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ABSTRACT 

 

EFFECT OF -́BRIDGES ON ELECTROCHEMICAL  AND 

PHOTOVOLTAIC PROPERTIES OF BENZOTHIADI AZOLE AND 

BENZODITHIOPHENE BASED CONJUGATED POLYMERS  

 

 

Dikbēyēk, Dilan Ece 

Master of Science, Chemistry 

Supervisor: Prof. Dr. Ali ¢ērpan 

Co-Supervisor: Dr. Gºn¿l Hēzalan ¥zsoy 

 

 

 

January 2022, 96 pages 

 

In this study, a series of the electron Donor -ˊ bridge- Acceptor type conjugated 

polymers (PT1, PT2, and PT3) were designed and synthesized via Pd-catalyzed Stille 

polycondensation reactions. Synthesized polymers were used as donor moieties and 

blended with acceptor unit PC71BM to form the active layer of the bulk 

heterojunction organic solar cell (BHJ OSC). Polymers contain electron-deficient 

benzothiadiazole (BT) as acceptor unit and electron-rich benzodithiophene (BDT) as 

donor unit. Moreover, thiophene, selenophene, and thieno[3,2-b] thiophene were 

introduced to the polymer backbone as the ́ -bridge. This study examined the effects 

of -́bridges on the optical, electrochemical, and photovoltaic properties of the 

conjugated polymers. The optical band gaps of the PT1, PT2, and PT3 were tuned 

from 1.70 to 1.58 to 1.61 eV with HOMO levels up-shifted from -5.60 to -5.48 to -

5.33 eV, respectively, as the ˊ-bridge was changed from thiophene to selenophene, 

then to thieno[3,2-b]thiophene. OSCs were constructed with the device architecture 

of ITO/PEDOT:PSS/Polymer: PC71BM/LiF/Al, and power conversion efficiency 

(PCE) of the devices were measured under standard AM 1.5G illumination (100 
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mW/cm2). The highest PCE of bulk heterojunction solar cells was found as  3.48 % 

for PT1 and 2.42 %  for PT2.  

 

Keywords: Benzothiadiazole, Benzodithiophene, -́bridge, Donor-Acceptor Type 

Conjugated polymer, Organic Solar Cell. 
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¥Z 

 

-́K¥PR¦LERĶNĶN BENZOTĶYADĶAZOL VE BENZODĶTĶYOFEN BAZLI 

KONJ¦GE POLĶMERLERĶN ELEKTROKĶMYASAL VE FOTOVOLTAĶK 

¥ZELLĶKLERĶNE ETKĶSĶ 

 

 

Dikbēyēk, Dilan Ece 

Y¿ksek Lisans, Kimya 

Tez Yºneticisi: Prof. Dr. Ali ¢ērpan 

Ortak Tez Yºneticisi: Dr. Gºn¿l Hēzalan ¥zsoy 

 

 

Ocak 2022, 96 sayfa 

 

Bu ­alēĸmada, bir dizi elektron Verici- ˊ kºpr¿s¿- Alēcē  tipi konj¿ge polimerler 

(PT1,PT2 ve PT3 ) tasarlanmēĸ ve Pd-katalizli Stille polikondenzasyon tepkimeleri 

kullanēlarak sentezlenmiĸtir. Sentezlenen polimerler, donºr kēsēm olarak kullanēldē 

ve toplu hetero baĵlantēlē organik g¿neĸ pilinin aktif tabakasēnē oluĸturmak i­in alēcē 

birim olan PC71BM ile harmanlandē. Polimerler verici birim olarak elektronca zengin 

benzoditiyofen (BDT) ve alēcē birim olarak elektronca eksik benzotiyadiazol (BT) 

gruplarēnē i­erir. Ayrēca, tiyofen, selenofen ve tieno[3,2-b]tiyofen, kopolimer 

omurgasēnda -́kºpr¿s¿ olarak dahil edildi. Bu ­alēĸmada, faklē ˊ ï kºpr¿lerinin 

konjuge polimerlerin optik, elektrokimyasal ve fotovoltaik ºzellikleri ¿zerindeki 

etkisi incelenmiĸtir. ˊ -kºpr¿s¿ tiyofenôden selenofenôe ve tieno[3,2-b]tiyofenôe 

deĵiĸtik­e, PT1, PT2 ve PT3ô¿n bant aralēklarē 1,70ôden 1,58ôe ve 1,61 eVôa 

ayarlandē ve HOMO seviyeleri sērasēyla -5,60ôdan -5,48ôe ve -5,33 eVôa kaydē. 

OSCôler ITO/PEDOT:PSS/Polimer:PC71BM/LiF/Al olarak cihaz mimarisi ile 

oluĸturulmuĸ ve cihazlarēn g¿­ dºn¿ĸ¿m verimliliĵi (PCE) standart AM 1.5G 

aydēnlatma (100 mW/cm2) altēnda ºl­¿lm¿ĸt¿r. Toplu heteroeklem g¿neĸ pillerinin 
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en y¿ksek g¿­ dºn¿ĸt¿rme verimliliĵi, PT1 i­in %3.48, ve PT2 i­in %2.42 olarak 

bulunmuĸtur.  

 

Anahtar Kelimeler: Benzotiyadiazol, Benzoditiyofen, ́ ï kºpr¿s¿, Donºr-Alēcē Tip 

Konjuge Polimer, Organik G¿neĸ Pili. 
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CHAPTER 1  

1 INTRODUCTION  

1.1 Energy Demand of the World 

With the rapid development of modern society and the advancement of technology, 

the energy shortage and environmental pollution caused by the energy demand of the 

world are becoming problematic. To fulfill the growing energy demand of the 

developing world, various energy sources have started to be used. From the late 

1800s to the present, fossil fuel (coal, oil, gas) has been the dominant source of 

energy production, as reported in the Statistical Review of World Energy in 2020 [1] 

shown in Figure 1. 

 

Figure 1. Global primary energy consumption by source [1,2] 
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The combustion of fossil fuels to generate energy increases greenhouse gas 

emissions, damages people's health, and accumulates harmful pollutants in the 

environment. The burning of fossil fuels contributes significantly to the increase in 

carbon dioxide concentration, thereby exacerbating the threat of global warming.  

Aside from environmental and health concerns, the gradual depletion of the worldôs 

finite fossil fuel reserves adversely affects energy production and energy conversion. 

This is driving up demand for clean, sustainable, and renewable energy sources, e.g., 

wave, wind, hydroelectric, geothermal, biomass, solar energy [3]. 

1.2 Renewable Energy 

To deal with the negative impacts of fossil fuels on the environment and human 

health and to overcome the increasing energy demand problem of many countries, 

renewable and environmentally friendly energy source alternatives have been started 

to researched [4]. Renewable energy is derived from constantly replenished natural 

processes such as the sun, rain, wind, ocean tides, biomass, and geothermal resources 

from heat generated deep under the ground in various ways [5]. Solar energy is one 

of the cleanest, functional, cheap, and environmentally friendly renewable energy 

sources that do not contribute to global warming. Solar energy is superior to any 

other type of energy in terms of environmental benefits. Solar energy technology 

(SET) does not deplete natural resources, emit CO2 or other gases into the 

atmosphere, or generate liquid or solid waste that harms the environment [6]. The 

use of SETs provides additional environmental benefits, including [6ï10]: 

¶ Reduction of the emissions of greenhouse gases (CO2, NOx) and prevention of 

toxic gas emissions (SO2, particulates). 

¶ Reclamation of degraded land. 

¶ Reduction of the required transmission lines of the electricity grids. 

¶ Improvement of the quality of water resources. 
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1.3 Solar Cell Technology  

The use of solar cell technology to generate electricity has become popular since it 

provides pollution-free, self-contained, stable, silent, long-term, maintenance-free, 

and year-round continuous and unlimited operation at moderate costs [11]. Various 

technologies have been employed to solve energy issues and reduce reliance on fossil 

fuels. One of these technologies is photovoltaic (PV) modules to harness solar 

energy. A solar cell is an electrical device that uses the photovoltaic effect, a 

chemical and a physical phenomenon, for converting sunlight into electricity [12]. 

Photovoltaics can be manufactured in various ways and with a wide range of 

materials, regardless of their differences; all have the same goal, to collect solar 

energy and convert it into electricity [13].  Silicon has become the dominant 

technology for producing electricity from sunlight, accounting for more than 90% of 

the PV market due to its high efficiencies (as shown in Figure 2) [14]. Although 

silicon is one of the most abundant elements in nature, it is found as silica or silicon 

dioxide (SiO2), not its elemental form. Therefore, several purifications and refining 

processes are necessary to produce silicon from silica. Aside from its abundance, 

silicon is non-toxic, non-corrosive material. 

Moreover, at the contact between the silicon and the atmosphere, it forms a very thin, 

stable, and tightly adherent protective layer of SiO2 [15,16]. This electrically 

insulating oxide, which forms naturally, functions as a passivating layer, reducing 

the recombination centers at the surface and boosting the silicon solar cell 

performance [17]. The oxide layer also minimizes the danger of a silicon wafer inside 

a solar module degrading. As a result, the technology's long-term stability has helped 

silicon-based solar cells to gain importance in the PV market. In April  2020, Geisz 

and France et al. reported a six-junction III-V solar cell with a PCE of 47.1% in an 

issue of Nature Energy [18] which holds the world record for highest efficiency.  
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Figure 2. NREL's efficiency chart, 2021 [19]. 

On the other hand, silicon has a substantially low bandgap and low absorption 

coefficient; a thicker piece of the material is required to absorb solar radiation over 

the band gap energy. This necessitates a silicon wafer thicker than 100 ɛm, providing 

the inapplicability of silicon solar cells for thin-film technology [16]. Therefore, 

silicon-based photovoltaics have a higher cost structure than alternative renewable 

energy technologies. Organic solar cells (OSC) become a possible option for the 

photovoltaic industry due to their ability for chemical modification, low 

manufacturing costs, and potential for large-scale production [20].  

1.4 Organic Solar Cells  

Although silicon-based inorganic photovoltaics dominate the energy industry, their 

application procedures are costly. On the other hand, organic semiconductors, such 

as OSCs, have entered the picture with the advantages of low cost, lightweight, 

flexibility, semitransparency, and ease of manufacture as an alternative to inorganic 

solar cells [21ï26]. Organic photovoltaics are electronic devices that generate 

electricity from sunlight and  carbon-based organic semiconducting materials [27].  
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Conducting polymers are utilized as active materials since they can absorb sunlight, 

generate and transfer charge carriers with the delocalized ́  electron system in the 

polymer chain [28]. 

1.4.1 Bulk Heterojunction  OSCs 

In recent decades, bulk heterojunction (BHJ) organic solar cells (OSCs) have become 

a preferred alternative for the generation of renewable and clean energy due to their 

appealing qualities of lightweight, flexibility, large-scale production [11,29,30].  

 

Figure 3. a) Device architecture of bulk heterojunction OSC. b) Working 

mechanism of BHJ OSC. 

As shown in Figure 3, the BHJ OSC is a thin film device made up of donor-acceptor 

material sandwiched between anode and cathode. Conjugated polymers (CPs), 

oligomers, and conjugated pigments are commonly utilized as a donor, with fullerene 

derivatives are used as an acceptor material. In general, CPs materials are classified 

as organic semiconductors, and they have the ability to transport charges and 

outstanding optical characteristics [31].  
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With the invention of the BHJ device architecture, the exciton diffusion problem has 

been solved, and efficient charge transfer has been achieved. The use of the blended 

form of donor and acceptor materials increases the interfacial area between the donor 

and acceptor units. It improves the charge separation efficiency, thus improving the 

efficiency of the OSCs [32].  

1.5 Working Principle of OSCs 

The four basic processes in the operation of organic solar cells can be summarized 

as follows [11] (as shown in Figure 3b and Figure 4): 

¶ Absorption of light and formation of an exciton (Coulombically bounded       

e-/h+ pairs). 

¶ Diffusion of the exciton to the D-A interface. 

¶ Separation of the charges at the D-A interface. 

¶ Collection of the charges in the corresponding electrodes.  

 

Figure 4. Working principle of bulk heterojunction OSC. 
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1.5.1 Absorption of Light and Formation of Excitons 

In BHJ OSCs, the incoming sunlight is absorbed by the photoactive layer, a 

conjugated polymer, e.g., donor material of the BHJ photoactive layer [33]. The 

exciton is the fundamental photogenerated state that originates from the light 

absorption by organic semiconductor materials. It consists of an electron (e-) in the 

lowest unoccupied molecular orbital (LUMO), and a hole (h+) in the highest 

occupied molecular orbital (HOMO). Organic semiconductors differ from inorganic 

semiconductors in that charge carriers are more localized and Coulombic interaction 

between the opposite charges is stronger. The molecular orbitals in organic solids 

are more concentrated because the van der Waals connection between molecules is 

considerably weaker than the bonds within the molecules. As a result, as illustrated 

in Figure 5, excitons in organic semiconductors (Frenkel excitons) are more localized 

than inorganic semiconductors (Mott-Wannier excitons). 

 

Figure 5. a) Frenkel excitons in organic semiconductors, b) Mott-Wannier excitons 

in inorganic semiconductors. 

The Coulombic attraction between the charges, called the binding energy (EB), is 

explained by the following equation:  

Ὁ         where e: charge, Ů: dielectric permittivity, Ů0: vacuum permittivity, 

and r: separation between the electron and hole.  

Inorganic semiconductors have a higher dielectric constant, Ů, than organic 

semiconductors, resulting in smaller binding energy (~ 0.025 eV) and more 

separated electrons and holes at room temperature.   
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Consequently, due to the smaller dielectric constant and separation, organic 

semiconductors have greater exciton binding energies (~ 0.3-0.5 eV). Besides 

thermal energy, an additional driving force is necessary for generating free charges 

for organic solar cells (OSCs). Therefore, an interface between the electron donor 

and acceptor material, known as heterojunction, is necessary to create a free energy 

difference that contributes to the charge separation [34]. Organic semiconductors can 

efficiently harvest sunlight with their thin photoactive layer (~ 100 nm) due to high 

absorption coefficients [35]. Due to low charge carrier mobilities and low diffusion 

lengths, the polymer-based photoactive layer thickness is also limited. As a result of 

the narrower absorption of conjugated polymers, decreased photocurrent production 

is observed. However, narrowing the bandgap of the donor materials improves light 

absorption, resulting in the maximum number of photon absorption and increasing 

PCEs [36,37]. Thus, polymers with a narrow bandgap are required to maximize 

photon harvesting. A bandgap of 1.1 eV, for example, can cover 77% of the AM 1.5 

solar photon flux, whereas a bandgap of 1.9 eV can only cover 30% of the AM 1.5 

photon flux [37]. As a result, a low bandgap polymer can significantly increase 

photocurrent generation. An electron is excited from HOMO to LUMO as the light 

is illuminated from the transparent electrode. An e-/h+ pair (exciton) is formed with 

the Ebinding of 0.1-1.4 eV. Then, excitons diffuse into the donor-acceptor interface 

[38]. 

1.5.2 Diffusion of Excitons and Dissociation of Charges 

Photogeneration occurs in OSCs at the heterojunction, where the extra driving force 

is generated to overcome the Coulombic binding of the e- and h+.  In LUMO, the 

energy difference between the donor and acceptor materials disrupts the Coulomb 

attraction, causing dissociation of the excitons. Charge separation is promoted in two 

ways: 1) providing the process is energetically downhill, 2) permitting the electron 

and hole to be localized on distinct molecules, enhancing the spatial separation and 

minimizing the chance of recombination. [34].  
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The diffusion length of the excitons (LD) is a significant factor for OSCs since the 

charge separation happens only in the heterojunction. Moreover, LD limits the 

volume fraction of the donor and acceptor domains that easily generate charges. If 

the excitons are formed at a distance greater than LD, they will be separated or decay 

before reaching the D-A interface [39]. To obtain free charge carriers, electron-hole 

pairs with Coulomb bound have to be separated. They recombine or dissociate to 

form free charge carriers [40]. To obtain efficient charge separation, excitons must 

dissociate effectively at the interface. The energy difference in the HOMO and 

LUMO of the donor and acceptor layers creates electrostatic forces at the interface 

that leads to the generation of an electric field for the effective break-up of excitons 

into electrons and holes. Free electrons are thus accepted by materials with a greater 

LUMO level, while holes by materials with a lower HOMO level [33]. 

1.5.3 Transportation of Free Charge Carriers  

As shown in Figure 4, the charges must be transported to the corresponding 

electrodes after the dissociation of excitons into free charge carriers. In organic 

semiconductors, charge carriers are typically transported via hopping from one 

localized state to another [41]. Free charge carriers formed by the Fermi level 

difference between the electrodes are transported to their respective electrodes by an 

internal electric field [42]. A high work function (WF) anode and a low WF cathode, 

in general, produce an internal electric field that identifies the open-circuit voltage 

(VOC) of the cell [43]. The transfer of free charge carriers is oriented by both carrier 

diffusion and electric field-induced drift. The fundamental problem to adequate 

transportation of free charge carriers to the anode and cathode is the recombination 

of free charge carriers before reaching their respective electrodes. The mobility of 

the charge carriers in the photoactive layer affects both the transportation of charge 

carriers and losses, which are related to the recombination of charge carriers [44]. 

The electrons and holes are bound by Coulomb potential in low mobility materials.  
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Therefore they cannot overcome their mutual attraction and recombine before 

reaching the corresponding electrodes[45]. As a result, for high-efficiency devices, 

the rivalry between the carrier sweep-out by the internal field and the loss of 

photogenerated carriers by recombination are the critical difficulty to overcome [46]. 

1.5.4 Collection of the Charge Carriers  

When an exciton reaches the donor-acceptor interface, it splits into the electron-hole 

pairs; they are then transported to the corresponding electrodes to generate 

photocurrent. The transportation of the charges is achieved if the driving force is 

strong enough to push the free electrons and holes of the electrodes. At the donor-

acceptor junction, the difference between the HOMO of the donor and the LUMO of 

the acceptor produces a gradient. To maximize the charge extraction, the potential 

barrier at the photoactive layer and electrode interface must be decreased. As a result, 

the WF of the anode must match with the HOMO of the donor material, whereas the 

WF of the cathode must match the LUMO of the acceptor material. The contacts are 

called Ohmic contacts if the work functions match as indicated [45]. The maximum 

value of the open-circuit voltage (VOC) and the transportation of the charge carriers 

are affected by the internal electric field [47,48].  

1.6 Fabrication of OSCs 

BHJ OSCs are frequently constructed on five main layers; substrate, anode, (Poly 

(3,4-ethylene dioxythiophene) poly(styrene sulfonate)) (PEDOT: PSS), the active 

layer, the cathode. Starting with a transparent substrate, glass is widely used in OSCs 

because of its low cost, stability, and transparency. Additionally, for flexibility, poly 

(ethylene terephthalate) (PET), poly (ether sulfonate) (PES), and polycarbonate can 

be used [49].   
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Glass is coated with a transparent and conductive electrode material. ITO is used in 

the majority of the reported devices due to its conductivity and outstanding 

transparency, used as an anode layer. The WF of the ITO can be altered via surface 

treatment. The use of oxidizing chemicals (e.g., oxygen plasma) on the surface 

increases WF [50]. The ITO is coated with a hole transport layer (HTL). (Poly(3,4-

ethylene dioxythiophene)poly(styrene sulfonate)) (PEDOT: PSS) see Figure 6, thin 

films of doped conjugated polymer or a thin oxide layer (MoO3) are commonly used 

as HTL [39]. PEDOT: PSS provides planarized ITO surface [51]. 

 

 

 

Figure 6 BHJ OSC illustration 

 

 

Figure 7 Chemical structure of the PEDOT: PSS 

As an active layer, a blend of the donor (e.g., conjugated polymer) and acceptor 

([6,6]-Phenyl-C61-butyricacidmethylester, PCBM) is placed on the top of the HTL.  
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In general, the cathode is the top electrode in the typical layout, and calcium (Ca), 

barium (Ba), or aluminum (Al) are used to capture the electrons created in the 

photoactive layer. A top metal is coated by using the vacuum deposition technique. 

The cathode materials are selected as low WF metals to match the acceptor's LUMO 

and collect the electrons effectively [32]. On the other hand, selecting low WF metals 

leads to stability issues since stability is related to the WF. Thus, a thin layer consists 

of lithium fluoride (LiF) deposited between the metal and active layer, improving 

OSC performance [52]. 

1.7 Parameters- performance characteristics of Solar Cell Device 

Figure 8 represents the solar cell's current density-voltage (J-V) curve in the dark 

and under the light. When the contacts start to inject at forwarding bias for voltages 

larger than the VOC, there is essentially no current flow in the dark. The device 

generates power under the light in the fourth quadrant. The current and voltage are 

the greatest at the maximum power point (Pmax).  

 

Figure 8 Typical J-V curve for OSC 

Pin is the power density of incident light. The intensity of the light is standardized at 

1000 W.m-2, and the distribution of spectral intensity matches that of the sun on the 

earthôs surface at a 48.2o incidence angle [32].  
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Jmax represents the current, while Vmax is the voltage at the maximum point. The VOC 

of metal-insulator-metal type devices is generally determined by the difference 

between the WFôs of two metal contacts. However, for p-n junction, VOC is selected 

via the contrast of the quasi-Fermi levels of two charge carriers, the energy level of 

n-doped semiconductor and p-doped semiconductor. In OSCs, VOC is linearly related 

with the HOMO level of the donor (p-type semiconductor) and LUMO level of the 

acceptor (n-type semiconductor). When there is no current flowing across a circuit, 

the voltage is called open-circuit voltage (VOC). On the other hand, when the voltage 

is zero, the amount of the current flows across the circuit is called the short current 

density (JSC). The fill factor (FF) is the maximum power of OSCs ratio to the 

multiplication of VOC and JSC. 

1.7.1 Power Conversion Efficiency of OSCs 

The ratio of the maximum power generated by the solar cell to the total power applied 

to the device by solar spectrum is known as power conversion efficiency (PCE). This 

parameter can also be explained as the maximum efficiency of the solar cell. Other 

parameters affect the performance of the solar cell. The PCE of a solar cell is 

determined after the current-voltage (J-V) characterization of a solar cell under AM 

1.5G illumination. 
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1.7.2 Open Circuit Voltage (VOC) 

As shown in Figure 8, basically VOC is determined as the recorded voltage when no 

current flows through the system. The following equation gives the information 

about the determination of VOC values, approximately [53].  

ὠ ḙ 
ρ

Ὡ
 Ὁ Ὁ Ў  

ὯὝ

Ὡ
 ÌÎ 
ὲὲ

ὔ
 



 

 

14 

From the equation, the difference between the HOMO of donor and the LUMO of 

acceptor determines the VOC [54]. Further detail can be determined by the difference 

between the quasi-Fermi levels of holes and electrons under illumination, assuming 

barrierless connections to the electrodes are formed. Moreover, the recombination 

rate in the device limits the VOC [55]. In most cases, the difference in the work 

functions (WF) of electrodes determines the Voc. On the other hand, in the recently 

evolved OSC architectures, VOC values are enhanced towards the interfacial layers 

employed in device architecture, primarily by the active layer. High HOMO energy 

levels should not be used to achieve a narrow band gap for conjugated polymers in 

OSCs to prevent VOC losses. 

Additionally, using non-fullerene acceptors can be another way to enhance VOC 

values due to their exchangeable LUMO levels [56,57]. Aside from the energy 

levels, VOC values are also relative to the efficiency with which charges are collected 

at corresponding electrodes. As a result, factors affecting the overall performance of 

OSC, such as optimum morphology, contact quality, charge transfer through the 

device via suitable energy levels, and high shunt resistance, are related to enhancing 

VOC values [58,59].  

1.7.3 Short Circuit Curr ent Density (JSC) 

As shown in Figure 8, short circuit current density (JSC) is measured as the current 

density when no external voltage is applied through the system. JSC is called current 

density instead of short circuit current since it is the current value measured for the 

area of the OSC. The absorption of the active layer mainly determines the JSC value.  

Therefore, both the donor-acceptor (D-A) blend concentration and the donor 

molecule loading enhance the absorption; these factors improve the JSC value. On the 

other hand, JSC is also strongly dependent on both efficient charge collection on the 

electrons and the quantity of generated excitons. Higher shunt resistance values and 

lower series are required.  
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Additionally, to obtain high JSC values, the properties for an ideal conjugated 

polymer (CP) with a low band gap and defect-free OSC architecture are necessary 

[60]. Since as the band gap of the CP becomes narrower, more light could be 

absorbed, which enhances the JSC. Additionally, a few more appealing characteristics 

such as high molecular weight, high charge mobility, and optimal active layer 

morphology can be included to reduce these losses, all of which enhance the JSC 

value [61]. 

1.7.4 Fill Factor (FF)  

Fill factor (FF) is a characteristic that determines how much of a solar cellôs maximal 

performance it can display. The following relationship explains the FF parameter: 

ὊὊ  
ὐ ὼὠ

ὐὼὠ
 

FF equals 1 only if the ideal case is represented as the white region in Figure 8. 

However, the blue box labeled as Pmax on the J-V curve holds in the real case. Both 

Jmax and Vmax define the maximum power output by the OSC. All characteristics that 

affect the JSC value, excluding the absorption of the active layer, also affect the FF 

value. On the other hand, all factors that affect the VOC value, excluding the energy 

difference between the HOMO of acceptor and the LUMO of the donor, and the WF 

of electrodes, also affect the FF value [58,62].  To obtain higher FF values, collection 

of charges through the corresponding electrodes, smaller series resistance (RS), and 

larger shunt resistance (RSC) are required factors influenced by the morphology of 

the D-A blend. Therefore, the morphology of the active layer should be optimized to 

enhance charge separation and transport of photogenerated charges for increasing 

the FF and JSC values [61]. The transportation of charges benefits from a 

homogeneous active layer, smaller domains, higher domain purity, and 

crystallization. Additionally, the morphology of the active layer can be affected by 

solvent choice, additives, adjusting the donor-acceptor blend ratio, and thermal 

annealing [63].   
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1.8 Conjugated Polymers for OSCs 

Conjugated polymers are organic macromolecules with alternating double and single 

bonds in their backbone.  Conjugated polymers containing overlapping p-orbitals 

create a delocalized ˊ-electrons system with optical and electronic properties. 

Delocalization of electrons is achieved across the polymer backbone with the sp2 

hybridized carbon-based polymer structure. As a result, polymers have the ability of 

high electron polarizability and semiconducting characteristics. Therefore, 

conjugated polymers are also known as conductive polymers [58]. As an example, 

commonly used conjugated polymers are shown in Figure 9.   

 

Figure 9 Commonly used conjugated polymers 

 (a)Trans-polyacetylene-trans-Pac,(b)Poly(p-phenylene)-PPP, (c)Poly(phenylenevinylene) 

-PPV,(d) Poly(p-phenylene-sulphide)-PPS,(e) Polypyrrole-PPy,(f) Polythiophene-PTh,(g) 

Poly(3,4-ethylenedioxythiophene)PEDOT,(h) Polyaniline-PAni and (i) Polyfluorene-PFO. 

Conjugated polymers gained prominence after the discovery of highly conductive 

polyacetylene. MacDiarmid, Heeger, and Shirakawa were awarded Nobel Prize in 

Chemistry in 2000 [64]. Although conjugated polymers have lower charge carrier 

mobility and conductivity than inorganic semiconductors and metals, they offer 

functional and structural diversity, solution processability, lightweight, flexibility, 

suitable bandgap, and low cost.   
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Organic photovoltaics (OPVs), organic light-emitting diodes (OLED), organic field-

effect transistors (OFET), supercapacitors, batteries, and different types of sensors 

have all benefited from this family of materials since semiconducting characteristics 

and advantages of the conjugated polymers over mainstream silicon-based solar cells 

[65].  

1.9 Molecular Engineering of Conjugated Polymers 

Conjugated polymers can be categorized into three main constituting parts: (1) 

conjugated backbone, (2) side chains, (3) substituents, as shown in Figure 10. 

 

Figure 10 Illustration of a typical conjugated polymer for PSC 

The most significant constituent is the conjugated backbone. It determines most of 

the PSC-related physical characteristics of the CPs, such as band-gap, energy levels, 

intermolecular, and intramolecular interactions. Several distinct backbone designs 

have been documented thus far [66ï68]. Therefore, the rational design of the 

conjugated backbone (i.e., repeating units) is critical for improving the PSCs.   
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The other important part is sidechains, which provide solubility of conjugated 

polymers in organic solvents, thus providing solution processability. Sidechains can 

also affect intermolecular interactions and provide optimal mixing with the PCBM 

to obtain the required morphology. Although side chains in the conjugated polymer 

design have numerous advantages, they disrupt the  ́stacking of polymer backbones 

and chromophore density, thereby impeding the absorption of light and 

transportation of charges. Furthermore, inappropriate attachment of side chains can 

cause steric hindrance and twisting of the backbone, resulting in the wider band gap, 

reducing charge carrier mobility resulting in poor photovoltaic characteristics [61]. 

Literature studies show that the length and shape of the side chains significantly 

affect the photovoltaic characteristics of the CP [69,70].  

The last constituting part is substituents (e.g., F, Cl, CN, etc.) are frequently utilized 

to fine-tune the physical properties of CPs, especially their electrical properties (e.g., 

band-gap, energy levels, mobility, etc.). Because photovoltaic capabilities of the 

conjugated polymers are highly dependent on their electronic properties, substituents 

can occasionally significantly impact the PCE of related CPs. Li et al. inserted 

alkylthio substituents into the benzodithiophene (BDT) unit. They proved that the 

insertion of alkylthio substituents broadened the absorption and shifted the HOMO 

energy level of the band gap CPs [71]. Furthermore, Hou et al. designed a thiothienyl 

substituted BDT as a donor unit and proved that substituted BDT containing polymer 

shows 0.15 V higher VOC than its nonsubstituted equivalent that improves the PCE 

[72].  
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1.10 Donor ï Acceptor Approach  

Donor-Acceptor type polymers are ́-conjugated semiconducting polymers with 

alternating donor (́ electron-rich) and acceptor (́ electron-deficient) building 

blocks, distributed along the backbones of the polymer are known as third-generation 

semiconducting polymers. According to the literature, there are two milestones in 

postulating donor-acceptor type polymers.  

The first postulation belongs to Wudl et al., who synthesize the first narrow band-

gap polymer in the 1980s. The study supported that the bandgap can be modulated 

if the polymer backbone is made up of an alternating sequence of quinoid and 

aromatic units [73]. The second postulation was proposed by Yamamoto et al. [74] 

and demonstrated by Havinga et al. [75] to arrange the bandgap of the polymer, 

electron releasing (push), and electron-withdrawing (pull) units can be combined. 

Many recent research studies have confirmed that the above two postulates are linked 

and applicable to the design of D-A type polymers. In researching highly efficient 

BHJ polymer photovoltaic devices, molecular engineering of CPs for adjusting the 

energy band is an important step. PCE of a solar cell is bound with the multiplication 

of three significant factors: JSC, VOC, and FF. VOC is in direct proportion to the energy 

difference between the HOMO of the polymer and the LUMO of the fullerene in a 

device with a BHJ structured active layer. As a result, raising the LUMO of fullerene 

or lowering the HOMO of the polymer can both enhance the value of Voc. To harvest 

a larger portion of the solar spectrum, polymers having low band gaps (LBG) are 

designed. Still, they tend to have low-lying LUMO energy levels and high-lying 

HOMO energy levels [76]. This situation causes a smaller difference between the 

HOMO energy level of the polymer and the LUMO energy level of the fullerene, 

leading to low VOC values. It is required to optimize the band-gap and energy levels 

of the polymer to obtain BHJ PSCs with high VOC and JSC values at the same time. 

[77,78]. By adjusting the molecular weight, torsion angles, aromatic resonance 

energy, bond length alteration, intermolecular interactions, and substituents addition, 

the HOMO-LUMO band gap (Eg) can be controlled and modified.  
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Due to the ease of adjusting HOMO and LUMO energy levels and solubility, the 

synthesis of the CPs containing alternating electron donor (D) and electron acceptor 

(A) moieties has become an effective method for producing organic semiconductors 

to apply in BHJ OSCs. To illustrate, placing alternating D-A moieties into the 

polymer backbone that leading internal charge transfer throughout the conjugated 

chain enhances the effective resonance length of the  ́electrons, resulting in lower 

bandgaps due to the facilitated  ́electron delocalization through planarization [76].  

Because the HOMO and LUMO energy levels are mostly confined to the D and A 

units, these energy levels can be modified by carefully designing and selecting the 

D and A units; thus, Eg of CP can also be controlled [79]. For example, to 

concurrently reduce the HOMO energy level and Eg of a D-A polymer and thus raise 

VOC and JSC of the device, weakly electron-donating moiety (donor unit) with a 

strongly electron-withdrawing moiety (acceptor unit) is required. Compared to 

amorphous polymers, CP with rigid and planar D-A units can construct crystalline 

structures that enhance charge carriers' mobility and procures greater resistance 

against the water and oxygen permeability. Recent research on polymer solar cells 

having crystalline polymers showed that the crystallinity of the CP has a substantial 

effect on the PCE; crystalline polymers enable transportation of charge carriers, 

increasing the FF [80ï82]. 

1.11 Effect of ́ -bridges  

Inserting different ́-bridges has several advantages. Firstly, aromatic -́bridges are 

applied to extend the absorption across a sufficiently broad wavelength range. 

Secondly, the use of conjugated -́bridges can result in a lower Eg value and broad 

absorption across the entire visible and near-infrared region of the solar spectrum. 

Thirdly, the introduction of  ́ bridges into the polymer backbone increases the 

conjugation length that influences both the optical and electronical characteristics of 

the D-A type LBG polymer. Fourthly, inserting ́ -bridges increases the crystallinity 

and JSC while decreasing the steric hindrance [83].  
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Finally, the ability to select alternative aromatic derivatives of -́bridges is the most 

effective way to reduce reorganization energy levels [84]. Wang. et al., focusing on 

the different ˊ- bridges and proved that different ˊ- bridges significantly impact the 

polymer backbone's electronic structure and the interaction of D and A units. ˊ- 

bridges affect the stereo structure and, as a result, the D-A conjugated polymer's 

optical, electrochemical, charge transport, and photovoltaic characteristics [85,86]. 

It is critical to comprehend the effects of the bridges on the physicochemical and 

photovoltaic properties of the conjugated polymers to construct effective PSCs. 

Furthermore, in addition to the film crystallinities and carrier mobilities, Kim et al. 

evaluated the effects of the bridges on the optical, electrochemical, and photovoltaic 

properties of the polymers. They prove that using 6-alkylthieno[3,2-b]thiophene ˊ-

bridge leads to an enhancement in the FF, JSC, and PCE of the device because of the 

higher absorption, improved crystallinity, and high hole mobility of the 6-

alkylthieno[3,2-b]thiophene incorporated polymer. [87]. 

1.12 Benzothiadiazole as Acceptor Unit 

 

Figure 11 Chemical structure of the benzo[c][2,1,3]thiadiazole 

Pilgramet et.al were the first to synthesize brominated benzo[c][2,1,3]thiadiazole 

(BT) in 1970 [88]. However, Meihere et.al designed the first alternating D-A 

copolymer with BT unit in 1996 [89]. 2,1,3-Benzothiadiazole (BT) is a crucial part 

of the chemistry of photoluminescent compounds that can be exploited in light 

technology. Attention has been focused on BT -́extended derivatives with possible 

usage in this exciting area due to their potential as constituents of OLEDs, OSCs, 

liquid crystals, dyes, photovoltaic cells, etc. [90,91].   
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Benzothiadiazole (BT) is an effective electron acceptor; (1) the inclusion of the imine 

functionalities with low ́ * orbitals provide BT with a comparatively high electron 

affinity (EA). The BT structure can be identified as a quasi-quinoidal structure 

(shorter ́  bonds placed in the benzo ring, localized) instead of a ten  ́electron 

heteroaromatic system. This situation can boost the electronic coupling between 

substituents in the 4th and 7th positions compared to that seen across 1.4-substituted 

aromatic units [92]. (2) Because the heterocyclic system of the BT unit has a high 

electron-withdrawing capability, molecules with this ring could be used as an 

electron carrier. (3) BT has enhanced solubility. (4) Due to their highly polarized 

characteristics, BT compounds are expected to produce well-ordered crystal 

structures, leading to intermolecular interactions such as heteroatom contacts and  ́

ï *́  interactions [90].  

1.13 Benzodithiophene as Donor Unit 

 

Figure 12 Chemical structure of the benzo[1,2-b:4,5-bô]dithiophene 

In the early 1980s, the conductivity of the benzo[1,2-b:4,5-bô]dithiophene (BDT) 

moiety was proved and applied to several designs of the molecules [93,94]. 

Moreover, in 2008 Hou & Yang et al. utilized the BDT unit in the synthesis of  PV 

polymers and proved that BDT moiety is one of the accomplished compounds in the 

development of highly efficient materials due to its tunable optical and 

electrochemical properties and intermolecular charge transfer (ICT) between the 

donor and acceptor [95]. BDT becomes an attractive electron-rich donor unit owing 

to its several advantages. (1) BDT has high hole mobility due to its  ́-conjugated 

structure. Its rigid and planar structure creates highly adjustable molecular energy 

levels, optical band gaps.  
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(2) Two thiophene moiety fused with benzene unit in the BDT structure makes it 

planar. (3) Depending on the side chains, the solubility of the BDT unit can be 

adjusted. (4) Planar and conjugated molecule structure of the BDT leads to easier ́  

-stacking and has relatively high hole mobility, making BDT-based polymers 

capable of achieving outstanding photovoltaic characteristics for PSC applications 

[96]. BDT-based OPV devices attained record PCEs verified by the National 

Renewable Energy Laboratory (NREL) [97ï99]. 

1.14 Review of Literature 

The synthesis of D-A type polymers has piqued attention in photovoltaics [100]. 

Electron-rich units (donor) and electron-deficient units (acceptor) are bounded with 

a covalent bond, and these units are repeated through the conjugated polymer chain.  

The optoelectronic characteristics of D-A type polymers have begun to be tuned 

using the donor-acceptor (D-A) strategy. This strategy uses intramolecular charge 

transfer (ICT) between the donor and acceptor units integrated under the same roof 

to achieve a narrower bandgap, lower oxidation potential, and improved coloration 

efficiency than traditional strategies. On the other hand, insertion of ́ bridges into 

the polymer backbone provides various advantages, including extending the 

absorption profile, lowering the band gap (Eg), increasing the conjugation length and 

crystallinity. Therefore, combining two effective strategies has become popular, and  

D-  ́ bridge-A type conjugated polymers have become widely used in PV 

applications. Following the pioneering study of Havinga et al., a series of D-A type 

conjugated polymers containing furan, thiophene, selenophene, and derivatives used 

as a donor, and benzoxadiazole (BO), benzothiadiazole (BT), benzotriazoles used as 

acceptor were designed, synthesized, and characterized for different PV application 

purposes [101]. As electron donors, conjugated polymers having D-  ́ bridge-A 

architecture are frequently utilized. The characteristics of the conjugated polymer, 

such as energy levels of the HOMO and LUMO, absorption range, morphology, and 

charge carrier mobility, can be adjusted by changing the donor and acceptor moieties.  
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Furthermore, the ́ bridge, as a part of the polymer backbone, has a significant impact 

on the molecular structure, optoelectronic and physical characteristics of the 

polymer. Consequently, selecting the appropriate  ́ bridge may be an essential 

technique for improving OPV performance. In the light of this knowledge, polymers 

with three different ́ -bridges (PT1-PT2-PT3) were synthesized by combining 

several articles from the literature, and the effect of bridges on the photovoltaic, 

optical, and electrochemical properties of polymers was investigated in this thesis 

study  

Table 1 Photovoltaic properties of the ˊ bridged polymers in the literature 

Polymer 

 

Polymer/PC71BM 

(w:w) 

VOC 

(V) 

JSC 

(mA/cm2) 

FF PCE 

(%) 

Reference 

P(BDT-F-BT) 1:2 0.94 6.50 0.46 2.81  

[85] P(BDT-T-BT) 1:1.5 0.82 9.45 0.48 3.72 

P(BDT-TT-BT) 1:1.5 0.69 11.34 0.63 4.93 

PBDT-TBT 1:1 0.96 9.10 0.51 4.9  

[102] PBDT-TTBT 1:1 0.80 11.83 0.66 6.3 

PBDTS 1:2 0.73 7.37 0.60 3.24 [103] 

PBDTSe 1:2 0.65 8.62 0.54 3.05 

 

Table 2 Optical & electrochemical properties of ˊ bridged polymers in literature 

Polymer 

Eg
opt 

(eV) 

HOMO  

(eV) 

LUMO  

(eV) 

Eg
CV  

(eV) 

Reference 

P(BDT-F-BT) 1.96 -5.44 -3.48 1.96  

[85] P(BDT-T-BT) 1.82 -5.35 -3.44 1.91 

P(BDT-TT-BT) 1.78 -5.21 -3.54 1.66 

PBDT-TBT 1.79 -5.27 -3.48 1.79  

[102] PBDT-TTBT 1.73 -5.09 -3.36 1.73 

PBDTS 1.81 -5.32 -3.26 2.06 [103] 

PBDTSe 1.71 -5.29 -3.33 1.96 
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Figure 13 Molecular structures of the ˊ-bridged polymers in the literature. 
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As represented in Figure 13, there has been a lot of study in the literature using 

Benzothiadiazole (BT) as the acceptor unit, Benzodithiophene (BDT) with various 

substituents as the donor unit, and thiophene, selenophene, furan, and the thiophene 

as the ˊ bridges [85,102,103]. As clarified in chapters 1.12 and 1.13, BDT and BT 

were selected as donor-acceptor couples since they ensure polymers with broad 

absorbance and appropriate molecular energy levels for harvesting sunlight, 

separation, and transportation of charges in the polymer.  

1.15 Aim of the Study 

Strong electron-withdrawing units (acceptor moiety) reduce LUMO energy levels, 

giving rise to the formation of LBG polymers. Benzothiadiazole (BT) is one of the 

most common and stronger acceptor parts stated in the literature. BT has a quasi-

quinoidal structure that can adopt a quinoid system, and it also has a high electron-

withdrawing property, making it a desirable part of polymer synthesis. Additionally, 

insertion of different ́-bridges into the polymer backbone extends the absorption 

range, increases the conjugation length and crystallinity, reduces the steric 

hindrance. Therefore, 2,1,3-Benzothiadiazole (BT) bearing, D-  ́ bridges-A type 

conjugated polymers were designed and synthesized via Stille crosscoupling 

reactions for usage in OSCs. In this thesis study, three-D-  ́ bridges-A type 

conjugated polymers PT1, PT2, and PT3 with 2,1,3-thiadiazole (BT) as the acceptor 

unit and benzo[1,2-b:4,5-bô]dithiophene (BDT)  as the donor unit were synthesized. 

To demonstrate the electron-donating properties of thiophene, selenophene, and 

thienothiophene, the effect of different ́-bridges on conjugated polymers was 

examined. The polymer characterizations were carried out using a conventional OSC 

device architecture. The PT1 with thiophene, PT2 with selenophene, and PT3 with 

thienothiophene bearing polymers were characterized electrochemically, optically, 

thermally, and photovoltaically. The gel permeation chromatography (GPC) 

technology was used to estimate the molecular weight of the polymers. The polymer 

structures are shown in Figure 14. 
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Figure 14 Synthesized polymer structures 
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CHAPTER 2  

2 EXPERIMENTA L 

2.1 Materials and Methods 

All chemicals and solvents were purchased form Sigma-Aldrich except glacial acetic 

acid from Carlo Erba, and fuming nitric acid from Merck. All reactions were 

performed under nitrogen atmosphere unless otherwise specified. THF, toluene, 

triethylamine and DMF were distilled freshly and dried over Na/benzophenone ketyl 

before use. All monomer units which are named as 4,7-bis(5-bromothiophen-2-yl)-

5,6-bis (octyloxy) benzo[c][1,2,5]thiadiazole (TBTBr), 4,7-bis(5-bromoselenophen-

2-yl)-5,6-bis(octyloxy)benzo[c][1,2,5]thiadiazole (Se-(BTBr) and 4,7-bis(5-

bromothieno[3,2-b]thiphen-2-yl)-5,6-bis(octyloxy)-benzo-[c][1,2,5]thiadiazole 

(TTBTBr) were synthesized according to the previously mentioned methods 

[85,104ï106]. A Bruker Spectrospin Avance DPX-400 Spectrometer was used to 

perform 1H and 13C NMR analysis. The chemical shift data for each signal were 

specified in units of ŭ (ppm) relative to tetramethylsilane (TMS) where ŭ (TMS) = 

0. Splittings were designated as s (singlet), d (doublet), t (triplet), dd (doublet of 

doublet), and m (multiplet). Column chromatography was conducted with Merck 

Silica Gel 60 (Particle size: 0.040ï0.063 mm, 230ï400 mesh ASTM). For Gel 

permeation chromatography (GPC) measurements, Shimadzu LC-20AT instrument 

was used to determine number average (Mn), and weight average (Mw) molecular 

weights in chloroform solvent and polystyrene was used as a universal standard. A 

JASCO V-770 UV-Vis spectrophotometer was used to conduct optical studies in 

both solutions in chloroform and the thin film of polymers. All electrochemical 

characterization studies were performed using a GAMRY Reference 600 

potentiostat.   
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2.2 Synthesis 

2.2.1 Synthesis of Monomers 

 

 

Figure 15 Synthetic pathway of the monomers: TBTBr, SeBTBr, and TTBTBr 

(a) K2CO3, 1-Bromooctane, DMF, 115 oC, 72 h. (b) 65% HNO3, 97% HNO3, HOAc, 

DCM, RT, 48 h. (c)-(i) Pd/C, Hydrazine monohydride, ethanol, 70 oC, overnight (c)-

(ii) N-thionyl aniline, Triethylamine, toluene, 120 oC,3 h. (d) Br2, HOAc, CHCl3, 

RT, 72h. (e) PdCl2(PPh3)2, dry THF, 66 oC, 48 h. (f) NBS, CHCl3, HOAc, RT, 24 h. 

 

 

 

 

  






































































































































