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Abstract 

This thesis focuses on the investigation of two strategies for stabilizing the photovoltaic 

performance of polymer solar cells. Polymer solar cells (PSC) fabricated using solution 

processable conjugated polymers offer the potential for high-speed production of solar cell 

modules at low cost. However, achieving high power conversion efficiency (PCE) and long 

lifetime remains a challenge for PSCs. Photoexcitation of a conjugated polymer generates 

tightly bound electron-hole pairs (i.e., excitons) that require an electron acceptor (e.g., 

fullerene) for the dissociation of excitons into free charges. An interpenetrating network of 

conjugated polymer and fullerene (i.e., bulk heterojunction) is ideal for efficient charge 

generation due to the existence of a high interfacial area. However, such a morphology is 

not thermodynamically stable and is subject to large phase segregation in the form of 

fullerene aggregation provoked by the build-up of excessive heat during the operation of 

PSCs. Consequently, the PCE of PSCs degrades over time. In this thesis, two strategies 

for morphological stabilization are investigated using derivatives of poly(benzo[1,2-b:4,5-

b′]dithiophene-thieno[3,4-b]thiophene) (PTB). In one strategy, a derivative of PTB having 

thermally-cleavable tetrahydropyran (THP) sidechains (PTB(THP)) is synthesized. 

Removal of the THP sidechains by thermal annealing reduces the mobility of PTB, thus 

retarding the diffusion of fullerene through the polymer matrix to form large aggregates. 

Photovoltaic (PV) devices made from PTB(THP) after thermal-cleavage of the sidechains 

exhibited stable PCE over prolonged thermal annealing, which is attributed to the 

thermally-stable morphology observed by microscopic studies. In the second strategy, a 

series of PTB derivatives bearing photocrosslinkable chlorooctyl sidechains (PTB-Cl) are 

synthesized. Photocrosslinking initiated by deep UV is able to insolubilize thin films of 

PTB-Cls. PV devices having stable PCE over prolonged thermal annealing were 

demonstrated using photocrosslinked PTB-Cls. However, high-number of 

photocrosslinkable sidechains and prolonged UV irradiation pose negative effects on the 

PCE and stability of PV devices made from PTB-Cls. In addition, accurate PCE 

measurement is of importance for the research of PSC. In Chapter 4, measurement errors 

of PCE using a simple xenon arc lamp are discussed. Improvements of measurement 

accuracy are demonstrated following simple modifications of the instruments and the 

measurement procedure. 
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Chapter 1.  
 
Introduction 

Presently, the world produces 23,815 TWh of electricity in a year, of which 66.7% 

comes from power plants that burn fossil fuels. In contrast, renewable energies, such as 

solar, wind, tide, and geothermal, only contribute 4.2% to the overall electricity production.1 

In the context of global energy production, renewable energies account for a mere 1%.2 

Despite the low global output, renewable energies have undergone rapid growth since the 

1970s, largely because of increasing awareness of the limited sources of fossil fuels and 

the imminent threat of global warming. Without any efforts to reduce greenhouse gas 

emissions, the increasing energy demands under the current structure of energy 

production are estimated to increase the global temperature to ~5 °C above pre-industrial 

values by the end of the 21st centry.3 The goal of the 2015 United Nations Climate Change 

Conference is to keep the increase to < 2 °C,4 which would require extensive replacement 

of fossil fuel combustion with renewable energies.5 In addition, coal burning and fuel 

combustion used in the transportation sector generate large amounts of sulfur oxides, 

nitrogen oxides, and fine particulates that adversely affect human health.6 The growing 

concern of air pollution, especially in densely populated countries and cities, also calls for 

expedited development of clean, renewable energies. 

The sun delivers 4.3 × 1020 J of energy to the surface of the earth every hour.7 If 

only a small fraction of the total solar irradiation is harvested by humans, the current world 

energy needs could be completely met. Unlike other types of renewable energy, solar 

energy is ubiquitous, free of charge, and easily accessible throughout the world. 

Therefore, solar power is unlikely to be affected by price volatility, import/export 

restrictions, and can contribute to energy self-sustainability in countries that lack natural 

resources. Photovoltaic (PV) devices provide direct conversion of light into electricity. 

When paired with appropriate energy storage technologies, PV devices provide 
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sustainable clean energy. In large metropolises, solar PV devices can be used to charge 

electric vehicles during the daytime, lowering grid burdens and reducing pollution.8 Once 

installed, solar PV devices do not generate greenhouse gases and do not emit pollutants. 

Large solar PV plants require minimal water consumption, which is a key benefit for 

countries and regions where fresh water is limited. Small-size solar cells combined with 

rechargeable batteries can serve as self-sustained, off-grid electricity sources. This 

combination can be utilized in remote areas where grid connection is not economically 

feasible. A successful example is the Lighting Africa program, which has been providing 

lighting in various African countries using batteries connected to solar cells.9 

Despite the advantages and benefits, solar PV only contribute a marginal 0.6% of 

the world’s electricity10 and only 14% of the electricity produced by renewable sources.1 

One major issue associated with solar PV is the cost of electricity production. Although 

the cost of PV electricity has been reduced to 80–100 USD/MWh, it is still more expensive 

than wind and traditional fossil-fuel-based power generation.11 The PV market is currently 

dominated by crystalline silicon (c-Si) because it is a mature technology and has been 

successfully commercialized.10 Manufacturing crystalline silicon solar cells usually 

involves three major processes: casting a silicon crystalline ingot, slicing the ingot into 

wafers, and fabricating the wafer into solar cells.12 Approximately 50% of the cost of c-Si 

cells comes from the silicon wafer12 because the manufacturing process of silicon ingot is 

highly energy demanding and the tolerance for defects is extremely low.13 Therefore, 

reducing the thickness of the wafer is imperative in the development of c-Si solar cells. 

However, following a rapid decline in wafer thicknesses from the late 1970s, this trend has 

slowed down in recent years. Further thinning of the wafer would require extensive 

development of processing technologies.12 Alternatively, several thin film PV technologies 

have emerged in an effort to lower material usage in PV modules. Examples of thin-film 

PV technologies are amorphous silicon (a-Si),14 cadmium telluride (CdTe),15 and copper 

indium gallium selenide (CIGS).16 Instead of slicing from bulk crystalline materials, PV thin 

films are grown directly from precursors onto conducting substrates. The thickness of thin-

film PV devices vary from a few hundred nanometers to tens of micrometers, which is 

much thinner than c-Si PV devices (typically one to two hundred micrometers).17 Also, thin 

film PV manufacturing processes consume far less energy than c-Si PV devices because 

bulk crystal growth is avoided.13 When deposited onto flexible substrates, such as metal 
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foil or plastic sheets, thin-film PV devices become flexible and can be stored in rolls and 

more easily installed.18,19 Roll-to-roll production of thin-film PV modules based on flexible 

substrates have a higher throughput and lower cost than traditional wafer-by-wafer 

manufacturing in clean rooms.20 

Like its predecessor, thin-film PV technologies have their own shortcomings. The 

major impediment of a-Si PV devices is light-induced degradation during operation.21 

While CIGS do not undergo light-induced degradation,22 the scarcity of indium makes 

them essentially non-sustainable for mass-production. CdTe suffers from an extremely 

low abundance of tellurium, and it is also challenged by wide-spread concerns related to 

the toxicity of cadmium.23 Only a finite number of elements are present in inorganic PV 

materials; thus, the variation largely relies on advanced engineering. In contrast, the 

electronic and opto-electronic properties of organic semiconductors can be finely tuned by 

synthetically altering the chemical structures. Thus, organic PV (OPV) devices are more 

likely to achieve high-performance, low-cost solar cells in the future. Additionally, 

experiments and calculations have shown that manufacturing OPV devices requires 

minimal energy consumption and low material cost such that the energy pay back time 

(time required to produce the same amount of energy that is consumed during its 

production) is projected to be as low as one day.24 This feature is largely attributed to the 

high solubility of organic semiconductors in common organic solvents, and it enables 

large-scale, high-speed production using printing techniques at room temperature.25,26 The 

abundance of carbon, which forms the skeleton of organic molecules, contributes to the 

low cost of the raw material. OPV devices are flexible, transparent, and light-weight; 

therefore, they can be used in niche applications, such as portable power sources for 

personal electronic devices, window-mounted PV devices, and wearable solar cells.27 

However, when viewed as a PV technology that will play a serious role in mass power 

generation, OPV devices are far from meeting industrial standards and requirements for 

commercialization.28 

The power conversion efficiency (PCE), lifetime, and cost are the three key 

properties that determine the commercial viability of a certain type of PV technology.29 

Failure in one of these three categories will limit a PV technology to a niche market. 

Commercial c-Si modules have an average of 16% PCE, and lifetimes of ~ 20–30 years.10 
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In comparison, OPV devices show lower performances in both areas. Over the years, with 

enormous amount of effort devoted to the field, the PCE of OPV has surpassed 10%.30–38 

However, these record numbers are based on lab-scale devices (tens of square 

millimetres in size), and manufacturing high-PCE large-scale modules remains a 

challenge.39 Nonetheless, a module PCE as low as 5% is considered acceptable29 and 

can still make OPV devices competitive as long as the cost of manufacturing lies well 

below that of other technologies. The major obstacle is the short lifetime. Although the 

reported life expectancy of OPV devices has been improved from several minutes to a few 

years over the past two decades,40,41 the research field remains disorganized—reliable 

outdoor evaluations are deficient and standard indoor accelerated test protocols are not 

consistently followed.42 Compared to the steady improvement of PCE, the subject of 

performance stability is generally less studied because of its complex mechanism and 

overlooked importance. Thus, more research must be devoted to the field of OPV for OPV 

devices to become serious contenders in the PV industry and ultimately contribute to the 

transformation of energy structure towards clean, renewable energies. 

1.1. Polymer Solar Cells 

Anthracene was the first organic compound whose photoconductivity was 

discovered and investigated in the early 20th century.43–45 Around the same time, Albert 

Einstein received the Nobel Prize in Physics for his discovery of the photoelectric effect, 

which laid the foundation for the development of photovoltaics in the late 20th century.46 

After the invention of the first silicon photovoltaic cell at Bell Laboratory in 1954,47 

investigation of photovoltaic properties in organic materials focused mostly on 

organometallic complexes.48–51 These so-called “dyes” were sandwiched between two 

metal electrodes, and achieved a PCE up to 0.01% by 1975.52 Two years later, high 

conductivities were observed in certain conjugated polymers after doping,53 which earned 

Allan J. Heeger, Alan G. MacDiarmid, and Hideki Shirakawa the Nobel Prize in Chemistry 

in 2000.54–56 In the following years, semiconducting conjugated polymers became a niche 

subject of PV cells, where similar sandwiched electrode-polymer-electrode architectures 

were used, yielding low PCEs.57,58 A major breakthrough in the field came in 1986 when 

Tang reported the first bi-layer organic solar cell using two different dyes and achieved a 
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PCE of 1%.59 This heterojunction concept forms the basis of all types of subsequent 

organic solar cells where two materials with different electron affinities were brought into 

contact to facilitate charge separation and charge transportation. Hiramoto et al. added a 

third layer consisting of two co-sublimated dyes within the bi-layer architecture and 

achieved a photocurrent that was two times greater than that of a bi-layer cell.60 The 

dispersed heterojunction, later called a bulk heterojunction (BHJ), likely increases the 

heterojunction interface, facilitating charge separation. After the low solubility issue of C60 

(a widely-used electron acceptor) was solved by the invention of a soluble fullerene, it 

became possible to fabricate bulk heterojunctions of conjugated polymer/fullerene via 

solution processing.61 Taking this advantage, another breakthrough in the field was made 

by Yu et al. In their seminal paper published in 1995, solar cells with a spin-coated bulk 

heterojunction of polymer/fullerene achieved a then record-high PCE of 2.9%.62 Since 

then, polymer solar cells (PSCs) have gained significant interest and become one of the 

most studied systems within the realm of organic solar cells. 

1.1.1. Device configuration and principle of operation 

As a thin-film PV technology, a complete polymer solar cell comprises multiple 

layers of thin films. The conventional and inverted configurations are shown in Figure 1.1. 

Both configurations are built on a transparent substrate coated with a layer of transparent 

conducting oxide (TCO) as the bottom electrode. The active layer, which is essentially the 

bulk heterojunction of a conjugated polymer and fullerene, serves as the core of the entire 

device where the photovoltaic effect occurs. The active layer is sandwiched by two buffer 

layers: the electron transport layer (ETL) and the hole transport layer (HTL). The main 

function of the buffer layers is to selectively conduct one type of charge carrier while 

blocking the other, such that charge carrier recombination at the active layer/electrode 

interface is prevented during device operation.63 The device is finished with a metallic top 

electrode, which is usually deposited by thermal evaporation. The polarities of the top and 

bottom electrodes, as well as the locations of the ETL and HTL, are opposite in these two 

configurations. 
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a) 

 

b) 

 
 

Figure 1.1 Conventional (a) and inverted (b) configurations of polymer solar 
cells 

Unlike inorganic semiconductors, an electrically bound electron-hole pair (exciton) 

is formed in conjugated polymers upon photoexcitation. An electron accepting material 

with a band energy offset greater than the exciton binding energy is needed for efficient 

generation of mobile charges (see Section 1.1.3). Fullerenes enable ultrafast electron 

transfer from conjugated polymers and are generally used as the electron acceptor in 

PSCs.64 Figure 1.2 illustrates the key steps in a full photovoltaic process in a PSC using 

an energy diagram. The highest occupied molecular orbitals (HOMOs) and lowest 

unoccupied molecular orbitals (LUMOs) are analogous to the valence band and 

conduction band, respectively, of an inorganic semiconductor (see Section 1.1.3). When 

a photon with an energy greater than the bandgap (i.e., the energy difference between the 

HOMO and LUMO) is absorbed by the polymer, an exciton is formed. Within its lifetime, 

the exciton may diffuse to the polymer/fullerene interface, where a charge transfer (CT) 

state is formed.65 After that, the CT exciton dissociates into separate charges (i.e., an 

electron and a hole), which are transported through the polymer and fullerene, before 

being collected at the electrodes. The mechanism of charge dissociation after CT 

formation remains debated among researchers. Several pathways involving hot exciton 

formation and infrared (IR) absorption have been proposed.66–68 Alternatively, an exciton 

can be generated when the fullerene absorbs a photon. These excitons are separated at 

the polymer/fullerene interface driven by the energy difference of the HOMOs. 

a) 

 

b) 

 

c) 
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d) 

 

e) 

 

f) 

 

Figure 1.2 The photovoltaic process in a polymer solar cell: exciton generation 
(a); exciton diffusion (b); charge transfer (CT) state formation (c); 
charge separation (d); charge transportation (e); charge collection (f) 

1.1.2. Device characterization 

The key values obtained in a typical current-voltage (I-V) characterization are 

illustrated in Figure 1.3. A typical characterization of a photovoltaic device is called an I-V 

test. During the test, the device is placed under the illumination of a pre-calibrated solar 

simulator. A voltage sweep is applied to the solar cell device, and the current response is 

recorded. The current is converted to current density (J) (with respect to the device area 

(A)) and plotted against the applied voltage (V), yielding the well-known current density-

voltage (J-V) curve. The device area is the area where all layers of the device overlap. If 

a mask is used, the aperture of the mask is used to define the device area. From the J-V 

curve, the point of maximum power density (Pmax) is located where the product of J×V 

reaches a maximum, and the PCE can be calculated from: 

 𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚
𝑃𝑃𝑖𝑖𝑖𝑖

 (1.1) 

where Pmax is the maximum output power density and Pin is the power density of the 

incident light. The intercepts on the J-axis and V-axis are the short circuit current density 

(Jsc) and the open circuit voltage (Voc), respectively. The fill factor (FF) is the ratio of Pmax 

to the product of Jsc×Voc (Equation 1.2a). Graphically, FF describes the “squareness” of 

the J-V curve.69 The FF and PCE can be expressed as: 

 𝐹𝐹𝐹𝐹 = 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚
𝐽𝐽𝑠𝑠𝑠𝑠∙𝑉𝑉𝑜𝑜𝑐𝑐

 (1.2a) 

 𝑃𝑃𝑃𝑃𝑃𝑃 = 𝐼𝐼𝑠𝑠𝑠𝑠⋅𝑉𝑉𝑜𝑜𝑜𝑜⋅𝐹𝐹𝐹𝐹
𝑃𝑃𝑖𝑖𝑖𝑖⋅𝐴𝐴

 (1.2b) 
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where Isc is the short circuit current and A is the effective area of the solar cell. The ratio 

of Isc to A is the short circuit current density (Jsc). In practice, a few tens to a few hundreds 

of samples of one particular device are usually fabricated and characterized for 

publications with an emphasis on reporting PCE breakthroughs.70–74 The deviations of 

PCE in these experiments are typically around 0.2%. However, experimental errors in 

PCE are subjected to the reliability of instruments; 15-25% deviation in PCE is not 

uncommon for a single batch of devices. 

 
Figure 1.3 Current density–voltage (J-V) curve and key values extracted from a 

current–voltage (I-V) measurement. The black dot represents the 
point of maximum power density (Pmax). Jmax and Vmax are the current 
density and applied voltage at Pmax, respectively 

Aside from I-V measurements, external quantum efficiency (EQE) measurements 

provide additional information about the device performance. The EQE is a dimensionless 

parameter that measures the number of electrons extracted at the electrode per incident 

photon. During an EQE test, the device is placed under a short circuit condition (i.e., zero 

applied voltage), and illuminated by monochromatic light across a certain wavelength 

range. The current response at each wavelength is recorded, and the EQE is calculated 

by: 

 EQE = 1.24⋅𝐼𝐼𝑠𝑠𝑠𝑠
𝜆𝜆⋅𝑃𝑃𝑖𝑖𝑖𝑖

 (1.3) 

where Isc is the short circuit current (mA), λ is the wavelength (nm), Pin is the power of the 

incident photon (W), and 1.24 is the product of the Planck constant and the speed of light 
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divided by the elementary charge (i.e., h·c/e) including unit conversion factors.75 Plotting 

the EQE against the wavelength generates an EQE curve. 

1.1.3. Materials 

Conjugated polymers 

Polymers are linear macromolecules composed of many repeating units of the 

same chemical structure. Conjugated polymers have alternating single and double bonds 

along the backbone. The carbon atoms in a conjugated polymer adopt sp2 hybridization. 

The remaining p orbitals form molecular π orbitals that are delocalized across the entire 

molecule. These π orbitals include bonding π orbitals that are filled with electrons in the 

ground state and anti-bonding π* orbitals that are vacant at ground state. Figure 1.4 shows 

how energy levels develop as thiophene oligomers grow in length.76 As more thiophene 

rings are added, the π orbitals are more hybridized. At infinity, the π orbitals form 

continuous energy states rather than discrete energy levels. The highest state formed by 

bonding π orbitals is called the HOMO, and the lowest state formed by anti-bonding π* 

orbitals is called the LUMO. The gap between the two bands is called the bandgap (Eg). 
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Figure 1.4 Development of the band structure from calculated energy levels of 

thiophene oligomers (n = 1–6), where Eg is the electron bandgap. 
The general chemical structure of polythiophene is depicted above. 
Adapted from ref. [77] 

In general, when a photon with an energy greater than the bandgap of a 

semiconductor is absorbed, an electron-hole pair bonded by Coulomb attractions (i.e., an 

exciton) is generated. Organic semiconductors have weak intermolecular interactions and 

low dielectric constants, which result in tightly bonded electron-hole pairs. On the other 

hand, inorganic semiconductors exhibit much greater intermolecular interactions with 

much higher dielectric constants, producing weakly bonded electron-hole pairs upon 

excitation.78,79 This is illustrated by Figure 1.5, which compares the Coulomb wells of 

poly(3-hexylthiophene) (P3HT) and silicon. The high dielectric constant of silicon (ε = 11.7) 

produces a narrow Coulomb well whose radius (rC) at room temperature (i.e., T = 300 K) 

is smaller than the radius (rB) of the exciton. Therefore, the thermal energy (i.e., E = kBT, 

where kB is the Boltzmann constant) at room temperature is enough to overcome the 

Coulomb attraction; hence, free charges are generated in silicon upon excitation. In 

contrast, rC is much greater than rB for P3HT at room temperature, which means that the 

thermal energy is less than the exciton binding energy. Hence, the electron-hole pair 
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remains bonded. The lifetime of a photogenerated exciton within a conjugated polymer is 

on the order of several hundreds of picoseconds.65 Accordingly, the excitons have a 

diffusion length of ~10 nm.80–82 Therefore, unlike inorganic semiconductors, organic 

semiconductors need another material to form an interface with an energy difference to 

assist exciton dissociation.83 Otherwise, photoexcitation will be compensated by charge 

recombination, rendering organic semiconductors useless for photovoltaic applications. 

 
Figure 1.5 Schematic representation of the Coulomb wells and electron 

wavefunctions of an exciton generated in an inorganic 
semiconductor (Si) and an organic semiconductor (P3HT), with the 
positive charge carrier (i.e., hole) positioned at 0 nm. The ovals are 
schematic representations of the electron’s wavefunction. rC is the 
radius of the Coulomb well at room temperature (T = 300 K), rB is the 
Bohr radius of the electron wavefunction, and kBT represents the 
thermal energy at room temperature (T = 300 K). The values of rB and 
the dielectric constants (ε) were extracted from refs. [82], [84], and 
[85] 

Conjugated polymers are efficient light absorbers. The absorption coefficients of 

most conjugated polymers at their absorption maxima are above 105 cm-1;86–89 thus, film 

thicknesses of a few hundred nanometers are adequate for light harvesting.90 In 

comparison, intrinsic silicon has an absorption coefficient on the order of 102–104 cm-1.91 
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Correspondingly, the thickness required for 90% absorption of photons with energies 

above the bandgap is 125 µm for silicon.92 

Furthermore, conjugated polymers are intrinsic semiconductors. Introducing 

charges by p-doping and n-doping with small redox species can enhance the conductivity 

of conjugated polymers,93,94 such as the widely used hole transporting material—poly(3,4-

ethylenedioxythiophene) doped with poly(styrene-4-sulfonate) (PEDOT:PSS).95 However, 

for most applications, conjugated polymers are used as synthesized. Most conjugated 

polymers used in photovoltaic applications preferably conduct holes; hence, they are 

conventionally called “p-type” polymers.96–99 However, this should not be confused with 

traditional p-type inorganic semiconductors because these polymers are not doped. In 

fact, it is possible for “p-type” polymers to conduct electrons or exhibit ambipolar 

conductivities under certain conductions (e.g., inert atmosphere, suitable electrodes).100 

Conduction in conjugated polymers mainly proceeds through a hopping mechanism, in 

which thermally activated charges hop from one localized state to another across highly 

disordered regions.101 Thanks to the rapid advancement of molecular design and 

processing techniques, conjugated polymers with carrier mobilities on the order of 10 

cm2·V-1·s-1 have been reported; this value is comparable to that of amorphous silicon.102–

105 On a molecular scale, charges are conducted through overlapped π orbitals. High 

conductivity along the polymer backbone (intramolecular conductivity) and moderate 

conductivity through π–π stacking (intermolecular conductivity) have been observed in 

polymer crystallites.106 In a recent model proposed by Noriega et al., charge conduction 

through the bulk is accomplished by two processes: 1) along single polymer chains that 

connect polymer crystallites through disordered regions; 2) through π–π stacking within 

polymer crystallites that serve as “transfer stations” because individual chains rarely 

extend across an entire device (Figure 1.6).107 The latter is the rate-limiting process. This 

model successfully accounted for the high mobility observed in several new types of 

conjugated polymers that form interconnected short-range ordering distributed in a 

seemingly amorphous polymer matrix.108,109 
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Figure 1.6 Schematic representation of charge transport through thin films of 

conjugated polymers. Charges travel along an individual polymer 
chain and transfer onto another chain at ordered regions (polymer 
crystallites). High conductivity is realized if there is a high 
population of ordered regions that are effectively connected by high-
molecular-weight polymer chains. Adapted from ref. [107] 

Fullerenes 

Fullerenes are excellent electron acceptors. C60 and C70 can accept up to 6 

electrons upon reduction.110 The high electron mobility of fullerenes enables fast electron 

transport.111–113 Additionally, fullerenes show absorption maxima in the UV region, which 

can promote exciton formation and contribute to photocurrent generation in PSCs.114 

Fullerenes based on C60 and C70 with solubilizing sidechains have been synthesized for 

their applications in solution-processed PSCs (Figure 1.7). Phenyl-C61-butyric acid methyl 

ester (PC61BM) was the first of its kind reported and is one of the most widely used 

fullerenes.61 PC71BM is the C70 equivalent of PC61BM.115 PC71BM is frequently paired with 

low-bandgap polymers to create high efficiency PSCs because of its broader and stronger 

absorption that encroaches into the visible region. Fullerenes with multiple substitutions 

show higher LUMO levels.116 Since Voc is roughly the difference between the fullerene 

LUMO and the polymer HOMO, fullerene multiadducts provide a higher Voc in PSCs.117 

Bis-PCBM increases the Voc of the P3HT/PCBM device by 0.15 V, increasing the PCE by 

20%.118 The indene-C60 bisadduct (ICBA), developed by He et al., can raise the Voc of 

P3HT/PCBM devices by 0.25 V while maintaining the photocurrent, nearly doubling the 

PCE.119,120 Replacing fullerenes with polymer-based or small molecule-based acceptors 

remains an active topic in the research field because of their high cost and limited 

modification pathways. Recently, this direction has started to increase in popularity.121–125 

Polymer chain Polymer crystallite Conduction along backbone Conduction through π – π stacking
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C60 PC61BM PC71BM Bis-PCBM ICBA 

Figure 1.7 Chemical structures of various fullerenes 

Buffer layer and electrode materials 

A buffer layer ensures an ohmic contact between the active layer materials and 

the electrode at their interface with a selective conductivity of one of the carriers. 

Additionally, buffer layers modify surface properties at the active layer/electrode 

interfaces, prevent diffusion of metal ions, and serve as optical spacers such that the 

optical field is strongest in the active layer.126 Poly(3,4-

ethylenedioxythiophene):poly(styrene sulfonic acid) (PEDOT:PSS) is the by far the most 

frequently applied HTL in conventional devices. PEDOT is an insoluble, semiconductive 

polymer. PSS serves as a polyelectrolyte during the oxidative polymerization of EDOT, 

and remains as a counter ion to the positively doped PEDOT in the product (Figure 1.8).95 

This ionic polymer blend is water-soluble and resistive to common organic solvents, which 

enables direct solution deposition of polymer/fullerene solutions. PEDOT:PSS generally 

shows a conductivity of 1~10 S·cm-1 and has a good thermal stability.95,127 The conductivity 

of PEDOT:PSS can be further increased to > 1000 S·cm-1 via solvent treatment, making 

it possible to fabricate TCO-free devices.128 Other than the hole transporting function, a 

thin layer of PEDOT:PSS also reduces the roughness of the TCO/active layer interface, 

which improves the FF of the device.129 In addition, the organic nature of PEDOT:PSS 

improves the surface wettability of organic solvents as compared to TCO alone, facilitating 

active layer casting and preventing delamination of the layers.130 

O

O

O

O

O

O

O

O



 

15 

 
Figure 1.8 Chemical structures of PEDOT:PSS, polyethylenimine (PEI), 

polyethylenimine ethoxylated (PEIE), and poly [(9,9-bis(3´-( N, N-
dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9–dioctylfluorene)] 
(PFN) 

Transition metal oxides with a wide range of work functions (Wf), good stabilities, 

and wide bandgaps are widely used as buffer layers in PSCs.131 ZnO has a Wf that closely 

matches the LUMO of PCBM and is transparent in the visible region.132 As a result, ZnO 

is commonly inserted between the active layer and the TCO, serving as the ETL. ZnO is 

mainly deposited onto TCO as spin-coated nanoparticles or through a sol-gel 

process.132,133 Metal oxides with high Wf, such as MoO3 and WO3, have been used as the 

HTLs in inverted devices.134–136 They are usually thermally evaporated before evaporating 

the metal electrode. 

Lithium fluoride (LiF) used to be a common ETL in the early development of 

PSCs.137 Adding a thin layer of LiF improves the performance of the solar cell and the 

device stability.138,139 The improvement is believed to be caused by the introduction of 

molecular dipole moments at the active layer/metal electrode interface that facilitates 

charge extraction.63 Based on similar dipole effects, thin polymer electron transport layers 

have been reported (Figure 1.8). Branched polyethylenimine (PEI) and polyethylenimine 

ethoxylated (PEIE) can effectively lower the Wf of TCOs, enabling efficient electron 

extractions.72,140 Thin layer poly [(9,9-bis(3´-( N, N-dimethylamino)propyl)-2,7-fluorene)-

alt-2,7-(9,9–dioctylfluorene)] (PFN), a derivative of polyfluorene, also uses tertiary amine 
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to impart dipole moments.70 It has been employed as an effective ETL in devices with 

record-high PCEs.36,71 

In a conventional configuration, low Wf metals, such as Ca and Al, are usually 

deposited as the top electrode for efficient electron extraction, because the metals’ work 

function is pinned at the work function of PCBM, forming an Ohmic contact.141 However, 

using inverted structures allows the use of high Wf metals like Ag and Au, which improves 

device stability.142,143 TCOs are heavily doped metal oxides that are highly conductive and 

transparent. Indium tin oxide (ITO) is the most commonly used TCO.144,145 Fluorine-doped 

tin oxide (FTO) without the expensive element of indium is also used.146 However, TCO 

thin films are naturally brittle and not suitable for flexible substrates. In roll-to-roll 

production of flexible PSCs the transparent electrode is made of screen printed silver 

nanoparticles, which allow passage of 80% of visible light.25 

1.2. Design and Synthesis of Conjugated Polymers 

1.2.1. Traditional polymers 

In the early stage of polymer solar cell research, two types of conjugated polymers 

with simple chemical structures predominated the field: poly(alkoxy-phenylenevinylene) 

and poly(3-alkylthiophene). Poly([2-methoxy-5-(3,7-dimethyloctyloxy)]-1,4-phenylene-

vinylene) (MDMO-PPV) and poly(3-hexylthiophene) were among the most studied 

derivatives of the two, respectively (Figure 1.9). The bulky sidechains introduced to the 

PPV backbone imparted high solubility and good processability. Shaheen et al. first 

reported bulk heterojunction solar cells made from solutions of MDMO-PPV and PC61BM, 

which achieved 2.5% PCE.147 Later, the efficiency was improved to 3.0% using PC71BM, 

which can absorb more light.115 However, morphological control of MDMO-PPV/PCBM 

polymers has been difficult since its first report, and has remained an issue for this polymer 

throughout its development.148 
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Figure 1.9 Chemical structures of MDMO-PPV and P3HT 

Research interests quickly shifted to P3HT/PCBM solar cells, due to the many 

superior features of P3HT. Unsubstituted polythiophenes have excellent electrical and 

optical properties; however, they are not soluble.149 Adding only one alkyl sidechain at the 

3-position of the thiophene ring sufficiently improves the solubility of polythiophenes 

without undermining their conjugation.150 Three different couplings, namely head-to-tail, 

head-to-head, and tail-to-tail, can occur during the polymerization of 3-hexylthiophene 

based on the asymmetry of its chemical structure (Figure 1.10). However, McCullough 

and coworkers developed a facile Grignard metathesis to obtain P3HT with > 99% head-

to-tail regioregularity and a high molecular weight.151 Unlike MDMO-PPV, regioregular 

P3HT (RR-P3HT) shows a strong tendency to crystalize into lamellar stacks in the solid 

state.106 The charge carrier mobility of P3HT ranges from 0.1 to 0.3 cm2·V-1·s-1, and it is 

dependant on the degree of regioregularity.152–154 The PCE of P3HT/PCBM solar cell 

devices could reach as high as 5% after post-deposition thermal annealing (see Section 

1.3).155,156 Moreover, P3HT is more stable against photooxidation than MDMO-PPV (See 

degradation).157 To date, P3HT remains the benchmark for solar cells based on 

conjugated polymers and fullerenes.158,159 However, the performance of P3HT/PCBM 

devices is limited because of the high bandgap and high HOMO level of P3HT.160 Recent 

studies have used fullerene derivatives with lower electron affinities (e.g., ICBA) than 

PCBM for P3HT, which increased the Voc value and provided a PCE of 6.5%.120 

 
Figure 1.10 Three different isomers of a 3-hexylthiophene dimer 
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1.2.2. Strategies for reduction of the bandgap 

The photocurrent produced by a solar cell is directly proportional to the number of 

absorbed photons.161 The highest photon flux occurs at ~700 nm of the AM 1.5G solar 

spectrum.162 Therefore, it is rational to design conjugated polymers with absorptions that 

extend into the near-infrared region. The bandgap of a polymer can be lowered using two 

strategies: stabilizing the quinoid structure and using an alternating donor-acceptor 

structure on the mainchain. 

 
Figure 1.11 Resonance structures of polyacetylene (a), polythiophene (b), and 

poly(isothianaphthene) (c) 

In the ground state, polyacetylene has two alternating resonance structures of the 

same energy (Figure 1.11).163,164 In contrast, the ground state of a conjugated polymer 

consisting of aromatic rings is not degenerate. The quinoid from has a higher energy and 

a smaller bandgap because of the decreased bond length alternation that is restricted by 

the aromatic rings.165 Stabilizing the quinoid form can increase the contribution of the 

quinoid form at the ground state of the polymer and hence reduce the bandgap. Using a 

fused ring system is an effective method of securing the quinoid structure. For example, 

the tendency of the fused benzene ring to remain aromatic stabilizes the quinoid form of 

poly(isothianaphthene) (PITN) (Figure 1.6). Consequently, the bandgap of PITN is ~1 eV, 

which is approximately half the bandgap of polythiophene (2 eV).166 

Another way to lower the bandgap involves incorporating alternating electron 

donating units (donor) and electron withdrawing units (acceptor) on the polymer mainchain 

(D-A polymer). The hybridization of the energy levels of the donor and acceptor 

simultaneously increase the HOMO level and decrease the LUMO level (Figure 1.12a).167 

The bandgap of the D-A polymer is lower than those of the donor and acceptor 

homogeneous polymers, as demonstrated for poly[2-(thiophene-2-yl)pyridine] (PTP).168 
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When a photon is absorbed by a D-A polymer, an intramolecular excitation is induced, 

where the positive charge resides at the donor unit while the negative charge resides at 

the acceptor unit (Figure 1.12b).168 The different electron affinities of the alternating units 

help to stabilize the exciton. 

a) 

 

b) 

 

Figure 1.12 The hybridization of energy levels of a donor-acceptor polymer (a) 
and the intramolecular photoexcitation of poly[2-(thiophene-2-
yl)pyridine] (b) 

The abundant choices of donor and acceptor building blocks enable researchers 

to rationally design conjugated polymers for high-efficiency photovoltaic devices.169,170 The 

building blocks can be chemically modified (e.g., by adding different sidechains and 

heteroatom substituents) to finely tune the energy levels, solubility, and morphology of the 

polymer.171,172 The polymers with high molecular weights can be easily synthesized from 

two monomers through Stille or Suzuki polycondensation.173 Table 1.1 lists several 

modern D-A polymers that have provided high device performances. The donor units are 

red, and the acceptor units are blue. Among them are some popular donor blocks, such 

as benzodithiophene (BDT, Entry 1, 2, 3), and thiophene (T, Entry 4, 5, 6), and several 

popular acceptor blocks, such as thienothiophene (TT, Entry 1, 2), benzothiadiazole (BT, 

Entry 5, 6, 7), and diketopyrrolopyrrole (DPP, Entry 4). 
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Table 1.1 Donor-acceptor polymers with high photo conversion efficiencies 

Entry Polymer Structurea Name Eg (eV)b PCEc 

1 

 

PTB7 1.8174 9.2%71 

2 

 

PTB7-Th 1.6175 10.6%36 

3 

 

PBDTTPD 1.7176 8.5%177 

4 

 

DT-PDPP2T-TT 1.4178 9.0%179 

5 
 

PCDTBT 1.9180 7.9%181 

6 

 

PffBT4T-2OD 1.789 10.8%89 
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Entry Polymer Structurea Name Eg (eV)b PCEc 

7 

 

PDTP-DFBT 1.6182 8.0%182 

a Donor units and acceptor units are colored in red and blue, respectively; 
b Electrochemical bandgap; 
c Obtained with optimized solar cell devices. 

1.2.3. Effects of substituents attached to the polymer backbone 

Substituents attached to the polymer backbone are of paramount importance in 

conjugated polymers. Flexible alkyl sidechains are indispensable for solution 

processability, while electron donating and withdrawing functional groups are useful tools 

for fine tuning energy levels. Since Voc is essentially the difference between the fullerene 

LUMO level and the polymer HOMO level, lowering the HOMO level of the conjugated 

polymers can increase the Voc, which improves the PCE.117 The minimum difference 

between the LUMO levels of the conjugated polymer and fullerene is 0.3 eV for efficient 

exciton dissociation.117,183 Therefore, lowering the HOMO level of the polymer while 

maintaining at least a 0.3 eV LUMO difference is a sound strategy to boost the PCE 

beyond bandgap engineering. Indeed, attaching an electron withdrawing substituent can 

lower the HOMO level, while an electron donating substituent can raise it.184 This is best 

exemplified by the PTB series polymers (Table 1.1 Entry 1). Poly(thieno[3,4-b]thiophene-

benzo[1,2-b:4,5-b']dithiophene) (PTB) is a series of D-A polymers developed by Yu and 

coworkers.185 The design concept is that the three fused rings of the BDT donor unit would 

provide certain degrees of π–π stacking, which ensures good hole mobility, and two 

positions for alkyl sidechain attachment, which provide high solubility. Meanwhile, the 

fused thiophenes on the TT acceptor unit stabilize the quinoid structure.186 PTB polymers 

have optical bandgaps of ~1.6 eV and absorption maxima at 600–700 nm.187 When paired 

with PC71BM, the absorption of the blended film almost covers the entire UV to near 

infrared region. The most successful derivative, PTB7, once held the world record for PCE 

of polymer solar cells (9.2%).71 Further modification by adding two thiophene rings on the 
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sidechains of the BDT unit (PTB7-Th, Table 1.1 Entry 2) incorporated the π electrons from 

the sidechain-thiophenes to the conjugation of the mainchain, further lowering the 

bandgap and providing an even higher PCE > 10%.36 

 

 

Figure 1.13 The chemical structures of PTB2, PTB3, PTB7, and PTB9 (top); the 
energy levels of PTB2, PTB3, PTB7, PTB9, PC61BM, and PC71BM 
(bottom). Data extracted from ref. [188], [174], [189], and [190] 

Systematic studies of polymers based on the PTB backbone have revealed how 

substituents may influence the opto-electrical properties of the polymers.185,191,192 Figure 

1.13 shows four PTB polymers and their respective energy levels. PTB2 and PTB3 differ 

only by the sidechains on the BDT unit. The less electron donating alkyl sidechains on 

PTB3 lower the polymer energy levels compared to PTB2, which has alkoxyl sidechains 

instead.188 Consequently, the PTB3:PC61BM device shows a Voc that is ~1 eV higher than 

that of the PTB2:PC61BM device (Table 1.2). Similarly, the energy levels of PTB7 are ~1.5 

eV lower than those of PTB9, which is attributed to the electron withdrawal effect of the 

fluorine atom on the TT unit.174,189 Solar cell devices based on PTB7:PC71BM, and 

PTB9:PC71BM exhibit similar Jsc and FF values (Table 1.2). The vast difference in PCE 

(7.4% vs. 5.7%) is a direct result of the increased Voc of the PTB7:PC71BM device. 
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Table 1.2 Photovoltaic parameters of polymer solar cells made from PTB2, 
PTB3, PTB7, and PTB9 

 Voc (V) Jsc (mA·cm-2) FF PCE (%) 
PTB2:PC61BM 0.60 12.8 0.66 5.1 
PTB3:PC61BM 0.74 13.1 0.57 5.5 
PTB7:PC71BM 0.74 14.5 0.69 7.4 
PTB9:PC71BM 0.60 14.3 0.66 5.7 

The position, quantity, and chemical structure of the alkyl sidechain significantly 

influence the solubility and intermolecular interactions of the conjugated polymer. As 

previously mentioned, two alkyl sidechains on polythiophene disrupt the conjugation, while 

unsubstituted polythiophenes are not soluble.149 In general, polymers with branched 

sidechains are more soluble in solution but form weaker π–π stacking in the solid state, 

compared to those with linear sidechains.193 A recent study revealed that poly[3-(2-

ethylhexyl)thiophene] (P3EHT, Figure 1.14a) exhibits longer π–π stacking distances and 

lower degrees of aggregation than P3HT.194 As a result, P3EHT has an optical bandgap 

that is ~0.1 eV wider than that of P3HT. A similar trend is observed for PTB polymers.191 

PTB polymers with linear sidechains on the BDT unit exhibit closer π–π stackings than 

those with branched sidechains. 

The fine balance of solubility and polymer aggregation is best demonstrated by 

poly(difluorobenzothiadiazole-quarterthiophene) (PffBT4T, Figure 1.14b). Liu et al. 

studied three derivatives of this polymer with sidechain branching points on the first, 

second, and third carbon from the attaching thiophene ring.89 The PffBT4T with a 1-

octylnonyl sidechain whose branching point is on the first carbon from the polymer 

backbone (PffBT4T-1ON) exhibited poor aggregation and crystallinity, which caused an 

low PCE. In contrast, PffBT4T-3OT (with the octyl chain branching from the third carbon 

of the tridecyl sidechain) showed a strong aggregation and the polymer solution formed a 

gel before spin coating; thus, the polymer was no longer solution processable. PffBT4T-

2OD lies in the “sweet point” between solubility and molecular aggregation, and thus 

exhibited the best performance among the three polymers. 

Furthermore, the attaching point of the sidechains also plays a key role in the final 

performance of the polymer. Prior to the development of PffBT4T-2OD, Jheng et al. 
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reported a similar polymer isometric to PffBT4T-2OD.195 Instead of having sidechains on 

the two thiophene rings next to the benzothiadiazole, the sidechains were attached to the 

middle two thiophene rings (PTh4FBT, Figure 1.14b). The resulting polymer failed to show 

strong aggregation, and performed poorly in solar cell devices. A possible reason is that 

the middle two thiophenes determine the solid-state ordering of the polymer and should 

be left unsubstituted. In addition, Biniek et al. studied a series of polymers with similar 

structures and found that placing the sidechains on the α position of the thiophenes next 

to the benzothiadiazole induced a strong twist on the polymer backbone (PTBzT2-C12α, 

Figure 1.14b).196 Consequently PTBzT2-C12α has a significantly higher (0.32 eV) bandgap 

than PTBzT2-C12β. 
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c) 

 

 

Figure 1.14 The chemical structures of P3HT and P3EHT (a); PffBT4T-1ON, 
PffBT4T-2OD, PffBT4T-3OT, PTBzT2-C12α, PTBzT2-C12β, and 
PTh4FBT (b). Schematic representation of the docking of PC61BM 
with PBDTTPD(EH/C8), and PBDTTPD(C14/EH) (c). Redrawn from 
refs. [194], [89], [196], [195], and [197] 

Finally, the sidechain pattern of the conjugated polymer impacts the 

polymer:PCBM interaction. Graham et al. recently discovered that the polymer:PCBM 

interaction of PBDTTPD-type polymers is sterically controlled.197 PCBM tend to rest near 

the donor or acceptor unit that has linear sidechains (Figure 1.14 c). However, electron 

transfer between the polymer and the PCBM is more efficient when PCBM docks at the 

acceptor unit (TPD) because the negative charge (i.e., electron) is localized at the 

acceptor unit of a D-A polymer (Section 1.2.2). As a result, devices using PBDTTPD 

having 2-ethylhexyl sidechains on the BDT units and n-octyl sidechains on the TPD units 

PBDTTPD(EH/C8) exhibited a PCE of 6.0%, while those made from PBDTTPD having n-

tetradecyl sidechains on the BDT units and 2-ethylhexyl sidechains on the TPD units 

PBDTTPD(C14/EH) only exhibited a PCE of 1.7%. Examining various reports of 14 other 

D-A polymers, the authors confirmed that the PCBM docking mechanism is generally 

applicable to polymers consisting of alternating donor and acceptor backbones. 

1.2.4. Synthesis of conjugated polymers 

The synthesis of conjugated polymers relies on C-C bond formation between sp2 

carbons. In chemistry, this is realized by transition-metal-catalyzed cross-coupling 
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reactions.198 Such cross-couplings occur between an aryl-halide species and another 

functionalized organic species. Depending on the functionality of the other species, these 

cross-coupling reactions are classified by the names of their developers as Heck reactions 

(alkene),199 Kumada coupling (Grignard reagent),200 Negishi coupling (organozinc),201 

Stille coupling (organostannane),202 Sonogashira coupling (alkyne),203 and Suzuki 

coupling (organoboron),204 etc. The 2010 Nobel Prize in Chemistry was awarded to 

Richard F. Heck, Ei-ichi Negishi, and Akira Suzuki for their contributions to palladium-

catalyzed cross-coupling reactions in organic synthesis.205,206 For modern D-A-type 

polymers, the donor units and acceptor units are bi-functionalized into coupling partners. 

Cross-coupling of equal amounts of the two monomers leads to the formation of a donor-

acceptor alternating polymer, and the process is called polycondensation. Among those 

cross-coupling reactions, Suzuki and Stille reactions are the most common in synthesizing 

conjugated polymers for OPV applications, probably because of the high functional group 

tolerance of the reactions, as well as the ease in preparing the organoboron and 

organostannane species. 

Although Suzuki coupling ranks highest among all cross-coupling reactions in the 

number of research papers and patents published, it has found limited use in synthesizing 

conjugated polymers for high-performance polymer solar cells.198 Instead, Stille coupling 

is the most widely used synthetic method in this field. Six out of the seven high 

performance polymers listed in Table 1.1 were synthesized by Stille polycondensation 

(entries 1, 2, 3, 4, 6, and 7), while the remaining PCDTBT (entry 5) was synthesized via 

Suzuki polycondensation. This is because of the high content of thiophene or thiophene 

derivatives in the backbones of modern D-A polymers. Thiophenylboronic acid and 

thiophenylboronic esters are unstable during Suzuki coupling.207,208 In addition, boronic 

ester/acid functionalized complex thiophene derivatives are more difficult to synthesize 

and purify than the organostannane versions.209,210 

a) 

 

b) 
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c) 

 

Scheme 1.1 Suzuki coupling (a), Suzuki polycondensation (b), and the catalytic 
cycle of Suzuki coupling (c) 

Suzuki coupling, developed by Suzuki and Miyaura in the late 1970s, is a 

palladium-catalyzed cross-coupling between an arylhalide and an arylboronic acid/ester 

in the presence of a base.211 The general chemical equations of Suzuki coupling and 

Suzuki polycondensation are shown in Scheme 1.1. The catalytic cycle of the reaction 

includes oxidative addition, transmetalation, and reductive elimination (Scheme 1.1); 

transmetalation is the rate-determining step.204 It is unique for Suzuki coupling to have an 

additional step in the usual three-step catalytic cycle of a transition-metal-catalyzed cross-

coupling. A base is required to convert the product of the oxidative addition step into 

reactive [ArPd(II)OH(L2)] species for transmetalation with the organoboron species.212 The 

boronic acid species have been gradually phased out in favor of boronic esters because 

of their susceptibility to deboronation during the reaction and the inevitable trace water 

content.207,213 Bulky boronic esters, such as pinacol boronic esters, are more stable than 

boronic acids; thus, monomers bearing boronic esters are almost exclusively used to for 

Suzuki polycondensations.208,214,215 
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c) 

 

Scheme 1.2 Stille coupling (a), Stille polycondensation (b), and the catalytic 
cycle of the Stille coupling (c) 

The cross-coupling reactions between an aryl or vinyl halide and an 

organostannane species were explored by John K. Stille and others in the 1970s and 

1980s, which later became known as Stille couplings.202,216–218 Stille coupling remains one 

of the most useful palladium-catalyzed cross-couplings.198 Had Dr. Stille’s life not been cut 

short by a tragic accident, he could have been nominated for the 2010 Nobel Prize in 

Chemistry.219 The catalytic cycle of Stille coupling consists of three steps: oxidative 

addition, transmetalation, and reductive elimination (Scheme 1.2). The transmetalation is 

the rate-determining step.202 Tetrakis(triphenylphosphine)-palladium(0) (Pd(PPh3)4) is the 

most widely used catalyst for Stille couplings, although more stable ligands, such as 

triphenylarsine (AsPh3) and tri(o-tolyl)phosphine (P(o-tol)3), have been explored.220,221 

N,N-dimethylformamide (DMF) accelerates the reaction by stabilizing the catalyst, but 

polymers dissolve poorly in DMF.222 Therefore, a solvent mixture of DMF and toluene was 

developed for Stille polycondensation.220 

The biggest disadvantage of Stille coupling is the toxicity of the organostannanes. 

The most common organostannanes used in Stille couplings are trimethyltin chloride and 

tributyltin chloride. Trimethyltin chloride is a neurotoxin that negatively affects specific sub-

regions of the brain and spinal cord,223 while tributyltin chloride induces apoptosis in 

human T-cells.224 Some studies show that organostannanes disrupt oxidative 
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phosphorylation in mitochondria.225 While organostannanes have not been proven to be 

carcinogenic, there are studies showing that organotin compounds can significantly 

reduce lytic functions of human natural killer cells, and thus, promote cancer development 

and viral infections.226 Although trimethyltin is more toxic than tributyltin, trimethyltin is 

fairly water soluble and can be removed in the extraction step.227 Using trimethyltin also 

simplifies the purification process of the organostannane monomer because of the ease 

of recrystallization compared to its tributyltin counterparts.228 However, when column 

chromatography is required for monomer purification, tributyltin is preferred because of its 

higher stability in silica columns.182 

1.3. Morphologies of the Active Layer 

The active layer is the core of polymer solar cells—it is where photons are 

absorbed and electrical charges are generated. Generally, three types of morphologies 

have been used for the active layer of polymer solar cells: bilayer, bulk heterojunction 

(BHJ), and ordered BHJ (Figure 1.15). 

a) 

 

b) 

 

c) 

 

Figure 1.15 Three types of morphologies of the active layer used in polymer 
solar cells: (a) bilayer, (b) bulk heterojunction (BHJ), and (c) ordered 
BHJ 

In a bilayer device, photogenerated excitons can only dissociate at the interface of 

the two layers. Excitons formed in the bulk of the polymer or C60 layers cannot diffuse to 

the interface within their lifetime. Thus, a high percentage of photoexcitation is wasted, 

and the bilayer devices are not efficient.59 A bulk heterojunction is formed during fast 

drying of the common solution of the polymer and the fullerene.62 The bulk heterojunction 

is essentially a “solid mixture” of the two components. The polymer and fullerene form an 

interpenetrating network that significantly increases their interfacial area, facilitating 

exciton dissociation. However, the morphology of the bulk heterojunction relies on the self-

organization of the polymer and fullerene and can only be controlled by the component 

ratio, concentration, and choice of solvent before casting.159,229–233 Ideally, an ordered BHJ 
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should maximize the exciton dissociation and charge transportation. In an ordered BHJ, 

the polymer and fullerene form interdigitating pillars with widths on the scale of the exciton 

diffusion length and perpendicular to the electrodes. The fabrication of ordered BHJ is 

mainly realized by patterning the conjugated polymers.234 However, this process is highly 

complicated and time consuming, and it has not achieved a significantly higher efficiency 

than that of ordinary solution-processed bulk heterojunction devices.235,236 

Solution processed bulk heterojunctions are still the most commonly adopted 

active layer morphologies in modern polymer solar cells.237 Studies of the BHJ morphology 

revealed that highly efficient polymer solar cells have domain sizes of approximately 

10~20 nm, which is similar to the exciton diffusion length.232,238,239Efficient charge 

generation and charge transportation are desired to maximize cell efficiency. For semi-

crystalline conjugated polymers, such as regioregular P3HT, thermal annealing has been 

proven as an effective way to improve morphology and provide a higher efficiency.156,238 

Heating the devices at an elevated temperature enhances P3HT crystallization, which is 

beneficial for charge generation (because it increases the conjugation) and charge 

transportation (because it improves the connectivity of respective domains).238,240 The 

driving force for thermal annealing is the crystallization of P3HT, the process of which will 

keep expelling PCBM into the intermixed P3HT-PCBM amorphous region.241 Therefore, 

there is an optimal temperature for thermal annealing (e.g., 170 °C), after which the 

annealing will trigger PCBM crystallization, which rapidly degrades the solar cell 

performance.242 

When it comes to high-performance D-A-type polymers, thermal annealing 

generally degrades the performance of solar cell devices rather than improving it.243–246 

The reason is that thermal annealing causes unfavorable PCBM aggregation, which leads 

to the loss of PCBM percolation within the film.245 However, high boiling-point solvent 

additives can be used to improve the efficiencies of the D-A-type polymers.247 Two general 

criteria have been proposed for selecting the solvent additives: (1) a boiling point higher 

than the main solvent used for polymer-fullerene solution and (2) a selective solubility for 

either the polymer or the fullerene.248,249 The different treatments used for P3HT and D-A-

type polymers can be attributed to the different crystallinities. D-A type polymers are not 

generally crystalline, unlike regioregular P3HT, whose crystallinity ranges from 40% to 
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60% in neat or PCBM blend films.250,251 As a result, the morphology that forms during 

typical processing is driven by liquid-liquid separation rather than polymer crystallization, 

which manifests as large PCBM droplets distributed over an amorphous polymer phase 

(Figure 1.16a).174,252,253 The addition of a solvent additive can either induce polymer 

crystallization in the solution before casting254–256 or reduce PCBM aggregates,257 

depending on the polymer-fullerene system. For example, adding diiodooctane (DIO) to a 

chlorobenzene (CB) solution of PTB7 and PC71BM reduces aggregates of PC71BM in the 

solution, which in turn reduces the size of PC71BM domains in the film (Figure 1.16d).257,258 

The morphology is improved to provide a larger interface between domains and better 

percolation of PCBM. Adding DIO enhances the charge separation and charge 

transportation, which boost the PCE from 3.9% to 7.4%.174 

a) 

 

b) 

 

c) 

 

d) 

 

Figure 1.16 TEM images of PTB7/PC71BM films spin-coated from a 
chlorobenzene solution without (a) and with (b) diiodooctane (DIO); 
dark areas are PCBM-rich phases, scale bar: 200 nm. Schematic 
representation of the spin-coating processes without (c) and with (d) 
DIO. DIO reduces the PCBM aggregation in solution, preventing the 
formation of large PCBM phases in the film. Reprinted from ref. [174] 
and [257] 



 

32 

1.4. Stability of the Polymer Solar Cells 

Polymer solar cells undergo various types of degradation, which generally manifest 

themselves as the loss of PCE. Water vapor, oxygen, illumination, and heat are the main 

stimuli responsible for the degradation.259 These factors can act alone but usually the 

degradation is the result of a combined effect. From the nature of the changes, 

degradation can be categorized into chemical processes and physical processes.260,261 

Various degradations occur in all layers of the polymer solar cell and at the interfaces.262 

From the perspective of the elementary photovoltaic processes contributing to the 

performance loss, the degradations can be attributed to absorption loss, charge 

generation loss, and charge extraction loss.263 Figure 1.17 summarizes the common 

degradation processes present in polymer solar cells. In this section, polymer solar cell 

degradation will be discussed and organized by the location of the processes. Within each 

location, chemical and physical processes will be discussed separately. 

 
Figure 1.17 Common degradations in a polymer solar cell: diffusion of oxygen 

and water through the metal electrode (a); oxidation of the metal 
electrode (b); ingress of water through the PEDOT:PSS layer (c); 
diffusion of indium from degraded ITO (d); oxygen attack of polymer 
and fullerene (e); photochemical degradation of polymer and 
fullerene (f); thermally induced large phase segregation (g) 

1.4.1. Degradation of the metal electrode 

Diffusion of oxygen and water 

Polymer solar cells are vulnerable to water and oxygen attacks when exposed to 

the air. Water and oxygen can corrode the metal electrode and participate in the 
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degradation processes in other layers. Oxygen and water mainly diffuse through the grain 

boundaries and defect pinholes on the aluminum electrode rather than through the 

edge.142,264–268 However, it is also reported that water ingress can occur at the edge.269 

Once inside, oxygen and water can diffuse laterally and vertically across the entire active 

layer and eventually reach the counter electrode.265–267 Using time-of-flight secondary ion 

mass spectrometry (TOF-SIMS), Norrman et al. found that water effectively and 

homogeneously diffuses through the grain boundaries of the aluminum electrode while 

oxygen preferably diffuses through the defect pinholes on the electrode.267 Conversely, 

when silver is used as the metal electrode, oxygen mainly diffuses through the edge 

because of the lack of pinholes on the silver electrode.142 

 Chemical degradation of the metal electrode 

Conventional configuration PSCs use low work function metals, such as aluminum 

and calcium, as the cathode, which are susceptible to oxidation by atmospheric water and 

oxygen. The main degradation path for these metals is the formation of metal oxides at 

the interface, which act as insulating patches and hinder charge transport.142,270,271 These 

insulating patches cause a charge-transport imbalance in the devices, which is 

responsible for the S-shaped I-V curves observed in PV measurements.272,273 Under high 

humidities, the metal oxide patches could expand and cause delamination between the 

metal electrode and the organic layer.271 Hermenau et al. showed that water causes more 

degradation than oxygen, as the degradation profile agrees well with the water 

ingress.268,270 Interestingly, although calcium has a low work function, it does not react with 

oxygen at room temperature. Rather, calcium is highly sensitive to water and is oxidized 

by water to form calcium oxide and calcium hydroxide.274 Lloyd et al. found that the shelf 

life (i.e., ambient dark storage) of polymer solar cells is determined by the decay behavior 

of the metal contact and metal/organic interface.142 In the case of a conventional PSC with 

sequentially deposited Al/Ca electrode (Al on top of Ca), small voids at the Al/Ca interface 

expand with time and protrude into the calcium layer. Calcium oxide is also evident at the 

Al/Ca interface. In contrast, the formation of silver oxide raises the work function of the 

silver anode in an inverted PSC, which is beneficial for charge collection. 

Aside from reactions with water and oxygen, chemical reactions between metal 

electrodes and organic materials (i.e., polymers or fullerenes) have also been 
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documented. PPV can react with aluminum to form Al-C bonds.275 Krebs et al. attributed 

the formation of Al2O3 at the Al/organic interface to the oxidation of initially formed 

organoaluminum species by diffused oxygen.266 They also found in an earlier report that 

the aluminum may react with photo-induced radicals in the PPV/C60 devices in the 

absence of oxygen and water.276 Indeed, Ag2S and AgS have been detected in a P3HT 

BHJ device, which the author attributed to reactions between silver and P3HT.142 

1.4.2. Degradation of the buffer layers and the TCO 

Degradation of the buffer layers 

Degradation of the hole transporting layer 

PEDOT:PSS is the most commonly used HTL for conventional PSCs, and its 

degradation has been widely studied. PEDOT:PSS is hydroscopic in nature, which may 

promote water ingress through the PEDOT:PSS layer. Kawano et al. studied the stability 

of ITO/PEDOT:PSS/MDMO-PPV:PCBM/Al devices and found that water absorption by 

PEDOT:PSS is the dominant factor of degradation.277 Insulating patches formed at the 

PEDOT:PSS/active layer interface can deteriorate the conductivity. Similar findings were 

made by Voroshazi et al., who reported that diffused water could make its way to the 

cathode and cause cathode oxidation.278 In a study where devices with three different 

HTLs are subjected to light soaking in ambient up to 7 h, Ecker et al. found that devices 

with water-based HTLs, including PEDOT:PSS, degrade much faster than their non-water-

based counterparts, and stated that the water ingress is the main cause for efficiency 

loss.279 Aside from water invasion, PEDOT:PSS has been found to chemically degrade 

and form PSS:HBA (polystyrene:hydroxybenzoic acid) particles, which might have been 

catalyzed by the polymer donor.264 Manceau et al. also claimed that PEDOT:PSS 

introduces degradation to the active layer after prolonged illumination in the absence of 

oxygen and water, which resulted in absorption loss and formation of PSS-related 

aggregates.280 Further, in a study applying PEDOT:PSS as the HTL in an inverted device, 

the major degradation pathway was identified as the phase segregation between PEDOT 

and PSS, which then led to selective oxidation of PEDOT near the PEDOT/active layer 

interface.281 
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Degradation of the electron transporting layer 

ZnO is naturally resistant to moisture and oxygen in air because of the water 

insolubility and the high oxidation state of zinc. However, increased series resistance was 

observed at the ZnO contact when inverted polymer solar cell devices were exposed in 

air for a prolonged period. The authors attribute this phenomenon to chemisorption of 

molecular oxygen at the ZnO layer, which can be reversed by UV soaking in an inert 

atmosphere through a photodesorption process.282 Devices with only PEIE as the ETL 

have a much shorter shelf life than those with ZnO. Those with only PEIE lost 81% of their 

initial efficiency after 50 days of ambient storage.283 

Degradation of the TCO 

Degradation of the ITO is mostly associated with PEDOT:PSS. de Jong et al. used 

Rutherford backscattering to probe the PEDOT:PSS/ITO interface and reveled that the 

indium content in PEDOT:PSS increased by a factor of 10 after 2500 h of thermal 

annealing in a N2 atmosphere. The process is accelerated at room temperature when 

devices are exposed to an ambient atmosphere.284 The author attributed the findings to 

acid etching of the ITO by sulfonic groups on the PSS, which can be promoted in humid 

air. Bulle-Lieuwma et al. also found increased indium content in the PEDOT:PSS layer of 

a bilayer device using TOF:SIMS profiling. The signal stopped at the interface with the 

active layer, which was attributed to the apolar nature of PCBM.285 Conversely, Krebs et 

al. detected an indium signal throughout the entire active layer of the device.266 

1.4.3. Degradation of the active layer 

Chemical degradation of the conjugated polymer 

Three mechanisms have been proposed for the photooxidation of conjugated 

polymers: oxidation through the formation of peroxy radicals, oxidation through the 

generation of singlet oxygen, and oxidation through the formation of superoxide anions. 

For traditional conjugated polymers, the peroxy radical route is usually the predominant 

process. The process starts with a radical attack at the C–H bond on the sidechain closest 

to the aromatic backbone by a photogenerated radical species, resulting in hydrogen 

abstraction and formation of a macroradical. The macroradical can then react with a 
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molecular oxygen to generate a peroxy radical, which can further abstract another 

hydrogen from the polymer and undergo homolysis, forming an alkoxy macroradical and 

a highly reactive hydroxy radical (Scheme 1.3).286 The alkoxy radical can then undergo a 

series of radical reactions, leading to various alterations of the sidechain, while the 

hydroxy radical may attack the polymer backbone, destroying the aromaticity or cleaving 

the backbone. Alternatively, the polymeric macroradical can undergo rearrangements to 

form an alkoxy radical with the unpaired electron on the mainchain and ultimately causes 

scission of the polymer backbone.287,288 

 
Scheme 1.3 Radical mechanism of photooxidation of polymers. Adapted from 

ref. [286] 

Chambon et al. studied the photooxidation products of MDMO-PPV using a 

combination of IR spectroscopy and UV-vis spectroscopy.289 They proposed that the 

degradation begins with a radical attack at the ether sidechain and the generated hydroxy 

radical causes oxidation of the exocyclic double bond, leading to a loss of conjugation, 

and chain scission, which are responsible for the observed decrease of absorption. In the 

photodegradation of P3HT, hydrogen abstraction of the CH2 group on the α-position of the 

hexyl sidechain leads to the formation of hydroperoxide species either on the sidechain or 

on the mainchain (Scheme 1.4).287,290 Cleavage of the sidechain hydroperoxide by light 

generates a hydroxyl radical and an alkoxy macroradical that can subsequently form a 

variety of functional groups on the α-position of the sidechain, including alcohol, aldehyde, 

ketone, and carboxylic acid (Scheme 1.4a).287,290 Alternatively, the alkoxyl macroradical 

can promote crosslinking of P3HT films.288 Rearrangement following homolysis of the 

mainchain hydroperoxide causes chain scission of the polymer (Scheme 1.4b).287 The 

hydroxyl radical can oxidize the sulfur atoms on the polythiophene backbone, eventually 

causing ring opening and the loss of conjugation (Scheme 1.4c).290,291 Unlike O2, O3 

attacks P3HT by direct addition to the double bonds on the backbone, as discovered by 
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Hintz et al., this process is at least one order of magnitude slower than O2 attack under 

ambient conditions.292 

a) 

 

b) 

 

c) 

 

 

Scheme 1.4 Photodegradation of poly(3-alkylthiophene) through the formation of 
peroxy radicals: photodegradation of the sidechain (a), chain 
scission (b), and ring-opening (c). Adapted from refs. [287], [288], 
and [290] 

When it comes to the modern D-A-type low bandgap polymers, photooxidation is 

also observed through a radical route. For example, the first step of PCDTBT 

photodegradation is photoinduced homolysis of the C–N bond at the sidechain of the 

carbazole unit.293 The formed radical species then abstract hydrogens on the tertiary 

carbon on the sidechain causing oxidation on the sidechains and the formation of harmful 

hydroxy radicals. In the second phase of degradation, the thiophene atoms are attacked, 

resulting in chain scission. Similarly, the vulnerability of the C–N bond had been reported 

previously in a study of photostability of poly(N-vinylcarbazole). The mainchain scission 
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mechanism concluded from the study coincides with the sidechain photooxidation 

mechanism of PCDTBT.294 

Singlet oxygen (1O2) may be formed via sensitization of ground state oxygen by  

photoexcited conjugated polymer.295,296 1O2 is high in energy, and once formed, can readily 

oxidize organic materials.297 Photobleaching of P3HT in solution by 1O2 was reported by 

Holdcroft et al. and was attributed to the Diels-Alder addition of 1O2 that disrupted 

thiophene rings on the polymer backbone.287,296 Soon et al. discovered that 

photobleaching of PTB7:PC71BM in the presence of oxygen can be explained by a singlet 

oxygen mechanism.298 Evidence of polymer triplet states with high energy was observed 

in PTB7 under illumination, and a high volume of 1O2 was detected for films of neat PTB7 

and PTB7:PCBM. They propose that the energy transfer from the polymer triplet state to 

the oxygen ground state can be assisted by intersystem crossing from the excited polymer 

singlet state and non-geminate recombination of separated charges (Figure 1.18), which 

explains the higher 1O2 yield in the blend film than that in the neat PTB7 film. Their findings 

corroborated observations by Alem et al.,299 who attributed the photobleaching of PTB to 
1O2 oxidation and proposed the product to be an endoperoxide species at the BDT unit 

analogous to the oxidation product of anthracene.300 Interestingly, in the same study, Alem 

et al. also found that alkoxyl sidechains retard the degradation process compared to alkyl 

sidechains, which agrees with an earlier report by Dam et al., where they concluded that 

electron withdrawing substituents decrease the reaction rate between 1O2 and PPV 

oligomers.301 

 
Figure 1.18 Energy diagram showing the formation mechanism of singlet 

oxygen (1O2) in a PTB7/PCBM blend. A polymer triplet (3P*) is formed 
by direct intersystem crossing from a polymer singlet (1P*), or 
through bi-molecular recombination of dissociated charges. 
Quenching of 3P* by ground state oxygen (3O2) gives rise to the 
formation of 1O2, which consequently degrades PTB7. Adapted from 
ref. [298] 
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Unlike the formation of singlet oxygen via energy transfer, some researchers 

propose that charges may transfer from excited states of polymer or fullerene to ground 

state oxygen (3O2).302,303 The result is the generation of superoxide anions (O2
·-), which 

are responsible for the oxidation of conjugated polymers. 

Systematic studies aiming at providing a more general understanding of 

photooxidative stability of conjugated polymers have been reported. Silva et al. performed 

DFT calculations on oligomers of poly(p-phenylene) (PPP), polythiophene (PT), poly-

benzodithiophene (PBDT), and PTB with alkyl and alkoxyl sidechains against 

photooxidation.304 They found that the insertion of an oxygen atom between the aliphatic 

sidechains and the aromatic backbone rendered the polymers more resistant to 

photooxidation by radical attack. Mateker et al. probed the correlation between 

photooxidative stability and molecular packing by studying 12 conjugated polymers and 

small molecules and found that planar materials that form dense, crystalline film 

morphologies are the most stable towards photooxidation.305 In a comprehensive study by 

Manceau et al., 12 building blocks were made into conjugated polymers and their 

photostabilities were ranked.306 The authors suggested that exocyclic double bonds, 

quaternary sites, and readily cleavable bonds, such as C–N, are the weak points 

susceptible to photooxidation, while aromatic polycyclic units exhibit good photochemical 

stabilities. Further, sidechain cleavage can dramatically improve the photostability of 

polymers (see Section 1.5.3), and substituting the quaternary carbon for silicon for 

attachment increases the stability by a large margin. 

Besides irreversible chemical degradation, conjugated polymers have been well-

known to undergo a reversible p-type doping by oxygen under illumination. In a pioneering 

work published by Abdou et al., P3HT thin film formed a charge transfer complex (CTC) 

with oxygen in the form of P3HT+·O2- with a binding energy of -10.6 kJ/mol, which is similar 

to that for moderate hydrogen bonding.307,308 The authors observed a decreased charge 

carrier mobility and effective fluorescence quenching. The calculated spacing between 

these CTCs is ~12 nm, which is similar to the exciton diffusion distance and explains the 

observed quenching. A proposed structure is also given (Scheme 1.5). In a polymer solar 

cell device, this photo-induced doping results in increased trapping sites and a loss of 

Jsc.309,310 Additionally, p-doping lowers the Fermi energy of the polymer/fullerene blend and 
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causes a misalignment of the energy levels.311 This process is accelerated dramatically 

by illumination, and is fully or partially reversible upon removal of oxygen.307,310,312–315 The 

reverse process is slow but can be accelerated by thermal annealing at ~100 °C.312 Similar 

p-doping is also found on PCDTBT-based polymer solar cells.315 

 
Scheme 1.5 Proposed mechanism of charge transfer complex (CTC) formation of 

P3HT and oxygen. Adapted from ref. [307] 

In the absence of oxygen, conjugated polymers photodegrade because of 

photoinduced radical formation at a much slower rate than that of photooxidation.286 In an 

early study of the photochemical stability of MDMO-PPV under solely prolonged 

illumination, homolysis of the C–O bond on the alkoxyl sidechain was observed. Of the 

generated alkyl radicals, 60% attacked the adjacent proton, while the other 40% saturated 

the exocyclic double bond, accounting for the reduced conjugation (Scheme 1.6).316 Other 

research published by the same group attributed the decreased absorption in the visible 

region of P3HT to the disruption of conjugation caused by alkyl radical attack following 

photolysis of the sidechain.317 In a more recent study, Frolova et al. investigated the radical 

accumulation in polymer thin films after continuous illumination in a helium atmosphere 

using electron spin resonance spectroscopy (ESR).318 A large volume of radical species 

were detected in the polymer films belonging to the PTB families. In contrast, P3HT and 

PCDTBT demonstrated superior stabilities in the context of photolytic radical formation. 

Among the three PTB polymers studied, the ones with fluorine substitution on the TT unit 

displayed higher stabilities. 

 
Scheme 1.6 Photodegradation mechanism of MDMO-PPV in the absence of 

oxygen. Adapted from ref. [316] 

S

R

n

R

n
O2+

S

O2

O

O

CH2

R

n

O

O

H2C R

n

OH

O n

CH2

R

HC

O

O n

CH2

R

H2C

O

O n

CH2

R

hν
+

H abstraction

photo-Fries
rearrangement

double bond saturation



 

41 

Chemical degradation of fullerene 

Fullerenes are quite stable against oxidation when thermally heated to 100 °C.319 

However, under exposure to oxygen and illumination, C60 can lead to formation of CO and 

CO2 carbonyl-like structures.320 Indeed, the photooxidation method has been applied in 

the past to produce fullerene epoxide species (i.e., addition of an oxygen atom to the C=C 

bond) from C60 and C70.321 Additionally, oxygen can induce trap states in fullerenes that 

are able to hinder charge transportation and quench excitons which account for reduced 

charge conductivity and Jsc loss in organic solar cell devices.322,323 Similar to the oxygen 

induced p-doping of conjugated polymers, this process can be reversible upon thermal 

annealing under vacuum.324 

Fullerenes can polymerize to a certain extent under illumination in the absence of 

oxygen.325,326 The most abundant product is the fullerene dimer. Hence, this 

photochemical process is usually referred to as fullerene dimerization.327 This reaction 

proceeds through a [2+2] cycloaddition between two adjacent fullerene molecules, forming 

a four-membered ring (Scheme 1.7).328–330 The reaction requires the alignment of two 6-6 

double bonds (double bonds shared by two hexagons) from the two monomers.329 The 

reaction mechanism is still under debate. The fact that the presence of oxygen retards the 

process has led many researchers to propose a mechanism involving the fullerene triplet 

state.328,331–333 Interestingly, the photoinduced dimerization is reversible upon thermal 

annealing in the dark.332,334,335 Therefore, the competing processes of dimer formation and 

dimer dissociation have been observed in polymer solar cell devices annealed under 

illumination.336,337 

 
Scheme 1.7 Photoinduced dimerization of fullerene and heat-initiated dimer 

dissociation. Reprinted from ref. [263] 
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Fullerene dimerization is linked to the “burn-in” phase of polymer solar cell 

operation, which is the initial drop of performance under continuous illumination even if 

the cell is encapsulated.335,338 This cause of performance degradation has been proposed 

to be shallow trap formation associated with fullerene dimerization, which affects the 

charge mobility.335 However, devices using C70 based or multisubstituted fullerenes, such 

as PC71BM and bis-PC61BM, show improved stabilities against fullerene 

dimerization.335,338 This is due to the fact that these fullerenes have fewer reactive double 

bonds compared to C60 and monosubstituted fullerenes.326,332 Other than the fullerene 

types, crystallinity and polymer/fullerene blend properties also affect fullerene 

dimerization. Heumueller et al. found that thermally annealed neat PC61BM films show 

less dimerization than freshly cast films, which they attribute to the geometric restrictions 

imposed by more ordered molecular packing in the annealed films.338 The authors also 

found the more well-mixed films formed between the amorphous polymer, such as 

PCDTBT, and PC61BM have a smaller tendency to undergo dimerization. The low purity 

of fullerene domains in such films likely prevent PC61BM molecules from reacting with 

each other. Besides, dimerization also imparts insolubility to the fullerenes.332 The switch 

from soluble to insoluble after light-induced dimerization has led to the success of 

patterning PCBM films using UV or visible lasers.339,340 

Stabilizing and destabilizing effects of fullerene 

Conjugated polymers usually exhibit a slower rate of photobleaching in blend films 

with fullerene.280,317,341–344 This is mainly attributed to the excellent radical scavenging 

ability of fullerenes.345 Indeed, the highly conjugated system of fullerene provides great 

stabilization effects for unpaired electrons.346 Alkyl, alkoxyl, and multi-adduct fullerene 

radical species have been reported in the past.346–348 However, the overall stability of 

polymer solar cells is not always improved. Instead, fullerene may undergo 

photooxidation, forming trap states that hinder charge extraction.342–344 On the other hand, 

fullerenes may accelerate the photooxidation of polymer in a blend via a different 

mechanism. This destabilizing effect is associated with enhanced singlet oxygen or 

superoxide anion formation assisted by fullerenes. In fact, photoexcited fullerenes alone 

are capable of generating 1O2 through its triplet state.349 As exemplified above, 

PTB7:PCBM blend film shows a higher rate of photodegradation due to the additional 

energy transfer pathway of charge recombination from PCBM (Figure 1.18).298 Similarly, 
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Distler et al. reported increased photooxidation of PCPDTBT after adding PCBM.350 They 

attributed this result to the high lying charge transfer state of PCPDTBT/PCBM compared 

to the PCPDTBT triplet state, which provided 50% more triplet states than neat PCPDTBT 

films. In a study conducted by Hoke et al., fullerenes with high electron affinities (high 

LUMO levels), such as ICBA, promote polymer oxidation.303 The authors propose that 

fullerenes with high electron affinities can donate an electron received from photoexcited 

polymer to ground state oxygen, forming O2
·-, which can further oxidize the polymers. 

Thermally-induced morphological degradation of the active layer 

The bulk heterojunction composed of an interpenetrating network of polymers and 

fullerenes that formed after spin-coating is not at thermodynamic equilibrium.351 In fact, 

the active layer morphology may degrade under thermal stress. This degradation is 

generally manifested as the formation of micrometer-sized PCBM crystals within the active 

layer (Figure 1.19).148,352 Such large-scale phase segregation reduces the 

polymer/fullerene interface, which hinders effective exciton dissociation. Further, the 

aggregation of fullerene causes a loss of percolation pathways for electron conduction. 

Both of these effects lead to a deteriorated photocurrent and overall PV performance. 

Studies conducted on a MDMO-PPV/PCBM blend revealed that the process starts with 

nucleation of PCBM and then follows an Ostwald ripening type of crystal growth.353,354 

PCBM molecules originally dispersed in the polymer matrix are drawn towards growing 

crystals, a process that is driven by lowering the surface energy of the system. Nucleation 

is governed by the diffusion rate of PCBM and the surface free energy of the nuclei. These 

two factors act in opposite ways, such that nucleation is favored at a high temperature 

because of the fast diffusion but also hindered because of the increased surface free 

energy. Therefore, the rate of nucleation reaches its highest value at an intermediate 

temperature.143,355 The rate of crystal growth, however, increases monotonically with 

temperature, and is only limited by PCBM diffusion.143,353,355–357 The micrometer-sized 

PCBM crystals can grow to several hundreds of nanometers thicker than the rest of the 

blend film, and are usually surrounded by a white “halo” observed under TEM or optical 

microscopy (Figure 1.19b).353,356,358 The white “halo” has been identified as the PCBM 

depleted area formed by collapsing of the polymer, filling the voids left by PCBMs that 

have diffused away and integrated onto the crystal.353,358 
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a) 

 

b) 

 

Figure 1.19 TEM images of MDMO-PPV/PCBM (1:4 w/w) films before (a) and after 
(b) 20 min of thermal annealing at 130 °C. The inset shows the 
selected area electron diffraction (SAED) pattern of PCBM crystals 
(dark objects surrounded by white halos). Reprinted from ref. [356] 

The morphological degradation is related to the glass transition temperature of the 

polymer (Tg).359 Polymer mainchain movement becomes significant above Tg, allowing 

faster PCBM diffusion. Therefore, devices made from polymers with higher values of Tg 

are more resistant towards thermally induced morphological degradations.355,360 For 

crystalline polymers like P3HT, brief (~10 min) thermal annealing increases polymer 

crystallinity, which improves device performance.238,240 However, prolonged annealing 

times and excessively high temperatures cause formation of large PCBM crystals, which 

deteriorate the morphology.361,362 At temperatures below Tg, PCBM diffusion and 

crystallization still occur and proceed at a much slower rate.148,363,364 However, a glass 

transition is not a thermodynamic phase transition. Chain relaxation below Tg is 

suppressed but not prohibited.365 Conings et al. found the morphological degradation rate 

of MDMO-PPV/PCBM solar cells follows an Arrhenius-type relationship with temperature, 

and an activation energy (Ea) of 0.85 eV was identified.354 Based on this model, the authors 

could estimate a one-year shelf life for MDMO-PPV/PCBM solar cells (90% Isc retained 

after one year of room-temperature storage in the dark and under an inert atmosphere). 

Additionally, the substrate and top electrode can retard PCBM diffusion and crystallization 

upon thermal annealing.356,357 The onset of crystallization is delayed, and the size and 

prominence of the PCBM crystals are reduced in the active layer sandwiched between the 

ITO and metal electrode.356 Finally, PCBM dimerization is conducive to morphological 

stability. A modest light soaking (e.g., 1/10 suns) before or during thermal annealing of 

polymer/PCBM devices can introduce small amounts of fullerene dimers, which inhibit the 

nucleation of PCBM crystals.336,337,366 However, if the annealing temperature becomes too 
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high, the stabilization effect is lost because of the high rate of de-oligomerization of the 

dimers.336,337 

1.4.4. Accelerated lifetime test 

As polymer solar cells are becoming more and more stable with lifetimes extending 

over several years, accelerated lifetime tests become necessary for evaluating the long-

term stabilities within a reasonable time frame.367–369 Testing protocols set forth during the 

third international summit on OPV stability (ISOS-3) provide standard laboratory ageing 

procedures, in which the thermal stress temperature is set to 65 or 85 °C.370 Nevertheless, 

ageing temperatures in the range of 100–200 °C are not uncommon in 

publications.143,148,337,355,363 The accelerated lifetime test at elevated temperatures is based 

on the assumption that the degradation of polymer solar cells follows a simple Arrhenius 

behavior, where the rate constant of degradation increases exponentially with increasing 

temperature. This relationship is represented by 

 𝑘𝑘𝑑𝑑𝑑𝑑𝑑𝑑 = 𝐴𝐴𝑒𝑒−
𝐸𝐸𝑎𝑎
𝑘𝑘𝐵𝐵𝑇𝑇 (1.4) 

where kdeg is the degradation rate constant, Ea is the degradation activation energy, kB is 

the Boltzmann constant, T is the absolute temperature, and A is a pre-exponential 

constant. The acceleration factor (AF) can be derived from equation (1.4) as 

 ln𝐴𝐴𝐴𝐴 = ln �𝑘𝑘𝑑𝑑𝑑𝑑𝑑𝑑2
𝑘𝑘𝑑𝑑𝑑𝑑𝑑𝑑1

� = 𝐸𝐸𝑎𝑎
𝑘𝑘𝐵𝐵

( 1
𝑇𝑇1
− 1

𝑇𝑇2
) (1.5) 

where kdeg2 is the degradation rate constant at T2 and kdeg1 is the degradation rate constant 

at T1. Using equation (1.5), one can deduce the rate of degradation at a certain 

temperature from experimental data once the activation energy (Ea) is known. The rate of 

degradation is commonly represented by the rate of Isc degradation.139,354,371,372 By plotting 

ln(kdeg) against 1/T, Ea can be extrapolated from the slope. However, only a handful of Ea 

have been reported so far. Schuller et al. calculated an Ea of 0.35 eV for MDMO-

PPV/PCBM cells thermally aged in encapsulation.371 Gevorgyan et al. reported Ea values 

of ~0.1 eV and ~0.06 eV for P3HT/PCBM devices aged in an ambient and an inert 

atmosphere, respectively.372 The thermal morphological degradation of MDMO-
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PPV/PCBM solar cells has an Ea of 0.85 eV.354 In the real world, solar cell modules are 

subjected to weathering from oxygen and moisture, as well as temperature cycling 

between day and night, although the average surface temperature of a panel in an Arizona 

desert only reaches ~40 °C.373,374 Taking these conditions into account, and using Ea 

values ranging from 0.3–0.6 eV, Haillant et al. were able to estimate an acceleration factor 

of ~7–11 between the laboratory accelerated lifetime and real outdoor lifetime, which 

translates to ~1000 h in the laboratory to 1 year in real life.374 

1.5. Strategies for Morphological Stabilization of the Active 
Layer 

Encapsulation with transparent inorganic or polymeric films is effective in 

protecting polymer solar cells from oxygen and moisture attack when exposed to air.375 

Additionally, polymer solar cells based on inverted structures are generally more stable 

under ambient conditions than normal-structured ones.142,143,376 However, thermally 

induced morphological degradation is a physical process that originates from the 

thermodynamically disfavored morphology formed during film casting, and should be 

controlled by modifying the intrinsic properties of the materials within the active layer. 

Generally, the strategies for morphological stabilization strategies aim to stop fullerene 

diffusion within the active layer. These strategies include utilizing block/graft copolymers, 

crosslinking, and thermally-cleavable sidechains (Figure 1.20). 

a) 

 

b) 

 

c) 

 

d) 

 

/hν
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e) 

 

Figure 1.20 Schematics of strategies for morphological stabilization using block 
copolymers (a), graft copolymers (b), crosslinking (c), and thermally-
cleavable sidechains (d). The legend is presented in (e) 

1.5.1. Block/graft copolymers 

Block copolymers are linear polymers that contain two or more blocks of 

homogeneous polymers linked by chemical bonds.377 Due to the thermodynamic 

incompatibility between different blocks, block copolymers tend to self-organize into 

separate phases that consist of homogeneous blocks in the solid state.378,379 However, the 

phase separation of block copolymers is limited by the chemical linkages between the 

blocks, and is rather small compared to polymer blends. Block copolymers designed for 

polymer solar cell applications usually contain a block of conjugated polymer, and another 

block of polymer capable of chemically coupling fullerenes.380,381 This strategy is based on 

the idea that the microscale phase separation is favorable for exciton dissociation while 

the chemical linkages prevent macroscale phase separation. The graft copolymers are 

similar but with the second blocks attached as “sidechains” to the main block (Figure 

1.20b). 

 
Figure 1.21 Two synthetic methods for block copolymers: the “graft-from” 

method (top) where the polymerization of the second block is 
initiated by the end-functionalized first block, and the “graft-onto” 
method (bottom) where two pre-synthesized blocks couple with 
each other to form the block copolymer 

There are generally two ways of synthesizing a block copolymer, namely the “graft-

from” and the “graft-onto” methods (Figure 1.21).382 In the “graft-from” method, the first 

polymer block is synthesized and then converted into a “macroinitiator” via end-group 

functionalization.383 Then, the radical polymerization of the second block is initiated by the 

first block, forming the desired block copolymer. In the “graft-onto” method, two 

Conjugated 
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Flexible 
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thermally-cleavable 
sidechains

Repeat unit with 
crosslinkable
sidechains



 

48 

homogenous polymer blocks are first individually synthesized. Their chain ends are 

capped with functionalities that are capable of coupling onto each other. The block 

copolymer is formed in the final step by coupling the two blocks, or simply by using one 

functionalized block to quench the chain growth of the other block.384 

 

 

 

Figure 1.22 Examples of rod-coil, rod-rod, and coil-coil block copolymers, 
redrawn from refs. [385], [386], and [387] 

Based on the stiffness of the individual block, the block copolymers can be divided 

into three types: rod-coil, rod-rod, and coil-coil. A rod block is essentially a conjugated 

polymer block where the π conjugation limits the mainchain conformation. A coil block 

lacks conjugation and the mainchain is flexible because of the free rotation of the σ bonds. 

All three types of block copolymers have found applications in polymer solar cells. An 

example of each type is shown in Figure 1.22. Rod-coil block copolymers are the most 

common. The incompatibility of the two blocks, plus the semi-crystallinity of the conjugated 

block grants these copolymers a variety of thin film morphologies, which can be 

meticulously tuned via chemical means.388,389 

Generally, block copolymers made for polymer solar cells show poor efficiencies 

when used alone as the donor.386,387,390–393 This is partially due to the photo-inactive and 

insulating nature of the coil blocks.387,390,391 However, block copolymers incorporating 

fullerenes do impart morphological stability, as evidenced by the absence of macroscale 

fullerene crystallization after thermal ageing.386,387,392–394 An efficient way of incorporating 
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block copolymers into polymer solar cells is to use them as compatibilizers (e.g., 10–20%). 

The nature of block copolymers and the fact that they contain both the donor and acceptor 

facilitate morphology development in the active layer, which ensures comparable or 

slightly superior efficiencies compared to homopolymer/fullerene blends.387,394–399 In some 

cases, the small amount of block copolymer added is sufficient to improve the long-term 

stability of solar cells.393,394,398 

1.5.2. Crosslinking 

The crosslinking strategy utilizes crosslinkable groups that are capable of forming 

covalent bonds in solid-state films initiated by various stimuli, such as heat and UV 

irradiation.400,401 The crosslinkable groups can be attached to the conjugated polymer, 

fullerene, or onto a free-standing crosslinker as an additive (Figure 1.23). The crosslinking 

can form linkages between conjugated polymers, between fullerenes, or between 

conjugated polymers and fullerenes.400 In any case, fullerene diffusion is greatly hindered 

and morphological stability is ensured. 
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a) 

 

b) 

 

c) 

 

d) 

 

e) 

 

f) 
 

Figure 1.23 Chemical structures of crosslinkable materials used in polymer 
solar cells with the crosslinkable functions highlighted in red: 
crosslinkable conjugated polymers bearing bromine, azide, vinyl, 
and oxetane groups, respectively (a)–(d), a crosslinkable fullerene 
bearing an azide group (e), a difunctionalized crosslinker bearing 
hydroxyl groups (f). Redrawn from refs. [402], [403], [404], [405], 
[406], and [407] 

Among various reports, bromine, azide, vinyl, and oxetane are the most frequently 

used crosslinking groups. Crosslinking with alkyl bromide sidechains is initiated by UV 

irradiation.402,405,408–411 The C–Br bond undergoes photo-induced homolysis, generating 

bromine radicals.412–414 The bromine radical can abstract a hydrogen from another alkyl 

sidechain, forming a polymeric radical species. The crosslinking occurs when two 

sidechains bearing unpaired electrons terminate.405,415 Both heat and UV can trigger 

crosslinking by alkyl azides.403,406,409,411,416–419 Highly reactive alkyl nitrene species can 

form when alkyl azides are subjected to heat or UV.420,421 These species preferably attack 

adjacent alkyl sidechains under UV,422 or the double bonds on fullerenes under heat, 

forming the crosslinking network.423 Crosslinking through terminal vinyl groups can be 
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activated by both heat and UV, and is believed to be similar to free radical 

polymerizations.404,424 Oxetanes crosslink via cationic ring opening polymerization, and 

trace amounts of a photoactivated acid must be used to initiate the reaction.425 Additionally, 

the high fluorine content of recently developed high-performance D-A-type polymers 

inspired the design of a hydroxyl functionalized crosslinker (Figure 1.23f).407 The 

crosslinking is based on hydrogen bond formations between the crosslinker and polymer 

backbones. 

Crosslinking between polymers usually renders the polymer thin film insoluble.402–

405,408,410,411,416 Utilizing this feature, multi-layer solution deposition can be realized.408,426 

Polymer solar cells adopting the crosslinking strategy generally display a long-term 

performance stability because of the suppressed morphological 

degradation.403,404,406,408,410,411,417,427 However, the heat and UV required to initiate 

crosslinking can negatively affect the initial efficiency of the polymer solar cells.402,405,419 In 

such cases, a compromise between performance and stability must be reached or 

alternative materials and strategies must be considered.405 

1.5.3. Thermally-cleavable sidechains 

Polymers with longer sidechains have higher Tg values than those with shorter or 

no sidechains.359 This is because polymers with shorter sidechains pack close to each 

other in the solid state, which hinders mainchain movement. This reduced mobility in turn 

hampers the diffusion of fullerenes, prohibiting morphological degradation.428 However, 

conjugated polymers with short or no sidechains are not solution processable. To fabricate 

polymer solar cells using these polymers from solution, thermally-cleavable sidechains 

are attached to the polymers. These sidechains can be removed or shortened by heat in 

the solid state after the polymer/fullerene blend films are cast. The majority of thermally-

cleavable sidechains are based on ester groups429–443 and tetrahydropyran (THP) 

groups.236,444–451 Alternative approaches include the use of carbonate,452,453 silyl,454,455 o-

nitrobenzyl,456–459 and ketone groups.460 
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Scheme 1.8 Thermal-cleavage of ester (top) and THP (bottom) sidechains. 
Redrawn from [433] and [444] 

Thermal-cleavage of an ester group proceeds through two steps: first, the ester 

group undergoes thermolysis cleaving the sidechain and leaving behind a carboxylic acid; 

at a higher temperature, decarboxylation occurs, leaving the polymer without any 

functionality (Scheme 1.8).433 This process is essentially a well-known ester pyrolysis 

reaction.461,462 The mechanism is believed to be a unimolecular process involving a β-

hydrogen on the alcohol. The temperature onset of thermal-cleavage increases 

dramatically as the α-carbon of the alcohol becomes less branched, and the annealing 

temperature can be reduced by as much as 150 °C using a catalytic amount of 

trifluoromethylsulfonic acid.440 

THP is an excellent protecting group for alcohols.463 The thermal-cleavage of THP 

only removes a part of the sidechain, exposing the hydroxyl group after thermal annealing 

(Scheme 1.8).444 Hydrogen bonding is likely present in the deprotected films, which consist 

of polymers with shortened sidechains bearing hydroxyl end groups, which can cause the 

insolubility of such films in common organic solvents.445,464,465 Holdcroft et al. took 

advantage of the solubility “switch-off” by THP deprotection and applied these conjugated 

polymers in chemically amplified lithography,444,446 laser induced thermal 

patterning,447,449,450 and PMMA assisted nanostructuring.236,448 THP can be cleaved from 

the polymer films at ~ 140 °C in the presence of a catalytic amount of organic acid or ~ 

250 °C with no additives.445,446,450 

Apart from introducing insolubility, cleaving the thermally labile sidechains 

enhances crystallinity in P3HT and DPP-type polymers, which in turn improve the charge 

mobility.429,442,466 Moreover, sidechain cleavage enables the fabrication of bulk 
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heterojunctions with non-substituted polythiophene,434 as well as all-solution processed 

tandem solar cells.467 However, due to the unfavorable high temperature required to 

remove the sidechains, polymer solar cells consisting of polymers with thermally-cleavable 

sidechains generally show poor efficiencies.430,434–438,442,451,468 In contrast, these polymer 

solar cells exhibit long-term stability in air under thermal stress and continuous illumination 

because of the lack of sidechains after thermal-cleavage.430,431,436 

1.6. Summary and Thesis Scope 

In this chapter, an in-depth review of polymer solar cells and their degradation 

mechanism is provided. Polymer solar cells are built on a blend of a solution-processable 

conjugated polymer and fullerene. Due to the small dielectric constant, excitation of 

conjugated polymers generates excitons that require an acceptor, such as fullerene, for 

charge generation. The optimal morphology of a polymer/fullerene blend is an 

interpenetrating network called a bulk heterojunction, which can be optimized by thermal 

annealing and the addition of solvent additives. Broader coverage of the solar spectrum 

can be achieved by lowering the bandgap of conjugated polymers by securing the quinoid 

structure and adopting a donor-acceptor chemical structure. Efficient conjugated polymers 

require careful design of the substituents, which affect the solubility, molecular packing, 

and polymer-fullerene interactions. The synthesis of conjugated polymers is usually 

performed by palladium catalyzed polycondensation. Various degradation pathways exist 

in polymer solar cells. Oxygen and water can diffuse through the top electrode and 

degrade all layers of a polymer solar cell device. The polymers are mainly degraded 

through photooxidation, which involves three mechanisms: radical attack, formation of 

singlet oxygen, and generation of superoxide anions. Reversible p-doping by oxygen and 

photolysis in the absence of air are also observed. A major degradation pathway of 

fullerenes is the photoinduced dimerization, which accounts for the burn-in loss of polymer 

solar cells. Stabilizing and destabilizing effects are both present for fullerenes. Further, the 

bulk heterojunction morphology is degraded by excessive heat. Fullerene crystals are 

commonly found in the active layer of thermally degraded polymer solar cells. To evaluate 

the stability of PSC in a timely manner, accelerated lifetime tests are generally performed 

at high temperatures and the degradation is assumed to follow an Arrhenius behaviour. 
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Lastly, there are generally three strategies of stabilizing a polymer solar cell against 

morphological degradation, using block copolymers, crosslinking, and thermally-cleavable 

sidechains. 

The rest of the thesis is organized as follows: in Chapter 2, a PTB-based polymer 

with thermally-cleavable sidechains is presented. The thermal removal of the sidechain is 

studied and confirmed by thermogravimetric analysis (TGA), Fourier transform infrared 

spectroscopy (FTIR), and differential scanning calorimetry (DSC). PV devices made with 

this polymer after sidechain cleavage show stable performances, consistent with the 

microscopic study of the morphology. In Chapter 3, a series of PTB-based polymers with 

photocrosslinkable sidechains are introduced. The photocrosslinking can insolubilize the 

polymer films and stabilize the PV performance. Two negative effects of photocrosslinking 

are identified and discussed. In Chapter 4, an accurate PV measurement is demonstrated 

using a simple, all-in-one setup. The measurement results are verified by the National 

Renewable Energy Lab (NREL) and compared with non-calibrated conditions to reveal 

that large errors can be mitigated by simple instrument adjustments and by following 

standard measurement procedures. Finally, Chapter 5 provides a comprehensive 

conclusion and compares the two stabilizing strategies. It also includes a plan for future 

work. 
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Chapter 2.  
 
A Low-bandgap, High-efficiency Conjugated Polymer 
Bearing Thermally-Cleavable Sidechains for Stable 
Photovoltaic Devices 

2.1. Introduction 

In Chapter 1, the degradation mechanisms of polymer solar cells and the 

stabilizing strategies towards stable active layer morphologies have been thoroughly 

reviewed. In this chapter, a low bandgap conjugated polymer with thermally-cleavable 

sidechains based on poly(thieno[3,4-b]thiophene-benzo[1,2-b:4,5-b']dithiophene) (PTB) is 

presented. PTB polymers are a family of low bandgap, donor-acceptor-type conjugated 

polymers used in polymer solar cells with exceptionally high PCEs (see Section 

1.2.3).71,192 However, due to the low degree of crystallization of PTB, large-scale phase 

segregation readily occurs upon thermal annealing of PTB/PCBM bulk heterojunction 

films.243,469 In this study, two tetrahydropyran (THP) terminated sidechains are attached to 

the benzodithiophene (BDT) unit of PTB; upon thermal annealing, the sidechains are 

cleaved, leaving shortened, hydroxyl-terminated sidechains (Figure 2.1). Conjugated 

polymers with thermally-cleavable THP sidechains were demonstrated by Holdcroft and 

coworkers (see Section 1.5.3).236,444–451 THP cleavage renders these conjugated polymers 

insoluble after casting from solution, thus enabling thermal patterning and multi-layer 

solution deposition. However, low efficiencies (e.g., PCE < 1 %) were reported for PSCs 

based on THP-bearing polythiophenes.236,451 Moreover, the device lifetime and 

morphological stability of a BHJ composed of THP-bearing conjugated polymers have not 

yet been reported. In this study, the synthesis and characterization of the new polymer, 

PTB(THP), are presented. The thermal-cleavage process and its influence on polymer 

properties is investigated. Additionally, PSC devices made from PTB(THP)/PCBM are 

fabricated and tested. The stabilities of these devices and their morphological changes 

after thermal annealing are studied. For comparison, a model polymer, PTB4 (Figure 2.1), 

which is structurally similar to PTB(THP), is also investigated. 
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Figure 2.1 Chemical structures of PTB(THP), PTB4, and the thermally induced 

sidechain cleavage process of PTB(THP). 

2.2. Experimental Section 

2.2.1. Materials and synthesis 

General information 

Benzo[1,2-b:4,5-b']dithiophene-4,8-dione (1), octyl 4,6-dibromo-3-

fluorothieno[3,4-b]thiophene-2-carboxylate (4), and (4,8-bis((2-ethylhexyl)oxy)benzo[1,2-

b:4,5-b']dithiophene-2,6-diyl)bis(trimethylstannane) (5) were purchased from SunaTech 

Inc. All other chemicals used in the synthesis were purchased from Sigma-Aldrich, Alfa 

Aesar, or TCI America. Zinc power was activated by stirring with diluted hydrochloric acid, 

and washed with deionized water, ethanol, and anhydrous diethyl ether before being dried 

in a vacuum oven. Tetrahydropyran (THF) was refluxed with sodium and distilled before 

the reaction. Other chemicals and solvents were used without further purification. PTB4 

was synthesized following a procedure published in the literature.188 

Synthetic procedures 
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2-(2-bromoethoxy)tetrahydro-2H-pyran. 2-Bromoethan-1-ol (25.41 g, 203 

mmol) and 4-methylbenzenesulfonic acid (3.87 g, 20 mmol) were added to 80 mL of 

methylene chloride in a 250-mL round-bottom flask. The mixture was stirred and kept cool 

with an ice bath, while 3,4-dihydro-2H-pyran (20.53 g, 244 mmol) was added through a 

drop funnel. The reaction was allowed to warm up to room temperature and stirred 

overnight; then, it was washed with distilled water. The organic phase was concentrated 

and subjected to vacuum distillation, which yielded the titled compound as a colorless oil 

(31 g, 73%). 1H NMR (400 MHz, CDCl3): δ 4.67 (t, 1H), 4.01 (m, 1H), 3.88 (m, 1H), 3.76 

(m, 1H), 3.51 (m, 3H), 1.84 (m, 1H), 1.72 (m, 1H), 1.66–1.48 (m, 4H). 

4,8-bis(2-((tetrahydro-2H-pyran-2-yl)oxy)ethoxy)benzo[1,2-b:4,5-
b’]dithiophene (2). 1 (19.30 g, 88 mmol), activated zinc power (12.64 g, 193 mmol), 

sodium hydroxide (52.6 g, 1.32 mol), and 263 mL of distilled water were added to a 500-

mL round-bottom flask and refluxed for 2 h. Then, to the mixture, 2-(2-

bromoethoxy)tetrahydro-2H-pyran (55.03 g, 263 mmol) and tetrahydroammonium 

hydrogen sulfate (2.98 g, 8.8 mmol) were added, and the reaction was refluxed overnight. 

The reaction mixture was extracted several times with diethyl either, and the organic 

phase was filtered and dried over anhydrous sodium sulfate. Recrystallization in hexanes 

yielded the titled compound as white crystals (28.42 g, 68%). 1H NMR (400 MHz, CDCl3): 

δ 7.60 (d, 2H), 7.39 (d, 2H), 4.78 (t, 2H), 4.47 (t, 4H), 4.10 (m, 2H), 3.90 (m, 4H), 3.56 (m, 

2H), 1.91 (m, 2H), 1.74 (m, 4H), 1.58 (m, 6H). 

(4,8-bis(2-((tetrahydro-2H-pyran-2-yl)oxy)ethoxy)benzo[1,2-b:4,5-
b’]dithiophene-2,6-diyl)bis(trimethylstannane) (3). 2 (10 g, 20.9 mmol) and 200 mL of 

anhydrous tetrahydrofuran were added to a 500-mL round-bottom flask RBF under argon 

and then cooled to -78 °C. n-Butyllithium solution (20.9 mL, 2.5 M in hexanes) was added 

dropwise into the flask, and the reaction was stirred at -78 °C for 2 h. Then, trimethyltin 

chloride solution (62.68 mL, 1.0 M in THF) was added dropwise using a syringe. The 

reaction mixture was allowed to warm to room temperature and stirred overnight. The 

reaction was quenched using distilled water, extracted with diethyl ether, and dried over 

anhydrous sodium sulfate. The crude product was recrystallized twice in hexanes, yielding 

the titled compound as white crystals (5.10 g, 30%). 1H NMR (400 MHz, CD2Cl2): δ 7.63 
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(s, 2H), 4.79 (t, 2H), 4.49 (t, 4H), 4.09 (m, 2H), 3.90 (m, 4H), 3.55 (m, 2H), 1.95 (m, 2H), 

1.77 (m, 4H), 1.61 (m, 6H), 0.45 (s, 18H). 

PTB(THP). 4 (0.1363 g, 0.289 mmol), 3 (0.2321 g, 0.289mmol), and Pd(PPh3)4 (13 

mg, 4 mol%) were weighed into a 25-mL round-bottom flask. The flask was subjected to 

three successive cycles of vacuum/argon-refill. Then, anhydrous N,N-dimethylformamide 

(DMF, 1 mL) and anhydrous toluene (5 mL) were added using a syringe. The 

polymerization was carried out at 120 °C for 20 h under argon protection. The raw product 

was precipitated into methanol and collected by filtration. The precipitate was extracted 

with methanol, acetone, and hexanes consecutively on a Soxhlet extractor. Finally, the 

product was collected by extraction with chloroform, and then precipitated into methanol 

to afford 0.18 g (79.3% yield) of a dark purple solid. 1H NMR (500 MHz, CD2Cl2): δ 7.70-

7.00 (2H, br), 5.00-3.00 (16H, br), 2.50-0.70 (27H, br). GPC: Mn (10.5 x 103 g/mol), PDI 

(2.82). 

2.2.2. Characterization 

General characterizations 

NMR spectroscopy was performed on a Bruker AVANCE III 400 MHz and a Bruker 

AVANCE III 500 MHz spectrometer, and referenced to tetramethylsilane. The molecular 

weight was obtained by gel permeation chromatography (GPC), with THF as the eluent. 

The GPC setup was composed of a Waters 1515 HPLC pump, a 2487 dual absorbance 

detector, and three Styragel columns, and was calibrated against polystyrene standards. 

TGA analysis was performed at 10 °C/min with 5 - 8 mg of polymer sample under N2 using 

a HiRes TGA 2950 thermogravimetric analyzer (TA Instruments). The onset temperature 

was estimated from the point of intersection of the two lines: one was extrapolated from 

the slope of the curve just prior to the loss of the THP group and the second from the 

steepest part of the curve. FTIR spectra were recorded using a Bomem Michelson FTIR 

spectrometer (120 series). PTB(THP) and its mixture with 5 mol% of camphorsulfonic acid 

(CSA) in chloroform were drop-cast separately onto sodium chloride disks. The PTB(THP) 

film with CSA was heated at 150 °C for 5 min and rinsed with acetonitrile to remove the 
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residual CSA. UV-vis absorption spectra were measured using a Cary 300 Bio (Varian) 

spectrophotometer. Film thicknesses were measured by an Alpha-Step IQ surface profiler. 

Cyclic voltammetry measurements were carried out in 0.1 M acetonitrile solution 

of tetrabutylammonium tetrafluoroborate (Bu4NBF4) under an inert N2 atmosphere. 

PTB(THP) was drop cast onto glassy carbon, serving as the working electrode. A platinum 

wire acted as the counter electrode, and a saturated calomel electrode was used as the 

reference electrode. Scan rate was set to 50 mV·s-1. The potential of 

ferrocene/ferrocenium (Fc/Fc+) was used as a calibration, and was found at 0.4 V under 

the same experimental condition. The reported absolute potential of Fc/Fc+ is 4.80 eV.470 

Therefore, the HOMO and LUMO levels of the polymer are calculated by 

 E = (−4.4 − 𝜑𝜑) eV (2.1) 

where E is either the HOMO or LUMO,ϕis  the  corre s ponding pote ntia l me a s ure d with 

CV. Differential scanning calorimetry (DSC) was performed on a TA Instruments Q2000 

model. The polymer sample (~3 mg) was sealed in a standard aluminum pan. An empty 

sealed pan was used as the reference. Optical microscopic images were taken with a 

Zeiss Axio microscope equipped with an AxioCam MRc 5 camera. The optical microscopy 

samples were prepared and thermally annealed following the same procedure as that for 

device fabrication, except silicon wafers were used as the substrates. 

PV Device fabrication and characterization 

ITO-coated glass slides (2.0 × 1.0 cm2) were ultrasonically cleaned in isopropyl 

alcohol, acetone, deionized H2O:H2O2:NH4OH (5:1:1 vol. ratio), deionized H2O, and 

acetone, consecutively. PEDOT:PSS (~35 nm; Clevios P VP AI 4083, Heraeus GmbH) 

was spin-coated onto the ITOs and annealed at 140 °C in air for 10 min in a pre-heated 

oven and then immediately transferred into a nitrogen-filled glove box. Subsequently, the 

active layer of polymer:PC61BM at a weight ratio of 1:1 with or without 5 mol% of CSA was 

spin-coated from chloroform/dichlorobenzene (1:1 v/v). To cleave THP groups, the active 

films with CSA were heated to 150 °C for 5-10 min on top of a hotplate in the glovebox. 

Ca (~20 nm) and then Al (~80 nm) were thermally evaporated at ~ 1 × 10-8 torr through a 

shadow mask. The active area of the devices was around 0.30 cm2, and the active layer 



 

60 

thickness was ~80 nm. PV devices were placed under an AM 1.5D spectrum delivered by 

a xenon arc lamp source (Newport model 66983) with a power density of 100 mW·cm-2, 

calibrated with a power meter. The J-V curves were measured using a Keithley 2400 

source meter. Monochromatic light for the EQE measurement was provided by a Newport 

CS-260 monochromator (Model 74100). 

2.3. Results and Discussion 

2.3.1. Synthesis and thermal-cleavage of THP 

Specifically, PTB(THP) is based on PTB4, one of the highest performing polymers 

in the PTB family. PTB4 has a linear octyl sidechain on the TT unit and two branched 2-

ethylhexyl sidechains on the BDT unit to provide solubility (Figure 2.1). A fluorine 

substituent is attached to the TT unit, effectively lowering the HOMO level of the polymer, 

resulting in a higher Voc than PSCs made from PTB derivatives with a hydrogen on the 

same site.188 PTB(THP) replaces the 2-ethylhexyl sidechains on the BDT unit with 

thermally-cleavable, THP-terminated sidechains. The main reason the THP sidechains 

are attached to the BDT unit is the synthetic simplicity. The sidechain on the TT unit must 

be attached to the molecule before the bithiophene structure is fully formed.188 Subsequent 

synthetic procedures involve harsh and acidic conditions that can potentially destroy the 

THP sidechain. Synthetic routes for the BDT(THP) monomer (3), PTB(THP), and PTB4 

are outlined in Scheme 2.1. The chemical structures of all the synthesized compounds 

and polymers were confirmed by NMR spectroscopy, and GPC analysis was used to 

determine the molecular weight of the polymers. The polymer was not end-capped, 

because the concentration of the end groups is extremely low in high-molecular-weight 

polymers and the effect of end-capping is out of the scope of this study. PTB(THP) is 

highly soluble in common solvents, such as THF, chloroform, dichloromethane, toluene, 

chlorobenzene, and dichlorobenzene. However, after removal of THP by heating, the 

resulting film is no longer soluble in common solvents, except in THF and DMF. 
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Scheme 2.1 Synthetic route of the monomer BDT(THP) (3) and PTB(THP) 

THP is a protecting group for alcohols, which deprotects under acidic conditions.463 

Along the same line, a small amount of acid can catalyze the deprotection of THP-bearing 

polymers.445,446,450 Thermogravimetric analyses of neat PTB(THP) and PTB(THP) 

containing CSA (5 mol% based on the THP unit) are shown in Figure 2.2. The observed 

mass loss is ~20 wt% for both neat PTB(THP) and PTB(THP) with CSA. The THP 

functionality is calculated to be 21.3 wt% of PTB(THP), which confirms that the mass loss 

is indeed due to thermal cleavage of the THP group and elimination of dihydropyran. The 

onset temperature of thermal cleavage decreased from 210 °C to 140 °C in the presence 

of a catalytic amount of CSA, consistent with previous findings.445,446 However, the rate of 

deprotection decreased with the addition of CSA. The diffusion of acid may limit the rate 

of reaction, as a previous study has found that increasing the CSA loading increases the 

rate of deprotection.445 Figure 2.3 shows FTIR spectra of PTB(THP) films before and after 

the thermal treatment at 150 °C with 5 mol% CSA. The asymmetric C-O-C stretching band 

assigned to THP groups (located at around 1120 cm-1) disappears, and a strong, broad 

band emerges at 3450 cm-1 due to the O-H stretch of the alcohol. 
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Figure 2.2 TGA results of neat PTB(THP) (green), and PTB(THP) with 5 mol% 

camphorsulfonic acid (blue) 

 
Figure 2.3 FTIR spectra of PTB(THP) before (green), and after (blue) thermal-

cleavage (i.e., deprotection) of THP groups. The inset highlights the 
region from 1140 to 1110 cm-1 

The thermal-cleavage process is further studied with DSC (Figure 2.4). The 

PTB(THP) sample was sealed in an aluminum pan and subjected to two cycles of heating 

and cooling with a scan rate of 10 °C/min. The thermal transitions at ~185 °C are attributed 

to the glass transition of polymers. The prominent endothermic peak at 270 °C in the first 

scan corresponds to the thermal-cleavage of the THP. This peak is not observed in the 

second scan, indicating the completeness of the process. There is no obvious change in 

Tg after thermal-cleavage of the sidechains. In theory, Tg increases with shorter sidechain 

lengths; however, bulky pendant groups also hinder the main-chain movement and raise 

Tg.359 Therefore, the effect of shortening the sidechain might be balanced by the loss of 
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the bulky tetrahydropyran group, resulting in a Tg that is indistinguishable from that before 

thermal annealing. However, the DSC results only showcase the thermal process of bulk 

materials. The Tg of polymer thin films and polymer/fullerene BHJ films may differ greatly 

from that determined by DSC, and this will require future investigations.359 

  

Figure 2.4 DSC results of PTB(THP) showing the first scan (a) and the second 
scan (b). The scan rate was 10 °C/min for both scans 

2.3.2. Optical and electronic properties 

 The UV-Vis absorption spectra of the PTB(THP) polymer films before and after 

deprotection are shown in Figure 2.5. The absorption spectra of the blends of PTB(THP) 

and PC61BM (1:1, w/w) before and after deprotection are also shown. The films of 

PTB(THP) before and after deprotection exhibit no absorption differences, except for a 

slight decrease in the absorption intensity after deprotection. The same trend is observed 

in the spectra of the blend film in the long wavelength range of 500-730 nm. The results 

indicate that the thermal-cleavage of THP does not alter the optical properties of the 

polymer or the blend film to a great extent. A cyclic voltammogram of PTB(THP) is shown 

in Figure 2.6. From the onset of the oxidation and reduction peaks, the HOMO and LUMO 

levels are determined to be -5.2 eV and -3.4 eV, respectively. Their difference yields an 

electrochemical bandgap of 1.8 eV. These findings are in good agreement with the 

published values of PTB4, showing the minimal impact of the THP sidechains.188 

-14.0

-12.0

-10.0

-8.0

-6.0

-4.0

-2.0

0.0

2.0

4.0

50 100 150 200 250 300

He
at

 F
lo

w
 (m

W
)

Temperature (°C)

Cooling
heating

-1.0

-0.8

-0.6

-0.4

-0.2

0.1

150 160 170 180 190 200

a

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

50 100 150 200 250 300
He

at
 F

lo
w

 (m
W

)
Temperature (°C)

Cooling
Heating

b



 

64 

 
Figure 2.5 Absorption spectra of PTB(THP) (solid lines) and PTB(THP)/PC61BM 

(dashed lines) before (green lines) and after (blue lines) thermal-
cleavage of THP (i.e., deprotection) 

 
Figure 2.6 Cyclic voltammogram of PTB(THP). The dashed lines provide 

guidance for determining the HOMO and LUMO levels 

2.3.3. Photovoltaic properties and thermal stability 

Photovoltaic devices were fabricated based on the conventional configuration of 

ITO/PEDOT:PSS/Polymer:PC61BM/Ca/Al with a PTB(THP):PC61BM weight ratio of 1:1. 

For comparison, reference devices based on PTB4:PC61BM (1:1 w/w) were also 

fabricated. To investigate their thermal stabilities, all the devices were annealed in a 

nitrogen-filled glovebox at 120 °C for up to 6 h and characterized every hour. The J–V 

curves of the PTB4, PTB(THP), and deprotected PTB(THP) devices are shown in 
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Figure 2.7. Their photovoltaic properties are summarized in Table 2.1. The PCE 

degradations as functions of annealing time at 120 °C are plotted in Figure 2.7d. The 

performance of the PTB4 and PTB(THP):PCBM devices decreases as the annealing time 

increases. The PCEs degraded dramatically from 3.2% to 0.2% for the PTB4 device and 

from 3.4% to 0.6% for the PTB(THP):PCBM device after 6 h of annealing. It is worth 

mentioning that the dark J-V curves of the devices based on PTB4 after thermal annealing 

for 3 h starts to deteriorate and the leakage current starts to increase (Figure 2.7a), which 

verifies that the photovoltaic devices have started to show defects. As shown in Table 2.1, 

the decrease in efficiency is mainly caused by the decrease in both Jsc and Voc values. In 

sharp contrast, the PTB(THP):PCBM device exhibit stable device characteristics after 

deprotection. After the first hour of annealing, the photovoltaic performance increased 

slightly to a PCE value of 2.5%. After 2 h of annealing, the device performance started to 

stabilize with a Voc of ~0.62 V, a Jsc of ~7.6 mA·cm-2, a FF of ~34%, and a PCE of 1.6%. 

The EQE curves shown in Figure 2.8 also confirm the different stabilities of the 

photovoltaic devices. For PTB4, the EQE curves started to deteriorate after annealing the 

devices for 3 h. Although the EQE is stable for PTB(THP) after annealing for 2 h, the 

maximum EQE is lower than 30%. Conversely, the EQE of PTB(THP) after deprotection 

stays relatively stable at around 40% throughout the annealing process. The improved 

stability is associated with the thermal-cleavage of THP sidechains. Not only does the 

reduction of effective sidechain length hinder polymer movements, but the exposed 

hydroxyl groups may also form intermolecular hydrogen bonds that can lock-in the 

morphology. Therefore, the large-scale phase segregation in the active layer because of 

PCBM aggregation is greatly suppressed. 

Table 2.1 Photovoltaic parameters of devices made from PTB4, PTB(THP), and 
deprotected PTB(THP) (PTB(OH)) before and after each hour of 
thermal annealing at 120 °C 

Ann. 
Time 
(h) 

Jsc (mA·cm-2) Voc (V) FF (%) PCE (%) 
PTB4 PTB 

(THP) 
PTB 
(OH) 

PTB4 PTB 
(THP) 

PTB 
(OH) 

PTB4 PTB 
(THP) 

PTB 
(OH) 

PTB4 PTB 
(THP) 

PTB 
(OH) 

0 7.98 14.6 6.37 0.73 0.62 0.57 54.5 37.5 41.5 3.2 3.4 1.5 
1 5.84 9.74 10.22 0.73 0.62 0.64 46.3 37.1 38.5 2.0 2.2 2.5 
2 4.87 3.97 8.34 0.71 0.56 0.62 44.7 31.3 34.3 1.6 0.7 1.8 
3 3.82 3.67 7.84 0.37 0.56 0.62 26.6 30.8 33.9 0.4 0.6 1.6 
4 4.00 3.33 7.65 0.52 0.56 0.62 29.0 30.5 33.9 0.6 0.6 1.6 
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Ann. 
Time 
(h) 

Jsc (mA·cm-2) Voc (V) FF (%) PCE (%) 
PTB4 PTB 

(THP) 
PTB 
(OH) 

PTB4 PTB 
(THP) 

PTB 
(OH) 

PTB4 PTB 
(THP) 

PTB 
(OH) 

PTB4 PTB 
(THP) 

PTB 
(OH) 

5 2.07 3.33 7.22 0.37 0.56 0.62 25.7 30.5 34.1 0.2 0.6 1.5 
6 2.01 3.39 7.59 0.44 0.55 0.62 27.1 30.7 33.6 0.2 0.6 1.6 
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Figure 2.7 Current density–voltage (J-V) curves of PTB4 (a), PTB(THP) (b), and 
deprotected PTB(THP) (c) after each hour of thermal annealing at 
120 °C. The degradation profile of PCE as a function of annealing 
time is shown in (d) 
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Figure 2.8 External quantum efficiency (EQE) curves of PTB4 (a), PTB(THP) (b), 
and deprotected PTB(THP) (c) after each hour of thermal annealing 
at 120 °C 

2.3.4. Morphological stability of the active layer 

The active layer morphology evolution of PTB4/PCBM, PTB(THP)/PCBM, and 

deprotected PTB(THP)/PCBM devices are presented in Figure 2.9. The as-cast films of 

all samples show smooth morphologies under the optical microscope. Upon thermal 

annealing, PCBM aggregates started to appear in the PTB4 and PTB(THP) films, which 

grew in size and population by the end of the 6-h annealing. On the other hand, no 

observable phase change is found in the deprotected PTB(THP) film throughout the 

annealing, indicating a thermally stable morphology. The microscopic results are in line 

with the degradation profiles of the corresponding solar cell devices (Figure 2.7d). These 

findings imply that the unstable active layer morphologies of PTB4 and PTB(THP) films 
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are highly responsible for the thermal degradation of their PV performances. The 

hampered mainchain movement, as well as the potential hydrogen bonding network, likely 

contribute to the stable morphology, and hence the stable PV parameters of deprotected 

PTB(THP). In addition, the PCBM crystal formation proceeds under different kinetics for 

PTB4 and PTB(THP). PTB(THP)/PCBM forms many small PCBM crystals, while 

PTB4/PCBM forms fewer but larger crystals. The appearance of PCBM crystals is also 

delayed in PTB4/PCBM. This phenomenon points to the different rates of PCBM 

nucleation. The PCBM nucleation rate is slower in the PTB4 film than in the PTB(THP) 

film, but the crystal growth rates are similar. The cause might be that the PTB(THP) with 

shorter, linear THP sidechains adopts a closer molecular packing, while the highly soluble, 

branched 2-ethylhexyl sidechains on PTB4 provide better mixing of PTB4 with PCBM in 

the as-cast film.191 Hence, the energy barrier for PCBM to transition from a mixed phase 

to a pure crystal phase is lower in the PTB(THP) films, providing a higher rate of 

nucleation. 

 
Figure 2.9 Optical microscopic images of the PTB4/PCBM film (a)–(d), 

PTB(THP)/PCBM film (e)–(h), and deprotected PTB(THP)/PCBM film 
(i)–(l) at different stages of thermal annealing at 130 °C: as-cast (a), 
(e), (i), 1 h (b), (f), (j), 3 h (c), (g), (k), and 6 h (d), (h), (l) 

a) b) c) d)

h)g)f)e)

i) j) k) l)
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2.4. Conclusion 

In conclusion, a low bandgap conjugated polymer based on PTB bearing 

thermally-cleavable THP sidechains is synthesized and characterized. Thermal cleavage 

of the THP group shortens the sidechains on the polymer and renders the polymer 

insoluble in the solid state. The deprotection (i.e., thermal-cleavage) process proceeds 

under a mild condition in the presence of a small amount of a solid acid catalyst. The onset 

temperature is effectively lowered from 210 °C to 140 °C with 5 mol% of CSA. PTB(THP) 

has a similar absorption profile and bandgap as the reference polymer PTB4. Further, 

solar cell devices based on PTB(THP)/PCBM bulk heterojunctions exhibit comparable PV 

performances to those made of PTB4/PCBM. Deprotection of PTB(THP) greatly improves 

the thermal stability of the device, albeit with a slight compromise of the initial efficiency. 

Finally, optical microscopy reveals that the large phase segregation caused by PCBM 

aggregation is effectively suppressed in the deprotected PTB(THP)/PCBM films after 

prolonged thermal annealing. Thus, the stable PV characteristics are likely the result of 

the stable active layer morphology caused by the thermal-cleavage of sidechains. 
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Chapter 3.  
 
Thermal Stability of Polymer Solar Cells Using Low-
bandgap, High-efficiency, Photocrosslinkable 
Polymers 

3.1. Introduction 

In the previous chapter, a PTB polymer bearing thermally-cleavable sidechains 

was presented, and the thermal stabilities of its solar cell devices were examined. In this 

chapter, a series of photocrosslinkable polymers based on PTB is reported. Crosslinkable 

conjugated polymers for photovoltaic applications were reviewed in Section 1.5.3. 

Bromide, azide, oxetane, and vinyl groups are the most widely used crosslinking 

functionalities, and thermal energy and photo energy are the two main sources to initiate 

crosslinking.400 Photocrosslinking has the advantage of avoiding initial thermal annealing, 

which may negatively affect the device performance before crosslinking can stabilize 

it.392,419 D-A-type, low bandgap photocrosslinkable polymers have been reported in a small 

number of cases. Griffini et al. synthesized a PBDTTPD derivative with bromooctyl chains 

on the TPD units (Figure 1.23a).402 Similarly, Yau et al. reported another TPD based 

polymer with the same crosslinkable bromooctyl sidechain appended on the TPD unit and 

studied the film insolubilization kinetics (Figure 1.23c with Br).405 There are two reports on 

photocrosslinkable PTB derivatives, both using a bromooctyl sidechain on the TT 

unit.410,411 Film insolubilization and stable PV performances were achieved after 

photocrosslinking. The insolubilization property was utilized in a later study to spin-coat a 

thin layer of the neat polymer before deposition of the active layer, which resulted in a 

higher PCE.426 The drawback of having the crosslinkable sidechain on the TT unit is the 

lack of the fluorination. To fabricate the fluorinated TT monomer, the sidechain has to be 

attached before the fused thienothiophene ring is formed.188 The bromooctyl sidechain 

used for the photocrosslinkable PTBs may not be able to withstand the harsh reaction 

conditions in the later synthetic steps. However, fluoride substitution on the TT unit is a 

key feature of the successful PTB7 because the introduction of an electron withdrawing 

group lowers the HOMO level of the polymer, leading to an increased Voc and an improved 
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photochemical stability.174,471 The polymers presented in this study bear 

photocrosslinkable sidechains on the BDT instead, thus retaining the fluorine substituent 

on the TT unit. The photocrosslinking is imparted by a terminal chlorine substituent on the 

chlorooctyl sidechain (Figure 3.1). Chlorine is used instead of bromine for two reasons: 

first, the synthesis of the BDT monomer with chlorooctyl chains is easier than using 

bromooctyl chains; second, chlorine radicals have a higher reactivity than bromine 

radicals, and the UV exposure time should be shorter.472 In the following sections, the 

synthesis of four PTB polymers, namely PTB-Cls, containing various percentage of the 

photocrosslinkable sidechains, and their crosslinking effect will be demonstrated. The 

crosslinking mechanism will be studied and proposed. In addition, the crosslinking effect 

on PV performance, device longevity, and morphological stability will be presented and 

discussed. Comparative studies are made against PTB7, the model polymer of the PTB 

family, whose chemical structure is shown in Figure 3.1. 

 
Figure 3.1 Chemical structures of PTB7 and PTB-Cls 

3.2. Experimental Section 

3.2.1. Materials 

4,8-Dihydrobenzo[1,2-b:4,5-b’]dithiophen-4,8-dione (1) and 2-ethylhexyl-4,6-

dibromo-3-fluorothieno[3,4-b]thiophene-2-carboxylate (4) were purchased from 

SunaTech Inc. (4,8-bis((2-ethylhexyl)oxy)benzo[1,2-b:4,5-b']dithiophene-2,6-

diyl)bis(trimethylstannane) (5) and PTB7 were synthesized according to literature 

procedures.174,188 1,8-Dichlorooctane was purchased from TCI America. 2-Ethylhexyl 

bromide, n-butyl lithium (2.5 M in hexanes), and trimethyltin chloride (1.0 M in THF) were 

purchased from Sigma-Aldrich. ITO glasses were purchased from Colorado Concept 
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Coating Inc. with a sheet resistance of 15 Ω/□. PEDOT:PSS (Clevios P VP AI 4083) was 

purchased from Heraeus GmbH. PC71BM was purchased from American Dye Sources 

Inc. All materials were used as received without further purification, unless otherwise 

mentioned. 

3.2.2. Synthesis 

4,8-Bis((8-chlorooctyl)oxy)benzo[1,2-b:4,5-b']dithiophene (2). 1 (5 g, 22.7 

mmol), activated zinc power (3.3 g, 49.9 mmol), sodium hydroxide (13.6 g, 0.34 mol), and 

100 mL of distilled water were added to a 250-mL round-bottom flask and refluxed for 2 h. 

Then 1,8-dichlorooctane (10.35 g, 56.5 mmol) and tetrahydroammonium hydrogen sulfate 

(0.77 g, 2.27 mmol) were added, and the reaction was refluxed overnight. The reaction 

mixture was extracted several times with diethyl either, and the organic phase was filtered 

and dried over anhydrous sodium sulfate. The organic phase was concentrated and 

loaded onto a column packed with silica. Gradient elution with hexanes:ethyl acetate (4:1 

to 2:1) yielded the titled compound as a white solid (2.99 g, 26%). 1H NMR (400 MHz, 

CDCl3): 7.48 (d, 2H), 7.36 (d, 2H), 4.28 (t, 4H), 3.54 (t, 4H), 1.88 (tt, 4H), 1.79 (tt, 4H), 1.58 

(tt, 4H), 1.46 (tt, 4H), 1.40 (m, 8H). 

(4,8-Bis((8-chlorooctyl)oxy)benzo[1,2-b:4,5-b']dithiophene-2,6-
diyl)bis(trimethylstannane) (BDT–Cl, 3). 2 (2.97 g, 5.76 mmol) was dissolved in 100 mL 

of THF in a 250-mL round-bottom flask equipped with a magnetic stir bar under an argon 

atmosphere. The solution was cooled to -78 °C, and 5.76 mL of n-butyl lithium solution 

(2.5 M in hexanes) was added dropwise. After 2 h of stirring at the same temperature, 

17.28 mL of a trimethyltin chloride solution (1.0 M in THF) was added dropwise to the 

mixture. The reaction was allowed to warm to room temperature and stirred overnight 

before it was quenched with water and extracted with diethyl ether. The organic phase 

was dried over anhydrous sodium sulfate and the solvent was evaporated. 

Recrystallization in hexanes twice afforded the titled product as white needles (4.22 g, 

87%). 1H NMR (400 MHz, CDCl3): 7.50 (s, 2H), 4.29 (t, 4H), 3.54 (t, 4H), 1.88 (tt, 4H), 1.79 

(tt, 4H), 1.60 (tt, 4H), 1.47 (tt, 4H), 1.41 (m, 8H), 0.45 (t, 18H). 
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PTB-Cl100. 4 (138.7 mg, 0.294 mmol), 3 (271.7 mg, 0.323 mmol), 8 mL of toluene, 

and 2 mL of N,N-dimethylformamide (DMF) were added into a 25-mL round-bottom flask 

equipped with a magnetic stir bar. The mixture was subjected to three freeze-pump-thaw 

cycles before being refilled with argon. Tetrakis-(triphenylphosphine)-palladium(0) 

(Pd(PPh3)4 11 mg, 9.5 × 10-3 mmol) was added, and the reaction was heated at 120 °C 

for 8 h. After the reaction cooled, the crude product was precipitated in methanol and then 

filtered into an extraction thimble. After Soxhlet extraction with methanol, hexanes, and 

chloroform, the chloroform solution was passed through a column packed with Celite. The 

final product was obtained by precipitation into methanol, yielding 240.7 mg of a dark blue 

solid (93%). GPC: Mn = 48 kg/mol, PDI = 3.3. 1H-NMR (500 MHz, C2D2Cl4): 8.0-7.0 (br, 

2H), 4.5 (br, 6H), 3.6 (br, 4H), 2.4-0.9 (br, 39H). 

PTB-Cl50. 4 (76.5 mg, 0.162 mmol), 5 (62.6 mg, 0.081 mmol), 3 (68.1 mg, 0.081 

mmol), 8 mL of toluene, and 2 mL of DMF were added to a 25-mL round-bottom flask 

equipped with a magnetic stir bar. The mixture was subjected to three freeze-pump-thaw 

cycles before being refilled with argon. Pd(PPh3)4 (9 mg, 8.1 × 10-3 mmol) was added, and 

the reaction was heated at 120 °C for 8 h. The purification process was the same as that 

for PTB-Cl100. Yield: 110.3 mg, 86%. GPC: Mn = 152 kg/mol, PDI = 2.8; 1H-NMR (500 

MHz, C2D2Cl4): 8.0-7.0 (br, 2H), 4.4 (br, 6H), 3.6 (br, 2H), 2.4-0.9 (br, 42H). 

PTB-Cl25. 4 (76.5 mg, 0.162 mmol), 5 (93.8 mg, 0.122 mmol), and 3 (34.1 mg, 

0.041 mmol) were used as the reactants. The rest of the procedure was same as that for 

PTB-Cl50. Yield: 89.5 mg, 71%; GPC: Mn = 208 kg/mol, PDI = 3.4; 1H-NMR (500 MHz, 

C2D2Cl4): 8.0-7.0 (br, 2H), 4.4 (br, 6H), 3.6 (br, 1H), 2.4-0.9 (br, 43.5H). 

PTB-Cl12.5. 4 (76.5 mg, 0.162 mmol), 5 (109.5 mg, 0.142 mmol), and 3 (17 mg, 

0.020 mmol) were used as the reactants. The rest of the procedure was same as that for 

PTB-Cl50. Yield: 76.5 mg, 62%; GPC: Mn = 208 kg/mol, PDI = 3.2; 1H-NMR (500 MHz, 

C2D2Cl4): 7.0-8.0 (br, 2H), 4.4 (br, 6H), 3.6 (br, 0.5H), 2.4-0.9 (br, 44.25H). 

TTBDTTT-Cl. A 50-mL, 2-neck round-bottom flask equipped with a magnetic stir 

bar was charged with 4 (377.8 mg, 0.8 mmol), 20 mL of toluene, and 4 mL of DMF. The 

flask was evacuated and refilled with argon several times before Pd(PPh3)4 (23.1 mg, 0.02 

mmol) was added. 3 (168.2 mg, 0.2 mmol) was dissolved in 10 mL of toluene and purged 
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with argon for 1 h. The reaction mixture was headed to 100 °C, and the solution of 3 was 

gradually added using a syringe over 2 h. The reaction was monitored by TLC and 

terminated by adding water when 3 was fully consumed. The crude product was extracted 

with methylene chloride (DCM) and dried over MgSO4. The desired trimer TTBDTTT-Cl 

was separated from the higher oligomer by flash chromatography eluted using hexanes: 

DCM (2:1) to yield 16.8 mg of a sticky purple solid (6%). 1H-NMR (400MHz, CD2Cl2): 7.56 

(s, 2H), 4.29 (m, br, 8H), 3.58 (t, 4H), 1.91 (m, 4H), 1.83 (m, 4H), 1.76 (m, 2H), 1.64 (m, 

4H), 1.56-1.35 (m, br, 28H), 1.02 (t, 6H), 0.97 (t, 6H). 

3.2.3. General characterization 

NMR was performed on Bruker AVANCE III 400 MHz, Bruker AVANCE III 500 

MHz, and Bruker AVANCE II 600 MHz spectrometers equipped with a 5-mm TCI 

cryoprobe. High temperature NMR was performed on the Bruker AVANCE III 500 MHz. 

The molecular weights of the polymers were measured using gel permeation 

chromatography (GPC) composed of a Waters 1515 HPLC pump, a 2487 dual 

absorbance detector, and three Styragel columns with THF as the eluent. The GPC was 

calibrated against polystyrene standards. 

UV-vis spectroscopy, cyclic voltammetry (CV), and differential scanning 

calorimetry (DSC) measurements were performed in the same manner as that described 

in Section 2.2.2. X-ray photoelectron spectroscopy (XPS) was performed using a Kratos 

Analytical Axis ULTRA spectrometer containing a DLD detector. The film thicknesses were 

measured using an Alpha-Step IQ profilometer (KLA-Tencor). Optical microscopy was 

performed using a Nikon Eclipse 50i microscope (equipped with a QICAM FAST 1394 

camera). 

3.2.4. Crosslinking 

ITO glasses were cleaned by consecutive sonication in detergent, 2-propanol, 

acetone, and deionized water for 15 min each, and then treated with UV/ozone for 30 min. 

The polymer films (~120-nm thick) were spin-coated from chlorobenzene (CB) solutions 

(25 mg/mL, stirred at 50 °C overnight) onto the ITO glass substrates in a nitrogen-filled 
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glovebox. A 4-W hand-held UV lamp was used to provide mild 254 nm UV irradiation to 

initialize crosslinking. After irradiation, all films were immersed in CB for 10 min before 

rinsing in acetone and drying. The degree of crosslinking was evaluated using a 

profilometer and UV-vis absorption. 

3.2.5. PV device fabrication, characterization, and stability 

Patterned ITO glass was cleaned by consecutive sonication in detergent, 2-

propanol, acetone, and deionized water for 15 min each, and then treated with UV/ozone 

for 30 min. PEDOT:PSS was spin-coated onto the ITOs from its stock solution at 5000 

rpm for 1 min. The resulting slides were annealed at 140 °C in air for 10 min in a pre-

heated oven, and immediately transferred into a nitrogen-filled glove box. 

Dichlorobenzene (DCB) solutions of polymer/PC71BM (1:1.5 w/w, 25 mg/mL) were stirred 

overnight at 50 °C in the glove box prior to spin-coating. The solutions were filtered through 

a 0.45-mm PTFE syringe filter and then applied to the PEDOT:PSS coated substrates (0.2 

µL for each slide) and spun at 1000 rpm for 1 min. Photocrosslinking was initiated by 

exposing the spin-coated films under a 4-W hand-held UV lamp for various periods of 

time. Subsequently, the devices were transferred into a thermal evaporator, where ~20 

nm of Ca and subsequently ~100 nm of Al were evaporated through a shadow mask at 

~10-7 torr. The devices were then mounted onto a test fixture equipped with a mask, and 

sealed in a homemade vacuum chamber featuring a quartz window. PV measurements 

were performed under an AM 1.5G spectrum delivered by a xenon arc lamp source 

(Newport model 66983) with a power density of 100 mW·cm-2 and calibrated with a NREL 

calibrated reference diode. The J-V curves were measured using a Keithley 2400 source 

meter. Monochromatic light for the EQE measurement was provided by a Newport CS-

260 monochromator (Model 74100). Evaluation of the device stability was carried out by 

thermally annealing the devices on top of a hotplate inside the glovebox in the dark at 

either 120 °C or 150 °C for up to 10 h. PV measurements and optical microscopy of the 

devices were performed at certain intervals during the thermal annealing. 
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3.3. Results and Discussion 

3.3.1. Synthesis and characterization 

The synthesis of the BDT-Cl monomer (3) and the general polymerization 

procedure are illustrated in Scheme 3.1. Compound 2 was synthesized through a one-pot 

Williamson ether synthesis following a published patent.473 The yield of this reaction is low 

(25%), probably because of a combined effect of the dual reactivity of dichlorooctane and 

the E2 elimination of alkyl halide in the presence of base (similar low yields have been 

observed for dibromooctane).402 Although bromine is more widely used in UV sidechain 

crosslinking, the chlorine-terminated n-octyl chain was chosen as the crosslinkable 

sidechain in this work. During the development of crosslinkable PTB, the last synthetic 

step of the bromine version of the BDT-Cl monomer was extremely difficult, possibly 

because of n-butyl lithium attack on the bromine during the reaction. Indeed, studies have 

shown that alkyl bromide is more susceptible to lithium-halogen exchange than alkyl 

chloride.474 The choice of a linear octyl sidechain is mainly for synthetic reason because 

branched alkyl sidechains with halogen substitution on the chain end are difficult to 

prepare. However, the disadvantage of having the linear sidechain on the BDT unit is the 

decreased solubility because linear sidechains tend to have poorer solubilizing abilities 

than branched sidechains.89,193 

 
Scheme 3.1 Synthetic procedures of the monomer BDT-Cl (3) and the polymers, 

PTB-Cls, with different contents of chlorooctyl sidechain 

PTB polymers with 100%, 50%, 25%, and 12.5% of BDT-Cl unit were synthesized 

via Stille polycondensation using toluene/DMF as the solvent.188 These polymers were not 

end-capped. The polymerizations yielded molecular weights above 150 kDa, measured 

S

S

O

O

S

S

O

O
Cl

Cl

i) n-BuLi

ii) Me3SnCl S

S

O

O
Cl

Cl

Me3Sn SnMe3

S

S

O

O

S

S

F

O O

1-x

S

S

F

O O

BrBr
S

S

O

O

Me3Sn SnMe3
S

S

O

O
Cl

Cl

Me3Sn SnMe3
S

S

O

O

S

S

F

O O

x
r

Cl

Cl

DMF, Toluene

Pd(PPh3)4+ +(1-x) x

x = 0, 0.125, 0.25, 0.5, 1

i) Zn/NaOH

ii) 1,8-dichlorooctane

1 2 BDT-Cl (3)

4 5 3



 

77 

by GPC (Table 3.1). The broad molecular weight distribution may be a result of the 

polymer aggregation behavior in THF.475 Due to the high population of linear sidechains, 

PTB-Cl100 with 1:1 feed ratio of the two monomers exhibited limited solubility in common 

PV processing solvents, such as chlorobenzene, and o-dichlorobenzene. Therefore, the 

feed ratio of TT:BDT was adjusted to 1:1.1 for PTB-Cl100 as a compromise between 

solution processability and molecular weight. The rest of the polymers with 1:1 TT:BDT 

ratios are fairly soluble in CB and DCB because of the more solubilizing 2-ethylhexyl 

groups on the regular BDT unit. 
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Figure 3.2 Chemical structures of PTB-Cls and TTBDTTT-Cl with the protons on 
–O–CH2– and –CH2–Cl highlighted in red and blue, respectively, NMR 
spectra of PTB-Cls at room temperature (a), NMR spectra of PTB-Cls 
at 120 °C (b), heteronuclear single quantum coherence spectroscopy 
(HSQC) of PTB-Cl100 at room temperature (c), and dynamic NMR 
spectra of TTBDTTT-Cl (d) 
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The structures of the polymers were confirmed by NMR spectroscopy. Specifically, 

the broad peak at ~4.4 ppm is assigned to the protons on the –O–CH2– groups, and the 

one at ~3.6 ppm is assigned to the –CH2–Cl group. For every 2-ethylhexyl substituent 

replaced by n-chlorooctyl, two –CH2–Cl protons are introduced and the number of –O–

CH2– protons remains the same. Therefore, the ratio between these two peaks grows from 

6:0 for PTB7 to 6:4 for PTB-Cl100 (Table 3.1). Interestingly, all spectra of PTB-Cls acquired 

at room temperature feature a peak at ~3.8 ppm, which shrinks in intensity at 120 °C 

(Figure 3.2a, b). Counterintuitively, the HSQC result reveals that this peak belongs to the 

–CH2–Cl proton (Figure 3.2c). The exact origin of this peak is unknown. It has a high 

intensity at low temperature, a low intensity at high temperature, and is reversible, which 

suggests that this signal is related to certain polymer conformations in solution at room 

temperature that become disorganized with increased thermal energy. To gain further 

insights into the polymer structure, a trimer consisting of one BDT unit sandwiched by two 

TT units (TTBDTTT-Cl, Figure 3.2) was synthesized. Dynamic NMR spectra ranging from 

0 °C to 120 °C show no additional signal between those of –O–CH2– and –CH2–Cl, 

confirming the additional peak is indeed related to behaviours of the polymer (Figure 3.2d). 

The gradual resolving of the peaks at ~4.3 ppm with increasing temperature is likely due 

to atropisomerism of the trimer.476 

a) 

 

b) 

 

Figure 3.3 DSC results of PTB7 (a) and PTB-Cl100 (b). Scan rate: 10 °C/min 

Furthermore, DSC was performed on PTB and PTB-Cl100 with a scan rate of 10 

°C/min from 25 °C to 300 °C and back (Figure 3.3). All polymers exhibited a thermal 

transition at ~185 °C during both the heating and cooling scans; the transition is assigned 

to the glass transition (Section 2.3.1). No thermal events were detected other than the 

glass transitions, indicating no thermally activated reactions involving PTB-Cl100. 
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Table 3.1 Structural characterization and opto-electronic properties of PTB7 
and PTB-Cls 

Polymers Mn 
(kDa) 

PDI Int. ratioa 
4.4 ppm: 
3.6 ppm  

λmax (film) 
(nm) 

Egopt 
(eV) 

HOMO 
(eV) 

LUMO 
(eV) 

EgCV 
(eV) 

PTB7 153 2.5 6:0 673, 624 1.70 5.1 3.3 1.8 
PTB-Cl100 48 3.3 6:4 686, 632 1.65 5.1 3.3 1.8 
PTB-Cl50 152 2.8 6:2 680, 630 1.66 5.2 3.4 1.8 
PTB-Cl25 208 3.4 6:1 672, 624 1.68 5.2 3.5 1.7 
PTB-Cl12.5 208 3.2 6:0.5 671, 622 1.69 5.2 3.5 1.7 

a Integration ratio determined by 1H NMR acquired at 120 °C 

3.3.2. Opto-electronic properties 

The absorption spectra of PTB7 and PTB-Cls are presented in Figure 3.4. All 

polymers exhibit similar absorption profiles in solution and in films, with a strong 

absorbance around 650 nm, which is typical for PTB derivatives.185 The λmax of PTB-Cl100 

in solution is blue-shifted by ~15 nm compared to the other polymers, which can be 

ascribed to the effect of low molecular weight. In the solid state, however, the λonset of PTB-

Cl100 is ~15 nm more than PTB7. In fact, the λonset is red-shifted as the BDT-Cl content 

increases in PTB-Cls. As a result, the optical bandgap (Egopt) decreases from 1.70 eV for 

PTB7 to 1.66 eV for PTB-Cl100. A similar trend was observed for other groups of PTB 

polymers.185,188 The difference in the sidechain structure is likely the cause of the red shift. 

Polymers with linear sidechains adopt a closer π–π stacking than those with branched 

sidechains, allowing intermolecular excitations to be activated with lower energy 

photons.194 The sidechains on the BDT unit govern the π–π stacking distance of PTB. 

Therefore, the introduction of linear sidechains results in closer packing and red-shifted 

optical absorptions for PTB-Cls. Cyclic voltammetry was performed for all polymers, and 

electronic bandgaps of 1.7–1.8 eV are found (Table 3.1). These results, together with the 

HOMO and LUMO levels, are in good agreement with the results for other PTB 

polymers.174,185 
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a) 

 

b) 

 

Figure 3.4 Absorption spectra of PTB7 and PTB-Cls in dilute CHCl3 solutions 
(a), and in ~120 nm thin films (b) 

3.3.3. Crosslinking studies 

Photocrosslinking and film insolubilization were evaluated qualitatively by visual 

observation, and quantitatively by measuring the absorption spectra and film thickness 

changes. The polymer thin films with a thickness of ~120 nm were spin-coated from their 

neat CB solutions onto UV/ozone-treated ITO substrates. After being illuminated with a 

low power UV lamp (4W, 254 nm) for 0, 10, 20, and 30 min, the films were immediately 

immersed in CB, rinsed with acetone, and then dried. The visual appearances of the films 

after UV irradiation and CB immersion are presented in Table 3.2. Long-term UV exposure 

clearly insolubilizes the PTB-Cl films against CB dissolution, whereas it has no effect on 

PTB7, which has no photocrosslinkable sidechains. At shorter UV exposure times, the 

PTB-Cl films are crosslinked but tend to peel from the substrate and break into insoluble 

pieces of various sizes. This observation suggests that the crosslinking starts from the 

surface of the films and propagates into the bulk of the film with time. The time required to 

fully insolubilize the PTB-Cl films is proportional to the content of the photocrosslinkable 

sidechains. For PTB-Cl100 and PTB-Cl50, 10 min of UV irradiation is sufficient to insolubilize 

the film and secure it to the substrate, while for PTB-Cl12.5, crosslinking is not sufficient to 

hold the film together until 30 min of irradiation. UV irradiation through the back of ITO did 

not produce any crosslinking because of the strong UV absorption of ITO. Interestingly, 

although both PTB-Cl25 and PTB-Cl12.5 peeled off and disintegrated in CB with 10 min of 

UV exposure; PTB-Cl25 formed large pieces while PTB-Cl12.5 formed much smaller pieces 
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(Figure 3.5). After 20 min of UV exposure, PTB-Cl25 became stable in CB while PTB-Cl12.5 

broke into pieces with sizes similar to that of PTB-Cl25 after 10 min of UV exposure. This 

observation suggests that the photocrosslinking is homogeneously initiated throughout the 

film. As the exposure time increases, the crosslinking propagates laterally and vertically 

until a crosslinked network is formed. 

Table 3.2 Visual appearance of polymer thin films that were UV-irradiated for 
various times and subsequently immersed in chlorobenzene 

UV time PTB7 PTB-Cl100 PTB-Cl50 PTB-Cl25 PTB-Cl12.5 

0 min 
     

10 min 
     

20 min 
     

30 min 
     

To further explore the photocrosslinking and insolubilization of PTB-Cl, several 

other conditions were tested. A more powerful, 15-W UV lamp was used to expedite the 

crosslinking process. With 5 min of irradiation, all PTB-Cl polymers, except for PTB-Cl12.5, 

were sufficiently crosslinked and insolubilized on ITO substrates. At 10 min, PTB-Cl12.5 

was also fully insolubilized. Fast crosslinking is important in roll-to-roll manufacturing of 

large area devices because a long exposure time may slow the overall production output. 

Light-induced photo-oxidation has been reported for PTB7.298,299,477 To rule out the 

possibility that photocrosslinking is a combined effect of light and oxygen, 

photocrosslinking was performed in an oxygen-free and moisture-free glovebox using the 

low power UV lamp followed by immersing in CB and rinsing with acetone. The 

photocrosslinking was as effective as tested under ambient conditions, indicating that 

crosslinking is indeed photoactivated. In addition, the surface temperature of the UV 
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irradiation platform is measured using a thermal couple. After 30 min of continuous UV 

irradiation, the temperature reads 26 °C, which is slightly above room temperature. Thus, 

heat does not contribute to the photocrosslinking process. 

a) 

 

b) 

 

c) 

 

d) 

 

Figure 3.5 Visual appearances of the peeled-off films made from PTB-Cl25 (a), 
(b), and PTB-Cl12.5 (c), (d) in CB after UV irradiation for 10 min (a), (c), 
and 20 min (b), (d) 

Quantitative evaluation of the photocrosslinking was carried out by measuring the 

change in optical absorbance and film thickness. The percentage of the insoluble fraction 

was calculated by the ratio of optical absorbance integrations after and before the UV-

irradiation/CB-immersion using a UV-vis spectrometer, as well as by the ratio of thickness 

after and before treatments using a profilometer. The results are presented in Figure 3.6. 

The quantitative evaluation agrees well with the visual observations of the films. Once the 

films became insoluble and stable on ITO after CB immersion, the crosslinking is 100%, 

because it proceeds in a top-down fashion. Some mid-range values could be measured 

for fractionated film pieces by careful handling of the films (e.g., refraining from agitating 
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the ITO with a detaching film), as is the case of PTB-Cl25 at 10 min in the absorption study 

and PTB-Cl12.5 at 20 min in the thickness study. Film swelling was observed after solvent 

treatment, especially in the less crosslinked films that had been UV irradiated for 10 min. 

The swelling accounts for the values above 100% in the profilometer studies. The 

absorption profiles before and after 20 min of UV exposure/CB immersion are also 

presented in Figure 3.6. Photocrosslinked and insolubilized PTB-Cl films retained their 

absorption characteristics, albeit with a reduction in absorption intensity. In contrast, 

solvent dissolution resulted in an almost complete disappearance of absorbance for PTB7. 
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e) 

 

f) 

 

g) 

 

  

Figure 3.6 Quantitative evaluation of the photocrosslinking using UV-vis 
spectroscopy (a) and profilometry (b). Absorption spectra of PTB7 
(c), PTB-Cl100 (d), PTB-Cl50 (e), PTB-Cl25 (f), and PTB-Cl12.5 (g) before 
and after 20 min of UV irradiation followed by CB immersion 

Next, a preliminary study of the photolithography capability of PTB-Cls was 

performed. A mask made from paper board with the pattern “SFU” (font width of 1 mm, 

Figure 3.7) was applied to three side-by-side PTB-Cl samples (PTB-Cl100, PTB-Cl50, and 

PTB-Cl25). UV irradiation was delivered inside the glovebox with an exposure time of 30 

min. The films were then developed by CB immersion. A clear pattern of the letters with 

clean edges was obtained across the three films, demonstrating a high selectivity of 

photocrosslinking (Figure 3.7a). Moreover, both positive and negative patterns were 

achieved on a single PTB-Cl100 film (Figure 3.7b). Photolithography of PTB polymers may 

find applications in the fabrication of high performance microcircuits with polymeric 

materials. 
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a) 

 

b) 

 

Figure 3.7 Demonstration of photolithography with PTB-Cls: a positive mask 
was applied across three polymer films (a), PTB-Cl100, PTB-Cl50, and 
PTB-Cl25; positive and negative patterning of PTB-Cl100 (b) 

The photocrosslinking mechanism of PTB-Cl is believed to be a free radical 

process. Similar hypotheses have been raised in photocrosslinking studies of conjugated 

polymers bearing bromine functionalized sidechains.405,408 Indeed, chlorofluorocarbon 

(CFC) is one of the major causes of ozone depletion over Antarctica. The process involves 

a series of chain reactions that begin with UV-initiated chlorine-free-radical formation.478 

Homolytic cleavage of the carbon-chlorine bonds have also been utilized in studies of 

photochemical absorbance of alkyl chloride species.479–481 The proposed mechanism is 

illustrated in Scheme 3.2. Upon UV irradiation, homolysis of the C–Cl bond generates a 

chlorine radical, leaving a radical species on the end of the side chain. The highly reactive 

chlorine radical may randomly attack and transfer the unpaired electron onto another alkyl 

chain by abstracting a hydrogen from the C–H bond. The radical species on the alkyl 

chains can then terminate, forming new carbon-carbon bonds, which constitute the 

crosslinking network. 
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a) 

 

b) 

 

c) 

 

d) 

 

Scheme 3.2 Proposed mechanism of photocrosslinking for PTB-Cl: homolytic 
photolysis of the C–Cl bond (a); hydrogen abstraction (b); 
termination of two radical species (c) and (d) 

XPS has been performed to verify the hypothesized mechanism. PTB-Cl film 

samples were surveyed before and after 30 min of UV irradiation in the glovebox. The UV 

irradiation was performed while the samples were still affixed to the XPS sample holder, 

and the test positions of the first surveys were saved to ensure the measurements were 

carried out at the exact same spots before and after UV irradiation. All samples showed a 

decrease of the chlorine peaks after UV treatment with other peaks almost unchanged 

(Figure 3.8). The chlorine loss is most prominent in the PTB-Cl100 sample, where 20% was 
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lost after 30 min of UV irradiation. Given the ultra high vacuum of XPS (< 10-9 torr), 

chlorine-containing side products are unlikely to be present in the films. The relatively 

small reduction of the chlorine signal in a long exposed, fully insolubilized sample suggests 

that the solid-state photocrosslinking is rather slow but effective because a small portion 

of the reaction renders the entire film insoluble. A similar observation was made for a 

thermally crosslinkable polythiophene, where the author found only a 4% reduction of 

signal in the fully crosslinked samples.404 The XPS results demonstrate that the 

crosslinking process is associated with the disappearance of chlorine. However, the 

identification of the radical species would involve complex techniques and is beyond the 

scope of this study. 

 
Figure 3.8 XPS spectra of PTB-Cl100 before and after UV irradiation 

3.3.4. Photovoltaic properties 

Bulk heterojunction photovoltaic devices of PTB7 and PTB-Cls were fabricated in 

the conventional ITO/PEDOT:PSS/Polymer:PC71BM/Ca/Al configuration and tested under 

standard 1 sun AM 1.5G illumination. The active layers were spin-coated from an o-

dichlorobenzene solution of polymer:PC71BM with a thickness of ~110 nm. J-V curves and 

EQE curves are presented in Figure 3.9, and PV parameters are tabulated in Table 3.3. 

All devices showed moderate PCEs of around 4.0–4.5% with similar FF, Voc, and Jsc 

values. This indicates the introduction of photocrosslinkable sidechains on the BDT unit 

did not alter the PV performance of the polymers. The Jsc of the PTB-Cl100 device is 
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noticeably lower than that of the other polymers. Examining the EQE curves, the quantum 

efficiencies of the PTB-Cl100 device in the region of 500–700 nm are inferior to that of other 

polymers. Since the absorption of all the polymers are similar, this reduction in EQE might 

be a result of bad charge dissociation between PTB-Cl100 and PC71BM, which may be 

associated with the active layer morphology. A small amount of diiodooctane (DIO) can 

improve the Jsc of PTB/PCBM devices (Section 1.3).174,188 J-V and EQE curves of PTB-

Cl100/PC71CM devices made from CB/DIO (97:3 v/v) are shown in Figure 3.9c. The solvent 

additive significantly improved the EQE at 500–700 nm for the PTB-Cl100 device, providing 

a 30% increase of Jsc. Similar improvements have been reported for multiple PTB 

polymers in the past, where the authors ascribed the increased photocurrent to the 

improved morphology.188 Therefore, the difference in the Jsc values observed here is likely 

an effect of the morphology. However, further morphological studies are required to fully 

understand the performance characteristics of PTB-Cl devices. 

a) 

 

b) 

 

c) 

 

d) 
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Figure 3.9 Current density–voltage (J-V) curves (a) and external quantum 
efficiency (EQE) curves (b) of PTB7 and PTB-Cl devices cast from 
dichlorobenzene (DCB); J-V curves (c) and EQE curves (d) of PTB-
Cl100 devices made from DCB (dotted) and (solid) CB/DIO (97:3 v/v) 

Table 3.3 Photovoltaic characteristics of devices made from PTB7 and various 
PTB-Cls 

Polymers Solvent Jsc (mA·cm-2) Voc (V) FF PCE (%) 
PTB7 DCB 10.47 0.73 0.52 4.0 

PTB-Cl100 DCB 8.84 0.73 0.61 3.9 
PTB-Cl50 DCB 11.10 0.72 0.57 4.5 
PTB-Cl25 DCB 10.45 0.73 0.60 4. 6 
PTB-Cl12.5 DCB 10.15 0.74 0.56 4.2 
PTB-Cl100  CB+DIO 11.41 0.70 0.57 4. 5 

The influence of photocrosslinking on the PV performance was investigated. DIO 

was avoided in this study because of the additional complexity and DIO’s detrimental 

effect on device performance during photocrosslinking.405 For all the PTB-Cl polymers, 10 

min of UV exposure had a significant impact on the J-V characteristics. Both Jsc and Voc 

values dropped dramatically after UV irradiation (Figure 3.10). This effect is most severe 

in PTB-Cl100 devices, whose photocrosslinking is the strongest. Interestingly, this effect 

was partially reversed when the devices were thermally annealed following the UV 

exposure. The same reversible effect has been observed in other photocrosslinkable 

polymers with bromine-terminated sidechains.402,405 Indeed, conjugated polymers can be 

reversibly p-doped by molecular oxygen, forming a charge-transfer complex (CTC, 

Section 1.4.3).307,308 The formation of the CTC induces trapping sites and causes 

misalignment of energy levels between the polymer and the fullerene, resulting in losses 

of Jsc and Voc.309–311 The formation process is accelerated by illumination while the 

dissociation process is activated by thermal annealing.307,310,312–315 Therefore, along the 

same line, the partially reversible degradation of performance by crosslinking is attributed 

to a reversible p-type doping of the polymer by chlorine radicals. However, the irreversible 

reduction of the PV parameters, especially the Jsc, might be caused by another 

mechanism. To compare, a PTB7 device was also subjected to 10 min of UV irradiation 

followed by thermal annealing. Unlike the PTB-Cls, the UV irradiation mainly affected the 

photocurrent, causing a loss of Jsc that was irreversible upon thermal annealing. Therefore, 
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the partially reversible deterioration of PV performance of PTB-Cl devices was likely a 

combined effect of the reversible p-doping and certain irreversible effects. 

a) 

 

b) 

 

Figure 3.10 J-V curves of PTB-Cl50 (a) and PTB7 devices (b): as-cast (solid), after 
10-min UV exposure (dotted), and thermally annealed following UV 
treatment (dashed) 

3.3.5. Stability of PV devices 

Evaluations of stability were carried out by thermally annealing solar cell devices 

at 120 °C inside the glovebox and measuring the PV parameters at the end of 1, 3, 5, 10 

h of annealing. To find an optimal photocrosslinking condition that introduces sufficient 

crosslinking to stabilize the cell performance without a negative impact on the PV 

parameters, UV exposure times less than 10 min (e.g., 30 s, 1 min, 2 min, 5 min) were 

investigated. PCE profiles plotted against the annealing time are shown in Figure 3.11. 

Evolutions of Jsc, Voc, and FF as functions of the annealing time are presented in Figure 

3.12, Figure 3.13, and Figure 3.14, respectively. The PCE of the untreated PTB7 device 

degraded from 4.01% to 2.13% after 10 h of thermal annealing. In comparison, PTB-Cl100, 

PTB-Cl50, and PTB-Cl25 devices with UV exposure times of 30 s, 1 min, and 2 min exhibited 

better stabilities. As the UV exposure time increased from 5 min, the negative effect of 

photocrosslinking became significant, leading to inefficient PV performances. 

Remarkably, PTB-Cl50 devices with short UV irradiation of 30 s, 1 min, and 2 min exhibited 

the highest stable PCEs among all devices. The kinks on the PCE profiles of PTB-Cl50, 

UV-1min and PTB-Cl50, UV-2min devices at 1 h annealing are associated with the 

reversible doping effect. At this time scale, the effect was fully reversible because no 

-13.0

-11.0

-9.0

-7.0

-5.0

-3.0

-1.0

1.0

3.0

5.0

0.0 0.2 0.4 0.6 0.8

Cu
rr

en
t D

en
si

ty
  (

m
A·

cm
-2

)

Voltage (V)

No UV
UV 10min
UV 10min + annealing

-13.0

-11.0

-9.0

-7.0

-5.0

-3.0

-1.0

1.0

3.0

5.0

0.0 0.2 0.4 0.6 0.8

Cu
rr

en
t D

en
si

ty
  (

m
A·

cm
-2

)

Voltage (V)

No UV
UV 10min
UV 10min + annealing



 

92 

permanent Jsc loss was observed. The high device stability of the briefly UV irradiated 

samples is a combined result of stable Jsc and FF. In contrast, the non-crosslinked PTB-

Cl films showed poor stabilities, which are mainly caused by rapidly-degrading FF values. 

The crosslinking effect in the PTB-Cl12.5 samples did not render the devices more stable 

than PTB7; however, the samples were more resistant to thermal stress compared to 

untreated PTB-Cl12.5 devices. 

a) 

 

b) 

 

c) 

 

d) 

 

Figure 3.11 PCEs of PTB-Cl100/PC71BM (a), PTB-Cl50/PC71BM (b), PTB-Cl25/PC71BM 
(c), and PTB-Cl12.5/PC71BM (d) devices with various UV exposure 
times as a function of annealing time at 120 °C, compared with 
PTB7/PC71BM device 
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a) 

 

b) 

 

c) 

 

d) 

 

Figure 3.12 Jsc of PTB-Cl100/PC71BM (a), PTB-Cl50/PC71BM (b), PTB-Cl25/PC71BM 
(c), and PTB-Cl12.5/PC71BM (d) devices with various UV exposure 
times as a function of annealing time at 120 °C, compared with 
PTB7/PC71BM device 
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c) 

 

d) 

 
Figure 3.13 Voc of PTB-Cl100/PC71BM (a), PTB-Cl50/PC71BM (b), PTB-Cl25/PC71BM 

(c), and PTB-Cl12.5/PC71BM (d) devices with various UV exposure 
times as a function of annealing time at 120 °C, compared with 
PTB7/PC71BM device 
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Figure 3.14 FF of PTB-Cl100/PC71BM (a), PTB-Cl50/PC71BM (b), PTB-Cl25/PC71BM 
(c), and PTB-Cl12.5/PC71BM (d) devices with various UV exposure 
times as a function of annealing time at 120 °C, compared with 
PTB7/PC71BM device 

Optical microscopy studies were performed on all devices annealed at 120 °C; 

however, no PCBM crystallization was observed throughout the 10-h annealing. PC71BM 

crystalizes at a much slower rate than PC61BM in polymer/PCBM blend films.337 

Consequently, polymer/PC71BM devices are more stable against thermal annealing than 

the same devices made with PC61BM.402 Hence, the degradation of PV parameters 

observed here is not an effect of large-scale phase segregation caused by PCBM 

crystallization. However, nanoscale morphologies are also important for device 

performance.238,258 Nanoscale phase segregation that is not in the form of PCBM 

crystallization has been observed and is responsible for degrading the PV parameters.482 

Thus, the degradation of non-crosslinked polymer/PCBM devices is probably a result of 

deterioration of the nanoscale morphology. Photocrosslinking of PTB-Cls, even to a small 

degree, inhibits the nanoscale morphological degradation and improves the thermal 

stability of the device. However, prolonged UV irradiation negatively affects the PV 

performance through the reversible and irreversible mechanisms, and the 

photocrosslinking should be kept at a moderate level. 

 
Figure 3.15 Optical microscopic images of PTB-Cl100/PC71BM films UV treated for 

different times after 0, 6, 10, 20 h of thermal annealing at 150 °C, 
compared with PTB7/PC71BM films. Scale bar: 20 µm 
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Morphological stability was studied at a higher temperature, 150 °C, for up to 20 h 

to investigate the effect of photocrosslinking on PCBM crystallization within the 

experimental timeframe. The images were taken on complete PV devices with 

polymer/PC71BM bulk heterojunctions as the active layers. The results are presented in 

Figures 3.15, 3.16, 3.17, and 3.18. A clear trend is observed for the PTB-Cl devices. With 

short UV irradiation or no UV treatment, more PCBM crystals were found after 20 h of 

thermal annealing when more BDT-Cl unit are present in the structure. In all cases, 10 

min of UV exposure was sufficient to secure the active layer morphology against PCBM 

crystallization. However, at shorter exposure times, the stabilization was less effective as 

the percentage of the BDT-Cl unit increases. Interestingly, the morphology of 

PTB7/PC71BM was quite stable during the thermal annealing. Only sporadic crystals were 

found up to 10 h of annealing. Extending the annealing to 20 h provided large crystalline 

features with dimensions of 10–20 µm in length. The blue halos surrounding the crystals 

are regions depleted of PCBM.353,358 

 
Figure 3.16 Optical microscopic images of PTB-Cl50/PC71BM films UV treated for 

different times after 0, 6, 10, and 20 h of thermal annealing at 150 °C, 
compared with PTB7/PC71BM films. Scale bar: 20 µm 

The differences in crystal size, number, and onset time are quite noticeable for the 

PTB7 and PTB-Cl100 films. Densely populated, small crystals (~2 µm), which started to 

appear as early as 6 h into thermal annealing, were found in the final morphology. This 

observation strongly points to crystallization kinetics with the nucleation rate greater than 

the growth rate, such that the PCBM molecules tend to emerge from the polymer matrix 
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and form new nuclei rather than joining existing crystals. In contrast, the PCBM 

crystallization in the PTB7 film is nucleation limited, i.e., the growth rate is higher than the 

nucleation rate, resulting in large, sparse crystals. The difference in the PCBM 

crystallization kinetics of PTB7 and PTB-Cl100 films is attributed to the structural 

dissimilarity of the sidechains on the BDT unit. As also observed in the absorption 

behaviours, PTB-Cl with linear chlorooctyl sidechains adopts closer π–π stacking than 

PTB7 with branched 2-ethylhexyl sidechains. Thus, the closely packed PTB-Cl100 likely 

expelled the PCBMs from the mixed phase which then became nuclei, whereas the loosely 

packed PTB7 with branched sidechains hindered this process, leading to contrasting 

nucleation kinetics. 

 
Figure 3.17 Optical microscopic images of PTB-Cl25/PC71BM films UV treated for 

different times after 0, 6, 10, and 20 h of thermal annealing at 150 °C, 
compared with PTB7/PC71BM films. Scale bar: 20 µm 

Moderate crosslinking in PTB-Cl12.5 can retard nucleation, as evidenced by the lack 

of PCBM crystals in all samples. However, the low degree of photocrosslinking was not 

effective to counterbalance the increased nucleation rate caused by the introduction of 

linear sidechains as the BDT-Cl content increases. As a result, PCBM crystals started to 

appear in PTB-Cl25 samples after 20 h of thermal annealing. Noticeably, under the optical 

microscope, no PCBM crystallization was observed near the top electrode for all samples 

after 20 h of thermal annealing, even for the pristine PTB-Cl100 device. The high density of 

the PCBM crystals on the device appeared hazy on the film to the naked eye; however, a 

ring of clear film could be seen that surrounds the electrode (Figure 3.19a). Under the 
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optical microscope, no PCBM crystals could be found in this clear region for all samples. 

This clear part of the film extends underneath the electrode, where no haziness could be 

seen from the back of the device, indicating no PCBM crystallization. This finding suggests 

that the electrode has a strong stabilizing effect on the film morphology, suppressing 

PCBM crystallization beneath it. This phenomenon, attributed to the confinement effect of 

the top electrode, has been well documented for other polymer/fullerene BHJ 

devices.356,357 

 
Figure 3.18 Optical microscopic images of PTB-Cl12.5/PC71BM films UV treated 

for different times after 0, 6, 10, 20 hours of thermal annealing at 150 
°C, compared with PTB7/PC71BM films. Scale bar: 20 µm 

The photovoltaic stability study at 150 °C annealing was not successful because 

all the devices readily and dramatically degraded to the same value after only 30 min of 

thermal annealing, regardless of their initial performance or UV treatment history. 

Degradation of the metal electrode could be seen after 30 min of thermal annealing, as 

the electrode lost its mirror-like glossy appearance. Pinholes are seen on the edge of the 

metal electrode under the optical microscope after prolonged thermal annealing (Figure 

3.19b). In addition, no crystallization of PCBM was observed in any part of the devices 

after 30 min of thermal annealing. Therefore, the dramatic degradation of PCE is not 

related to the large-scale morphology segregation, but rather a result of deteriorated 

electrode or organic/metal interface. The degradation of the electrode might be caused by 

oxygen or moisture absorbed during the transfer of the devices from the glovebox to the 

vacuum test chamber because the devices were not encapsulated. 



 

99 

a) 

 

b) 

 

Figure 3.19 The visual appearance of a PTB-Cl100/PC71BM device without UV 
treatment (a), and the optical microscopic image of pinhole 
formation at the edge of the Ca/Al electrode (scale bar: 20 µm) (b), 
after 20 h of thermal annealing at 150 °C 

3.4. Conclusion 

Photocrosslinking with chlorine was demonstrated with a series of low-bandgap, 

PTB-based polymers containing different percentages of chlorine-terminated n-octyl 

sidechains. The polymers, named PTB-Cls, were synthesized by Stille polycondensation 

with high molecular weights. Introducing chlorinated sidechains did not significantly alter 

the opto-electronic properties of PTB-Cls compared to those of PTB7. However, PTB-Cls 

with more linear chlorooctyl sidechains (e.g., PTB-Cl100) exhibited red-shifted absorption 

profiles, which are attributed to increased π–π stacking. Photocrosslinking initiated by 

deep-UV irradiation can effectively insolubilize PTB-Cl thin films, which retained ~90% of 

the absorption characteristics after solvent immersion. Film patterning was demonstrated 

using the insolubilization property. The mechanism of the photocrosslinking is probably a 

radical process, as supported by XPS studies. PSC devices made of PTB-Cl/PC71BM BHJ 

displayed efficient PCEs that were comparable to that of PTB7/PC71BM devices. However, 

a partially reversible reduction in both the Jsc and Voc values was observed in devices that 

were UV irradiated for 10 min. This finding was ascribed to a combined effect of reversible 

p-doping by chlorine radical and irreversible degradations caused by UV irradiation. Low 

degree photocrosslinking introduced by UV exposure for less than 5 min improved the 

device stability without damaging the initial performance. However, regarding the large-

scale phase segregation in the form of PCBM crystallization, high contents of linear 

chlorooctyl sidechains increase the nucleation rate, producing a large number of PCBM 
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crystals, which cannot be prevented by low-degree-photocrosslinking with UV exposure 

times below 10 min. Only PTB-Cl12.5, the polymer with the fewest linear sidechains, was 

able to inhibit PCBM crystal formation by mild photocrosslinking. The above findings 

indicate that substituting linear, chlorooctyl sidechains for the branched 2-ethylhexyl 

sidechains on the BDT unit introduces three effects associated with PV performance: 1) 

morphology stabilization induced by photocrosslinking; 2) performance damage inflicted 

by the reversible polymer doping effect and irreversible photodegradation during 

prolonged UV exposure; 3) morphology degradation caused by the increased PCBM 

crystallization as a result of the linearity of the sidechains. The first effect can 

counterbalance the third effect; however, magnifying the first effect with longer UV 

exposures inevitably increase the second effect, which is undesirable. Therefore, 

minimizing the negative effects while utilizing the positive one requires a low content of 

BDT-Cl and shorter UV exposure. Thus, PTB-Cl12.5 with short UV irradiation seems to be 

the best candidate for PV devices with long-term thermal stability. For future studies, 

bromine versions of PTB-Cls are of great research interest. The less reactive bromine 

radical may shift the balance of photocrosslinking and UV degradation. A morphological 

stability strategy with a broader freedom of tuning the chemical structural and crosslinking 

conditions can be derived from there. 
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Chapter 4.  
 
Accurate Characterization of Polymer Solar Cells 
Using a Simple Xenon Arc Lamp in an All-in-one 
Apparatus 

4.1. Introduction 

Polymer solar cells have received widespread research attention in the past two 

decades since the introduction of donor-acceptor bulk heterojunction cell configuration.62 

Recently, the power conversion efficiencies of single junction polymer solar cells have 

surpassed 10% using state-of-the-art polymers and advanced fabrication processes.31,36,89 

The power conversion efficiency, among other parameters, is perceived as the figure of 

merit of solar cell technologies that justifies the scientific impact of a publication and the 

worth of an emerging technology for commercialization. This holds true especially for the 

community of polymer solar cell research, where the advancement on efficiency is 

extremely difficult, while the highest reported value lies well below other rivaling solar cell 

technologies.483 Undoubtedly, accurate measurement of efficiency is essential to maintain 

the credibility and healthy development of this field, particularly when 1% efficiency 

increase is regarded as a breakthrough these days. In fact, for such purpose, a number 

of articles have been published addressing the sources of measurement errors and 

providing corresponding solutions.484–491 Despite their efforts, a large fraction of 

researchers have not been appropriately characterizing their devices following the 

established standard protocols, which has led to erroneous figures being reported in a 

great number of literatures.492 This problem is partly due to the highly demanding 

equipment setup, which is emphasized in several papers providing characterization 

guidelines.487–489,491 In practice, an AAA rated solar simulator can be highly costly,493 let 

alone the accessories and a separate quantum efficiency system needed to complete the 

whole characterization. For research groups that are not specialized in device 

characterization, or those with limited funding, getting their newly developed polymers 

tested in a solar cell device with state-of-the-art instruments can be difficult. A compact, 

low-cost, but accurate testing station is desired for many polymer solar cell researchers 
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as they can obtain accurate evaluation of their products in a timely manner and hence 

make reasonable adjustment to their research. Xenon arc lamps are the most widely used 

light sources for solar simulation due to the continuous emission spectrum of xenon in the 

UV-visible region that closely matches the terrestrial solar spectrum.494 Using a xenon arc 

lamp supported by a basic lamp housing seems to be an economic alternative to a solar 

simulator. However, the light generated in this setup does not meet the quality required 

by accurate measurement. The lack of spatial uniformity can cause significant errors in 

efficiency measurements. Some articles have specifically warned against the use of a 

basic arc lamp as the source of simulated sun light for the same reason.488,489 The 

inaccuracy can be further compounded by the incorrectly assigned device area as well as 

the wrong choice of calibration devices. In this chapter, possible errors in efficiency 

measurements of polymer solar cells using a basic xenon arc lamp source will be first 

presented. Then, improvements of the light quality and the measurement accuracy via 

simple modifications to the lamp, and by following correct calibration procedures will be 

demonstrated. The instrument setup in this study can also serve as an example of utilizing 

a single light source to perform both the current-voltage (I-V) characterization and external 

quantum efficiency (EQE) measurement while fulfilling the rigorous requirements of 

accurate testing. 

4.2. Experimental Section 

4.2.1. Materials and device fabrication 

Regioregular P3HT was purchased from Rieke Metals Inc.; PC61BM was 

purchased from American Dye Sources Inc.; Polyethylenimine, 80% ethoxylated (PEIE) 

(35-40 wt%) water solution and MoO3 powder were received from Sigma-Aldrich Co.; ITO 

glass substrates (15 Ω/□) were purchased from Colorado Concept Coatings LLC., etched 

and cut in-house. ITO glass slides were sonicated for 15 minutes each in detergent water, 

2-propanol, acetone consecutively before UV-ozone treatment for 30 minutes. PEIE is 

diluted to 4 wt% with methoxyethanol, spin-coated onto ITO at 5000 rpm for 1 minute, and 

annealed at 100 °C for 10 minutes.72 P3HT/PCBM solution (1:1 by weight, 40 mg/mL in 

chlorobenzene) was stirred overnight at 50 °C on a hotplate inside a nitrogen filled 
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glovebox. P3HT/PCBM solution was spin-coated onto the PEIE coated ITO glass slides 

at 1000 rpm for 1 minute inside the glovebox, yielding ~200 nm thick active layers. The 

devices were further annealed at 160 °C for 10 minutes on a hotplate inside the glovebox 

before being taken out of the glovebox and placed in a thermal evaporator, where 15 nm 

MoO3 and 150 nm Ag were deposited sequentially at ~4×10-7 torr vacuum. 

4.2.2. Photovoltaic measurements 

The laboratory setup uses a 300 W xenon arc lamp source (model 66983) and a 

CS-260 monochromator (model 74100), both supplied by Newport Co. I-V curves are 

recorded using a Keithley 2400 source-meter controlled by LabVIEW programs. A KG5 

filtered silicon diode (Hamamatsu S1133) with a device area of 0.0756 cm2, certified at 

NREL is used to calibrate the light intensity following the aforementioned procedures. The 

solar cell devices are fixed behind the mask on the cell fixture sealed in a vacuum chamber 

equipped with a quartz window through which the light passes. The I-V scans are carried 

out from reverse to forward bias at a scan rate of 0.1 V·s-1. At the NREL, the I-V 

measurements use an Abet solar simulator calibrated to measure PV performances under 

AM 1.5G (IEC 60904). The fast scan is carried out from forward to reverse bias and back 

at 0.09 V/s before and after the slow asymptotic scan. The slow asymptotic scan records 

around 10 data points around the Pmax and takes 131–192 seconds. 

4.3. Results and Discussion 

4.3.1. Instrument setup 

In this study, a Newport Cornerstone 260 monochromator connected with a 

Newport 66983 research arc lamp source was used. A 75/25 beam splitter is installed in 

the light path to divert 25% of the light onto the direction orthogonal to the original path for 

I-V measurements. An AM 1.5G filter is placed between the lamp housing and the beam 

splitter to correct the spectrum of the output light. Additional optics are positioned at the 

side beam path to improve spatial uniformity (Figure 4.1). 
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Figure 4.1 The layout of the instrument used in this study. A beam splitter 

diverts a portion of the light to the side as the source of light for I-V 
measurement 

Basically, this setup uses the light source of an EQE measurement as the 

simulated sun light. The benefit is the elimination of a stand-alone solar simulator. Also, 

the monochromator can be used to measure the spectral irradiance of the source light, 

which is an important piece of information for calibrating the light intensity using the 

mismatch factor method.484,485,488,495 

4.3.2. Device layout and test fixture 

The polymer solar cell devices used in this study were fabricated in inverted 

structures. As shown in Figure 4.2, the device consists of five main layers: the ITO coated 

glass substrate, PEIE interfacial layer, active layer containing the polymer:PCBM blend, 

the hole conducting MoO3 layer, and the silver anode. The effective area of the device is 

defined as the area where all five layers overlap. The ITO glass substrate used in this 

work has a dimension of 10 × 20 mm. Each substrate contains only one device with a 

dimension of 4 × 5 mm2 (active area = 0.2 cm2). 

Monochromator

Lamp Housing

Beam Splitter

AM 1.5G Filter

IV Measurement

QE Measurement
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a) 

 

 b) 

 

Figure 4.2 PV device layout showing all the layers (a); front view of the device 
holder (b). The device fixed on the back cover of the vacuum 
chamber is viewed through the quartz window 

The test fixture is fixed on the back cover of a vacuum chamber, which has a quartz 

window in the front (Figure 4.2b). During a measurement, air is pulled out from the 

chamber, creating a vacuum for cell operation under light exposure. The vacuum protects 

the cell from photo-oxidation, as this is a common degradation pathway for polymer solar 

cells operating in ambient condition.286 

4.3.3. Sources of error 

The device characterization including the I-V measurement is discussed in Section 

1.1.2. During a standard indoor terrestrial solar cell characterization, the solar simulator is 

adjusted to simulate Air Mass 1.5 Global (AM 1.5 G) irradiance, the total power of which 

is 1000 W·m-2.162,496,497 Therefore, the value of Pin in Equation 1.2b is set to 1000 W·m-2 

(i.e., 100 mW·cm-2). However, despite a simple calibration with a power meter, the actual 

power may deviate from 1000 W·m-2. In theory, the short circuit current is the photocurrent 

at 0 bias voltage, and scales linearly with illumination intensity.498 A greater light intensity 

results in greater photocurrent and shifts the entire I-V curve towards the fourth quadrant. 

Besides, Voc increases logarithmically with Isc, while FF is affected by both the Isc and 

Voc.499 If the actual light intensity is higher than 1000 W·m-2, all three parameters in the 

numerator of Equation 1.2b will be affected, and an overestimation of PCE is resulted. 

Another source of error is the inappropriately measured cell area A. Numerous articles 

have stated that inappropriately estimating the effective cell area, including the absence 

of a mask, can lead to significant overestimation of the short circuit current density Jsc and 

PCE.485,487–489,491,492,500,501 In particular for bulk heterojunction polymer solar cells, this 

overestimation can be as high as 40%.488 

Ag 150 nm
MoO3 15 nm
P3HT/PCBM 200 nm
PEIE 10 nm
ITO 280 nm
Glass
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4.3.4. Area determination and mask design 

Although the device area is defined as the area where all layers overlap, the active 

layer, which is capable of generating photocurrent, has a greater coverage than the device 

area. During an I-V measurement, the active layer outside the device area is able to 

transport photocurrent to the device, as indicated by the blue arrows in Figure 4.4, 

contributing to an overestimation of current, and hence an overestimation of PCE. 

  
Figure 4.3 A solar cell device viewed from the glass substrate (left), and the 

configuration of the mask (right). The red rectangle and blue arrows 
indicate the effective device area and the photocurrent contributed 
from outside this area, respectively 

A mask is constructed following the guideline set out by Krebs et al.490 According 

to the guideline, when the substrate thickness is less than 1 mm, the mask aperture should 

have dimensions that are ~0.5 mm smaller on each side of the active area to prevent non-

collimated light from being absorbed by adjacent materials. The ITO coated glass 

substrate is 0.7 mm thick, and the dimension of the mask aperture is 2.99 × 3.74 mm2 

(area = 0.112 cm2, NREL certified area = 0.1123 cm2). The mask is integrated onto the 

cell fixture, making the fixture light-tight. 

Table 4.1 Photovoltaics parameters of P3HT/PCBM devices measured with 
and without a mask 

 Jsc (mA·cm-2) Voc (V) FF PCE (%) 
Mask 5.71 0.54 0.57 1.76 

No Mask 7.25 0.56 0.55 2.22 

To demonstrate how much error could be involved in the absence of a mask, a 

batch of P3HT/PCBM devices was tested. The J-V curve and PV parameters are 

presented in Figure 4.5 and Table 4.1, respectively. It is found that without appropriate 

masking, devices exhibit an overestimation of short circuit current as high as 27%, 

contributing to the 26% overestimation in PCE. A slight increase in Voc is also found, 

consistent with the logarithmic correlation of Voc and Jsc. Our result highlights again the 
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importance of using a mask as part of the procedure for accurate measurements of 

polymer solar cells. 

 
Figure 4.4 I-V curves of P3HT/PCBM solar cells measured with and without a 

mask 

4.3.5. Spectral mismatch 

The difficulty in this setup is the use of a simple xenon arc lamp to provide the 

same quality of light like a solar simulator. According to well-accepted standards, solar 

simulators are rated on three aspects: spectral match, spatial uniformity, and temporal 

stability.502–504 Three classes of performance criteria (A, B, or C) are defined for each of 

the aspects.502–504 A solar simulator is then labeled in three letters describing its 

performances in all three categories. Spectral match is evaluated as follows: the spectrum 

of the solar simulator is divided into 100 nm wide segments between 400 nm and 1100 

nm (except the last segment which spans from 900 nm to 1100 nm), the percentage 

intensity of each segment with regard to the total intensity of all segments is calculated, 

and the results are compared to that of the AM 1.5 G spectrum. ASTM standard defines 

the A rating spectral match to be within ± 25% deviation from the AM 1.5 G spectrum, 

while B rating is ± 40%, and C rating is -80% to +100%.502 In the setup used in this study, 

an AM 1.5 G filter is placed in front of the beam-splitter holder to correct the output 

spectrum of the lamp. The spectral match of the xenon arc lamp with the air mass filter is 

shown in Figure 4.5. The result shows that after the spectral correction with the AM 1.5 G 

filter, the spectrum match falls within the limit of the B rating. The most useful part of the 
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spectrum for polymer solar cells (300–800 nm) falls within the A rating limits, except for a 

slight deviation in the 400–500 segment. 

 
Figure 4.5 The spectral match of the xenon arc lamp source. The orange 

dashed lines represent ±25% deviation from the AM 1.5 G spectrum 
(A rating limits). The blue dotted lines represent ±40% deviation from 
the AM 1.5 G spectrum (B rating limits). The black dots represent the 
spectrum of the xenon arc lamp corrected by an AM 1.5G filter 

4.3.6. Spatial uniformity 

The main problem of using a basic xenon arc lamp for I-V measurements is the 

uneven distribution of the light. Spatial non-uniformity of simulated sunlight is another 

source of error in I-V measurements. A polymer solar cell device is fabricated and tested 

to demonstrate how much error may be caused by the spatial non-uniformity. As shown 

in Figure 4.2, the test fixture is the back cover of the round-shaped vacuum chamber with 

the cell mounted slightly off-centered to allow space for wiring. When rotating the test 

fixture, the device encompasses a circle roughly with a diameter of 1 cm. Four tests were 

performed on the same device when the test fixture is positioned at 0°, 90°, 180°, and 

270° while keeping the vacuum chamber at the same position (Figure 4.6). The measured 

J-V curves and the correlation between PCE and angle of the test fixture are presented in 

Figure 4.6. The difference between the maximum and minimum measured PCE is 60%. 

The vast variation of measurement results is a clear indication of the poor spatial uniformity 

of a basic xenon arc lamp. 
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a) 

 

b) 

 

Figure 4.6 I-V curves of a P3HT/PCBM device measured with the test fixture 
turned at four different angles (a). PCE vs. angle of the test fixture 
with the orientation of the test fixture illustrated (b) 

To further reveal the inhomogeneity of the light distribution, a detailed mapping of 

the light intensity was carried out. A silicon diode masked with a 2 mm × 2 mm aperture 

was manually moved by 2 mm increment across a 40 mm × 40 mm square area within the 

light beam. The light intensity is represented by the magnitude of the recorded short circuit 

current of the diode. As shown in Figure 4.7, an oval-shaped bright spot resembling the 

bulb of the lamp is clearly seen on the heat map when no additional optics were used. The 

center of the bright spot, which is the position of the arc, is nine times more intense than 

the illuminated area outside the oval. The prominent peak on the topographic map 

demonstrates the sheer non-uniformity of the light distribution. Since photocurrent is 

proportional to the incident light intensity,161 significant error may result by only a few 

millimeters of offset. Errors are also incurred when a reference cell or a power meter with 

a larger area than the test cell is used. In such case the smaller test cell may sit in a hot 

spot while the reference cell measures the average intensity across a larger area. The 

only way to avoid the error caused by spatial non-uniformity is using a reference cell 

having a similar size and shape as the test cell, and placing the two cells at the exact 

same position within the light spot.488 However, this method becomes non-practical if multi-

device substrates are used. Considerable deviation will arise among the cells on the same 

substrate as they are situated within an area with spatial non-uniformity. Another way of 

eliminating the error is to correct the spatial non-uniformity with optics. To demonstrate, 

two homogenizing techniques were applied and compared. The improved light 
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distributions from the two techniques are presented in Figure 4.7 along with the light 

distribution of the xenon arc lamp without additional optics. 

a) 

 

b) 

 

c) 

 

d) 

 

e) 

 

f) 

 

g) 

 

h) 

 

i) 

 

Figure 4.7 Light intensity distribution of the xenon arc lamp using various 
optics at the test plane, with no optics (a)-(c), with an optical diffuser 
(d)-(f), with an imaging multi-aperture beam integrator (g)-(i). (a), (d), 
(g) are heat maps of the test plane, each square in the grids is 2 mm 
× 2 mm. (b), (e), (h) are topographic maps of the test plane. (c), (f), (i) 
are the light spot images at the test plane 

In the first technique, an optical diffuser was installed in the light path. Optical 

diffusers have been used to shape laser beams by causing the beam to interfere with 

itself.505 The diffuser spreads the concentrated intense bright spot over the test plane but 
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does not eliminate it. The slope around the high intensity region is flatter than without a 

diffuser. The image of the light spot also appears to be more uniform. The second 

technique uses an imaging multi-aperture beam integrator as the beam homogenizing 

device. The result shows a square-top profile of light intensity distribution. Most of the light 

is concentrated and evenly distributed within the center rectangle with clear edges. 

Quantitatively, the spatial uniformity is calculated based on the minimum and maximum 

intensity within a certain area. In practice, the test plane with a certain area is divided into 

equally sized sub-areas, and the intensity of each sub-area is determined.502–504 The 

uniformity is evaluated by spatial non-uniformity: 

 Spatial Non − unifomity =  �𝑀𝑀𝑀𝑀𝑀𝑀𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖−𝑀𝑀𝑀𝑀𝑁𝑁𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖�
�𝑀𝑀𝑀𝑀𝑀𝑀𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖+M𝐼𝐼𝐼𝐼𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖�

× 100% (4.3) 

in which MAXintensity and MINintensity are the maximum and minimum light intensity of the 

divided test plane. According to ASTM, the non-uniformity requirements for A, B, and C 

classes are < ±2%, < ±5%, and < ±10%, respectively.502 The test planes in the three 

scenarios are evaluated using the A, B, and C criteria, and the maximum areas fulfilling 

each criterion are calculated. The results are tabulated in Table 4.2. 

Table 4.2 Sizes of illuminated areas with A, B, or C spatial uniformity ratings 
using different homogenizing optics (unit: mm2) 

Criterion No Optics Diffuser Beam Integrator 
A (<±2%) 2×4 6×6 16×10 
B (<±5%) 4×6 10×10 16×12 

C (<±10%) 6×6 14×14 18×14 

Due to the uneven distribution of light, an A rating is only found in a 2×4 mm2 area 

without any optics, which equals two adjacent cells on the heat map. Using a diffuser, the 

size of the A rating area expands to 6×6 mm2, however, no clear boundaries of the area 

can be identified to assist with positioning the solar cell sample within this area. In contrary, 

at the test plane of the imaging multi-aperture beam integrator, almost the entirety of the 

central rectangle, except one row and one column exhibits an A rating uniformity. The size 

of the A rating area is 16×10 mm2 with clear boundaries. Therefore, using this technique, 

as long as the solar cell sample is placed well within the central rectangle, the 

measurement error caused by spatial non-uniformity is expected to be less than 2%. In 
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fact, imaging multi-aperture beam integrators have been applied to shape beam sources 

with low degree of spatial coherence, and serve as a core component in advanced solar 

simulators.506 The integrator consists of two identical multi-aperture lenslet arrays and a 

primary condensing lens (Figure 4.8). The object array segments the incoming beam into 

equally sized channels and focuses them onto the field array, spaced from the object array 

by its focal length. The field array reimages the apertures of these channels with the 

primary condensing lens such that they overlap at the illumination plane with a certain 

magnification. The overlap cancels out the spatial non-uniformity within each sub-aperture 

and realizes spatial homogenization.507 

 
Figure 4.8 Working principle of the imaging multi-aperture beam integrator. 

object array (a); field array (b); primary condensing lens (c); 
overlapped image of the sub-aperture at the illumination plane (d) 

4.3.7. Mismatch factor and intensity calibration 

A common negligence when calibrating the light intensity to one sun is the poor 

choice of a calibration device. Whether using a power meter or a reference cell, the 

dimension of the device should be close to the test cells and the mismatch factor should 

be accounted for. The goal of the light intensity calibration is to achieve the same number 

of electrons generated by the test cell under the solar simulator as would be generated by 

the same cell under the AM 1.5G reference light. In other words, the photocurrent of the 

test cell under the source light equals the photocurrent of the test cell under the AM 1.5G 

reference light. If the simulator’s spectrum matches perfectly the AM 1.5G spectrum, then 

adjusting the illumination intensity to 1000 W·m-2 using any reference cell/device would be 

accurate. However, there is almost always a mismatch between these two spectra, which 

a b c

d
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can be represented by the short circuit current mismatch of a given PV device under the 

two different spectra. The mismatch Factor M can be expressed as the ratio of the device’s 

short circuit current measured under the source light JS to that measured under the 

reference light JR (Equation 4.4a). Because the spectral response S of a PV device is 

measured under the short circuit condition, short circuit current can also be obtained by 

integrating the device’s spectral response over the entire spectrum. Thus, M can be written 

in the integration form of Equation 4.4b: 

 𝑀𝑀 = 𝐽𝐽𝑆𝑆
𝐽𝐽𝑅𝑅

 (4a) 

 𝑀𝑀 = ∫𝐸𝐸𝑆𝑆(𝜆𝜆)𝑆𝑆(𝜆𝜆)𝑑𝑑𝑑𝑑
∫𝐸𝐸𝑅𝑅(𝜆𝜆)𝑆𝑆(𝜆𝜆)𝑑𝑑𝑑𝑑

 (4b) 

where ES is the source irradiance, ER is the AM 1.5G reference irradiance, and S is the 

spectral responsivity of the device. All three parameters are functions of the wavelength 

λ. Under the assumption that changing the intensity of the source light will only change 

the power output at each wavelength by a same factor while keeping the profile of the 

spectrum intact, i.e., 

 𝐸𝐸𝑆𝑆′(𝜆𝜆) = 𝐶𝐶 ⋅ 𝐸𝐸𝑆𝑆(𝜆𝜆) (5) 

where C is a constant, M changes proportionally with ES. Equation 4.4b is valid for both 

test cells and reference cells and can be expressed specifically in Equation 4.6a and 

Equation 4.6b: 

 𝑀𝑀𝑇𝑇 = ∫𝐸𝐸𝑆𝑆(𝜆𝜆)𝑆𝑆𝑇𝑇(𝜆𝜆)𝑑𝑑𝑑𝑑
∫𝐸𝐸𝑅𝑅(𝜆𝜆)𝑆𝑆𝑇𝑇(𝜆𝜆)𝑑𝑑𝑑𝑑

 (6a) 

 𝑀𝑀𝑅𝑅 = ∫𝐸𝐸𝑆𝑆(𝜆𝜆)𝑆𝑆𝑅𝑅(𝜆𝜆)𝑑𝑑𝑑𝑑
∫𝐸𝐸𝑅𝑅(𝜆𝜆)𝑆𝑆𝑅𝑅(𝜆𝜆)𝑑𝑑𝑑𝑑

 (6b) 

where MT and MR are the mismatch factors of the test cell and the reference cell, 

respectively, ST and SR are the spectral response of the test cell and reference cell, 

respectively. The ratio of MT to MR can be defined as MT,R, as expressed by Equation 4.7. 

Conventionally, MT,R and its integral form are well known as the mismatch factor M.485 
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Because the source irradiance ES(λ) is present in both the denominator and numerator of 

the equation, MT,R retains the same value under any intensity of the source light given that 

the source spectrum does not change form with intensity variations. 

 𝑀𝑀,𝑅𝑅 = 𝑀𝑀𝑇𝑇
𝑀𝑀𝑅𝑅

= ∫𝐸𝐸𝑅𝑅(𝜆𝜆)𝑆𝑆𝑅𝑅(𝜆𝜆)𝑑𝑑𝑑𝑑
∫𝐸𝐸𝑆𝑆(𝜆𝜆)𝑆𝑆𝑅𝑅(𝜆𝜆)𝑑𝑑𝑑𝑑

∙ ∫𝐸𝐸𝑆𝑆(𝜆𝜆)𝑆𝑆𝑇𝑇(𝜆𝜆)𝑑𝑑𝑑𝑑
∫𝐸𝐸𝑅𝑅(𝜆𝜆)𝑆𝑆𝑇𝑇(𝜆𝜆)𝑑𝑑𝑑𝑑

 (4.7) 

Under some circumstances, the value of MT,R equals either the mismatch factor of the test 

cell or the reciprocal of the mismatch factor of the reference cell. When the source light 

intensity is tuned such that the short circuit current of the reference cell equals its short 

circuit current under the reference spectrum, in other words, 

 ∫ 𝐸𝐸𝑆𝑆∗(𝜆𝜆)𝑆𝑆𝑅𝑅(𝜆𝜆)𝑑𝑑𝑑𝑑 = ∫ 𝐸𝐸𝑅𝑅(𝜆𝜆)𝑆𝑆𝑅𝑅(𝜆𝜆)𝑑𝑑𝑑𝑑 (4.8) 

MT,R equals the mismatch factor of the test cell MT* under this source light intensity: 

 𝑀𝑀𝑇𝑇,𝑅𝑅 = 𝑀𝑀𝑇𝑇
∗ = ∫𝐸𝐸𝑆𝑆

∗(𝜆𝜆)𝑆𝑆𝑇𝑇(𝜆𝜆)𝑑𝑑𝑑𝑑
∫𝐸𝐸𝑅𝑅(𝜆𝜆)𝑆𝑆𝑇𝑇(𝜆𝜆)𝑑𝑑𝑑𝑑

 (4.9) 

where the superscript “*” denotes the values under the specific source light intensity when 

Equation 4.9 is valid. It should be noted that MT,R is specific to a certain type of test cell 

and a certain type of reference cell. Therefore, using different reference cells yields 

different mismatch factors for a certain test cell. 

When the source light is being calibrated using the reference cell, the goal is to 

achieve an intensity where the measured short circuit current of the test cell equals the 

short circuit current of the test cell under the reference spectrum, i.e., 

 ∫ 𝐸𝐸𝑆𝑆∗∗(𝜆𝜆)𝑆𝑆𝑇𝑇(𝜆𝜆)𝑑𝑑𝑑𝑑 = ∫ 𝐸𝐸𝑅𝑅(𝜆𝜆)𝑆𝑆𝑇𝑇(𝜆𝜆)𝑑𝑑𝑑𝑑 (4.10) 

where the superscript “**” denotes the values under the specific source light intensity when 

Equation 4.10 is valid. In such case, MT,R takes the reciprocal value of the mismatch factor 

of the reference cell MR** under this source intensity (Equation 4.11a). Rearranging 

Equation 4.11a gives Equation 4.11b and its simplified version, Equation 4.11c: 
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 𝑀𝑀𝑇𝑇,𝑅𝑅 = 1
𝑀𝑀𝑅𝑅
∗∗ = ∫𝐸𝐸𝑅𝑅(𝜆𝜆)𝑆𝑆𝑅𝑅(𝜆𝜆)𝑑𝑑𝑑𝑑

∫𝐸𝐸𝑆𝑆
∗∗(𝜆𝜆)𝑆𝑆𝑅𝑅(𝜆𝜆)𝑑𝑑𝑑𝑑

 (4.11a) 

 ∫𝐸𝐸𝑆𝑆∗∗(𝜆𝜆)𝑆𝑆𝑅𝑅(𝜆𝜆)𝑑𝑑𝑑𝑑 = ∫𝐸𝐸𝑅𝑅(𝜆𝜆)𝑆𝑆𝑅𝑅(𝜆𝜆)𝑑𝑑𝑑𝑑
𝑀𝑀𝑇𝑇,𝑅𝑅

 (4.11b) 

 𝐽𝐽𝑆𝑆,𝑅𝑅
∗∗ = 𝐽𝐽𝑅𝑅,𝑅𝑅

𝑀𝑀𝑇𝑇,𝑅𝑅
 (4.11c) 

where JS,R is the short circuit current of the reference cell under the source light, and JR,R 

is the short circuit current of the reference cell under the AM 1.5 G reference light. Equation 

4.11c should serve as a guidance for calibrating the source light with a reference cell. 

When MT,R is known, the illumination intensity calibration can be achieved by placing the 

reference cell under the simulator light, and tuning the intensity of the lamp until the short 

circuit current reading of the reference cell equals the 1/MT,R times of its short circuit 

current under the AM 1.5G reference light. This method is based on the assumption that 

the Jsc reading under the bias light equals the integration of the spectral response over the 

light spectrum. However, the two terms have slight deviation but the differences are 

usually omitted.508 

In summary, the process of calibrating the illumination intensity for a specific type 

of test cell is: 1) Measure the spectral response of the test cell, ST; 2) Obtain the irradiance 

of the solar simulator, ES; 3) Calculate the mismatch factor ratio of the test cell relative to 

the reference cell, MT,R (usually called mismatch factor M); 4) Adjust the solar simulator’s 

power such that the short circuit current reading of the reference cell equals 1/MT,R times 

of its short circuit current under AM 1.5 G. 

4.3.8. Sample measurements 

To showcase how much error can be involved during I-V measurements of polymer 

solar cells using a basic xenon arc lamp without appropriate intensity calibration, and how 

much accuracy improvement can be achieved following the simple modification and 

calibration discussed above, a batch of P3HT/PCBM devices were measured using the 

setup in our laboratory and subsequently submitted to NREL for verification. Three devices 

were successfully tested at both locations. For the erroneous test conditions, the light from 
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the xenon arc lamp was untreated with the intensity calibrated to 1000 W/m-2 using a 

power meter that has an aperture of 1.13 cm2, and the devices were placed under the 

brightest part of the light for testing. For the improved test conditions, the multi-aperture 

beam integrator was installed, and the light intensity was calibrated using a KG5 filtered 

silicon diode that has an aperture of 0.0756 cm2 and a mismatch factor with P3HT/PCBM 

of 1.00. Only fast I-V scans were performed in our facility, which is typical for research 

laboratories. However, only results of slow asymptotic scans (i.e., holding the bias voltage 

until the current reaches an asymptotic level) are considered valid at NREL because of 

the slow voltage response of polymer solar cells.509 Nevertheless, fast scan data from 

NREL are also included for comparison. The results of I-V measurements from the two 

facilities are presented in Figure 4.9 and Table 4.3. The PCEs measured under improved 

condition in our laboratory deviate from NREL values by as low as 1%, whereas the 

deviations under erroneous conditions range from 35% to 52%. The 26% deviation of 

device 667 is due to a low FF at asymptotic state, which is attributed to the device’s 

incapability of maintaining current around Pmax. However, the low FF is absent in fast scan 

analysis and the deviation was negligible, proving the accuracy of the methodology. Our 

results show that characterizing polymer solar cells using a conventional xenon arc lamp 

without taking proper care can cause great error in the accuracy of the measurement. 

However, after homogenizing the beam with simple optics and carefully following the 

appropriate calibration procedure, the results closely match those obtained at NREL 

facility, considering 15-25% deviation is not uncommon for a single batch of OPV 

devices.489 
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Figure 4.9 J-V curves of P3HT/PCBM devices measured at SFU and NREL: (□) 
fast scan at SFU under erroneous conditions, (■) fast scan at SFU 
under improved conditions, (○) fast scan at NREL, (●) slow 
asymptotic scan at NREL 

Table 4.3 Photovoltaic parameters of P3HT/PCBM devices measured at SFU 
and NREL 

Device 
ID 

Test 
Location 

Test 
Conditions 

Jsc 
(mA/cm2) Voc (V) FF PCE (%) Difference in 

PCE (%)* 

691 

SFU 
Erroneous 14.13 0.59 0.56 4.65 52 (49) 

Improved 8.80 0.55 0.64 3.10 1 (2) 

NREL 
Slow Scan 8.82 0.55 0.63 3.07 n/a 

Fast Scan 9.19 0.55 0.62 3.13 n/a 

670 

SFU 
Erroneous 14.13 0.58 0.53 4.34 35 (32) 

Improved 9.14 0.54 0.59 2.93 9 (11) 

NREL 
Slow Scan 9.54 0.55 0.60 3.21 n/a 

Fast Scan 9.92 0.55 0.60 3.29 n/a 

667 

SFU 
Erroneous 13.63 0.59 0.49 3.91 71 (26) 

Improved 8.71 0.55 0.65 3.10 26 (0) 

NREL 
Slow Scan 8.84 0.55 0.47 2.29 n/a 

Fast Scan 9.28 0.55 0.61 3.10 n/a 
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* differences are compared with NREL slow scan; differences compared with NREL fast scan are shown in 
parentheses. 

4.4. Conclusion 

In conclusion, the potential measurement errors associated with I-V 

measurements using a basic xenon arc lamp are presented, and simple solutions to 

improve measurement accuracy using basic optics and appropriate calibration procedures 

are provided. The two major sources of error associated with polymer solar cell 

measurements are light intensity and device area. By applying a multi-aperture beam 

integrator, the xenon arc lamp is able to deliver spatially-uniform white light with class A 

spatial uniformity. Additionally, precise intensity calibration can be realized using a 

reference cell with similar size to the test cell and taking account of the mismatch factor. 

The importance of appropriate masking is re-emphasized in this study as a reduction of 

measurement error as high as 26% is demonstrated. Additionally, when no diffusing optics 

are used, and the intensity is calibrated by an ordinary power meter with aperture size 

greater than the test cell, errors as high as 51.5% can be produced. By following 

appropriate calibration procedures, and applying beam homogenizing optics, this error 

can be reduced to 1–8.7%. The setup used in this study can serve as an example of 

simplified instrumentation without significantly compromising on accuracy for PV 

measurements. 
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Chapter 5.  
 
General Conclusion and Future Work 

Organic photovoltaic devices, particularly polymer solar cells, offer the possibility 

of high-throughput, roll-to-roll production of photovoltaic modules based on solution 

deposition techniques and have the potential of lowering the cost of photovoltaic energy 

to 80–100 USD/MWh. The freedom of finely tuning the energy levels, bandgap, molecular 

packing, and solubility of conjugated polymers via molecular design and synthesis further 

broadens the potential of polymer solar cells as a competitive candidate for the next 

generation of photovoltaic technologies. The power conversion efficiency is crucial for 

evaluating a solar cell technology, especially for polymer solar cells, which are struggling 

to achieve comparable efficiencies to those of mature technologies, such as 

polycrystalline silicon solar cells. Chapter 4 highlights the potential errors associated with 

the PV measurements of polymer solar cells. Deviations as high as 51.5% from the true 

efficiency can occur when a basic xenon arc lamp is used without appropriate optics and 

calibration. Chapter 4 also demonstrates the possibility of achieving accurate 

measurements using a low-cost, all-in-one setup, combining a solar simulator and 

monochromator, when appropriate homogenizing optics are installed and appropriate 

procedures are followed, thus providing a solution to the highly demanding instrumentation 

involved in polymer solar cell research. 

Besides the power conversion efficiency, the lifetime also plays a key role in 

determining the commercializing potential of a novel photovoltaic technology and the 

viability of real-life applications. Section 1.4 provides an in-depth review of the degradation 

mechanisms existing in a polymer solar cell. Conjugated polymers, being excitonic 

semiconductors, require fullerenes as the electron acceptor for efficient photocurrent 

generation. The performance of a polymer solar cell largely relies on the interpenetrating 

network of conjugated polymers and fullerenes in the bulk heterojunction morphology. 

Thermal stress during module operation drives large-scale phase segregation between 

the two, which is manifested by fullerene crystallization and deteriorates the efficiencies. 
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Chapter 2 and Chapter 3 explore two major strategies for morphological and 

performance stabilization of polymer solar cell devices made from a low-bandgap, highly 

efficient polymer, PTB, through sidechain modification. In Chapter 2, a PTB polymer with 

thermally-cleavable sidechains, PTB(THP), is presented. Thermal cleavage shortens the 

sidechains of PTB(THP), increasing the Tg of the polymer, and potentially forming a 

hydrogen bonding network through the remaining hydroxyl groups. The experimental 

results demonstrate that thermal-cleavage of the sidechains stabilizes the morphology 

against thermal annealing by suppressing fullerene crystallization. As a result, solar cell 

devices made from PTB(THP) with thermally cleaved sidechains exhibited stable 

efficiencies throughout the accelerated lifetime test. Chapter 3 demonstrate the 

performance stabilization through UV-induced crosslinking. PTB polymers with various 

numbers of photocrosslinkable, chlorine-terminated sidechains were synthesized. The 

crosslinking can effectively insolubilize the polymer thin films without affecting the 

absorption behaviours. Patterning through a mask was also realized. Stable PV 

performances were achieved when low-dosage UV was applied to the devices before 

depositing the top electrode. Morphological stabilization in terms of suppressing PCBM 

crystallization could be achieved with low chlorine sidechain content and short UV 

exposure. 

Both techniques have their advantages and shortcomings. Thermally cleaving the 

sidechain does not involve an additional source of activation. The process can be 

activated in situ, during device operation. The thermal energy can be provided by the 

thermal radiation from the sunlight if the rate of the stabilization process is higher than that 

of degradation. With photocrosslinking, only a small number of crosslinking groups must 

be present on the polymer for sufficient stabilization. The crosslinking process is fast and 

compatible with roll-to-roll processing. Patterning with photocrosslinking is also easier than 

other lithography techniques. 

However, both techniques require an external stimulus for activation. The high-

temperature thermal annealing and short wavelength UV irradiation are both harmful to 

the PV performances, as shown in the experimental results. Foreign substances are 

introduced in both processes. The leaving group, the acid catalyst of the thermal-cleavage 

route, and the highly reactive radical species of the photocrosslinking route can pose 
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problems to the device performance. Plus, the thermal-cleavage route requires a high 

number of thermally-cleavable sidechains for the method to be effective. Both techniques 

are based on linear sidechains because functionalization of branched sidechains are 

limited by synthetic difficulties. The substitution of linear sidechains for the original 

branched sidechain means that the polymers will potentially be less soluble, as 

demonstrated in Chapter 2 and Chapter 3. Also, the results from these chapters indicate 

that polymers with linear sidechains can increase the rate of fullerene nucleation, which is 

a side effect of the close π–π stacking associated with linear sidechains. As a result, the 

number of chlorinated sidechains must be kept low for long-term stability of the 

photocrosslinkable polymers. 

In the future, improvements to the works presented here may provide a promising 

path towards stable polymer solar cells by continuing the work that has been achieved so 

far while mitigating the negative effects. For example, synthesizing the BDT-Br unit with 

bromine-terminated sidechains may be achievable after carefully tuning the reaction 

conditions and purification techniques (Scheme 5.1). 

 
Scheme 5.1 Proposed synthetic route for PTB-Brs 

The first step of the synthesis of BDT-Br has been accomplished with a yield similar 

to the chlorine version, BDT-Cl. However, attaching trimethyl tin functionalities has not 

been successful so far. Replacing the n-butyl lithium with lithium diisopropylamide (LDA), 

a non-nucleophilic, stronger lithiation agent may help with this reaction. In addition, 

changing the reaction conditions (e.g., temperature, reaction time) and monitoring the 

reaction process by NMR may provide an appropriate procedure for BDT-Br synthesis.510 

Once the bottleneck of the monomer synthesis is solved, PTB-Br polymers can be 

synthesized and studied following the experimental procedures set forth in Chapter 3. 
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Furthermore, the yield of the etherification step may be improved by selecting appropriate 

bases and solvent systems.511,512 Bromine has a lower reactivity than chlorine; therefore, 

it may be able to withstand longer UV exposures than that used for chlorine before 

negative effects occur. Furthermore, the inverted structure and encapsulation could be 

applied to the device to examine its stability at a high annealing temperature to avoid the 

effect of electrode degradation.142,143,376 Alternatively, thermal annealing can be performed 

before depositing the metal electrode, such that freshly prepared solar cell devices with 

as-cast and degraded active layers are measured in one batch. This practice has been 

used before, although it does not reflect certain effects that are present in a complete 

device, such as the confining effect of the top electrode.280,417,418 On a side project, a PTB 

derivative with the same chemical structure as PTB-Cl100 but without chlorine could be 

synthesized from easily obtained monomers (Figure 5.1, PTB2F). This polymer is named 

PTB2F because it has the same sidechain pattern as PTB2, except for the fluorine 

substitution on the TT unit (Figure 1.13). Then, the morphological stability of 

PTB2F/PC71BM could be studied and compared to those of PTB7/PC71BM and 

PTB4/PC71BM (Figure 5.1) to gain insight into how the sidechain patterns affect PC71BM 

crystallization. 

 
Figure 5.1 Chemical structures of PTB2F, PTB7, and PTB4 

Furthermore, a variety of other high-performance polymers as well as alternative 

thermally-cleavable and photocrosslinkable sidechains could be combined. In the past two 

years, many articles31,33,34,36,73,513 reported single junction polymer solar cells exceeding 

the 10% efficiency limit that was predicted in 2006.117 These articles all used 

polythieno[3,4-b]thiophene-benzo[1,2-b:4,5-b’]dithiophene with 2-thienyl pendant side 

chains (PTB7-Th, Figure 5.2) as the donor polymer (Figure 5.2). The great benefit of two 

thiophenes appended to the BDT unit is that they serve as branching points that allow 
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more linear chains to be attached, thus simultaneously increasing the solubility and 

hindering the nucleation of fullerene crystals. Three variations of PTB7-Th are proposed 

here for future exploration, namely, PTB-Th-Br, PTB-Th-THP, and PTB-Th-ester (Figure 

5.2). In the chemical structure of PTB-Th-Br, two n-octyl sidechains are attached to each 

of the pendent thiophene units: one with a terminated bromine, and one without. Two 

sidechains on each side are expected to provide high solubility for the polymer, while the 

bromine is expected to photocrosslink under UV irradiation. Different ratios of the regular 

BDT-Th unit and photocrosslinkable BDT-Th-Br unit can be applied to tune the 

photovoltaic and crosslinking properties, as demonstrated in Chapter 3. For the THP 

version, four 2-((THP-2yl)oxy)ethyl side chains are attached to the pendant thiophenes 

(Figure 5.2). The additional two THP sidechains on each repeat unit may provide more 

solubility than that from PTB(THP). After thermal-cleavage, the polymer is expected to 

form a denser hydrogen bonding network because of the high density of hydroxyl groups. 

The dihedral angle between the pendant thiophenes and the polymer back bone of PTB7-

Th is around 60°.514,515 This angle increases from 34° to 61° from furanyl to selenophenyl 

side groups and is associated with the HOMO level and π–π stacking distance of the 

polymer. Shortening the side chains of PTB-Th-THP may change the dihedral angle 

between the aromatic rings, which could be studied to understand the physical property 

changes caused by thermal-cleavage. The last variation uses ester-protected 2-thienyl 

side chains (PTB-Th-ester, Figure 5.2). The sidechains could be removed by thermal 

annealing.433 The advantage of using an ester sidechain is that a branched alcohol can be 

attached, eliminating the need for two substitutions. Therefore, the monomer synthesis 

would be much easier by starting from commercially available 2-thiophene-carboxylic acid. 

However, the alkyl chains on PTB-Th-ester are attached to secondary alcohols, which 

may require an unfavorably higher removal temperature. To tackle this problem, trace 

amounts of catalyzing CSA may be added to reduce the annealing temperature, as 

reported by Krebs et al.440 The ester group with a primary alcohol on the TT unit would 

remain unaffected because a β-hydrogen is required for sidechain cleavage.461,462 
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Figure 5.2 Chemical structures of PTB7-Th, PTB-Th-Br, PTB-Th-THP, and PTB-

Th-ester 

The proposed synthesis routes are listed in Scheme 5.2. For the disubstituted 

pendent thiophenes, two sidechains are attached through different types of reactions. The 

first sidechain on the 2-position can be added through a lithiation of 3-bromothiophene.516 

The second sidechain on the 3-position can be attached by a Kumada coupling with a 

freshly prepared Grignard reagent of the second sidechain.517 The ester bearing thiophene 

moieties can be synthesized by a facile ester formation from thiophene-2-carboxylic 

acid.439 After functionalization, the pendent thiophenes will be incorporated onto the BDT, 

followed by addition of the trimethyl tin functionalities. The final polymers will be 

synthesized following a typical Stille polycondensation.175,209,210,518 
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c) 

 

Scheme 5.2 Proposed synthetic routes for PTB-Th-Br (a), PTB-Th-THP (b), and 
PTB-Th-ester (c) 

The research interest in polymer solar cells has gradually shifted to the 

development of polymeric or small molecular electron acceptors in recent years.121–125 As 

more and more fullerene replacements are reported, the stability of polymer solar cells 

using these new types of acceptors should be studied. These non-fullerene acceptors are 

expected to behave in a completely different manner than the fullerene based acceptors. 

The dimerization, diffusion, and crystallization of fullerene will no longer be observed in 

the new devices. Thus, the different behaviours of the acceptors based on polymers and 

small molecules opens the door for future exploration of the stability of polymer solar cells. 
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