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1.1 Solar energy harnessing 

Energy sustainability has become one of the most important global subjects over the past four decades. 

In response to the fact that conventional fossil fuels will run out eventually in the near future, scientists 

across the world have been actively searching for possibilities to make use of natural energy forms like 

wind, water, bioenergy. Another increasingly pursued energy source is what has promoted life evolution 

billions of years ago: sunlight. The total amount of solar energy reaching the earth is ~ 1.7×1017 Joules 

per second (3.15×107 seconds per year). Cultivated in an efficient way, solar energy may suffice the 

global energy need, knowing that the amount of energy consumed globally has been estimated to be 

3.9×1020 Joules in the whole year of 2013.1 

    Solar energy is exploited in several ways, either thermal-related or electricity-conversion-related. 

Thermal-related processing of solar energy is direct, but doesn’t offer general energy transportability 

(except for cases where electricity is generated on-the-spot by steam turbines with concentrated solar 

power). On the other hand, converting solar energy to electricity with photovoltaic cells has attracted 

significant scientific interest. In general, solar cells are divided into three generations. The first 

generation is primarily based on (monocrystalline or polycrystalline) silicon wafers, which can yield a 

power conversion efficiency over 20%2. As a commercialized generation, they are widely installed on 

roofs, on land and in other applicable locations, even on water, lately. Despite its commercial success, 

mainly due to a very impressive lowering of production costs, in the long run, this generation of solar 

cells is considered not optimally cost-effective, ultimately, because of the relatively thick active layer 

(up to 200 micrometers of silicon is needed to absorb enough sunlight). The second generation of solar 

cells is represented mainly by thin-film amorphous silicon solar cells, CIGS (copper indium gallium 

selenide) and CdTe (cadmium telluride) solar cells. Different from the first generation of solar cells, the 

second generation takes advantage of thin film technologies due to the unique characteristics of the 

materials (only up to 2 micrometers of semiconductor is needed to absorb enough sunlight). This 

generation of solar cells is apparently more cost-effective than the first generation, although with a 

relatively lower power conversion efficiency of around 15%. Additionally, these type of thin-film solar 

cells are so thin that it is possible to make solar cells on flexible substrates. The issue with the second 

generation of solar cells is that its production still needs high-energy processes such as high vacuum and 

high temperature. Another drawback is related to the fact that some key elements in these solar cells are 

not environment-friendly and are also not abundant in nature. 

    The third generation of solar cells is represented by (dye or quantum-dot) sensitized solar cells, 

organic (small molecule or polymer) solar cells, up-conversion/down-conversion solar cells, and a few 

even more exotic types such as plasmonic solar cells based on novel materials. The distinct promise of 

the 3rd generation of solar cells lies in its relatively high performance with low production cost, in 

comparison with the first two generations. Currently, dye-sensitized solar cells and small-molecule 
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organic solar cells have marked research efficiencies of 15%3 and 9%4 in the lab, respectively, while 

polymer solar cells have reached ~11% in 20165 and 13.1% in 2017.6 Recently, remarkable advances of 

perovskite-based solar cells have been reached with organic selective charge transport layers, affording 

power conversion efficiencies over 22% 7 . Although the overall performance (power conversion 

efficiency and device stability) of third-generation solar cells is still inferior to that of the first two 

generations, it has been gaining improvement throughout the past two decades. With increased 

understanding of the fundamentals of the 3rd generation of solar cells, a bright future may be in reach.  

1.2 Introduction to polymer solar cells 

The study of photovoltaic effects of conjugated polymer semiconductors dates back to the 1980s, when 

Weinberger and coworkers reported a junction with an internal conversion efficiency of 0.3% based on 

graphite/trans-polyacetylene/aluminum junctions.8 Early studies on such kind of single layer organic 

photovoltaic cells also include conjugated organic compounds such as poly(3-methylthiophene) 

(aluminum/poly(3-methylthiophene)/Pt junction)9 and poly(p-phenylene-vinylene) (PPV) (aluminum/ 

PPV/ITO junction)10. The latter has afforded an open-circuit voltage of more than 1 V and a power 

conversion efficiency of about 0.1%, but in general these organic solar cells with only one 

semiconductor did not yield good photovoltaic performance. This is mainly due to the fact that most 

light-induced excitons cannot make their way to the electrodes of these devices. The electric field built 

by the work function difference between the two electrodes is far from enough to split the excitons, 

leading to marginal charge collection. This problem was partially solved with a bilayer device 

structure,11 where a material with high electron affinity (e.g., C60) is used to form the second layer. A 

MEH-PPV/C60 bilayer device exhibited a small photoresponse as a result of photoinduced electron 

transfer across the heterojunction interface from the PPV to C60, giving a fill factor of 0.48 and a power 

conversion efficiency of 0.04% (under monochromatic illumination) 12 . Furthermore, with a 

ITO/PPV/C60/aluminum device, a power conversion efficiency of 1% was achieved and an exciton 

diffusion length of 7 nm was modelled out, which significantly promoted the understanding of this 

system.13 This discovery, however, also exposed a potential problem of bilayer devices: To absorb 

enough light, the thickness of a polymer layer commonly needs to reach ~100 nm, which implies that 

only the small fraction of excitons generated near the bilayer interface can be split and contribute to the 

photocurrent. This problem is solved by a simple but elegant solution, blending the polymers (donor) 

and fullerenes (acceptor) to form the photoactive layer. With a proper film-forming process, the domain 

sizes of such a polymer:fullerene blend are within the exciton diffusion radius. Given appropriate 

donor/acceptor energy level alignment, such a bulk-heterojunction design allows most photoinduced 

excitons to split and contribute to the photocurrent.14  

    Bulk-heterojunction polymer solar cells (BHJ-PSCs) have been under intensive research for the past 

two decades. Research has been focused on polymer design, side chain engineering, fullerene 
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innovations, novel electron acceptor design, etc. All these efforts have contributed to push the record 

power conversion efficiencies of single junction bulk-heterojunction polymer solar cells towards a 

higher regime. 

1.2.1 Operating principle 

Figure 1(a) shows the typical device structure of a BHJ polymer solar cell, which can be described as 

two electrodes sandwiching a heterojunction plus the electron/hole transporting layers. The 

heterojunction is formed by mixing the polymer (donor) and fullerene derivative (acceptor), following 

the spontaneous phase separation of these two materials. This process provides high surface area charge-

separating heterojunction interface throughout the bulk photoactive blend. The device architecture in 

Figure 1(a) may be further translated into an energy diagram view, as shown in Figure 1(b). The 

operating principle of BHJ polymer solar cells is better explained with a combined view of Figure 1(a) 

and 1(b). 

 

 

 

Figure 1. (a) A typical conventional device structure of polymer solar cells. The individual components are labeled 

as shown. (b) A simplified energy band diagram showing the energy transfer in bulk-heterojunction solar cells. 

Energy offsets are shown qualitatively. The yellow vertical oval represents a local exciton on the polymer which 

is at its excited state. 

The photocurrent generation process starts with light absorption by the photoactive layer. 

Commonly the electron-donating conjugated polymer plays a major role in light absorption. Absorption 
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of a photon by the polymer promotes one electron from the HOMO to the LUMO (or a higher energy 

level), forming an excited state, usually called an exciton. To dissociate into free charges, these excitons 

need to diffuse (randomly within the bulk) to the heterojunction interface. This is accomplished by a 

Förster resonance energy transfer process which can be either intramolecular or intermolecular. The 

domain size of the polymer phase must be within the diffusion length of the excitons, which is around 

5-10 nm as reported for a number of low bandgap conjugated polymers.15 

    Excitons have short lifetimes (in the order of 1 ns), thus they need to split fast at the heterojunction 

interface before decaying occurs.16 Actually, the dissociation of excitons is one of the decisive processes 

during charge photogeneration in these devices. While controversies still exist over how excitons exactly 

dissociate into free charges, the formation of charge transfer states (CT states) has been reported. A CT 

state represents the state when an electron and hole are localized on the acceptor and donor material, 

respectively, but are still coulombically bound. Exciton binding energy plays a central role herein, as 

will be discussed in detail in later paragraphs. Free charges are obtained on the basis of CT states 

dissociation. After charge separation, the holes and electrons diffuse/drift via a hopping mechanism, in 

the polymer and fullerene phase, respectively, to the electrodes and furnish charge collection. 

    An important implication in Figure 1(b) rests with an energetic downhill for anode to cathode which 

is the fundamental requisite for the whole process, while certain energy alignment essentially determines 

important photovoltaic parameters such as the photovoltage.17 For example, an optimal energy offset 

between the LUMO energies of the donor and acceptor materials may provide sufficient driving force 

for electron transfer (same principle applies to HOMO energies offset in the case of hole transfer). 

Furthermore, the open-circuit photovoltage Voc may be briefly described as limited by the potential 

difference between the HOMO level of the donor and LUMO level of the acceptor. Improper energy 

alignment leads to lower energy conversion efficiency by various loss mechanisms.18  

 

Figure 2. An example of a current density – voltage (J - V) curve of a polymer solar cell. JSC, VOC, MPP, JMPP, 

VMPP and FF refer to short-circuit current density, open-circuit voltage, maximum power point, current density at 

the maximum power point, voltage at the maximum power point and fill factor at the maximum power point. 



6 
 

Successful photocurrent generation certainly relies on efficient exciton dissociation, but it is also closely 

related to the overlap of the light absorption profile of the photoactive layer with the solar spectrum. A 

larger overlap generally benefits a larger photocurrent. To summarize, a high performance polymer solar 

cell thereby needs a very well balanced energy alignment that theoretically guarantees a high 

photovoltage and efficient charge separation, a good light absorption that could lead to high photocurrent, 

and good properties of the photovoltaic blend that would suppress charge recombination. The photon-

to-electricity conversion capability of such a polymer solar cell is characterized by a current density-

potential curve, as shown in Figure 2, where the open-circuit photovoltage, short-circuit photocurrent, 

and maximum power point are indicated. The power conversion efficiency (PCE) is defined by the 

following equation: 

PCE =
𝑉𝑜𝑐  × 𝐽𝑠𝑐  × 𝐹𝐹

𝑃𝑖𝑛
 

where Pin is incident solar power, and the fill factor FF is defined as the result of the maximum power 

output divided by Voc × Jsc: 

𝐹𝐹 =
V𝑀𝑃𝑃 × 𝐽𝑀𝑃𝑃

𝑉𝑜𝑐  × 𝐽𝑠𝑐
 

The power conversion efficiency is measured under standard test conditions, which include the light 

intensity of 1 Sun (1000 W/m2) and the spectral distribution of sunlight (air mass 1.5), and the cell 

temperature at 25 oC. 

1.2.2 Excitons and exciton-binding energies 

Bulk-heterojunction polymer solar cells nest under a bigger solar cell category, the excitonic solar 

cells.19 Excitonic solar cells function on the premise of the formation and subsequent dissociation of 

excitons, which leads to free charges. More specifically, these excitons are named Frenkel excitons20 

due to the fact that they are formed within organic molecules in materials of relatively low dielectric 

constants, in contrast to Wannier excitons for inorganic semiconductors with large dielectric constants. 

For the case of organic solar cells, the lack of sufficient dielectric screening results in a need for a high 

energy to split the exciton, i.e. to overcome the exciton binding energy.  

    Specifically, two types of excitons are defined in polymer solar cells (thereby two types of exciton 

binding energy), depending on the different stages of the photocurrent generation process. These two 

types of excitons are schematically illustrated with the electronic state diagram in Figure 3.21 
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Figure 3. An electronic state diagram showing the charge carrier generation process in a bulk-heterojunction 

polymer solar cell. S0 (donor) means the ground state of the polymer, and S1(donor) refers to the first excited 

singlet state of the polymer. CS (donor) represents the state when the hole and electron are separated on the 

polymer chain. CT1 and CTn are the manifolds of the charge transfer state which involves both the donor (polymer) 

and the acceptor (fullerene derivative). CS(donor-acceptor) refers to the state when free charges are separated within the 

polymer/fullerene derivative blend and being transported in the respective phases. The red arrows indicates 

photoexcitation and energy transfer pathways. The excited-state exciton binding energy (Eb
exc) and the charge 

transfer exciton binding energy (Eb
CT) are shown explicitly. 

 

Photoexcitation of conjugated polymers generates a singlet excited state, which can be considered as a 

coulombically bound hole-electron pair. This hole-electron pair initially resides on the conjugated 

polymer backbone. The exciton binding energy of such an excited state, Eb
exc, is thereby defined as the 

potential energy difference between the singlet excited state and a pair of fully separated hole and 

electron on the polymer chain (Figure 3). Given that the exciton survives diffusing to or was formed 

directly at the heterojunction interface, the electron of the local exciton may transfer to the other co-

blended component with high electron affinity (such as fullerene derivatives). After the electron transfer 

reaction, the hole-electron pair remains coulombically bound in case of insufficient dielectric screening, 

since the donor polymer and acceptor fullerene molecules are physically adjacent to each other. This 

second type of exciton is termed as the charge transfer exciton, with binding energy Eb
CT, defined as the 

potential energy difference between the charge transfer excited state and a pair of fully separated hole 

and electron. 

    The role played by excitons in the charge photogeneration process is doubtlessly crucial. Efficient 

charge photogeneration is only possible when excitons can diffuse to the heterojunction interface within 

their lifetimes, and also quickly dissociate into free charges without geminate recombination.22 In this 

respect, quite some research effort has been dedicated to understand the properties of 

excitons,23,24,25,26,27,28,29 such as the exciton diffusion length and exciton binding energy. For example, by 

systematically varying the layer thickness of the electron donor material (PPV), T. Stubingera and W. 
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Brutting estimated the exciton diffusion lengths to be 12 ± 3 nm from the measured photocurrent 

spectra.30 Hummelen, Blom and coworkers accurately determined the exciton diffusion length of a PPV 

derivative to be 5 ± 1 nm with the help of time-resolved photoluminescence.31 By analytically studying 

the charge separation per incident photon profiles of a poly(3-hexylthiophene) (P3HT)/TiO2 system, 

Warman and coworkers estimated the exciton diffusion length in P3HT to be 2.6 – 5.3 nm, depending 

on the formation site of excitons.32  

    Quantifying the exciton binding energy has always been a highly valued theme. In virtue of the non-

uniform and disordering nature of polymers, it has been difficult to reach consensus on the 

measurements. For a very simple and clear start, assuming that the coulombic force makes a major 

contribution to the exciton binding energy, one can attempt estimating the magnitude of the exciton 

binding energy with the following equation: 

                                                 𝐸 =
𝑒2

4π𝜀𝑟𝜀0r
                                                                         (1) 

Taking typical values for the organic material dielectric constant, r = 4, and a hole-electron distance r 

= 0.5 nm, e = 1.6×1019 C, vacuum permittivity 0 = 8.85×1012 C(Vm) 1, and 1 C = 6.24×1018 electrons, 

eq. (1) gives Eb
CT  0.72 eV, which is notably larger than the thermal energy kBT (~25 meV) at room 

temperature (kB = 8.617×10−5 eV K1, the Boltzmann constant). For the case of an intramolecular excited 

state exciton binding energy, Eb
exc probably is even larger because of the fact that the intramolecular 

hole-electron distance is even shorter. Note that this estimation is a most simple one that only takes into 

account Coulomb force, while the actual situation may involve an entropy contribution and other factors 

from the local physicochemical environment.  

    Experimental determination of exciton binding energy has generated results ranging from ~60 meV 

to ~ 1 eV. PPVs are the most studied species in this sense. For example, transient-photoconductivity 

decay measurements on PPV films by Heeger et al. have revealed an Eb
exc of ~0.1 eV.33 Based on electric 

field and temperature-dependence studies, weakly bound excitons with Eb
exc  0.06 eV were extracted.34 

These studies seem to suggest a rather small exciton binding energy for PPV. However, other 

investigations indicate a Eb
exc around 0.5 eV.35 Apart from the different nature of the measurements, 

these discrepancies also reflect the non-uniform and disordered nature of polymers, which leaves a 

difficult situation to precisely define and measure the exciton-related properties. The charge-transfer 

state exciton binding energy Eb
CT is expected to be smaller than Eb

exc according to eq. (1), since the hole 

and electron are now located on different species, thus the hole-electron distance should be increased. 

For instance, with electric field induced quenching of the photoluminescence of MDMO-PPV/PCBM 

films, Hallermann et al. determined a binding energy of 130 meV for excitons in the charge-transfer 

state.36 Given that Eb
CT by definition is the potential energy difference between the charge transfer state 

and charge separated state, Janssen et al. estimated the energy of the charge transfer state of 
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P3HT/PCBM system to be 1.0 eV, and the energy of the charge separated state 0.7 eV, yielding an Eb
CT 

of ~ 0.3 eV.37  

    Photovoltaic systems with low exciton binding energies hold great significance for high-performance 

devices. In a recent investigation, Robin J. Nicholas and collaborators have demonstrated that the use of 

very high magnetic fields enables to accurately measure multiple excitonic transitions of the perovskite 

CH3NH3PbI3, thus allowing to further study its spectroscopic properties precisely. They obtained an 

exciton binding energy of around 16 meV in the low temperature orthorhombic phase and a few 

millielectrovolts in the room temperature phase where solar cells operate.38 

    To summarize, despite all the differences between different studies on the properties of excitons, one 

may extract an approximate numerical range for the exciton binding energy. The importance of 

constructing systems with low exciton binding energies has been valued from the beginning. In a 

practical sense, eq.(1) unambiguously shows that to decrease the exciton binding energy thus to 

effectively generate free charges from excitons, it is necessary to enhance the medium dielectric constant, 

and/or to increase the extent of excited state delocalization. Design of molecular systems along this 

direction may lead to considerable progress of solar cells based on molecular semiconductors. 

1.3 Conjugated polymers 

MDMO-PPV and regio-regular P3HT have been ground-breaking materials in the course of material 

development for polymer solar cells. As the understanding of the physicochemical fundamentals of 

PSCs gets increasingly deeper within the community, researchers have shifted the focus to conjugated 

polymers with an internal donor-acceptor alternating character, which was originally conceptualized for 

the purpose of bandgap reduction.39, 40 The past decade has witnessed a boom of new donor-acceptor 

alternating conjugated polymers for optoelectronic applications. This generation of polymers has 

provided much insight  into  important requirements of high-performance polymer solar cells, such as 

good energy level alignment with regard to the acceptor material for efficient energy transfer, proper 

bandgap for maximized light absorption, appropriate intermolecular packing for enhanced hole mobility, 

and sufficient compatibility with the acceptor material for good morphology. With contribution from 

every aspect, the design of novel polymers has become increasingly rational, boosting the solar cell 

power conversion efficiency to over 13% with a single junction device. 6 

1.3.1 One-dimensional conjugated polymers 

Most reported alternating donor-acceptor conjugated polymers are one-dimensional in terms of the 

donor-acceptor configuration. Such a linear donor-acceptor alternation can quickly narrow down the 

bandgap due to donor-acceptor orbital hybridization,41 providing a relatively simple and efficient tuning 

of the frontier orbitals. From the rich library of various combinations of donors and acceptors monomer 
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units, as one can readily find in a number of review articles, we can highlight some existing popular 

donor and acceptor units according to their relative strength, as shown in Figure 4.  

 

Figure 4. A collection of widely applied donor units (1  5) and acceptor units (6  14) in recent years. These 

structures are ranked from left to right roughly according to their electron-donating capabilities (increasing from 

1 to 5) or their electron-withdrawing capabilities (increasing from 6 to 14). For cases where X = N, only one R 

group is attached to X. 

 

The choice of donor and acceptor decisively affects the light absorption capacity of the resulting polymer 

and the basic energy alignment with regard to the acceptor of choice. It may also influence the 

morphology of the photoactive blend in a subtle way. For example, weak donors such as fluorenes (1, 

X = C, Figure 4) and dibenzosilole (1, X = Si, Figure 4) are known to give relatively high Voc due to 

thelow-lying HOMO levels of the corresponding polymers, but the poor orbital mixing with acceptor-

type monomers in the chain generally results in polymers with relatively large bandgaps, resulting in an 

inherently low light absorption capacity. Stronger donors such as the dithienosilole (5, X = Si, Figure 

4) on the other hand, could afford a prefered optical bandgap. Unquestionably, the design of OPV 

polymers relies on a rational combination of donor and acceptor moieties, but also in conjunction with 

understanding of the relationship between structure and morphology. This may be exemplified by the 

development of the PTB series of polymers, as shown in the schematics of Figure 5. 
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Figure 5. The development of the PTB series of polymers may be viewed as a typical developing route for 

benchmark polymers, i.e., from structure definition to fine tuning of the physicochemical properties of the 

polymeric material. PCE means power conversion efficiency. The PV results were obtained in combination with 

[70]PCBM as the acceptor material, except PTB5 which was studied in conjugation with [60]PCBM. 

Figure 5 shows the development of the PTB series of polymers with selected structures. One can see the 

influence of what seems as a subtle structural change on the photovoltaic performance. The initial 

structural change of a single fluorine atom from PTB5 to PTB4 caused about 0.1 eV difference in the 

HOMO levels, which played an important role in the efficiency gain of PTB4.42 Furthermore, change of 

the R1 in PTB4 from n-octyl to 2-ethylhexyl (R2) improved the  solubility and morphology, pushing the 

efficiency to 7.4%.43 Cao and coworkers enhanced the light absorption capacity as well as increased 

hole mobility of PTB7 by synthesizing high-molecular weight materials, obtaining efficiencies up to 

8.5%.44 Yu et al. initiated the concept of using thienyl side groups on the PTB series of polymers,45 

which was later followed by optimization of a number of other conjugated polymers.46,47  

1.3.2 Two-dimensional conjugated polymers 

A second type of donor-acceptor conjugated polymers has a distinct character of two-dimensional 

conjugation, as presented below by some representative structures shown in Figure 6.48  The early 

development of this class of polymers was based on the P3HT main chain, but provided with 

thienylenevinylene side chains (1 in Figure 6). These polymers were reported to show enhanced light 

absorption in the visible region relative to P3HT, and the reported photovoltaic performance is basically 

is similar to that of P3HT.49 Some out-of-the-box explorations showed that with a proper extent (~2%) 

of cross linking of polythiophenes with thienylenevinylene chains, it is possible to see an increase of 

hole mobility relative to the non-cross-linked counterpart (2 in Figure 6).50 In addition, some researchers 

attached electron-donating side groups such as triphenylamine to the thiophene backbone (3 in Figure 

6), aiming to tune the hole mobilities of these materials.51 
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Figure 6. A collection of selected structures with distinct two-dimensional conjugations. m and n in the structures are numbers 

between 0 and 1 (For details, please refer to the specific citations). Notice that the groups pendant to the electron-rich backbone 

can either be electron-donating or electron-withdrawing.  

In recent years, with the booming investigations of donor-acceptor alternating conjugated polymers, this 

class of 2-D polymers was extended with various kinds of electron-withdrawing side groups (36 in 

Figure 6). For example, in 2008, regioregular polythiophenes tethered with 90 mol% of phenanthrenyl-

imidazole (4 in Figure 6) has led to a ~0.1 eV reduction of the bandgap in comparison to P3HT, in 

conjunction with a doubled electron transfer probability as found in polymer:PCBM blend studies. 

These two features of the new polymer contributed to much higher external quantum efficiencies (thus 

higher photocurrents) than those of P3HT:PCBM, as well as enhanced solar cell efficiencies of 3.45%.52  

    A popular strategy to design two-dimensional conjugation polymers was to incorporate 

triphenylamine into the polymer backbone, such as in structure 5 (Figure 6).53,54,55,56,57 Such a design has 

endowed the polymer with a decent hole mobility and power conversion efficiency of 4.37% when 

applied in solar cells in combination with [70]PCBM,53 which may indicate room for improvement, 

given the fact that the phenyl-phenyl connection tends to destroy the planarity of the polymer backbone, 

which is not beneficial to intermolecular packing. In the later years, along with the worldwide 

enthusiastic research on donor-acceptor alternative conjugated polymers, new 2-D polymers have 

emerged with better light-harvesting capability and higher intermolecular packing potential, 

continuously pushing up the solar cell efficiencies. 58 , 59 , 60 , 61 ,62 For example, by systematically 

investigating the acceptor and side-chain effect, Peng et al. have reported an efficiency of 5.65% for 6 

in combination with [70]PCBM (Figure 6), which is attributed to its good light absorption, improved 

carrier mobility and well-defined phase compared to its analogues.62  
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To summarize, the investigation of the above 2-D polymers is mainly promoted by two motivations: 

(i) To enhance the light absorption capacity with two conjugations in the -system (donor-donor 

conjugation and donor-acceptor conjugation), and (ii) to make use of intramolecular charge transfer 

(from donor to acceptor) thus improving electron transfer to fullerene acceptors in polymer solar cells. 

In terms of the detailed structural design, some researches directly used the 3-position of thiophene to 

furnish a donor-pendant acceptor configuration (this may introduce some torsion between adjacent 

thiophenes, yet the detailed effect remains unevaluated), while others employed an ethylenic linker as 

the -bridge between the donor backbone and pendant acceptors. An ethylenic linker is an excellent 

choice to minimize the steric hindrance between neighboring conjugation moieties, especially when the 

acceptor group is bridged onto the 3-position of thiophene. Note that these ethylenic linkers also extend 

the overall -conjugation. On the other hand, it should be noted that most of these 2-D polymers were 

prepared using the Wittig-Horner reaction to introduce the ethylenic segment. The stereochemistry of 

this particular alkene-generating reaction however depends on multiple factors and varies with different 

substrates, leaving a possible challenge to control the regio-regularity of the resulting polymers. 

 

 

 

 

 

1.3.3 Polymer quality as an important theme 

 

The search for new donor-acceptor conjugated polymers has always been one of the most attended 

subjects, paving the road for efficiency enhancement. On the other hand, the community has been facing 

an increasing challenge to further push up the power conversion efficiency. Unquestionably, ground-

breaking design principles are needed to go to the next generation of polymer solar cells. Some 

researchers however, have sensed the necessity to exploit the limit of the current generation of polymers 

by improving the quality of these synthetic materials from a chemistry perspective, given the fact that 

currently almost every OPV polymer is synthesized by Stille copolymerization without specific 

optimization.  

    The quality of conjugated polymers in general embodies a manifold of characters, such as the 

molecular weight, degree of regio-regularity, polydispersity index, end-group control, and even precise 

control of intermolecular interactions by manipulating key atoms on the polymer. These characteristics 

impose an obvious but important impact on crucial requisites for high performance solar cells, such as 

a maximized light harvest (extent of conjugation), balanced morphology (domain size), and good hole 
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mobility (intermolecular packing). A collection of representative studies on the detailed properties of 

donor-acceptor conjugated polymers is listed below. 

Table 1. Some examples of various perspectives on understanding the influence of specific physicochemical 

properties of conjugated polymers on device performances.  

Entry Polymer structure Point of 

discussion 
Major conclusion 

1 

 

Molecular weight 

Higher molecular weight  

led to better light absorption 

and carrier mobility. 

2 

 

End-capping 
Uniform end-capping  

benefitted fill factor. 

3 

 

Đ 
Fractionated polymers 

yielded higher current densities. 

4 

 

Effect of 

Palladium as 

impurity 

Residual Pd 

caused adverse effect. 

5 

 

Atomic direction 
Specific F-H interaction 

enhanced backbone planarity. 

 

Tuning (mostly increasing) of the molecular weight is by far the most studied subject regarding the 

quality of conjugated polymers.44, 63, 64, 65, 66, 67, 68, 69, For example, Reinhold and coworkers have shown 

that the molecular weight of P3HT affects the mechanical properties of the corresponding devices by 

increasing the cohesive energy, and that a proper increase of molecular weight can afford higher PCEs.69 

Cao et al. have studied the effect of the molecular weight of PTB7 on solar cell performance44 (Entry 1, 

Table 1). It was shown that PTB7 with increased molecular weight (obtained with longer polymerization 

time) enhanced the light absorption capacity, which significantly contributed to the eventual power 

conversion efficiency in combination with [70]PCBM. 

    Heeger et al. specifically studied the effect of end capping effect in conjugated polymers (Entry 2, 

Table 1),70 given the fact that routine Stille copolymerizations may lead to polymer chains with various 

end groups including stannanes, bromine or hydrogen atoms, or even methyl groups transferred from 
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catalyst ligands. It was shown that while there is no morphological difference between devices based on 

non-capped and H-capped polymers, the existing tin-capping and Br-capping adversely affects the fill 

factor and device stability. Another important parameter regarding polymers is the parameter Đ (also 

known as polydispersity index), the influence of which has also been studied in a number of works by 

Manca71, McCulloch72, and Sivula73 et al. For instance, by purifying indacenodithiophene polymers with 

recycling size-exclusion chromatography, McCulloch et al. demonstrated efficiency improvements of 

up to 30% with respect to the non-purified polymers (Entry 3, Table 1).72 Seth B. Darling and coworkers 

artificially added Pd(PPh3)4 into PTB7/[70]PCBM blends and studied the device performance and 

photophysics of these systems (Entry 4, Table 1).74 It was found that the presence of more residual 

palladium  apparently deteriorated the cell performance, which was attributed to increased trap-assisted 

charge recombination. 

    Stille polycondensation potentially produces main chain complexity when asymmetrical 

dibrominated monomers are involved. The exact relative configuration of building blocks therefore may 

play a role in device performance. Jen et al. conducted a quantitative analysis of the polymerization 

towards PTB7 (Entry 5, Table 1).75 It was revealed that a routine PTB7-Th synthesis was not regio- or 

chemo-selective, resulting in two distinctly different segments in terms of relative donor/acceptor 

configuration. Furthermore, only one of the configurations with specific fluorine atom direction 

contributes to the superior absorption, packing order, and charge mobility in the corresponding polymers. 

The unique structure−property relationships are the result of cooperative molecular arrangements of the 

key segment and noncovalent interactions between the fluoro atoms and the aromatic protons on the 

thiophene side-chains of the polymers. 

1.3.4 Polymers towards low exciton-binding energy 

The significance of developing conjugated polymers that would help build low exciton binding energy 

systems is doubtless. Yet, compared to conventional structural studies targeted on bandgap engineering 

and morphology tuning, etc., the area of dedicated research for low exciton binding energy polymers 

remains largely unexplored. In a practical sense, eq. (1) serves as an intuitive guide to identify design 

principles for polymers that may afford low Eb: increase the dielectric constant of the polymer as a 

material, and increase the hole-electron distance on the excited state. Specifically, since only one 

material (the polymer) is within consideration, Eb herein refers to Eb
exc.  

    In terms of the material dielectric constant, the relevant reports are within a handful, while some of 

them are based on third-component doping, others on designing novel organic structures. For example, 

Ma et al. blended B,O-chelated azadipyrromethene with a high dielectric constant camphoric anhydride 

to form donor films, which show increased permittivity relative to non-doped cases.76 Subsequent 

photophysical investigation suggests that the use of camphoric anhydride has likely reduced the exciton 
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binding energy. Another report used lithium bis(trifluoromethylsulfonyl)imide as the dopant for a 

polymer/PCBM blend, has lead to increased low-frequency permittivity, as well as improved charge 

transport and suppressed charge recombination,77 backing the positive effect of enhancing the dielectric 

constant of the photoactive blend. 

    Despite these reported successes, the use of third-component additives can possibly adversely affect 

the light absorption and charge mobility for obvious reasons. This makes it very important to develop 

organic semiconductors with intrinsic properties that may lead to low exciton binding energies. Early 

researchers utilized (2-(2-(2-methoxyethoxy)ethoxy)ethyl) groups to achieve this. 78  In this work, 

Breselge et al. replaced the methoxy group and/or the -OC10H21 chain in MDMO-PPV with (2-(2-(2-

methoxyethoxy)ethoxy)ethyl) to afford 7a7c (Figure 7(a)), achieving a dielectric constant of 4.1, 4.0 

and 5.5 for 7a , 7b , and 7c, respectively, compared to 3.01 for MDMO-PPV.  Subsequent device 

physics studied by Blom and coworkers79 showed that a blend of 7b and a PCBM derivative exhibited 

an enhanced charge dissociation efficiency of 72%, in conjunction with improved charge separation 

distance. 

 

Figure 7. (a) Structural change on MDMO-PPV with (2-(2-(2-methoxyethoxy)ethoxy)ethyl) chains leads to new 

material with higher permittivity. (b) Introducing cyano groups on the end of the side chains also leads to an 

increase of the dielectric constant. 

In a recent work, cyano groups were introduced at the end of the solubilizing side chains of PIDT-DPP-

Alkyl, resulting in a dielectric constant increase from 3.9 to 5.0. Jen and coworkers found out that such 

a dielectric constant enhancement has led to suppressed geminate recombination, which is likely 
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responsible for the higher Voc, Jsc and FF of PIDT-DPP-CN than the alkyl counterpart.80 The other 

implication from eq.(1), i.e., to increase the hole-electron distance of the excited state, however, has 

received no dedicated attention. This thesis will exploit the possibility to increase the hole-electron 

distance, via designing and synthesizing novel conjugated polymers, as will be explained in the 

following chapters. 
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1.4 Thesis outline 

The scientific goal of this thesis is part of a research programme which aims at enhancing solar energy-

to-electricity conversion efficiency, by using novel polymers and fullerene derivatives that would 

contribute to a decreased exciton-binding energy. A proper understanding of the relationship between 

exciton-binding energy and photovoltaic performance of molecular semiconductors is absolutely 

necessary, as already indicated in some of our early studies. The design of novel conjugated polymers 

is based on theoretical propositions on possible ways to reduce the exciton binding energy. In the 

meantime, we are also interested in exploring non-conventional polymerization strategies in pursuit of 

polymers of enhanced chemical quality. 

    Chapter 2 sets a goal in obtaining high-quality donor-acceptor conjugated polymers. This chapter 

describes a one-pot Suzuki-Miyaura homopolymerization, which involves in-situ borylation/cross 

coupling of dibrominated donor-acceptor conjugated macromonomers, in comparison to the standard 

Stille copolymerization of electron-rich dithienosilole and electron-deficient isoindigo monomers. 

Quantum chemical calculations and MALDI-TOF measurements are used to extract structural 

characteristics of these two polymers which are compared. A brief comparison of the photovoltaic 

performance is also conducted. 

    There are generally two possible strategies to reduce the exciton binding energy of a polymeric 

material, i.e. (i) enhance its dielectric constant with chemical modification for more effective charge 

screening, and (ii) consider increasing the excited-state hole-electron distance of the polymer, so as to 

facilitate charge separation. Chapter 3 specifically focuses on the second perspective, by investigating 

two-dimensional (2-D) donor-acceptor conjugated polymers. In these conjugated polymers, the acceptor 

moieties are configured as pendant groups of the donor backbone, via a distinct cross conjugation. We 

conceive that a conjugated backbone consisting of pure donor moieties introduces an enhanced 

delocalization of the highest occupied molecular orbital (HOMO) of the polymer, while cross-

conjugated acceptors lead to a well localized lowest unoccupied molecular orbital (LUMO). 

Furthermore, these features might synergistically yield an increased hole-electron distance, which could 

result in a relatively low exciton binding energy when compared to a conjugated analogue with linear 

donor-acceptor (D-A) conjugation. To this end, this chapter first discusses structural optimization based 

on theoretical calculations on a series of monomers. In the end, we also directly compared the exciton-

binding energy characteristics of a prototypical donor-acceptor cross-conjugation dimer and its linear-

conjugation counterpart. 

    Chapter 4 attempts to lay a general ground work for the synthesis of thieno[3,4-b]thiophene-based 

two-dimensional donor-acceptor cross-conjugated polymers, where the acceptor units are 

perpendicularly attached to the thiophene-based backbone, while 2,5,8,11-tetraoxadodecyl (TEG) side-
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groups are used as solubilizing chains with an additional purpose of increasing the dielectric constant of 

the resulting polymer. It is found that in spite of efficient chain growth, the as-presented one-pot Suzuki-

Miyaura homopolymerization (context of  Chapter 2) persistently introduces unassignable impurities to 

the polymer (P1). Although an exact explanation is not pursued, it is hypothesized that the oxygen atoms 

in the TEG chains chelate the boron atoms in the system of Suzuki-Miyaura homopolymerization. This 

hypothesis is supported by an experiment with a control polymer (P2) where alkyl chains were employed 

as solubilizing side chains, where the problem with P1 was well eliminated, as evidenced by our mass 

spectra analysis. Stille copolymerization is used to yield the desired 2-D conjugated polymer (CC1). 

The present work hints to important aspects of bis(pinacolato)diboron-promoted homopolymerization 

regarding its potential drawbacks, which might limit its application scope  

    The previous chapters have paved the way for the synthesis of a 2-D polymer featuring a distinct cross 

conjugation between the thieno[2,3-c]pyrrole-4,6-dione acceptor and the thieno[3,4-b]thiophene donor 

moieties, with thiophene spacers in the backbone. This enabled us to actually study the influence of 

donor-acceptor cross conjugation on the exciton-binding energy characteristics of conjugated polymers. 

Chapter 5 describes a combined device physics and quantum chemical study of such a 2-D polymer, 

with a special focus on exciton binding energy. Preliminary evaluation of the external quantum 

efficiency of this polymer (CC1) suggested, to our surprise, that the exciton binding energy is 

unambiguously higher than that of the typical linearly-conjugated polymers. This experimental 

observation is supported by extensive quantum chemical calculations on a series of cross- and linear-

conjugated dimers. Furthermore, quantum chemical calculations suggest that the higher exciton binding 

energy of cross-conjugated polymers is most likely related to strong electron localization in their excited 

state, leading to a shorter hole-electron distance. 
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