the diffuse radiation 

that includes the reflected and scattered light. For space applications, usually AM0G 

spectrum, which has the highest intensity of 1366.1 W/m2 among all solar spectra, is 

used for standard characterization methods. However, the research on energy 

production from solar irradiation on Earth by the aid of flat plate modules utilizes the 

AM1.5G spectrum as the standard conditions, with total intensity of 1000 W/m2. The 

absorbable portion of this spectrum mainly covers wavelength region between 300-

1000 nm, including the UV-Vis NIR region. As discussed in section 1.3.1.1.1.1., the 

photocurrent generated is directly related to the portion of the spectrum absorbed, so 

that for OSCs, narrow band polymers are desired for enhanced absorption of 

AM1.5G spectrum.  



 

 

 

26 

 

 

Figure 1.13. AM1.5G standardization 

 

1.4.2. Power Conversion Efficiency (PCE) 

Power conversion efficiency, (PCE) is basically the ratio of the maximum power 

generated by the solar cell to the ratio of the total power applied on the device by the 

solar spectrum. So that this parameter can be defined as the maximum efficiency of a 

solar cell. However, in order to fully understand the concept of PCE, some other 

parameters related to the performance of a solar cell should be defined. The PCE of a 

solar cell is defined after current-voltage characterization of a solar cell, under 

AM1.5G illumination. Figure 1.14. illustrates a sample current density-voltage (J-V) 

curve, including all the parameters that could be defined from it [23]. 



 

 

 

27 

 

 

Figure 1.14. Illustration of a sample J-V curve 

 

With all the parameters denoted on Figure 1.14., the PCE can be determined with the 

use of the following relation: 

PCE% = 
𝑃𝑂𝑈𝑇

𝑃𝐼𝑁
𝑥100 = 

𝐹𝐹𝑥𝐽𝑆𝐶𝑥𝑉𝑂𝐶

100 𝑚𝑊/𝑐𝑚2 
 𝑥100 = 𝐹𝐹𝑥𝐽𝑆𝐶𝑥𝑉𝑂𝐶                                          (1)      

These parameters and the factors affecting them should be well understood, in order 

to determine PCE for a solar cell.  

1.4.2.1. Open Circuit Voltage (VOC) 

As it can be seen in Figure 1.14., open circuit voltage, (VOC) can basically be defined 

as the voltage recorded when there is no current flow through the system.  

VOC ≈ ELUMO,A - EHOMO,D + kBT/e{ln(nenh/N2c )}                                                           (2) 

Equation 2 is the approximation given for the determination of VOC values [23,65]. 

ELUMO,A, stands for the LUMO of the acceptor molecule and EHOMO,D stands for the 

HOMO of the donor molecule. This means that the VOC values for OSCs are mainly 

determined by the energy difference between the LUMO of the acceptor and HOMO 

of the donor molecules. Normally, VOC is determined by the difference in the work 
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functions of the electrodes. However, for the recently developed OSC designs, VOC 

values are enhanced towards the interfacial layers used in the device architecture, 

mainly by the active layer. As mentioned previously, in order to prevent losses from 

VOC, HOMO levels should not be increased excessively to achieve a narrow band 

gap for conjugated polymers in OSCs. Use of non-fullerene acceptors with alterable 

LUMO levels is another method to increase VOC for OSCs [44,66].   

Other than the HOMO and LUMO levels, VOC values are related to how efficiently 

charges are collected at the corresponding electrodes. So, the factors that affects the 

overall photovoltaic performance of an OSC, such as optimum morphology, contact 

quality between the layers and the charge transport through the device via 

compatible energy levels is related to high VOC values. Also, high shunt resistance 

values are required for high VOC values. Shunt resistance basically defines the power 

loss of a solar cell via leakage of current. This might happen when charges prefer 

alternative patterns to reach the electrodes. Such situation might result in the 

collection of the holes at the electrodes, and electrons at the anodes. This would 

decrease the potential difference created between the electrodes when the light hits 

the solar cells, leading to lower VOC values. This is why HTL and ETL materials to 

show electron blocking and hole blocking properties, respectively, is very important. 

Defect free device processing is also a very important parameter for desirable VOC, 

as defects directly reduces the work function of the electrodes and materials, and the 

VOC values negatively [10,67].  

1.4.2.2. Short Circuit Current Density (JSC) 

Short circuit current density (JSC) is defined as the current density measured for a 

solar cell when there is no external voltage applied. Rather than short circuit current, 

it is called the current density because it is the current value measured for the area of 

the solar device. For an OSC, JSC value is mainly related to the absorption of the 

active layer. So that, as discussed previously, increasing the active layer thickness, 

D-A blend concentration and enhanced donor molecule loading to the D-A blend 
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increases the absorption, these applications are expected to enhance the JSC value. 

However, the parameter is also highly dependent on the effective charge collection 

on the electrons in addition to the number of excitons formed, so it requires low 

series and high shunt resistance values. This means, for desirable JSC, all the 

characteristics defined for an ideal conjugated polymer and ideal, defect free OSC 

design are required. Note that, high absorption is achieved for low band gap 

conjugated polymers. 

1.4.2.3. Fill Factor (FF) 

Fill factor (FF) is a parameter that defines the portion of a solar cell’s maximum 

performance that it can exhibit. The parameter is explained by the following relation: 

𝐹𝐹 =  
𝐽𝑚𝑎𝑥𝑥𝑉𝑚𝑎𝑥

𝐽𝑆𝐶𝑥𝑉𝑂𝐶
                                                                                                         (3) 

For an ideal case, the value of FF equals to 1. The ideal condition is pointed by the 

white region included in the J-V curve given in Figure 1.14. However, the real life 

case holds as the green box given in the J-V curve illustrated in Figure 1.14., denoted 

as Pmax. Maximum power generated by the solar cell is determined by Jmax and Vmax, 

which are lower than the ideal values. All parameters affecting JSC value other than 

the absorption of the active layer, affects FF values as well. All aspects affect the 

VOC values other than the difference between EHOMO,A and ELUMO,D, and the work 

functions of the electrodes influence the FF value as well, for OSCs. This is because 

the high FF values are also related with the collection of the charges at the 

corresponding electrodes and require low series resistance and high shunt resistance. 

However, the degree of losses from the already determined JSC and VOC values are 

determined by the active layer morphology. Thus, FF value is mainly determined by 

the effective D-A phase separation at the active layer, with an interpenetrated 

bicontinuous morphology, with optimum domain sizes. As a result, FF is mainly 

affected by the active layer morphology [10,68].  
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1.5. Incorporation of π-bridges and Fluorination on Conjugated Polymers 

As previously discussed, photovoltaic performance of conjugated polymers can be 

enhanced by the extension of conjugation length by the incorporation of π-bridges. 

This enhances the degree of electron delocalization through the polymer backbone, 

to enhance the electronic properties of the conjugated polymers. In addition, this 

extension is proved to enhance the intramolecular charge transfer from the electron 

rich donor unit to electron poor acceptor unit in the polymer backbone [69]. This 

helps to molecule to perform red-shift in the absorption spectra, to achieve a lower 

Eg. Thiophene and selenophene units are two types of moieties used commonly for 

conjugated polymers to serve as π-bridges.  

 

Figure 1.15. Structures of a) thiophene and b) selenophene moieties 

 

Due to more rigid backbone, less aromatic and more quinoid character, recent works 

have shown that conjugated polymers bearing selenophene units have lower Eg 

compared to the thiophene comprising ones [70]. Moreover, high polarizable nature 

of selenophene results in higher charge mobility [71].  

In order to tune the energy levels of the frontier orbitals, introduction of the fluorine 

atom to the polymer backbone is also an emerging method. As the fluorine atom is 

the most electronegative element and among all the electron withdrawing units it is 

the smallest one, it does not cause any steric hinderance and yields downshifted 

HOMO and LUMO levels for the conjugated polymers. This yields higher VOC 

values for the conjugated polymer based OSCs [72–74].  
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1.6. Aim of the Study  

In this study, photovoltaic characterizations of two fluorine incorporated novel 

polymers bearing benzothiadiazole and benzotriazole as the acceptor units, and 

benzodithiophene as the donor unit are aimed to be carried out. Conventional OSC 

device architecture was used for the characterizations of the polymers. The effect of 

incorporation of thiophene and selenophene on the band gaps and photovoltaic 

performance of the polymers were investigated. Electrochemical, optical, 

spectroelectrochemical, kinetic, thermal and photovoltaic characterizations of the 

selenophene bearing P1, and thiophene bearing P2 were carried out. Molecular 

weight values were determined by using the gel permeation chromatography (GPC) 

technique.  

 

Figure 1.16. Structures of polymers a) P1 and b) P2 
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CHAPTER 2  

 

2. EXPERIMENTAL 

 

2.1. Materials and Equipments 

Polymers P1 and P2 were synthesized by Duygu Keleş from Çırpan’s research group 

and supplied by the synthesis laboratory. Weight average molecular weight (MW) 

values are determined to be 9 kDa and 15 kDa, for P1 and P2, respectively. Polymer 

films were prepared by coating polymer solutions (2 mg/mL) onto the ITO coated 

glass substrates. Polymer coated ITO (working electrode), Pt wire (counter 

electrode), and Ag wire (reference electrode) were placed in a cell containing 0.1 M 

tetrabutylammonium hexafluorophosphate/acetonitrile (TBAPF6/ACN) mixture. ITO 

coated glass substrates were supplied from VisionTek Systems. Electrochemical 

studies were performed with Gamry 600 potentiostat, and an Agilent 8453 

spectrometer was used for spectroelectrochemical measurements. PSC device 

fabrication and characterization were achieved in a glove box system (MBraun). 

Toluene and 2-propanol used for the ITO cleaning process was supplied from Sigma 

Aldrich Chemical Co. Ltd. Cleaning detergent was purchased from Hellmanex and 

PEDOT:PSS 4083 was supplied from Heraeus. Methanol, orthodichlorobenzene, 

chloronaphthalene and methanol was supplied from Sigma Aldrich Chemical Co. 

Ltd.  LiF and Al were purchased from Kurt J. Lesker. A Perkin Elmer Differential 

Scanning Calorimetry was used for Differential Scanning Calorimetry (DSC), and a 

Perkin Elmer Pyris 1 TGA was used for thermogravimetric analyses (TGA) at a 

heating rate of 10°C/min under nitrogen atmosphere. TEM analysis for morphology 

imaging was performed by METU Central Laboratory.  
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2.2. Electrochemical Studies 

Polymers P1 and P2 were dissolved in chloroform (2 mg/mL) and spray coated onto 

the ITO substrate via Omni spray coating gun. In electrochemistry experiments, a 

three electrode experimental setup was established, in which ITO was used as the 

working electrode, Ag as the reference electrode and Pt as the counter electrode.  

Tetrabutylammonium hexafluorophosphate (TBAPF6) was used as the supporting 

electrolyte, whereas acetonitrile (ACN) was used as the solvent. Cyclic voltammetry 

(CV) experiment was conducted to carry out the electrochemical studies. Cyclic 

voltammograms were monitored between suitable potentials for P1 and P2 at a scan 

rate of 100 mV/s at room temperature. With the CV measurements, HOMO and 

LUMO levels of the polymers were determined. These values were used to calculate 

the electronic band gap values for the polymers.  

2.3. Optical Studies  

Optical properties of polymers were investigated in visible and NIR regions by 

spectrophotometer. Polymers were dissolved in chloroform (CHCl3) and   spin coated 

on glass substrates to identify the thin film absorption spectra of the polymers. 

Solution absorption spectra of the polymers were also studied for polymers by 

spectrophotometer. As a result of optical studies, absorption wavelengths of the 

polymers were determined to calculate the optical band gap values.  

2.4. Spectroelectrochemical Studies  

In this experiment, polymer films were exposed to stepwise oxidation potentials. 

Polymers were dissolved in CHCl3 and spray coated on ITO coated glass substrates. 

0.1 M TBAPF6/ACN were used as the supporting electrolyte/solvent system. Three 

electrode which consists of reference electrode (Ag), counter electrode (Pt), and 

working electrode (polymer coated ITO) were immersed in supporting 

electrolyte/solvent. 
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2.5. Kinetic Studies  

In order to investigate optical contrast and switching time of the polymers kinetic 

studies were carried out. Three electrode system was constructed in a quartz cell as 

described for the spectroelectrochemistry part. 

2.6. Device Fabrication and Characterization  

Photovoltaic parameters of P1 and P2 are investigated with the device structure of 

ITO/PEDOT:PSS (40 nm)/Polymer:PC71BM/LiF (0.6 nm)/ Al (10 nm).  

2.6.1. ITO Cleaning 

ITO glass substrates purchased from Visiontek were etched via zinc powder and 

hydrochloric acid treatment. This was performed to reduce the active area on the 

glass substrate, to reduce the possibility of defect formation during device 

fabrication process. This process was followed by ultrasonication in toluene, 

detergent, water and isopropyl alcohol respectively. The sonication was carried out 

for 15 minutes for each solvent indicated. Thereafter, substrates were dried with 

nitrogen gun and O2 plasma treatment was performed for 5 minutes. Plasma 

treatment was performed to enhance the work function of the ITO substrate, to 

reduce the surface tension of the hydrophobic ITO surface for efficient PEDOT:PSS 

coating, and mainly, to etch the organic residues remaining on the ITO surface. 

2.6.2. PEDOT:PSS Coating 

The ITO cleaning process was followed by spin-coating of PEDOT:PSS in an 

ambient atmosphere G3P Spincoat of Speacilty Coating Systems. The PEDOT:PSS 

layer was spin coated out of the glove box system, as a precaution to contamination 

of the system by the water based nature of the PEDOT:PSS solution. The spin 

coating was carried out at 4000 rpm, for 40 s.  Prior to spin coating process, the 

PEDOT:PSS solution was filtered through the 0.45 µm polyethersulfone (PES) 

filters. After the layer was coated, baking of the coated substrates at 135°C for 15 

minutes was performed, to remove water residue left on the layer. 
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2.6.3. Active Layer Processing  

Polymer:PC71BM blends with different weight ratios, different blend concentrations 

(w/v) and different solvent additive concentrations (v/v%) were prepared in o-

dichlorobenzene (o-DCB). Active layers were spin coated in nitrogen filled glove 

box, with different spin-coating rates to determine the optimum thickness.  

2.6.4. Metal Evaporation 

0.6 nm LiF and 100 nm Al layers were deposited on the Polymer:PC71BM layer at 

2x10-6 mbar, inside the glove box. The metal deposition was performed in a vacuum 

evaporation chamber to reduce the processing temperatures, as metal evaporation 

takes place at excessive temperatures that can degenerate the active layer. Deposition 

rates were monitored by Inficon SQC-310 Thin Film Deposition Controller. 

2.6.5. Photovoltaic Characterization of OSCs 

Photovoltaic measurements of the devices were performed inside the glove box 

under the illumination of AM 1.5G. The measurements were done by Keithley 2400.  
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CHAPTER 3  

 

3. RESULTS AND DISCUSSION 

 

3.1. Electrochemical Studies 

Electrochemical properties of the polymers were investigated via cyclic voltammetry 

(CV) experiments. The polymers were dissolved in chloroform and spray coated 

onto ITO electrodes, and the experiments were conducted by a three electrode 

system as explained in section 2.1. As depicted in Figure 3.1. both P1 and P2 

showed ambipolar character, which means they are both n- and p-dopable.  

 

Figure 3.1. Cyclic voltammograms of a) P1 and b) P2, in 0.1 M TBAPF6/ACN at 100 mV/s scan rate 

 

The ambipolar character that these polymers showed can be correlated to the 

incorporation of the thiophene and selenophene π bridge to the polymer backbone. 

Polymers with the same backbone without π bridge incorporation have been 

previously studied by Keleş et al. [75], with and without fluorine introduction, and 

the polymers were proven to be only p-dopable . The contribution of π bridge 

introduction to the n-doping process is that the improvement of the ion diffusion. π 
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bridge incorporation ease the dopant ion insertion and may render n doping process 

possible. 

P doping redox couples were recorded as 1.05 V/ 0.87 V and 1.18 V/ 0.93 V for P1 

and P2, respectively. On the other hand, redox couples are at -1.90/ -1.55 V and -

1.98/ -1.68 V during n-type doping, respectively. Stronger electron donating ability 

of selenophene increases the electron density on the main chain resulting in lower 

oxidation potential. 

HOMO and LUMO energy levels were calculated from oxidation and reduction the 

onset potentials according to following equations; 

𝐻𝑂𝑀𝑂 = − (4.75+𝐸𝑜𝑥𝑜𝑛𝑠𝑒𝑡) eV                                                                               (4)                                   

𝐿𝑈𝑀𝑂 = − (4.75+𝐸𝑟𝑒𝑑𝑜𝑛𝑠𝑒𝑡) eV                                                                               (5)                               

The value 4.75 corresponds to the HOMO level of ferrocene, which is recorded as -

4.80 eV below the vacuum level. The value is reduced to 4.75, as the half wave 

potential for the ferrocene/ferrocenium (Fc/Fc+) redox couple was estimated as 0.05 

eV. Such modification is required for the HOMO and LUMO measurements of the 

polymers, as the silver (Ag) wire used reference electrode was calibrated against the 

Fc/Fc+ electrolyte [76,77]. 

Owing to ambipolar features of P1 and P2, both HOMO and LUMO energy levels 

were determined using cyclic voltammetry studies. While HOMO and LUMO 

energy levels were calculated for P1 as -5.45/ -3.25 eV, they were -5.46/ -3.19 eV 

for P2. Onset potentials for both oxidation and reduction processes are used for the 

calculation of HOMO and LUMO levels. Onset potential is the potential measured 

where the oxidation or reduction process is initiated and measured at the point where 

the tangent to the oxidation or reduction peak intersects the current density value of 

zero. The oxidation onset potential (Eox
onset) for P1 was measured as 0.70 V, while 

reduction onset potential was measured as (Ered
onset) as -1.50 V. The values were 

recorded as 0.71 and -1.56 for Eox
onset and Ered

onset of P2, respectively. The electronic 
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band gap (Eg
el) values were also calculated by measuring the difference between the 

HOMO and LUMO levels both for P1 and P2, as 2.20 eV and 2.27 eV, respectively.  

According to these results, selenophene-based polymer P1 has lower band gap than 

thiophene-based polymer P2. Similar to previous studies, with the insertion of 

selenophene instead of thiophene resulting in decrease in LUMO level without 

changing the HOMO level [78–80]. The results of CV analyses were summarized in 

Table 3.1. 

Table 3.1. Summary of electrochemical and optical properties of P1 and P2 

Polymer 
Ep-doping 

(V) 

En-doping 

(V) 

 

Eox
onset 

(V) 

 

Ered
onset 

(V) 

 

HOMO 

(eV) 

 

LUMO 

(eV) 

Eg
el 

(eV) 
  

P1 1.05 -1.90 0.70 -1.50 -5.45 -3.25 2.20 

P2 1.18 -1.98 0.71 -1.56 -5.46 -3.19 2.27 

 

3.2. Optical Studies 

Both thin film and solution absorption spectra of polymers P1 and P2 were 

investigated in the visible and NIR regions with spectrophotometer, as described in 

section 2.2. When the absorption spectra of the polymers observed, there is a 

significant difference observed between P1 and P2. While P1 showed a peak at 605 

nm with a shoulder at 560 nm, P2 showed a peak at 565 nm with a shoulder at 535 

nm. P3 has red shifted absorption spectrum compared to P2. Shorter wavelength 

absorption can be assigned to π-π* transition, absorption at longer wavelengths can 

be assigned to intramolecular charge transfer (ICT) between the electron-rich and 

electron-deficient units [81]. In Figure 3.2., it can be inferred that the absorption 

spectrum was red shifted for P1 compared to P2. The main reason for this red-shift 

performed by P1 is the incorporation of electron rich selenophene moiety to the 

polymer backbone, instead of relatively electron poor thiophene unit.  
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Figure 3.2. UV-Vis normalized absorption spectra of in CHCl3 solution and film for a) P1 and b) P2 

 

As depicted in Figure 3.2., all polymers showed broad absorption in visible region. 

There is no significant red-shift in thin film absorption compared to that of solution 

absorption for P2, which proves the minority of the aggregation in thin film [82,83]. 

The red-shift observed for the thin film for the selenophene bearing P1 signals the 

formation of aggregation. This aggregation is mainly formed due to the quinoidal 

character of the selenophene moieties, as the larger size of selenium compared to 

sulfur results in lower aromaticity of the unit. Lower aromaticity is a result of poor 

overlapping of the selenium orbitals with the carbon framework forming the π-

system. As a result, the dominating intermolecular interactions between the polymer 

chains are most probably the π-π stacking, resulting in film aggregation. Hence, a 

red-shift is absorbed for thin film absorption spectrum of P1, compared to the 

spectrum of the solution [38,84].  

Optical band gaps were determined from the λmax
onset values, which is the onset 

absorption wavelength, and defined as the wavelength value where the absorption 

process is initiated for a given polymer. The values were recorded as 760 nm for P1 

and 715 nm for P2. Optical band gaps for P1 and P2 are calculated as 1.63 eV and 

1.73 eV, respectively. Results of optical studies were given in Table 3.2, electronic 

band gap (Eg
el) values are higher than Eg

op for both polymers due to the free 

electrons in the electrochemistry experiment [85].  
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Calculation of the Eg
op by using λmax

onset values was performed by using the 

following equation; 

Eg
𝑜𝑝 =  

1241

 λonset

                                                                                                              (6) 

This formula basically arises from Planck’s law, that is used to calculate the total 

energy of a photon related to its wavelength. Band gap values are calculated in terms 

of eV, so that the constant 1241 is basically the conversion of the multiplication of 

Planck’s constant and speed of light (h x c), in terms of eV. As the absorption 

spectrum of the polymer corresponds to the excitation of the electron from HOMO 

to LUMO, the energy corresponds to the absorbed wavelength directly labeled as the 

optical band gap of the polymer.  

When the Eg
op values of both polymers are compared, selenophene bearing P1 

possessed a reduced band gap compared to the thiophene bearing P2, as the values 

were recorded as 1.63 eV and 1.73 eV, respectively. This phenomenon can be 

explained by the π-π stacking performed by selenophene moiety, due to previously 

clarified reasons, causing a redshift in the overall absorption spectrum of the 

polymer. Electronic band gap (Eg
el) value given in Section 3.1 was also recorded 

lower for P1 compared to that of P2, due to lowered LUMO levels, in the presence 

of selenophene moiety. Thus, the electrochemical and optical studies verified each 

other on this manner. The parameters measured by optical studies are summarized in 

Table 3.2.  

Table 3.2. Summary of electrochemical and optical properties of P1 and P2 

Polymer λmax (nm) λmax
onset

 (nm) Eg
op (eV) 

P1 605 760 1.63 

P2 565 715 1.73 
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3.3 Spectroelectrochemical Studies 

Experimental setup consisting three electrode system, ITO as the working electrode, 

Pt wire as the counter electrode and Ag wire as the reference electrode was 

explained in Section 2.4. The spectroelectrochemical studies were carried out to 

investigate the changing absorption spectra of the polymers upon applied potential. 

When the potential was applied, intensity of absorption of neutral state was depleting 

while formation of polaron bands around 800 nm were observed. Polymers have 

isosbestic points where interconversion of the polymer from their neutral states to 

the oxidized states [86] at 710 nm for P1 and 655 nm for P2, respectively.  

 

Figure 3.3. Electronic normalized absorption spectra of polymer films recorded at various potentials 

for a) P1 and b) P2 in 0.1 M TBAPF6/ACN solution 

 

As is depicted in Figure 3.3., the red shift for the absorption spectrum of the 

selenophene bearing P1 compared to thiophene bearing P2 can be observed. Hence, 

the results are compatible with the results of the optical studies discussed in Section 

3.2. The depletion of the neutral state absorption intensity and formation of the 

polaron bands around 800 nm upon continuously applied potential can be correlated 

to the decrease in the concentration of the neutral polymers, and enhancement in the 

polaron concentration. This is due to continuous oxidation of the polymers via 

applied potential difference.  
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3.4. Kinetic Studies 

In order to investigate optical contrast and switching time of the polymers kinetic 

studies were carried out. Optical contrast is the percent transmittance change 

between the neutral and fully oxidized states of a material at a given wavelength. 

The time required for switching between these states is defined as the switching 

time. In the literature, switching time is calculated from 95% of the full contrast 

since human eye is insensitive to 5% of color change [87]. Three electrode system 

was constructed in a quartz cell as described for the spectroelectrochemistry part. 

Then, absorption spectrum was recorded by applying square-wave potential between 

neutral and fully oxidized states with 5 s time internals (Figure 3.4.). This 

measurement was repeated for the wavelengths where polymers showed maximum 

absorption. 

 

Figure 3.4. Percent transmittance changes of a) P1 and b) P2 in 0.1 M TBAPF6/ACN solution 
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Table 3.3. summarizes the kinetic parameters of the polymers. Optical contrast of the 

polymers in the visible region are close to each other. In the NIR region, the highest 

optical contrast was observed for P1 with 19%. 

Table 3.3. Summary of the kinetic studies of the polymers 

Polymer Wavelength (nm) Optical Contrast (ΔT%)  Switching Time (s) 

P1 
605 21 1.7 

805 19 1.1 

P2 
565 23 2.2 

740 7 0.8 

  

3.5. Thermal Studies 

Differential scanning calorimetry (DSC) was used to determine thermal transitions. 

Polymers did not show any phase transition and significant degradation up to 300°C. 

Thermal stability of the polymers was investigated with thermogravimetry analyses 

(TGA).  These analyses showed that decomposition temperatures of P1 and P2 were 

at 331°C and 326°C, respectively.  

3.6. Photovoltaic Studies 

Organic solar cells were constructed using P1 and P2 as the electron donors with the 

conventional device architecture; ITO/PEDOT:PSS/Polymer:PC71BM/LiF/Al. 

Several optimizations were performed, including the Polymer:PC71BM blend ratio 

(w/w), blend concentration, spincoating rate (thickness optimization) and addition of 

DIO (1,8-diiodooctane). In addition to DIO addition, effect of chloronaphthalene 

(CN) as an additive, thermal annealing and methanol treatment were also examined, 

however there have been no enhancement for the photovoltaic performance of the 

polymers. In figure 3.5., the energy level diagram for the P1 and P2 based organic 

solar cells with the conventional device architecture is illustrated. The energy levels 

were determined via HOMO, LUMO and electronic band gap measurements 

conducted in electrochemical studies, given in Section 3.1.  
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Figure 3.5. Energy level diagram for P1 and P2 based OSCs with conventional device architecture 

 

For the work function values of ITO, PEDOT:PSS, LiF and Al, and the HOMO-

LUMO levels of PC71BM, the values previously determined for the works performed 

by Toppare and Çırpan Research group [60].  

Table 3.4. and 3.5. summarizes the photovoltaic properties for P1 and P2 

respectively, including the previously mentioned optimizations performed.  

Table 3.4. Summary of the photovoltaic properties of polymer P1 

Polymer(P1):PC71BM 

(w:w) 

Jsc 

(mA/cm2) 

Voc 

(V) 

Jmax 

(mA/cm2) 

Vmax 

(V) 

FF% ƞ% RPM Treatment 

1:2 (2%) 4.24 0.66 3.01 0.48 51.63 1.44 750 - 

1:3 (2%) 3.80 0.65 3.02 0.51 62.36 1.60 750 - 

1:4 (2%) 3.84 0.64 3.06 0.50 62.26 1.56 750 - 

1:3 (3%) 3.55 0.63 2.93 0.46 61.86 1.35 750 - 

1:3 (3%) 3.64 0.66 2.78 0.52 60.17 1.43 1000 - 

1:3 (2%) 2.99 0.60 2.41 0.46 61.79 1.11 1000 - 

1:3 (2%) 4.14 0.57 3.12 0.45 59.50  1.40 750 2% DIO  

1:3 (2%) 3.47 0.55 2.70 0.43 60.83 1.15 750 3% DIO 

1:3 (2%) 3.92 0.59 3.12 0.44 59.36 1.37 750 3% CN 
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Table 3.5. Summary of the photovoltaic properties of polymer P2 

Polymer(P2):PC71BM 

(w:w) 

Jsc 

(mA/cm2) 

Voc 

(V) 

Jmax 

(mA/cm2) 

Vmax 

(V) 

FF% ƞ% RPM Treatment 

1:2 (2%) 3.44 0.75 2.05 0.48 38.14 1.04 750 - 

1:3 (2%) 4.38 0.71 3.57 0.55 63.14 1.75 750 - 

1:4 (2%) 4.22 0.70 3.02 0.54 55.21 1.64 750 - 

1:3 (3%) 5.52 0.77 4.31 0.61 61.86 2.65 750 - 

1:3 (3%) 6.14 0.76 4.87 0.60 62.62 2.91 500  - 

1:3 (3%) 5.99 0.76 4.71 0.62 64.15 2.93 1000 - 

1:3 (3%) 8.30 0.65 6.38 0.44 52.03 2.79 500 3% DIO  

1:3 (3%) 9.23 0.65 7.19 0.47 56.33 3.38 500 4% DIO  

1:3 (3%) 8.83 0.66 7.28 0.53 66.21 3.83 1000 4% DIO  

 

In both tables, Table 3.4. and Table 3.5., the symbol ƞ stands for the power 

conversion efficiency (PCE) of the OSCs. As it can be seen in Table 3.4., for P1 

based OSCs, when the polymer:PC71BM ratio was altered from was changed from 

1:2 to 1:3, there was a decrease in the short circuit current (JSC) value, 4.24 mA/cm2 

to 3.80 mA/cm2. This could be explained by the enhanced PC71BM loading. In other 

words, as the polymer concentration inside the blend was decreased, reduced ability 

of the active layer to harvest the irradiated light might have caused a reduction in the 

current values. As mentioned previously, JSC values are mainly determined by the 

absorption intensity of the active layer, which is mostly performed by the polymers 

as PC71BM have low absorptivity coefficients towards AM1.5G. Although the JSC 

values are decreased, the PCE values were enhanced from 1.44% to 1.60% when the 

blend ratio was changed from 1:2 to 1:3. As it can be inferred from Table 3.4., this 

was mainly provided through a rise in fill factor (FF) values, from 51.63 to 62.36%. 

As FF values are primarily affected by the active layer morphology, the increase in 
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PCE and FF as the blend ratio is manipulated can be correlated to the improved 

morphology of the active layer. The polymer:PC71BM ratio optimization was 

continued with the characterization of the OSC bearing active layer with a blend 

ratio of 1:4. JSC, VOC , FF and PCE values were found to be very close to each other, 

however, through a slight difference in FF values, which has the values 62.36% for 

1:3 and 62.26% for 1:4 blend ratio, ratio of 1:3 possessed higher PCE with 1.60%. 

As a result of polymer:PC71BM ratio optimizations, ratio of 1:3 was found to be 

optimum blend ratio for the active layer with an active layer thickness of 72 nm, JSC 

of 3.80 mA/cm2, VOC  of 0.65 V, FF% of 63.14% and PCE% of 1.60%.   

The polymer:PC71BM ratio optimization was followed by the optimization of blend 

concentration. Ratio optimizations were carried out at 2% blend concentration, 

which is expressed in terms of weight/volume (w/v) concentration of the blend 

solution. 2% means that the quantity of polymer:PC71BM blend dissolved in 1 mL 

orthodichlorobenzene (o-DCB) is 20 mg. Hence, 2% corresponds to a concentration 

of 20 mg/mL, while 3% blend concentration stands for 30 mg/mL polymer:PC71BM 

blend dissolved in o-DCB. When the photovoltaic characterization of the active layer 

processed from a solution with blend concentration of 3%, the aim is mainly to 

achieve an increase in current density values due to enhanced absorption of the 

incoming radiation. However, both JSC and FF values were decreased compared to 

the device processed from 2% blend concentration. Reduction of JSC from 3.80 

mA/cm2 to 3.55 mA/cm2 which causes the reduction of PCE% from 1.60% to 1.35% 

might have caused due to excessive thickness of the active layer. As both solutions 

were spin coated at 750 rpm, the layer processed from higher concentration blend is 

expected to have a higher thickness. Thicker layer obtained for the blend 

concentration of 3% might have caused non-geminate recombination processes, as 

the charges fail to reach the corresponding electrodes as the pathway is enhanced. To 

achieve thinner layer with this estimation, polymer:PC71BM blend solution with the 

same concentration was processed with higher spincoating rate, as the rate was 

increased from 750 rpm to 1000 rpm. As it is stated in Table 3.4., the PCE% value 
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was enhanced to 1.43% from 1.35%. As thinner layers yielded higher photovoltaic 

performance, blend solution with optimum concentration, 2% was processed at 1000 

rpm as well. However, JSC value decreased from 3.80 mA/cm2 to 2.99 mA/cm2 for 

2% blend concentration, from the spin coating rate of 750 rpm to 1000 rpm. This 

caused a decrease in PCE% from 1.60% to 1.11%. Hence, the optimum conditions 

for the P1 based OSCs were determined to be the device constructed with a solution 

with a polymer:PC71BM ratio of 1:3 and blend concentration of 2% processed at a 

spin coating rate of 750 rpm. The effects of the introduction of the DIO and CN 

additives to the active layer to the photovoltaic performance of the P1 based OSCs 

were also investigated. Both additives improved the JSC values however, resulted in a 

decrease in overall efficiency of the devices, through a drop in VOC and FF values. 

This signals the deformation of the active morphology upon additive treatment, 

which will be further discussed for the TEM image analysis of the active layers 

processed.  

Table 3.5. summarizes the photovoltaic optimizations of P2. Upon polymer:PC71BM 

ratio optimization of the polymer, blend ratio of 1:3 was found to be the optimum 

ratio. As the highest JSC value was obtained for 1:3 ratio, as 4.38 mA/cm2, the main 

difference between different ratios was recorded as the FF values obtained. As the 

ratio was altered from 1:2 to 1:4, the FF values were calculated as 38.14%, 63.14% 

and 55.21%, respectively. This signals that the optimum morphology was achieved 

for the active layer bearing polymer:PC71BM ratio of 1:3, with a JSC of 4.38 

mA/cm2, VOC of 0.75 V, FF of 63.14% and a PCE of 1.75%. Increase in blend 

concentration from 2% to 3% yields to a thicker active layer and a rise in PCE 

significantly to 2.91%. Similar to previous publications, increasing active layer 

thickness results in JSC raise.  This is mainly due to the active layer’s enhanced 

capacity of harvesting sun light [88,89]. After blend concentration was optimized, 

thickness optimization was performed by processing of the solutions at different spin 

coating rates. OSCs processed at both 1000 rpm and 500 rpm possessed higher PCE 

values compared to the device processed at 750 rpm, recorded as 2.91% and 2.93%, 



 

 

 

49 

 

respectively. Reducing the coating rate to 500 rpm, yields a thicker compared to 

device processed at 750 rpm, increasing the JSC value from 5.52 mA/cm2 to 6.14 

mA/cm2, due to increased ability to harvest the irradiated light. For the device 

processed at 1000 rpm, current density reduced to 5.99 mA/cm2 due to formation of 

a thinner film, however, the FF value was achieved to be highest among the all the 

devices processed at different spin coating rates, with the value of 64.15%. This rise 

could be correlated to the improved morphology with effective phase separation, in 

other words, formation of bicontinuous interpenetrating network between the donor 

and acceptor molecules. However, as the effective parameter being studied was 

thickness, formation of thinner films probably reduced the distance for the separated 

charges to reach the interfacial layers and eased the effective collection of charges at 

the corresponding electrodes. As a result, without any additive treatment, the active 

layer for the P2 based OSCs was determined to be the layer processed from a 

solution bearing a donor acceptor ratio of 1:3, blend concentration of 3%, at a spin 

coating rate of 1000 rpm. The mentioned conditions yielded a active layer thickness 

of 112 nm, and a PCE of 2.93% with a VOC value of 0.76 V.  

With 4% DIO addition, performance of P2 based OSC was enhanced and yielded a 

PCE of 3.83 % through a rise in JSC and FF values. The enhancement of the JSC value 

to 8.83 mA/cm2, and of the FF value to 66.21% proves the formation of improved 

morphology upon additive treatment. The photovoltaic characterization of the best 

performing OSC constructed via 4% DIO additive treatment of the active layer 

yielded a VOC of 0.66 V. The morphology improvement will be further discussed in 

terms of TEM images of the corresponding active layer compositions. 
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Figure 3.6. J-V curves that summarize photovoltaic performance of (a) P1 and (b)  
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Figure 3.6. illustrates the J-V curves summarizing the photovoltaic performance of 

polymers P1 and P2. When the photovoltaic characterizations of both polymers are 

analyzed, the common parameter that reduces upon additive treatment glitters as 

VOC. For P1, the value was reduced from 0.65 V to 0.55 V, while the same parameter 

was reduced from 0.76 V to 0.66 V. This might have caused by the additive residues 

left in the active layer morphology, creating charge traps, by saturating the 

conjugated polymers or being trapped in PC71BM [90]. This problem could be 

handled via methanol treatment to remove the additive residue [91], however 

methanol treatment resulted in removal of polymer film.   

When the VOC values are compared for P1 and P2 based OSCs, processed from o-

DCB without any additive treatment, the value was measured as 0.76 V for P2, while 

it was recorded as 0.66 V for P1. The results given in Section 3.1. for the 

electrochemical studies shown that the polymers possess similar HOMO levels, so 

the VOC values should remain similar. Lower value achieved for P1 implies that the 

charge collection process is less efficient for the polymer, compared to polymer P2. 

Overall photovoltaic performance of P2 was found to be better compared to 

selenophene bearing P1, in which the PCE was calculated as 3.83% for P2, while the 

same parameter was found to be 1.60%. These results are not compatible with the 

superiorities that selenophene moieties possess, in terms of band gap properties due 

to the characteristics mentioned previously, and enhanced charge mobilities due to 

more rigid backbone it contains. Hence, morphological properties of the polymers 

should be investigated in detail. 

To gain more insight into the active layer morphologies, TEM analyses were carried 

out.  TEM images of active layers are shown in Figure 3.7. Both P1 and P2, are low 

molecular weight polymers with weight average molecular weight values of 9 kDa 

and 15 kDa, respectively. In consequence, both polymers have excessive solubility 

which leads to the formation of wider fibrils [40], as seen in Figures 3.7.a and c. 

Morphology of the P2:PC71BM layer (Figure 3.7.c) was improved with the addition 

of DIO (Figure 3.7.d). As depicted in Figure 3.7.d, with the addition of DIO to the 
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P2:PC71BM (Figure 3.7.c) blend, narrower fibrillary structures, where excitons are 

more likely to reach donor acceptor interface, were formed [40]. Lower photovoltaic 

performance of P1 based OSCs may be due to the wide fibrils observed in Figure 

3.7.a. 

 

Figure 3.7. TEM images of a) P1:PC71BM processed from o-dcb b) P1:PC71BM processed from o-dcb 

with 2% DIO, c) P2:PC71BM processed from o-dcb d) P2:PC71BM processed from o-dcb with 4% 

DIO 
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In addition to the wider fibrillary structures formed for the morphology of P1 based 

active layer that interferes the exciton diffusion to the donor acceptor interphase, 

lower photovoltaic performance of the polymer compared to P2 can also be 

correlated to the formation of less interpenetrated donor acceptor network (Figure 

3.7.a). The bicontinuous interpenetrated donor acceptor phase separation is more 

obvious for the blend morphology of P2 (Figure 3.7.3), which might have enhanced 

the efficiency of exciton dissociation and charge transportation of the electrons. This 

also explains the lower VOC values that P1 based OSCs attains, as charge 

recombination and trapped charges are more likely for the morphology that the 

polymer possess. Moreover, reduced efficiency of photovoltaic performance of P1 

based OSCs upon additive addition can be correlated to the loss of percolations 

depicted in Figure 3.7.b, that obstructs the charge transport towards the electrodes. 

As a result, thiophene bearing polymer P2 achieved better blend morphology upon 

additive treatment, selenophene bearing P1 additives achieved deformed blend 

morphology with additive treatment. 

In the work of Duygu Keleş et al, photovoltaic performance of the polymers with the 

same backbone that P1 and P2 possess, without π-bridge incorporation, were 

investigated [75]. Although the polymers did not bear any π-bridge in their 

backbone, they possessed higher photovoltaic performance compared to P1 and P2, 

due to their higher weight average molecular weight values which lead the formation 

of narrower fibrils in the active layer morphology. The PCE values reaching 4.10% 

were achieved for those polymers. Structure of the polymers, weight average 

molecular weight values, TEM images and the best results obtained from their 

photovoltaic characterizations are included in Appendix A.  
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CHAPTER 4  

 

4. CONCLUSIONS 

 

Electrochemical, optical, spectroelectrochemical, kinetic, thermal and photovoltaic 

studies were carried out for two novel benzotriazole and benzothiadiazole bearing 

conjugated polymers. Selenophene and thiophene π-bridge incorporated polymers 

were denoted as P1 and P2, respectively. Thermal studies approved that the 

polymers are thermally stable up to 300°C. Electrochemical studies showed that both 

polymers possess ambipolar character. For P1 and P2, the frontier orbital energy 

levels were calculated as -5.45/-3.25 eV, and -5.46/-3.19 eV respectively. Eg
op values 

were calculated as 1.63 eV for P1 and 1.73 eV for P2. Lower Eg
op value achieved for 

P1 was due to the presence of selenophene moiety in the polymer backbone. Highest 

PCE values were recorded as 1.60% and 3.83% for P1 and P2 based OSCs, 

respectively. Formation of wider fibrils lead to a decrease in PCE of the P1 and P2 

based OSCs. Improved morphology of thiophene bearing P2 as a result of additive 

treatment lead to a superior PCE% value compared to selenophene bearing P1. Loss 

of percolations as a results of additive treatment lead to a decrease in PCE through a 

decrease in FF, which prevents the improvement of photovoltaic performance, for P1 

based OSCs. Complete work based on this thesis was published in the journal 

Renewable Energy on 18.03.2019. 
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APPENDICES 

 

A. Polymers Without Incorporation of π-bridges Investigated by Keleş et al.  

 

Figure A.1. Structures of the polymers without polymer incorporation of π-bridges and their number 

average molecular weight (Mn) and weight average molecular weight (Mw) values 

 

 

Figure A.2. TEM images of a) P1:PC71BM processed from o-dcb b) P1:PC71BM processed from o-

DCB with 3% DIO, c) P2:PC71BM processed from o-DCB  

 

As depicted in Figure A.2., although polymers P1 and P2 do not contain π-bridges in 

the polymer backbone, the due to the formation of narrower fibrils as they are 

relatively high molecular weight polymers, exciton diffusion to the donor acceptor 

interphase is driven. Hence, PCE values were measured as 4.10% and 3.84% 

respectively. Higher PCE value that non-fluorinated derivative P1 possess can be 
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contributed to the narrower fibril formation upon 3% DIO addition, which did not 

improve the morphology of fluorinated P2 [75]. 

 

 

 


