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                                                               ABSTRACT 

Aggregation of Organic Semiconductors and Its Influence on Carrier Transport  

and Solar Cell Performance 

Photovoltaic technology based on solution-processable organic solar cells (OSCs) provides a 

promising route towards a low-cost strategy to address the sharply increasing energy demands 

worldwide. However, up to date, the vast majority of solar cell reports have been based on 

spin-cast BHJ layers. Spin coating is not compatible with high speed and scalable coating 

processes, such as blade-coating and slot-die coating, which require the nanoscale morphology 

to be reproduced in scalable coating methods. And tolerance for thicker BHJ films would also 

facilitate high speed scalable coating. 

In the first part of this thesis, we investigate how pre-aggregating the conjugated polymer in 

solution impacts the charge transport in polymer films. We use P3HT in a wide range of 

molecular weights in different solvents of common use in organic electronics to investigate how 

they impact the aggregation behavior in the ink and in the solid state. By deliberately 

disentangling polymer chains via sonication of the solution in the presence of solvophobic 

driving forces, we show a remarkable ability to tune aggregation, which directly impacts charge 

transport, as measured in the context of field effect transistors.   

The second part of this thesis looks at the impact of the solution-coating method and the 

photovoltaic performance gap when applying modern BHJ inks developed for spin coating to 

scalable coating methods, namely blade coating. We ascribe this to significant differences in the 

drying kinetics between the processes. Emulating the drying kinetics of spin-coating was found 
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to result in performance parity as well as morphological parity across several systems, resulting 

in demonstration of PTB7:PC71BM solar cells with efficiency of 9% and 6.5% PCEs on glass and 

flexible PET substrates, respectively.  

The last part of this thesis looks into going beyond performance parity by leveraging the 

differences of the scalable coating method to enable highly efficient thick solar cells which 

surpass the performance of spin-cast devices. High-speed wire-bar coating (up to 0.25 m/s) was 

used to produce OPV devices with power conversion efficiency (PCE) >10% and significantly 

outperforming devices prepared by spin-coating the BHJ layer for thicknesses >100 nm by 

maintaining a higher fill factor.  
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Chapter 1 

Introduction 

Global warming and increasing demand for energy are two of the most pressing global 

problems that are relevant today and likely to become a threat to our society this century.[19–22]
 

Global climate change is considered to be one of the most potentially dangerous threats which 

humanity are going to face in the future, since it is expected to raise sea levels, increase the 

occurrence of catastrophic weather events, cause water shortages, crop failures and so on.[20,23] 

The global climate increase issue is mainly ascribed to the huge fossil fuels consumption  such 

as petroleum, coal, and natural gas, since all these fossil fuels are the major sources of carbon 

dioxide (CO2), carbon monoxide (CO) and other greenhouse gases, which are released and get 

trapped in the atmosphere, causing the global temperature to rise.[23] It is clear that the rise of 

climate change issues will be exacerbated by the sharply increasing energy demand, which is 

currently met primarily by burning fossil fuels. Therefore, it is crucial to develop and improve 

renewable energy technologies which can be viable replacements to fossil fuels. Renewable 

energy sources include biomass energy, wind energy, geothermal energy, solar energy, 

hydrogen, and so on. Among these diverse renewable energy technologies, solar photovoltaic 

technologies possess advantage of direct conversion of solar energy into electrical power. It has 

drawn tremendous attention and investment in the past decade. PV technology is considered 

to be an attractive technology combined with sustainable and renewable energy, 

environmental friendly which could be helpful to meet the growing energy demands based on 
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the growing global population. This can help to decrease the consumption of fossil fuel or even 

replace it in the long run. [24,25] 

To date, PV technologies can be simply classified into three generations.[26] In the PV industry 

with commercialized products for the global market, the first generation of solar cells is still the 

dominating one. The first generation of PV technology consists in using single crystal and 

polycrystalline semiconductor wafers, primarily silicon, which typically demonstrate a 

performance over 15% of power conversion efficiency (PCE).[27] These are the most 

commercially available PV cells with largest number of providers, making up about 90% of the 

PV market and still occupying the largest ratio among all the PV technologies.[26] The 

advantages of the first generation solar cell technology is based on their high performance and 

their outstanding stability. But mechanically, they are rigid, heavy and also require too much 

energy in the production process and lose significant efficiency in warm climate and low light 

conditions, which limits their use to solar farms and sturdy rooftops with a targeted lifetime of 

20-30 years. The second generation PV technology consists of thin film solar cells,[28] which are 

typically using a thin film light absorber, for example, cadmium telluride (CdTe), amorphous 

silicon, or copper indium gallium sulfide or selenide (CIGS/Se). Thin film photovoltaics attracted 

a lot of attention due to their potentially low cost and were very popular at a time when silicon 

was much more expensive. Compared with first generation PV devices, the second generation 

PV devices can be made flexible to some degree. However, there is still significant energy 

consumption along with the complex production process of these second generation solar cells, 

since the production of second generation PV devices still needs high vacuum deposition of 

compounds as well as high temperature treatments. Those are import factors dominating the 
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cost and influencing the price[29]. The low efficiency of some of these technologies, such as a-Si, 

and the complexity of others, such as CIGS/Se has also been an obstacle to their successful and 

widespread implementation, significantly limiting their market share. 

Third generation photovoltaics are again a thin film-based technology, but one which utilizes 

emerging semiconductors, such as conjugated organic materials, colloidal quantum dots, and 

organic-inorganic hybrid semiconductors. These technologies have attracted tremendous 

research interest in the PV community thanks to advantages such as flexibility, lightweight, 

semitransparency, solution processability and compatibility with large area and roll-to-roll 

solution and vacuum based coating techniques. In this respect, organic solar cells (OSCs) have 

been developed tremendously and been rapidly improving over the last decade[22,24,26,30,31], but 

with a certified single junction PCE of 12%,[32] it still suffers from lower PCE than first and 

second generation PV technologies as well as its third generation rival based on hybrid 

perovskite semiconductors.  

High performance OSC devices are typically made in the lab scale and limited to small surfaces 

using wasteful but convenient processes, such as spin coating, which is not compatible with 

continuous manufacturing[33,34]. Spin-coating works as a currently the most widely used method 

for the BHJ coating step for champion devices[35,36]. This is not surprising since spin-coating is a 

simple and rapid method which can provide an easy way to produce uniform films on small 

substrates with the desired thickness and nanoscale morphology of the photo-active 

layer[33,34,37]. However, scalable coating process such as blade-coating, wire-bar coating and 

slot-die coating behave differently in the way they manage the ink and do not utilize the air 

friction of a fast rotating sample to modulate the flow and evaporation of the ink. Instead, they 
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entrain the solution on the substrate by forming a trailing meniscus and the final solid film 

forms without ejection or outflow loss of the solution in slower drying conditions thanks to the 

absence of air flow.[20–33] By contrast, the ink-to-film phase transformation occurs rapidly in spin 

coating due to a combination of solution ejection, outflow of excess solution and rapid solvent 

drying.[38] Significant differences in drying kinetics can easily lead to different solidification and 

film formation outcomes[33]. The empirical and brute force nature of optimization approaches 

typically adopted by researchers to achieve good solar cell efficiency by the spin coating 

method therefore do not easily translate to scalable processes without understanding and 

quantifying the differences and identifying processing knobs which can help replicate the ink 

solidification conditions responsible for champion solar cells. It is therefore necessary to 

understand the coating processes and thin film formation mechanisms in order to translate the 

successes from the lab toward scalable processes.  

The operation of organic solar cells is significantly more complicated than inorganic solar cells, 

thanks to the excitonic nature of conjugated semiconductors. Nevertheless, tremendous effort 

has been invested into understanding the working principle of OSCs[10,33,36,39–42]. From the 

working principal of OSCs explained in the next chapter, we identify charge extraction in thick 

solar cells as a key challenge limiting OSC performance. This stems from reduced and/or 

unbalanced carrier mobilities in the donor and acceptor phases of the BHJ which results in non-

geminate recombination effectively reducing the fill factor of thick solar cells. As a result, 

optimal solar cells use a much thinner BHJ layer which prevents it from absorbing all the 

sunlight above the bandgap.  
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In order for OPV devices to surpass a PCE of 15%, the external quantum efficiency (EQE) needs 

to achieve 90%  and fill factor should reach  80%[12].  The absorption layer in the solar cell 

device should absorb 90% or more of the incident photons with energy larger than bandgap 

energy to achieve an EQE more than 90%. While for a traditional bulk heterojunction organic 

solar cell device with a metal electrode, it can reach 90% absorption if the thickness of active 

layer is more than 200 nm. However, as mentioned previously, the fill factor of the device 

decreases when the active layer made thicker trying to improve light absorption, and this leads 

to an overall  device performance decline [12,43]. Increasing the active layer thickness of an 

organic bulk heterojunction solar cell generally decreases device performance since charge-

carriers need to travel over a longer distance through a relatively thicker BHJ layer to be 

collected. Meanwhile, the decreased magnitude of the built-in electric field for thicker devices 

has weakened the driving force for carriers to move. Both of those two factors has increased 

the time for the charge carriers needed to be extracted. This has increased the probability for 

the charge-carriers to get recombined before they are successfully reached the electrode of the 

device[12,44,45]. Several modern polymers have emerged since the start of this thesis which 

exhibit good  hole mobility, up to 10-3 cm2 V-1 s-1,  thanks to significant local and long range 

order and achieve FF >70% in devices with active layer thickness greater than 300 nm.[46–48]. 

However, with further improvements in the hole mobility of donor materials, the electron 

mobility of fullerene acceptors is expected to become a limiting factor[43] as efficient thick solar 

cells also require balanced mobility. 

This thesis aims to that ink preparation methods and the choice of solution processing 

methods, such as spin coating vs. blade coating or wire-bar coating, influence the aggregation 
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behavior of organic semiconductors which in turn impact transport and other properties and 

influence device figures of merit. We begin by presenting an overview, in chapter 2, of the 

current understanding of charge carrier transport in conjugated polymers and existing 

approaches to improve carrier mobility in conjugated polymers, ranging from the molecular 

synthesis to film processing, and their impact on the performance of organic solar cells, 

including thick BHJ solar cells. We then present in chapter 3 the general methodology and 

experimental details related to this thesis. The results of this thesis are presented and discussed 

in the next three chapters (4-6). Chapter 4 links the pre-aggregation of conjugated polymers in 

the solution state to improved lateral charge carrier transport in solid thin films. Chapter 5 

looks at achieving performance parity between blade coated and spin coated solar cells by 

achieving thickness and morphological parity. Chapter 6 compares the thick solar cell 

performance of spin-cast and wire-bar coated solar cells and finds differences in aggregation of 

the fullerene acceptor domains can give an edge to scalable coating techniques in the context 

of thick OPV devices. In chapter 7, we conclude and draw perspectives from this dissertation 

work.  
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Chapter 2  

Charge transport in conjugated organic molecules and its impact on the 

performance of organic solar cells: A literature review  

2.1 π-conjugated organic molecules and delocalized π electrons 

The Nobel Prize in Chemistry 2000 was awarded jointly to Alan J. Heeger, Alan G. MacDiarmid 

and Hideki Shirakawa for the discovery and development of the conducting polymer, which has 

opened a new research field in organic materials.[49] Huge effort has been made in this field 

since then and significant development has been achieved by realization the great extensive 

applications on π-conjugated polymers such as organic thin film transistors (OTFTs), organic 

solar cells (OSCs), organic light-emitting diodes (OLEDs) and so on.[50–52] Organic semiconductors 

hold significant advantages such as ease of solution-processability, flexibility, light weight, and 

suitability with mass production in industry such as roll-to-roll processing, compared to the 

inorganic materials. In this section we explain the basic concept of conjugated molecules, 

including small molecules, oligomers and polymers, and the origin of semiconducting behavior 

in these materials. [31] 

2.1.1 π-conjugated organic molecules 

Chemically, π-conjugated polymers consist of alternating single and double bonds (in most 

cases) or alternating single and triple bonds in the polymer backbone.  

Carbon-carbon double bonds are formed in a process which is called as sp2 hybridization. 

Different from sp3 hybridization, in this sp2 hybridization process only two out of three p 

orbitals combine with s orbital and the other p orbital remains unchanged during the process. 
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Those three sp2 hybrid orbital lie within a plane and keep a fixed 120° bonding angle to each 

other, as see Figure 2.1. For the remaining p orbital without participating hybridization, it is 

perpendicular to the sp2 plane.   

 

Figure 2.1 (a) sp2+Pz orbitals (b) top view of sp2+Pz orbitals (c) orbitals in ethylene (C2H4).   

A σ bond forms by sp2-sp2 overlap when two sp2-hybridized carbons close to each other. 

Meanwhile, for the un-hybridized p orbitals approach with geometry for sideways overlap, 

forming of π bond, which results in a C=C double bond, as shown in figure 2.1 (c). This π bond 
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has regions of electron density on both side of a line between nuclei while has zero electron 

density between nuclei. This C=C double bond in ethylene is shorter than the C-C single bond in 

ethane. But it is stronger since there are four sharing electrons rather than two.  While, a single 

π bond is weaker than a single σ bond since the orbital overlap in π bond is not as enough as 

the overlap in σ bond. While the sp2-orbitals with two carbon atoms approach each other, the 

state of a bonding or an anti-bonding is formed in this case.  

2.1.2 Delocalized π electrons 

Delocalized electrons are the electrons found in a molecule, a solid metal or an ion and which 

are not localized within a single atom or a covalent bond.[53] In organic semiconductors, the 

delocalized electrons specifically mean the delocalized π electrons since those π electrons do 

not belong to a covalent bond or a single atom and they are mobile.  

It is well known the delocalization of π-electrons in and between the backbones of conjugated 

polymers creates the essential origin for electronic properties for organic semiconductors, 

enabling them with various application area such as OLED, OPV, TFT and so on. For conjugated 

polymers, the π- π stacking works as a driving force for the aggregation and crystallization 

behavior.  For those organic semiconductor materials, the bottom-up assembly provides the 

pathways for free charge carriers to be transported. The charge transport in organic 

semiconductor materials will be discussed in detail in next section. 

2.1.3 Molecular orbitals of organic materials 

In organic molecules, the number of molecular orbitals (MOs) is equal to the sum of the 

number of atomic orbitals. For a specific MO, it could be in either bonding state or anti-bonding 
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state. If a MO has lower energy than the initial atomic orbitals, it is called bonding; if it is higher, 

then it is called antibonding. [54]  

Figure 2.2 shows the six π molecular orbitals of benzene, which is a classical unit of organic 

materials with π bonds involved. The carbon atom in the benzene molecule has three sp2 

orbitals with inter- σ bond angle of 120° on the same sp2 orbitals plane. Meanwhile, there is a 

2pz orbital perpendicular to the plane. As showed in Figure 2.2, there are six π-MOs. If the 

adjacent pz orbitals are of the same color, they are in the bonding state; otherwise, they are in 

the antibonding state. The lowest-energy π MO (Ψ1) has no modal plane (in which the π 

electron density is zero) and it is bonding. As the number of nodal plane increases from 0 (Ψ1) 

to 3 (Ψ6*), the energy of π MO increases.  

In the bonding state or ground state (Ψ1), the perpendicular 2pz orbitals of neighboring carbon 

atom overlap to form a π-orbital and electron density in π-orbitals is symmetrically distributed 

to form two layers stretching around the carbon ring. The electrons in the σ orbitals are 

concentrated along the line bridging the two nuclei and are localized. In contrast, the electrons 

occupying the π-orbitals are delocalized over all the atoms. So they can move freely inside the 

molecule. Through those delocalized π-electrons, charge can freely propagate from one part of 

molecule to another. Those delocalized π-electrons are consequently responsible for charge 

transport of conjugated polymers.  
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Figure 2.2 The six benzene π molecular orbitals and corresponding number of nodal plane. 

The second lowest energy of π MO, Ψ2 and Ψ3, has one nodal plane between nuclei and it is also 

bonding. Ψ4*and Ψ5* are two antibonding π MOs with two nodal planes. For the highest-energy 

π MO, Ψ6*, has three nodal planes and is antibonding.  

There are six π electrons in a benzene molecule with 6 π MOs. According to the principle of 

minimum energy, the electrons would occupy from the lowest energy π MO. The occupation 

ends in Ψ2 and Ψ3. So, Ψ2 and Ψ3 are called the highest occupied molecular orbitals (HOMOs). 
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And Ψ4*and Ψ5* are called the lowest unoccupied molecular orbitals (LUMOs). HOMO 

corresponds to the top of the valance band the LUMO corresponds to the bottom of the 

conducting band. Both of them are very important to opto-electronic properties of organic 

semiconductors.  

2.2 charge transport in organic semiconductors 

The delocalization of the π-electrons helps promote the aggregation behavior of organic 

semiconductors and is responsible for various complex morphologies observed in these 

materials. While significant effort has been made in the organic semiconductor area in the past 

decades[11,55–57], to help provide some guidelines in terms of synthesis strategies for π-

conjugated polymers and reveal the critical role  that structural and morphology play in 

influencing the performance of the device, it is still challenging to clarify the  relationship 

between the organic semiconductor materials design and the device performance in details[50].  

2.2.1 Influence of the order and connectivity of aggregates on charge transport in thin films 

For π-conjugated polymer films, the origin of electronic transport properties is based on 

bottom-up construction with π-conjugated molecular units giving rise to the continuous 

pathways for transport on much larger scales, enabling free charge carrier transport. The intra-

chain conjugation within polymer chains and inter-chain interactions between neighboring 

molecules are crucial for charge carrier transport from delocalized π-electrons within the 

polymer backbones and between adjacent chains in close proximity.  

2.2.1.1 H-aggregates and J-aggregates 
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The origin of electronic properties of organic semiconductors from the aggregation of those 

conjugated polymer molecules. There are two classes of fundamental electronic interactions 

which are exhibited by those conjugated polymer aggregates: 1) electronic interaction 

happening within a given polymer chain; 2) it occurring between neighboring polymer chains. 

The influence of those two electronic interactions on the photophysics of conjugated molecules 

solid films can be better understood by the concepts of H- and J- aggregation.  In the 

conjugated polymer aggregations, intra-chain through-bond interactions result in J-aggregate 

behavior, while inter-chain interactions lead to H-aggregate behavior by Coulombic interaction. 

The photophysics of aggregated conjugated polymers resulted from competition between H- 

favoring interactions (inter-chain interactions) and J- favoring interactions (intra-chain 

interactions). Typically, a well-ordered organic semiconductor exhibits good inter-chain packing 

and relatively extended intra-chain conjugation. This is indicated by appearance of photo-

physical features in UV-Vis absorption spectrum as well as in the photoluminescence spectrum, 

which are helpful in revealing the aggregation type: H-aggregation or J-aggregation, as showed 

in figure 2.3.  
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Figure 2.3 Difference of UV-Vis absorption spectra and photoluminescence spectra between H-

aggregation and J-aggregation based on calculation. Figure is adapted from reference[1].  

For most of the conjugated organic molecules, the bulk of the nuclear reorganization energy 

following electronic excitation shows up from the elongation of a symmetric vinyl stretching 

mode with energy ca. 1400 cm-1. To study the detailed aggregation behavior, Spano et al. [1] 

have calculated how the vibronic progression of this mode, which is dominating the isolated 

conjugated polymer molecule absorption and emission spectra (Figure 2.3).  They found that it 

was distorted when molecules are close enough to interact with each other. The origin of the 

distortion offers lots of useful information to indicate the strength of the excitonic interactions 

between different molecules and to understand the molecules packing behavior. They 

suggested that the H- aggregates and J-aggregates can be identified based on the Poissonian 

distribution of vibronic peak intensities. 
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Based on electronic, it is positive of the resonant electronic coupling sign for H-aggregation and 

shifts to lower wavelength and fluorescence is quenched, while the sign of the resonant 

electronic coupling is negative for  J-aggregation and there is a spectral red shift happens to the 

main absorption peak. Specifically in absorption spectra, the order in molecular aggregations 

can be indicated by the ratio of A0-0/A0-1 according to Equation (2.1)[13]  as following, 

𝑅𝑎𝑏𝑠 =
𝐴0−0

𝐴0−1
=

1−0.96𝐽0/𝑊0

1+0.292𝐽0/𝑊0
 (2.1) 

In the above equation, J0 is the closest coupling and ω0 is frequency of nuclear potentials 

equivalent to shifted harmonic wells. For H-aggregation, J0 is positive while it is negative for J-

aggregation. There is one critical parameter which can describe the conjugation length of 

organic semiconductors: the free exciton bandwidth W (W = 4|J0|). It has been reported that 

compared with H-aggregation, the J-aggregation with the same W has an improved structure 

which is helpful for the free charge carriers to transport with improved stability. In addition, 

with increasing free exciton bandwidth for J-aggregation and the decreasing free exciton 

bandwidth for H-aggregation, the enhanced Rabs and red-shifted spectra can suggest the 

improved order of photo-physical aggregation. 

For rod-shaped molecules, the interaction mode can also influence the formation of 

aggregation with different types.  The J-aggregates is based on a pair of rod-shaped molecules 

with a “head-to-tail” orientations while if it is  with  orientation of  “side-by-side” then it will 

yield the  H-aggregates[59]. For both planar backbones and rod-like conformations based 

conjugated polymers, the conjugation length is expected to be extended to the maximal value. 

For extended conjugation length, it could be helpful to form more ordered J-aggregation. This 



  40 
 

 

can result in better inter-chain stacking with improved continuous transport for charge carriers 

as well as promoted packing within H-aggregates. Those promotions can get indicated by the 

increased ratio of A0–0/A0–1 or red-shifted for absorption peaks as we discussed.  For a good 

planarity with extended intra-chain conjugation in the backbones such as the donor-acceptor 

copolymers, it is often formed  J-aggregates[60]. And it is also found in  the semi-flexible 

conjugated polymer molecules, for example poly (3-hexylthiophene) (P3HT)[61]. By different 

methods such as choosing solvents with a relatively  higher boiling point controlling 

evaporation rate [58] , thermal annealing [62] and dispersing the nanofibrils [63]and so on, can 

result in the formation of more ordered aggregates in films, resulting in increased carrier 

mobility. This leads to the general conclusion that the presence of ordered aggregates with 

extended intra-chain conjugation and good inter-chain stacking within crystallites is beneficial 

to an improved charge carrier transport properties, assuming that crystallites are well 

connected to each other, as will be discussed below.  

2.2.1.2 Connectivity between aggregates 

A key feature of polymers is the length of their chains, which can mechanically and electrically 

link crystalline domains in semicrystallie polymers. The absence or presence of a connection, or 

tie chain, between different aggregates within the film can influence transport. The absence of 

tie chains can become a significant bottleneck for charge transport. Therefore, connecting the 

isolated crystalline regions is necessary and helpful to improving the charge carrier transport of 

polymer films. Different from inorganic materials, for most of the conjugated polymer 

molecules, they are with the polycrystalline nature. Since the ordered part of these conjugated 

polymers are responsible for effective charge transport, the lack of connection between 
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different aggregates becomes the significant bottleneck for free charge carrier to transport 

since the original pathways became isolated. Therefore, connecting the isolated crystalline 

regions would be a necessary and helpful strategy to improve the charge transport of polymer 

films.   
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Figure 2.4 AFM images of directionally crystallized P3HT thin films: (a) height mode and (b) 

phase mode. The box labeled 1 outlines a region with equiaxed crystallites. The box labeled 2 

outlines a region with elongated crystallites. The polymer-chain axis is parallel to the fiber axis, 

as indicated by the arrow in (c). Figure is adapted from reference[2]. 

 

The density of grain boundaries is related with the stacking style of adjacent aggregates along 

the free charge carrier transport direction [2,64] . Jimison et al.[2] demonstrated a directional 

crystallization method which was utilized to fabricate P3HT thin films. A highly anisotropic thin 

film was obtained as shown in Figure 2.4, allowing to study how the grain boundaries and 

orientations of crystal regions affected the charge-transport properties in the thin film. They 

also noticed that compared with fiber-to-fiber grain boundaries, bound-aries along the fiber 

showed a small barrier to charge carrier transport. For conjugated polymers with rigid polymer 

chains, this approach offers a potentially easy intergranular charge-transport pathway for ‘‘in-

line’’ grain boundaries. Since they are twists and sharp bends for intergranular chains in an 

isotropic film, they proposed that fiber-to-fiber grain boundaries act as large transport barriers 

for charge carrier transport. They suggested that in low-angle grain boundaries, transport in the 

direction parallel to the polymer backbone can be improved due to the bridge molecules 

between aligned grains. Hence, in addition to focusing on reducing grain boundaries, 

optimization of the morphology of conjugated polymers should also put on controlling the 

relative grain orientation and grain boundary placement.  
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 As mentioned previously, ordered regions of conjugated molecules promote charge transport 

while disordered regions between neighboring ordered regions act as a bottleneck for the 

charge transport. Lan and coworkers reported that looping, extending and bridging chains were 

the three modes for the conjugated polymer between the neighboring crystalline regions.[65] In 

the amorphous regions, free charge carrier transport can happen through intra-chain pathways 

along the bridge chains or in the inter-chain pathway through hopping in the case of polymer 

chain ends in close enough proximity. Compared with charge transport in crystalline regions, 

the charge carrier transport within the dis-ordered regions occurs either through chain ends or 

by tie chains, both of which exhibit significantly lower local mobility compared to ordered 

regions.  The average charge mobility in the organic semiconductor thin film is therefore 

significantly dependent upon the regions between neighboring ordered regions since they are 

act as the bottleneck of charge transport.  
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Figure 2.5 Model for transport in low-MW (a) and high-MW (b) films. Charge carriers are 

trapped on nanorods (highlighted in yellow) in the low-MW case. Long chains in high-MW films 

bridge the ordered regions and soften the boundaries (marked with an arrow). Figure is 

adapted from reference[3]. 
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Kline et al. [3] has studied the influence of MW of P3HT on the charge transport 

properties(Figure 2.5). The mobility in P3HT thin films was shown to be strongly dependent on 

the molecular weight even after significant morphological modifications of the film as 

compared with lower mobility films. For low molecular weight films, the mobility was found to 

be more tunable through the processing conditions, and it can be improved by a factor up to 

100. The polymer chains can be given more time to reach the equilibrium state by controlling 

processing conditions, leading to more ordering into nanorod structures and consequently 

higher mobility. The overlap between adjacent nanorods is significantly increased. This suggests 

that the different mobilities measured in low molecular weight and high molecular weight 

samples is not only due to the chain length but also to the morphology difference between the 

films. When molecular weight is fixed, the change of mobility is strongly related to the in-plane 

π- π stacking intensity based on in-plane GIXS measurement results. While this relationship is 

not universal for films of different MWs, which revealed that the number of in-plane π- π 

stacking is not the only reason of the dependence of charge mobility on molecular weight and 

they believe it also related with inherent effects of chain length on electronic properties or the 

domain boundaries of the low-MW film. This is demonstrated by the spin-coated films from 

P3HT with a high MW, which showed higher mobility with respect to the lower MW samples. 

Bolsee et al. claimed that for P3HT thin films deposited from solutions and resulting in a 

nanofibril webs morphology, charge mobility does not decrease within the web of nanofibrils if 

two or more individual nanofibrils are connected with each other[66].What they found is that 

the electrical resistance of a bridging point was much smaller than the resistance along a 

nanofibril. They ascribed this to the tie molecules bridging two adjacent nanofibrils.  
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Furthermore, the charge transport is also affected by the orientation between adjacent 

crystalline regions along the transport directions [51,67]. Street et al. suggested that the stacking 

direction of conjugated polymer chains defines the in-plane structural orientation of lamellae 

within crystalline regions.  The relative angle at grain boundaries  or the orientation of two 

adjacent grains strongly affects the electronic properties of the boundary.[51] Between 

neighboring grains, the charge transport is significantly determined by the directions since the 

grain boundaries are anisotropic.  

For the boundaries with large-angle between grains, the charge carrier transport is mainly 

determined by the bent chains as well as the correlation between the bend angle and the 

localization energy. For the small angle grain boundaries case, the tie molecules connecting 

adjacent grains shows lower bend angles for bent chains. This can still provide a certain 

interpenetration of the polymer chains through  the grain boundary which can be very 

beneficial to the charge transport as has been demonstrated by the  example of pBTTT films[68].  
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Figure 2.6 Diffraction patterns and dark-field TEM images acquired from an annealed pBTTT-C14 

thin film (∼25 nm thick) cast from a solvent pair of 1:8 o -dichlorobenzene to chloroform by 

volume: (a) diffraction pattern from an area ∼8 µ m in diameter; (b, c) diffraction patterns from 

areas ∼250 nm in diameter; (d–g) dark-field images with different beam-tilt configurations, as 

illustrated on the diffraction pattern (center inset). Shown is the position of objective aperture 

(actually stationary, see text) relative to the diffraction pattern. Squares cropped from (f) and (g) 

are magnified to show details within the crystalline quasi-domains. Note that the aperture 

locations are not absolute due to an arbitrary rotation of the field of view under magnification, 

but the relative rotations of the aperture about the center of the pattern are maintained. Figure 

is adapted from reference[4]. 
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Zhang et al. studied spin-cast pBTTT-C14   films  with a liquid-crystal-like microstructure of the 

polymer film by utilizing TEM[4] as shown in Figure 2.6. When fabricating organic thin film 

transistors (OTFT) devices, they found that controlling the length scale of devices, the crystal 

orientation can also be changed continuously. Processing conditions can change the quasi-

domain size significantly and the film thickness also has strong effect on the quasi-domain size. 

Almost the same low density of grain boundaries will still remain within the organic 

semiconductors in OTFT device channels, whereas for quasi-domains in the OTFT devices, the 

orientation of crystalline regions strongly influences the charge carrier transport processes. 

They demonstrated a robust method to map the crystal orientation of crystalline regions of 

organic semiconductors using TEM.  

2.2.2 The effects of intrinsic conjugation structure on the electronic properties of organic 

semiconductor films 

The electronic and optical properties of polymer semiconductor materials are determined by 

the conjugation in their backbones. The delocalized π-electrons in and between backbone 

planes are responsible for solid-state properties, including transport of carriers within 

molecules and between different molecules. It has to be mentioned that the intrinsic 

conjugation structure of polymer chains also determines the structural and morphological 

features of the solid state films, which also impact the properties of the film and the 

performance of devices. In the next part, firstly the intrinsic structural features of conjugated 

polymers will be discussed and it be followed by its impact on thin film structure, morphology 

as well as charge transport.  

2.2.2.1 Structural Differences between Conjugated and Flexible Polymers 
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In comparison with traditional flexible polymer molecules such as polystyrene (PS), the polymer 

chain shows more rigidity for conjugated polymers due to the conjugation of π-electrons. It is 

well known that Kuhn chains are usually used to equivalently simulate the behavior of a 

polymer chain.  In this case, the units of motion for the polymer chains are described as Kuhn 

segments with a number of repeating units [69]. For traditional flexible chains, the Gaussian 

chain model can fit well based on Equation (2.2).  While for conjugated polymers with more 

rigid backbone and larger bending barrier, worm-like chain model [Equation (2.3)] is more 

powerful to simulate the conformation of those stiff conjugated polymers chains, 

〈𝑅𝑒
2〉 = 𝑁𝑏2, 𝑙𝑘 = 𝑏  (2.2) 

〈𝑅𝑒
2〉 = 𝑁𝑏2

1+𝑐

1−𝑐
, 𝑙𝑘 = 𝑏

1+𝑐

1−𝑐
, 𝑐 ≈ 1 −

𝑘𝐵𝑇

𝜀
, 𝜉 =

𝑏

ln(1/𝑐)
  (2.3) 

Where 〈𝑅𝑒
2〉, is the end-to-end distance;𝑁 stands for the number of segments; 𝑙𝑘, is the length 

of Kuhn segment, ε is energy cost associated with stiffness and ξ is the persistence length. The 

π-systems has caused the extension of conjugation in backbones of conjugated polymers. The 

persistence length is elongated due to the extended conjugation of polymer backbones.  This 

results in an extended Kuhn segment. Compared with flexible polymer chains, different 

morphological and structural features showed up due to the conformational change by 

conjugation structure in conjugated polymers. In the first place, the extended conformation 

with a more anisotropic properties of  rigid conjugated polymers is exhibited due to  the 

extended persistence length [69] .  
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Figure 2.7 3 × 3 μm atomic force microscopy images of 30 nm-thick PBTTT films on HMDS-

treated silicon oxide substrate (a) before and (b) after annealing to 10 K above the liquid-

crystalline phase-transition temperature for 10 minutes followed by cooling down. Thickness 

histogram of the surface PBTTT layer measured by AFM for (c) P6-P22, and (d) P3. The 

monolayer step height is 2.2 nm. About 50 measurements for P6-P22 and 150 for P3 were 

collected randomly from each images.  Figure is adapted from reference[5]. 

Zhao et al. [5] studied the Kuhn segment length 𝑙𝑘 of the PBTTT-C14 polymers  in solution-state 

using quite diluted chlorobenzene (CB) solutions. They explained the reasons to choose the 
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suitable solvent for film formation. CB has a lower boiling point than ortho-dichlorobenzene (o-

DCB) with a reasonable vapor pressure to form organic thin films by solution processing. 

Meanwhile o-DCB possesses a high boiling point, which usually causes the film to easily dewet 

as shown in Figure 2.7. For the traditional flexible polymer such as PS, the persistence length is 

2.8 nm, while the length increases for conjugated polymers due to the more rigid backbone. 

The rr-P3HT has a persistence length of 4.8 nm while the persistence length of pBTTT is up to 

9.0 nm resulting from the strengthened conjugation. Different from flexible polymer molecules, 

more rod-like conformations are shown by those rigid conjugated polymers. So the strong π–π 

interaction of conjugation planes is providing driving force for the conjugated polymers to 

achieve intermediate and long range crystalline order. Therefore, for rigid conjugated polymer 

molecules, the 1-D aggregates always show anisotropic properties. Also, there is significant 

difference of the chain folding between conjugated polymers and traditional flexible polymers. 

It can be understood by that there are more elongated chain-folding formed within conjugated 

polymers compared with flexible polymers. For instance, Mena-Osteritz and coworkers[6] 

reported a direct observation of two-dimensional crystals of conjugated polymers by means of 

scanning tunneling microscopy (STM), as shown in Figure 2.8.  
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Figure 2.8 STM images of the long-range ordering of head-to-tail coupled poly (3-

alkylthiophene) on HOPG, with the area of 600 ×600 Å2. Figure is adapted from reference[6] 

 

For the classical conjugated polymer materials, such as P3HT and pBTTT, if the MW is higher 

than the critical MW, it is possible to form nanowires with the maximum width. For those of 

rigid conjugated polymer chains are combined with extended chains without folding. Strict 

control over the process conditions including the temperature, slow evaporation rate or choice 
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of substrate, have been shown to result in conjugated polymer single crystals [70,71]. 

Furthermore, it has been suggested that the diffusion coefficient (D) is related to the size of the 

moving unit (a) in solutions based on the Einstein-Stokes Equation (D = KBT/6πηa). The larger 

size of moving unit should result in a smaller diffusion coefficient.  So, it is clear that bigger 

segments or more extended conformations of conjugated polymers will bring more difficulty in 

motion by hindering the movement of segments and consequently the entire conjugated 

polymer chain. Moreover, it results in more difficulty in stacking of conjugated polymer chains 

and poor crystallization of polymer chains. This is more obvious for the conjugated polymer 

molecules with longer conjugation lengths. Wang et al. [72] has studied the solvent vapor 

annealing effect on the morphology of typical P3ATs derivatives. Good solvents (such as CS2 for 

P3ATs derivatives in their study) for the defined polymer are able to change the thin film 

morphology significantly.  While for different nanofibril morphology of P3ATs derivatives with 

different MW or conjugation lengths, it required different critical CS2 vapor pressure. They 

found that both longer conjugation length and higher MW would result in more difficulties for 

conformational transition in both the solvation and the aggregation regimes. In order to 

improve the nucleation, it requires larger critical annealing CS2 vapor pressure than the one 

with shorter conjugation length or lower MW. They also pointed out that the intrinsic molecular 

structure is the critical factor that dominates the sensitivity of morphological changes in solvent 

vapor environments. It is also the key factor to influence and balance the complicated 

interaction between conformational transition, dissolution of polymer chains and segment 

motion, and consequently the whole molecular motion under solvent vapor atmosphere. 
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2.2.2.2 The effect of planarity and rigidity of conjugated polymer molecules on charge 

transport property 

For conjugated polymer molecules, the planarity of backbones plays a critical role in the charge 

carrier transport. According to charge carrier transport theories, there are two important 

parameters which significantly determine the charge mobility, namely the transfer integral and 

the reorganization energy. Since different molecular orbitals (MOs) have specific energy levels, 

for free charges, the difference between energy levels of MOs has resulted in the transfer 

integral [65] . Normally, a larger transfer integral of free charges would result in a higher free 

charge mobility. The torsion angle (θ) between two adjacent rings influence the mobility of 

charge carriers directly. Quantitatively, the mobility of charge carriers through two neighboring 

rings is proportional to cos2θ [40]. This suggests that a larger torsion angle between two 

neighboring rings would result in a small transfer integral and low free charge mobility. In other 

words, a small torsion angle could result in an easy transformation of the environment due to 

the small barrier. Therefore, the better planarity of conjugated polymer chains with a small 

torsion angle θ is desired for better charge transport. Also, reorganization energy is another 

important parameter which impacts charge carrier transport. For conjugated organic molecules, 

along with the transport of free charge carriers through a conjugated unit, energy loss happens. 

This energy loss is defined as the reorganization energy.  Generally, the larger the 

reorganization energy, the lower the charge mobility. For conjugated polymers, an improved 

planarity can decrease the reorganization energy by elongating the conjugation length and 

strengthening the intensity of conjugation, and then improve free charge carrier mobility.  



  55 
 

 

 

Figure 2.9 (a) Current density−voltage (J−V) characteristics of the organic solar cells: (i) 

P0:PC61BM (1:0.6), (ii) P1:PC61BM (1:0.7), (iii) P2:PC61BM (1:0.7), and (iv) P2:PC71BM (1:0.7)-

based BHJ devices under AM 1.5 illumination at 100 mW /cm2. (b) Measured space-charge-

limited J−V characteristics of the films of P0, P1, and P2 under dark conditions. Figure is 

adapted from reference[7]. 

Cho et al. [7] has studied the influence of planarity of conjugated polymers on the carrier 

transport property of conjugated polymers and the performance of organic solar cells by 

blending with electron acceptors. They synthesized a series of conjugated polymers named P0, 

P1, and P2, with zero to two nitrogen atoms in the repeating unit of the polymer chains 

respectively. They studied the effect of the introduced nitrogen atoms with different numbers 

on structural and electronic properties of the conjugated polymers. When the introduced 

nitrogen atom number increased, it was observed that the planarity of the conjugated polymer 

was improved. They pointed out that the changes in the polymer structure and electronic 

property is mainly due to the different dihedral angles of the conjugated polymer chains. 

Compared with the pristine conjugated polymer, the introduction of the nitrogen atoms has 
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reduced the dihedral angles which was demonstrated by using molecular simulation.   

Meanwhile, they noticed a red-shift happened in the absorption onset and improved hole 

mobility. It resulted in an increase in the short circuit current (Jsc ) and fill factor (FF) in the PSCs, 

as shown in Figure 2.9. 

 

Figure 2.10 TEM images of solution prepared nanocrystals of (a) RRP3HT, (b) PQT-12, (c) PBTTT-

14, and (d) PTzQT-12, respectively. Figure is adapted from reference[8]. 

In addition to the planarity of conjugated polymers, structural order also plays an important 

role in influencing the electronic property of organic semiconductors. It is important to know 
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how the rigidity of the polymer chain influences the conjugation length as well as the electronic 

and optoelectronic properties of the films.  Hu et al. [8]applied single molecule fluorescence 

spectroscopy on different thiophene-based conjugated polymers to study the relationship 

between single polymer chain folding properties and rigidness of conjugated polymer 

backbones. Four different kind of conjugated polymers were studied, namely RR-P3HT, PBTTT-

14, PTzQT-12, and PQT-12 as shown in Figure 2.10. Focusing on the single molecule scale, RR-

P3HT shows more mechanical flexibility property among the four conjugated polymers. They 

noticed RR-P3HT single chains almost exclusively got folded into both strongly and loosely 

aggregated conformations. For PQT-12, it also showed obvious chain folding behavior. The 

study revealed that for PQT-12 polymer, it mainly formed loosely aggregated conformations, 

unlike the case of RR-P3HT as discussed above. PBTTT-14 showed a large fraction of stiff 

polymer chains and PTzQT-12 polymer was the most planar and rigid conjugated polymer 

among those four different polymers. It has been demonstrated that both PQT-12 polymer and 

PTzQT-12 polymer are more rigid in terms of single polymer chain backbone than RR-P3HT. 

Consequently, they exhibit less folding of polymer chains than that of RR-P3HT. They pointed 

out that at the single molecule level, there was still a significant occurrence of polymer chain 

folding for these rigid polymers.  

 

2.2.2.3 The influence of side-chains of conjugated polymer molecules on charge transport 

property 
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In addition to the backbone of conjugated polymer molecules, side-chains also influence the 

packing structure and properties of polymers semiconductors. As discussed above the planarity 

and extent of conjugation along the backbone are critical for charge transport. Side-chains are 

not directly involved in determining the electronic properties of conjugated polymers, but they 

influence the charge transport property by changing the backbone planarity, as well as the the 

density, volume and branching behavior.  Firstly, it has been shown that side-chain motion 

precedes backbone motion in conjugated polymers,  thus influencing the formation of the 

backbones [73]. The inter-ring torsion angle, which is also important for charge transport, can be 

impacted by the side-chains. More branching or longer alkyl side-chains usually result in larger 

torsion angle. A higher density of side-chains can also increase the inter-ring torsion angle. This 

leads to a more flexible conformation with relatively poor charge transport properties. 

Oosterbaan et al. [73]has studied the effect of side-chain length on the charge carrier transport 

property of conjugated polymer P3AT based on the field-effect transistor (FET) devices and 

diode characteristics . In their study, the side-chain length for the P3AT polymer was controlled 

from a minimum of 4 to a maximum of 9 carbon atoms. They claimed that different side-chains 

of P3AT affects the ordering of polymer chains as well as the molecular orientation at the 

interface between the polymer semiconductor and the dielectric layer. This influences the 

carrier mobility in field-effect transistor devices. The authors concluded that the intrinsic 

mobility of P3ATs did not change with the side-chain length. The change of side-chain length 

affected the ordering and orientation at the interface in solution processed thin films, which is 

ascribed as the reason for changing the FET mobility of P3ATs[74] .  
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In the second place, the planarity and conjugation intensity of conjugated length in conjugated 

polymer chains can be improved by reducing the density of side-chains.  The steric effect of 

side-chains can be alleviated by reducing the density of side-chains and consequently promote 

the planarity and increase the conjugation length of conjugated polymers, resulting in more 

ordered self-assembly and improved charge transport[74]. At the same time, the crystallization 

of backbones can be improved with the help of the ordered stacking of side-chains. For P3AT 

polymers, the solubility increases with the side-chain length.  Well-ordered long side-chains 

have a conformation close to all-trans which is quite similar with crystalline lipids. This well-

ordered packing due to long side-chains is believed to be beneficial for the ordered packing of 

backbones in conjugated polymers films, thus increasing their crystalline order [75].  

2.2.3 Optimization of solution state to improve aggregation behavior in solid films 

The aggregation and self-assembly behaviors of conjugated polymers originate from the intra-

chain conjugation and inter-chain interactions of these chains.  The competition between the 

dissolution and aggregation of conjugated polymer chains in a solvent is affected by the 

solubility, which is determined by the nature of the solvent and polymer, its molecular weight, 

as well by extrinsic parameters, such as concentration and temperature.  The polymer solution 

state is therefore complex due to the above mentioned factors. Nevertheless, it is important to 

understand the solution state of conjugated polymers and its impact on thin film 

microstructure and morphology, as well as device performance, and to develop strategies to 

control these.  
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For a good solvent at low concentration (below the overlap concentration), the polymer chains 

are isolated by numerous solvent molecules. Thus, polymer chains are kept away from each 

other and without strong interchain interactions. Wu et al.[9] studied the entanglement of 

polymer chains by modeling with Kuhn nodes as shown in Figure 2.11. Within an entanglement 

strand, they quantitatively studied the number of real skeletal bonds, which was close to 3(C∞) 

α, where C∞ means the characteristic ratio of polymer chains and α stands for the number of 

hooks involved at an entanglement junction. 

 

 

Figure 2.11 Schematics of a real chain (a) and an equivalent Kuhn chain (b). Figure is adapted 

from reference[9]. 

With increasing of rigidity of conjugated polymer chains, the characteristic ratio C∞ of polymer 

chains get increased. For conjugated polymers, which do not adopt the coil conformation, the 

rod-like conformation is a common feature of the packing of such polymer chains. Ruphooputh 

et al. [76]studied thermochromism and solvatochromism of solutions of the widely studied 

conjugated polymer: P3HT.  In the P3HT solutions, both coil-like and rod-like conformations of 

P3HT molecules can exist. During the cooling down process from hot solution, the 
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conformational transition from coil-like to rod-like happens. The red-shift of absorption peaks 

in the absorption spectra provides evidence of this. The extended conjugation length in the 

aggregates changes the MOs with relatively lower energy difference. This causes the red-shift 

of absorption peak in the absorption peak.    

Ordered aggregates and tie chains are the critical factors determining the free charge carrier 

transport within conjugated polymers. And the conformational transition of coil-like to rod-like 

is significantly influence the charge transport property by affecting the formation of well-

ordered aggregates. And the rod-like conjugated polymer chains are the basic unit for the 

charge carrier to transport.  

2.3 Device physics of organic solar cells  

Solar cell devices convert sunlight into electricity, making sunlight among the most promising 

sources of renewable energy.  Organic solar cells (OSCs) are among a class of emerging solar cell 

technologies, which are thin film solar cells that can be solution processed. As organic solar 

cells are excitonic, meaning that light absorption yields a coulombically bound electron hole-

pair, the light hearvesting layer relies on energetic difference at the interface between the 

electron donor and electron acceptor to generate free charges.  Normally, the donor material is 

with a low ionization potential and for the acceptor material, it has a stronger electron affinity 

ability. The blend of electron donor and acceptor creates a distributed or bulk heterojunction 

(BHJ) which can be thick enough to absorb sunlight, yet the interfaces are near all the excitons, 

allowing them to separate rather than recombine. The photoactive layer can absorb the 

photons with energy above the absorber components’ band gap energy (Eg). 
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Compared to inorganic solar cell devices, the fundamental process of free charge carriers seems 

to be more complicated in OSCs. Figure 2.12 showed the schematic of the generation 

mechanism of photocurrent for organic BHJ solar cells.  Basically, there are three primary steps: 

1) The generation of electron-hole pair (exciton) happens after the incident light is absorbed in 

the active layer; 2) the exciton then diffuses to the D–A interface and quenches into the charge-

transfer state, which can be further separated into free charge carriers; 3) these free charge 

carriers are then transported through the donor network or acceptor network and collected by 

the corresponding electrodes. It has to been mentioned that recombination losses will occur 

during the excitons diffusion and charge carriers transport processes. Before they reach the D–

A interface, the excitons may decay to the ground state, also the geminate recombination could 

happen for the charge transfer states. Further loss can happen to the free charges through 

either non-germinate recombination or surface recombination prior to reaching the collection 

electrodes. Normally, the exciton diffusion length for organic materials is within the range of 

few nanometers to tens of nanometers. Geminate recombination of excitons is no longer a 

common occurrence in efficient organic solar cells, as the nanoscale phase separation and 

devices typically yield very high internal quantum efficiency.[77] However, thicker solar cells tend 

to suffer from non-geminate recombination, a topic we address in this literature review as well 

as in this thesis.  
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Figure 2.12 Schematic diagram to show the basic working principle of OSCs, (a) the incident 

light is absorbed and tightly bounded excitons are generated; (b) the excitons diffuse to the D-A 

interface and dissociate into charge-transfer excitons; (c) the excitons separated into free 

electrons and holes and (d) the free charge carriers transport to electrodes. Also there are 

possible recombination mechanisms: (e) the excitons may decay to the ground state before 

they reach the D-A interface and (f) germinate recombination would happen during the charge 
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transfer state or non-geminate recombination would take place during the free charge carriers 

transport. 

2.3.1 Charge separation and free charge carrier transportation 

Excitons can be dissociated with the help of the energetic difference at the interface between 

the electron donor and acceptor. As there is still a Coulomb bound existing even after 

dissociation, these dissociated excitons are called polaron pairs. The Coulomb binding energy 

needs to be overcome by a larger energy to separate polaron pairs into free charge carriers. 

Usually, at room temperature, the thermal activation energy is not strong enough to dissociate 

polaron pairs because of the strong binding energy due to the lower dielectric constants of 

organic semiconductors.[78]  The potential drop, known as Gibbs free energy (delta GCS
Rel ) [79] 

for charge separation, overcomes the binding energy of excitons in  the bound state. This 

enables the polaron pairs to further separate into free charges within the BHJ layer. In this case, 

part of the polaron pairs can recombine geminately, which is a monomolecular process. This 

geminate recombination strongly depends on the polaron pair concentration. The higher the 

polaron concentration, the more likely it is to observe geminate recombination. Free charge 

carriers are generated after successful separation of polaron pairs, allowing free electrons and 

holes to be transported through the acceptor and donor phases, respectively, until they reach 

their corresponding electrodes. Transport of free carriers through the BHJ is typically 

accompanied with non-germinate recombination,[79] which will be discussed below.  
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2.3.2 Collection of free charge carriers 

The energetic landscape at the donor-acceptor interface funnels the hole and the electron into 

the donor and acceptor phases, respectively. The free charge carriers are subsequently mobile 

and must diffuse to the anode (hole) and cathode (electron), respectively, as shown in Figure 

2.13. In the bilayer solar cell case (Figure 2.13a), the collection of free electrons by the cathode 

and free holes by the anode is simplified by the structure of the solar cell. However, for the BHJ 

device (Figure 2.13b), the donor and acceptor phases are randomly oriented. The inter 

penetrated network of pure acceptor or donor material helps to connect the neighboring 

phases and forms a continuous pathways for the charges to travel to their respective electrodes. 

In addition, as both donor and acceptor phases are typically in contact with both electrodes, 

making it necessary to use selective blocking/transporting layers, also known as interlayers for 

efficient device operation. Thesis interlayers are electron transporting layers (ETL) or hole 

transporting layer (HTL) and typically block the opposite charge from reaching the electrode 

and thus recombining. The use of ETL and HTL is also required for the efficient operation of 

bilayer solar cells and to promote exciton diffusion to the donor-acceptor interface rather than 

recombination at the interface with one of the electrodes.  
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Figure 2.13 Two different methods for the bulk morphology of a donor-acceptor heterojunction 

solar cells. (a)  a classical bilayer structure, and (b)  an illustration of the bulk heterojunction, 

within which the nanostructured donor-acceptor phase separation is formed by solution casting 

from a bulk mixture of donor and acceptor. 

2.3.3 Recombination mechanisms of free charge carriers 

OSC devices require every single step of light harvesting and charge extraction to exhibit low 

loss in order to achieve efficient solar cell devices. There are five main loss mechanisms in 

organic solar cells:  

1) Exciton decay 

2) Geminate recombination  
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3) Non-germinate recombination  

4) Trap-assisted recombination  

5) Surface recombination  

For photogenerated excitons to dissociate, it is necessary for them to reach the interface 

between the donor and acceptor. Excitons typically travel a certain distance before 

recombining, also known as exciton diffusion length. To be separated, an exciton must be able 

to diffuse to the donor-acceptor interface within its lifetime and dissociate into free charge 

carriers. The exciton diffusion length is given by: 

LD= √𝐷τ   (2.5) 

LD is the diffusion length, D is the diffusion coefficient and τ is the lifetime of the exciton.  The 

diffusion coefficient D represents how quick the excitons can diffuse within the material or how 

fast the excitons can hop from one segment to another segment within the same molecules or 

from molecule to molecule. So, the larger the diffusion coefficient, the longer the lifetime, the 

further the exciton can go before it decays back to the ground state. A long diffusion length LD 

allows the exciton to have a higher probability of reaching the donor-acceptor interface and 

being separated into free charges. If the exciton decays to the ground state, then no charge will 

be generated, result instead in formation of either heat, vibrations, or emission of photons. 

When the exciton reaches the interface, geminate recombination can occur. Meanwhile, 

surface recombination, trap-assisted recombination, and non-germinate recombination of free 

charges can occur during the free charge transport to the electrodes.  
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Generally speaking, the amount of geminate recombination depends on the intensity of 

illumination, since each single absorbed photon generates only one polaron pair. By 

understanding this phenomenon, it is easy to distinguish the non-geminate recombination and 

geminate recombination.   For non-geminate recombination, the recombination process 

happens between negative and positive free charge carriers from their previous states.  Both 

second order recombination and trap-assisted recombination belong to non-germinate 

recombination category. Trap-assisted recombination happens both in photo-active layer and 

at the interfaces between electrodes and the photoactive layer.[80] Typically, this renders the 

open circuit voltage (Voc) to be sensitive to the illumination intensity. [81]   Second order 

recombination is featured as an electrical field-dependent photocurrent in organic solar cell 

devices[82] and it is one of the main loss mechanisms in OSC devices. 

The relationship between Voc and light intensity (I) is described by the expression below:  

𝑉𝑜𝑐 =
𝐸𝑔𝑎𝑝

𝑞
−

𝑘𝑇

𝑞
ln[

(1−𝑃)𝛾𝑁𝑐
2

𝑃𝐺
](2.6) 

In this formulation, T refers to temperature, k is Boltzman constant, q stands for the elementary 

charge. The probability that a polaron can dissociate into charge carriers is P. 𝛾 stands for 

recombination constant. G and Nc are the generation rate of electron-hole pairs and the density 

of states in the conduction band, respectively. The formula directly indicates that the Voc is 

dependent on the intensity of light, as discussed above. Based on this formula, it is easy to 

obtained that the slope S of the open circuit voltage versus the natural logarithm of the light 

intensity is equal to kT/q .[81] When second order recombination dominates, the slope of Voc 

versus natural logarithm of the light intensity is kT/q. If the other non-germinate recombination 
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mechanisms get involved, then a stronger dependency of Voc on light intensity can be 

expected.[39] 

The second order recombination results in the so called square-root behavior in J-V curves.  

Generally, this is caused by the poor morphology or unbalanced electron and hole transport. 

For this kind of square-root behavior of organic solar cells, it is often studied by space charge 

limited current (SCLC) measurements or recombination-limited model. In the latter, the 

photocurrent is either limited by low carrier mobility of free charge carrier or a short free 

carrier lifetime. It is expressed as: 

𝐽𝑝ℎ
μτ
= 𝑞𝐺(μℎτℎ)

1/2𝑉𝑖𝑛
1/2

 (2.7) 

Where G and q are the generation rate of hole-electron pairs and the elementary charge, 

respectively. G is linearly proportional to the light intensity.   μh is the hole mobility and  τh  is 

the lifetime of holes. Vin is applied voltage.  

For space charge limited current model, Jph is defined by: 

𝐽𝑝ℎ
𝑆𝐶𝐿𝐶 = q(

9ε0ε𝑟μℎ

8𝑞
)1/4𝐺3/4𝑉𝑖𝑛

1/2
(2.8) 

Where ε0εr is the dielectric permittivity. For recombination limited model, Jph increases linearly 

with the intensity of light while it is linearly proportional to the light intensity with power of 3/4 

for space charge limited current case.  

Additional recombination can also occure on the surface of electrodes, which can significantly 

influence the performance of OSCs devices. Compared to the BHJ layer, a high amount of 

recombination centers always show up at both interfaces and surfaces as a result of the 
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termination of pathways of donor materials and acceptor materials for respective free charges. 

Also, there are typically more impurities accumulated at the interface, which would leads to 

interfacial recombination. Energetically, the mismatch of work functions (WFs) between 

photoactive layer materials and electrodes can also cause surface recombination. To improve 

charge extraction in organic solar cells, a favorable energy level alignment between the bulk 

heterojunction layer and the corresponding electrodes should be achieved. The work function 

of the cathode and anode should match the electronic affinity (EA) of the acceptor materials 

and ionization potential (IP) of the donor materials, respectively.  With the aim of reducing the 

surface recombination and improving the charge carrier extraction, many types of interlayer 

materials have been developed and investigated resulting in reduced the surface recombination 

and improved charge collection.[30] 

In summary, there are various recombination mechanisms in OSCs device, which plays an 

important role in limiting the performance of organic solar cell devices. It is helpful to 

understand and distinguish the different recombination loss mechanisms in organic solar cells, 

so as to guide the optimization of materials, processing, morphology and choice of interlayers 

on the route towards high performance OSCs.   

2.4 Characterization of organic solar cells  

There are three important parameters which determine the power conversion efficiency (PCE) 

of a solar cell: Voc, Jsc and fill factor (FF). And all these three parameters can obtained from the 

J-V characteristics of a solar cell in the dark and under illumination are shown in Figure 2.14. 
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Figure 2.14. J-V curves of the PBDB-T: ITIC based solar cell under dark and illumination 

The Voc is proportional to the energy difference between the EA of the acceptor material and 

the IP of the donor material. The IP and EA in the solid state can be different from the HOMO 

and LUMO of the molecules employed because of solid-state aggregation and can be tuned by 

differences in molecular conformation.[78] The short circuit current density is defined as the 

current density when the applied external voltage is zero. The short circuit current density is 

proportional to the amount of light absorbed and to the external quantum efficiency, meaning 

how many electrons are generated per incoming photons. It is therefore determined by the 

choice of donor and acceptor, as well as by the thickness of the photoactive layer and its 

morphology. The FF is defined by the following formula: 
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𝐹𝐹 = 
𝐽𝑚𝑝𝑝𝑉𝑚𝑝𝑝

𝐽𝑠𝑐𝑉𝑜𝑐
      (2.9) 

where Jmpp and Vmpp are the current density and voltage at maximum power point (MPP), 

respectively (see Figure 2.14). The fill factor is related to the series resistance (RS) and shunt 

resistance (RSH), as seen in the equivalent circuit model in Figure 2.15.  

 

Figure 2.15 Diode model of solar cell with series and shunt resistances in a solar cell circuit. 

The series resistance and shunt resistance play important roles in the operation and 

performance of solar cells. The series resistance is related to the contact between the layers as 

well as the resistance of the photoactive layer, and should be small. The shunt resistance is 

related to manufacturing defects and should be high for good device operation. Low shunt 

resistance causes power losses in the solar cell devices by offering other pathways for the 

current to flow.  In this case, both the current flowing through the solar cell junction and the 

voltage over the solar cell decrease.   
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For photovoltaic technologies, the quantum efficiency (QE) or incident photon to current 

efficiency is a crucial measurement to characterize the efficiency regarding the ability of the 

solar cell to convert the incident light at specific wavelength into electricity.  The internal 

quantum efficiency (IQE) and external quantum efficiency (EQE) are the two types of quantum 

efficiency definitions widely used in the solar cell community. IQE is calculated as the ratio of 

the number of collected carriers to the number of absorbed photons by only the active 

absorber under a defined wavelength. The EQE is quite similar with IQE and it is calculated as 

the ratio of the number of collected carriers to the number of all the incident photons under a 

specific wavelength, taking into account extrinsic and parasitic losses by the device, including its 

layers and interfaces. A key feature of the EQE measurement is that the total number of charge 

carriers collected over the spectral range should correspond to the actual electrical current 

density under full spectrum white light illumination. 

The EQE at a given wavelength is related to the efficiency of different light harvesting processes, 

and can be expressed by the following equation: [83] 

𝜂𝐸𝑄𝐸 = 𝜂𝐴𝑏𝑠𝜂𝐸𝐷𝜂𝐶𝑇𝜂𝐶𝐶  (2.11) 

Here, 𝜂𝐴𝑏𝑠 represents the efficiency of photon absorption in the active layer,  𝜂𝐸𝐷  is the 

efficiency of the exciton diffusion, 𝜂𝐶𝑇 is the efficiency of exciton separation process and 𝜂𝐶𝐶  is 

the efficiency of the carrier transport and charge collection processes. 
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2.5 Charge transport and its influence on performance of BHJ solar cells 

Upon charge separation, the final step for the conversion of solar energy into electricity in any 

solar cell is the transport and collection of free charge carriers by the electrodes. For organic 

materials, there are many factors such as the lack of connections between neighboring domains, 

bending of polymer chains, boundaries between the grains and inefficient hopping from the 

amorphous part, which significantly limit the mobility in polymer films. From this perspective, 

sufficiently high carrier mobility becomes an important factor for the performance of OSC 

devices, since efficient transport of both electrons and holes is required to minimize 

bimolecular recombination losses.  

The electrical conductivity, σc, is proportional to carrier mobility μ, as well as to the 

concentration of charge carriers, n, through the following equation: σc = neμ.[42] The magnitude 

of mobility determines the mean drift length of charges, dm, defined as  dm = μτVbi/L,[10] where τ 

is the charge carrier lifetime, Vbi is the built-in voltage due to the difference of work function 

between the electrodes, and L is the active layer thickness in the device. To fulfil the condition 

of the loss-free charge transport, dm must exceed the active layer thickness, L.  Riedel and 

coworkers [10] have observed a strong temperature-dependence of short-circuit current of the 

OSC made of OC1C10-PPV:PCBM (Figure 2.16) compared with P3HT:PCBM. The temperature 

dependence suggests that device performance is limited by transport properties of the BHJ 

layer. In such cases, better PCE was obtained by reducing the active layer thickness, despite the 

fact this reduces the overall absorption of photons. In contrast, for P3HT: PCBM BHJ devices the 

photocurrent appears to be independent of temperature, indicating that the temperature did 

not affect the free charge carrier extraction and transport. It can be understood by this that 
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under short-circuit conditions with a specific temperature, the average drift length of photo-

generated free charge carriers is greater than the thickness of active layer thickness. Hence, for 

P3HT: PCBM blends, the thickness of active layer can go up to 350 nm without influencing the 

free charge carrier transport mechanisms too much.  

 

Figure 2.16 Variation of the short-circuit current density with temperature for an ITO/PEDOT: 

PSS/OC1C10-PPV: PCBM/Al solar cell. The JSC (T)-curves were recorded at different light 

intensities as indicated by the legend. This figure  is adapted from reference[10]. 

The PCE of state-of-the-art single-junction BHJ OSCs has exceeded 12% [32]. This is not expected 

to be the limit for OSCs. Recent research [12,52] indicate that PCE of 15% can be attained if the 
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EQE reaches 0.9 with FF of at least 0.8. OSC devices with FF of around 80% have already been 

reported, albeit with lower EQE [11,17].  

 

Figure 2.17 (a) Inverted device architecture, ITO/ZnO/polymer: PC71BM/MoOx/Ag. (b) Energy 

level diagrams for PTPD3T, PBTI3T and PC71BM. (c) J–V characteristics of PTPD3T:PC71BM and 

PBTI3T:PC71BM BHJ inverted solar cells fabricated using chloroform as solvent without and with 

DIO as the processing additive under 100 Wm−2 AM 1.5G illumination. (d)EQE spectra of 

optimized PTPD3T and PBTI3T inverted BHJ solar cells fabricated using chloroform as the 

solvent and DIO as the processing additive. The EQE integration versus AM1.5 reference 
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spectrum yields Jsc values within ±2% of those from the J–V data. This figure is adapted from 

reference[11]. 

In 2013, Guo et al. [11] demonstrated two donor polymers (PTPD3T and PBTI3T) achieving high 

fill factors of 76-80% when blended with PC71BM acceptor, as shown in Figure 2.17. The 

significantly enhanced FF is attributed to highly ordered structure with improved charge 

transport property. They used SCLC measurements to quantify the charge mobility out of plane. 

For neat polymer films, both of the donor polymer materials show enhanced charge transport 

property with high hole mobility μh of 1.2 × 10−3 and 1.5 × 10−3 cm2 V−1 s−1 for PTPD3T and 

PBTI3T, respectively. 

While this demonstrates that high FF (80%) is reachable for these OSCs, it is quite challenging to 

achieve EQE of 0.9 while still maintaining a high FF. To obtain an EQE ≥0.9, it is required that 

the photoactive layer absorb at least 90% of the light for which the photon energy is above the 

bandgap. Although it has been reported that for organic BHJ solar cells, the IQE have exceeded 

90%,[88,89] the thickness of the active layer is limited to around 100 nm in the best OSCs, making 

it difficult to reach an EQE above 80%. When the thickness of photoactive layer is increased to 

promote its absorption, a key challenge emerges: the FF decreased, which leads to the 

decrease of PCE for solar cells. [43] Increasing the thickness of active layer therefore usually 

draws the performance down for OSCs device because free charge carriers need to move over a 

longer distance to be collected by the electrodes. The performance of OSCs can thus become 

very sensitive to the carrier mobility as the active layer thickness increases, as shown in Figure 

2.18. Secondly, the built-in electric field over the whole device is weaker in a thicker active layer. 

Both of these factors elongate the time for the photo-generated charge carriers to be extracted 
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and collected. Instead, the charges have an increasing chance of recombining non-geminately 

before reaching  the electrode successfully.[12] 

 

Figure 2.18 (a) Fill factor as a function of active layer thickness for simulated P3HT: PCBM solar 

cells with µe = µh and k = 2×10 −12 cm3 s−1. (b) Fill factor as a function of charge-carrier mobility 

for simulated 300 nm thick P3HT: PCBM solar cells with µe = µh and k = 2×10 −12 cm3 s−1. This 

figure is adapted from reference[12]. 

In the interest of improving organic solar cell efficiency and moving toward viability as a 

commercial platform, several challenges need to be addressed, not the least of which is the 

ability to harvest sunlight by thicker photoactive layers (300-500 nm), instead of the current 

thickness of 100 nm in most state-of-the-art OSCs[33,91,92]. The thickness of the active layer is 

critical and consideration should draw attention to make the balance between the optimal 

performance and the high throughput processing condition. Although the thin photoactive 
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layer is preferred for the high performance of OSC devices, it is also not compatible with high 

throughput processing methods expected to be used for commercialization in two respects.  In 

the first place, the thin layer has a higher probability of forming pinholes and related defects, 

which can be avoided by making the films thicker. The occurrence of such defects increases 

exponentially with area size, making this a crucial problem[90]. In the second place, the thin 

photo-active layer thickness restriction can result in poorer reproducibility, as small variation of 

active layer thickness strongly affect the performance of devices using thin active layers, 

whereas the same is not true for thick active layers[93]. The ability to produce thick photoactive 

layers which can also perform well is crucial for the scalable and high speed manufacturing of 

high performance OSCs[17,48].  

Generally speaking, for the BHJ-type OSCs, two factors need to be considered in order to 

determine the optimal thickness of photo-active layer: optical absorption and charge carrier 

extraction efficiency.  It is estimated that with a photoactive layer of 100 nm, nearly 20-40% of 

the total incident light is wasted, including through parasitic losses. Interference effects in the 

stacked device also make the absorption not simply a function of thickness, but a more complex 

relationship which needs to be simulated using transfer matrix formalism. 
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Figure 2.19 Number of photons absorbed in the active layer under AM 1.5G calculated by 

transfer-matrix formalism, for a device having the structure of glass (1 mm)/ITO (140 

nm)/PEDOT:PSS (50 nm)/P3HT:[60]PCBM (x nm)/Al (100 nm). This figure is adapted from 

reference[13]. 

Diffusion or drift toward the respective contacts thanks to the built-in electric field helps 

facilitate charge transport and extraction. In thick active layers, there are more field-free 

regions[14], caused by the space charge accumulation due to the relatively low mobility of 

carriers. This challenges charge extraction and collection, resulting in increased bimolecular 

recombination. 
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Figure 2.20 (a−d) Band diagrams of (a,c) a 90 nm thin solar cell with (a) p-type doping or (c) 

asymmetric mobilities at short circuit and one sun illumination compared with the analogous 

band diagrams of (b,d) a 250 nm thick solar cell. The collection efficiency plots show that in the 

thick cells the collection efficiency is only high in the depletion region, which means that the 

thick cells with doping or mobility asymmetry have a drastically reduced collection either close 
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to the back contact (p-type doping) or close to the front contact (μn ≫ μp). This figure is 

adapted from reference[14]. 

The Nelson group has combined experiments with drift-diffusion simulations to study how the 

performance of organic solar cell depends on the active layer thickness[14]. They observed that 

the lifetime and mobility of the free charge carriers dictates the changes of short circuit current 

and FF with increasing thickness of the BHJ layer. Within the thicker device, they observed more 

field-free regions and relatively poor charge extraction and collection, which strengthened the 

space charge effect in the device. Doping and imbalanced charge mobility are the two major 

reasons which caused space-charge effects in the device. Based on the Si-PCPDTBT: PC71BM 

solar cell performance, they claimed that the space charge effect is mainly dominated by 

doping. This significantly impacts the performance of solar cell devices as the thickness changes.  

In their work, they concluded that for the thick organic solar cell, and build-in electric field and 

the free charge carrier collection efficiency can be affected by the space-charge effect which 

originated from imbalanced charge carrier mobility and doping. Compared to the thin organic 

solar cells, the space-charge effect has stronger effect on the performance of device due to the 

significant impact on the charge carrier extraction and collection. So for the thick organic solar 

cells, strong space-charge effect accompanied by field-free regions and low efficiency of charge 

carrier collection can be noticed even with a low doping concentration such as NA = 1016 cm−3 .   
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Figure 2.21 Thickness dependence of (a) efficiency, (b) short-circuit current density, (c) fill 

factor, and (d) open-circuit voltage for the experiment (symbols), three different simulations 

(with p-type doping and symmetric mobilities: line + square; without doping and with 

symmetric mobilities: line + circle; without doping and with asymmetric mobilities: line + 

triangle), and one analytical approximation (Hecht equation). The most dramatic impact of 

asymmetric conductivity caused by either doping or mobility asymmetries is the reduced short-

circuit current at higher thicknesses that causes the efficiency to drop relative to the symmetric 

case. This figure is adapted from reference[14]. 

Deledalle et al.[15] studied the influence of unintentional p-type doping on OSC device 

performance and on the charge carrier recombination mechanisms. They studied how the 

doping impacts the performance of the device, the charge transport and recombination by 
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using two batches of organic solar cells with the same performance: one is working as pristine 

and the other one is doped with controlled amount. In the case of high concentration doping, 

they found that charge transport is strongly affected due to band bending at short circuit 

condition. This allows efficient carrier collection only within the space-charge layer for which 

the thickness is significantly constrained by the density of the dopants. Thereby, the highest 

optimal of the active layer thickness is determined by both the intrinsic doping level and charge 

carrier transport ability of the blend. Their results suggested that for a doping level as high as 7-

8 × 1016 cm−3 and beyond, the usual way of understanding device collection and charge carrier 

recombination mechanisms in OSCs devices will get challenged. It appears clear that the key for 

improving the performance of the blends will be (i) first and foremost to control or find 

methods to decrease the unintentional doping level so that photo-active layer would be still 

fully depleted at around 230 nm. This requirement can be ensured by increasing the relative 

permittivity or decreasing the doping level to values = 6-7 × 1015 cm−3. (ii) One of the main 

targets would be to obtain materials and nano-morphologies that enable a sufficient mobility-

lifetime product up to the second interference maximum while maintaining a substantial 

quenching of the excitons for photo- generation. 
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Figure 2.22 Experimental AM1.5 (solid lines) and dark (dashed lines) J-V curves at increasing 

thicknesses for the two batches with different doping levels (a) DPP-TT-Tu -PC71BM (NA ≈ 1.5 × 

1016 cm−3) at 60-, 160-, 350-, and 375-nm thickness and (b) DPP-TT-Td - PC71BM (NA ≈ 8 × 1016 

cm−3) at 75-, 81-, 160-, and 390-nm thickness. The y-axis error bars correspond to the standard 

deviations measured on at least four pixels. This figure is adapted from reference[15]. 

Except for the optical interference effect and space-charge effect, mobilities and balanced 

transport property between electrons and holes are also quite critical to achieve a high FF in 

OSCs, especially for thick devices.[12,37,48,90] Many reports have discussed the different aspects of 
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conjugated polymer properties and their impact on charge transport [7,60,94,95]. There are several 

factors in a BHJ, such as the lack of connections between neighboring domains, bending of 

polymer chains, boundaries between the grains and inefficient hopping from the amorphous 

part, which significantly hinders the mobility in conjugated polymers, consequently limiting the 

performance of OSCs[7,21,31,46,60,84,94,95].  From this point, high charge mobility becomes a quite 

important factor for the efficient OSCs device, since efficient transport of the free charges is 

desired to reduce bimolecular recombination in the BHJ active layer. 

 

Figure 2.23 Power conversion efficiency, fill factor, and charge carrier mobilities as a function of 

the fluorine content in a series of BDT-BTA polymers. This figure is adapted from reference[16]. 

The You group has reported[16] that hole mobility of a series of copolymers can be improved by 

introducing certain amount of fluorine atoms in the polymer molecules. By doing so, it enables 

a high fill factor of bulk heterojunction organic solar cells even with the active layer thickness 
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up to several hundred nanometers. In their study, they found that the increase of hole mobility 

with fluorine atom content is due to the improved molecular. It has to be emphasized that 

except for the difference in fill factor, all the other parameters including the non-germinate 

coefficient and free charge carrier generation efficiency are almost same. Their work indicated 

that improved charge carrier mobility is the key parameter for the thick organic solar cells 

which is demanded by mass production in industry. 

 

Figure 2.24 (a) The measured number of collected charges (Qcoll) and the corresponding 

bimolecular recombination (BMR) fit with increasing delay time between laser pulse and 

extraction voltage for the F50 sample at 0.7 V pre-bias. The number of charges that are 

extracted during delay is Qpre. The sum of both, Qcoll + Qpre= Qtot, is the total amount of charges. 

(b) The BMR coefficient deduced from BMR fits as shown in (a) at conditions close to the 
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respective open circuit for all five blends. The content of fluorine content is gradually increasing 

from F00 to F100.   This figure is adapted from reference[16]. 

Liu et al.[17] achieved remarkably high-performance (PCE up to 10.8%, fill factors up to 77%) for 

thick-film (>300 nm) polymer solar cells for multiple polymer: fullerene combinations. They 

found that high crystallinity and preferential face-on orientation of donor polymer resulted in a 

relatively high SCLC hole mobility of 1.5-3.0 × 10−2 cm2 V−1 s−1 were obtained for various 

PffBT4T-2OD: fullerene blend films in a hole-only diode device configuration. Their results 

directly demonstrated the importance of mobility for good FF as well as the PCE of OSCs device. 

 

Figure 2.25 (a) J-V curve of a PffBT4T-2OD:PC71BM cell under AM1.5G illumination with an 

irradiation intensity of 100 mWcm-2 (one Sun). Inset: representative EQE spectra of PSCs with a 

thick (300 nm) and thin (150 nm) active layer. The arrow indicates the shift of the ‘low energy 

edge’ of the OSCs. (b) Ultraviolet–visible (UV-Vis) absorption spectra of a PffBT4T-2OD film and 

a PffBT4T-2OD solution (0.02 mg ml-1 in DCB) at temperatures as indicated. This figure is 

adapted from reference[17]. 

a b
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Chapter 3 

Experimental Section and methodology 

3.1 Materials 

Part of materials have been used in this dissertation work are from already commercialized 

products  from company and part of the materials are synthesized by our collaborators from 

KAUST or Imperial College London or Hong Kong University of Science and Technology.  

3.1.1 Organic semiconductor materials  

Figure 3.1 has summarized the molecular structures of donor materials and acceptor materials 

in active layer materials which are used in this thesis. The donor materials include P3HT, PTB7, 

PTB7-Th, PffBT4T-2OD. The acceptor materials are: PC61BM, PC71BM, and IDTBR. And the 

solvent additive is DIO, which is used for fabrication of fullerene-derivative based BHJ solar 

cells.  Meanwhile, P3HT is used for fabrication of thin film transistors.   
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Figure 3.1 The chemical structure of donor materials and acceptor materials used in this thesis 

as well as the solvent additive as indicated in the figure. 

Regioregular P3HT was used for thin film transistor fabrication.  For the weight average 

molecular weight (Mw) = 22, 32 kDa and regioregularity, RR= 93.7% and 94.7 % respectively 

were purchased from Ossilla Co. For the one with Mw = 68 kDa and RR = 98.5% is purchased 

from Sigma-Aldrich Co. For the P3HT with Mw of 100, 120 and 180 kDa were provided by Prof. 

John C. de Mello group and Prof. Martin Heeney group. The details for synthesising were 

reported elsewhere [94,95].  PTB7, PTB7-Th and PffBT4T-2OD are purchased from 1-material. 

PBDTTT-CT is from Solarmer Material and both PC61BM and PC71BM are purchased from 

American Dye Source. IDTBR is provided from our collaborator Prof. Iain McCulloch.  

3.1.2 Inter layer materials 

For the inverted solar cell structure, the main hole transporting layer which has been used in 

this thesis was molybdenum oxide (MoOx) based on thermal deposition.  While for the electron 

transport layer, ZnO was used in this thesis. This ETL layer fabrication is based on sol-gel ZnO 

solution. The zinc oxide sol-gel solution was prepared by dissolving the equimolar ratios of zinc 

acetate dihydrate (ZAD) (Zn (CH3COO) 2-2H2O, sigma aldrich 99.9%) and monoethanol amine 

(MEA) (CH3OCH2CH2OH, Sigma Aldirch 99.8%) at in 2-methoxyethanol room temperature.) The 

precursor solution was continuously stirred at RT for ∼24 hours to induce hydrolysis in air with 

the precursor concentrations of 0.11M.  

For the conventional solar cell structure, PEDOT: PSS (Baytron-P 4083, filtered by a 0.25 μm 

membrane) solution was used for hole transport layer. Thermal evaporated Calcium (Ca) (10 

nm) was used as electron transport layer.  
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3.1.3 Electrode materials 

For both conventional and inverted OSCs devices, they started with ITO coated glass substrates.  

While ITO is working as back electrode (Cathode electrode for inverted structure while anode 

electrode for conventional structure). For the top electrode, Ag is thermal deposited as anode 

for inverted structure and Al is thermal evaporated as cathode for conventional structure. The 

two different structures are illustrated by Figure 3.2. 

 

Figure 3.2 Two different structures for OSCs device (a) conventional structure and (b) inverted 

structure.    

a bConventional structure Inverted structure 
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3.2 Fabrication of organic solar cells and thin film transistors 

3.2.1 Organic solar cells fabrication 

Inverted (or convertional) solar cells were fabricated on pre-patterned glass/ITO (or PET/ITO) 

substrates. The substrates were cleaned in detergent solution (SDS), ultrasonicated in DI water, 

acetone, and isopropyl alcohol for 15 minutes for each solvent and then exposed to UV-ozone. 

For inverted solar cells, the sol-gel ZnO solution was used for deposition of ETL. The ZnO 

precursor solution was prepared by dissolving equimolar ratios of zinc acetate dihydrate (ZAD) 

(Zn (CH3COO) 2·2H2O, Sigma Aldrich 99.9%) and monoethanol amine (MEA) (CH3OCH2CH2OH, 

Sigma Aldrich 99.8%) in 2-methoxy ethanol with precursor concentration of 0.11 M and stirring 

overnight at room temperature. The precursor solution was continuously stirred at room 

temperature for 24 hours to induce hydrolysis in air. The ZnO precursor solution was spin-

coated on cleaned glass/ITO (or PET/ITO) substrates with spin speed of 4000 rpm for 30 

seconds, resulting in the thickness ca. 10 nm. The as-cast films were then thermally annealed in 

air at 150 °C for 10 min and allowed to cool down to room temperature for inverted solar cells 

fabrication.  

While for conventional solar cells, PEDOT: PSS (Baytron-P 4083, filtered by a 0.25 μm 

membrane) solution was spin-coated on cleaned glass/ITO film with thickness 20-30 nm and 

thermally annealed at 130 °C for 10 min for regular solar cell fabrication. 

PTB7, PTB7-Th, PBDTTT-CT, and PC71BM were used as received for active layer deposition. 

IDTBR (O-IDTBR and EH-IDTBR) was provided by Prof. Iain McCllouch.  The PTB7:PC71BM blend 

and PTB7-Th: PC71BM blend solutions were prepared by dissolving separately in the ratio of 

1:1.5 (by weight), with a concentration of 25 mg mL−1 in chlorobenzene (CB) containing 3% (by 
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volume) of 1,8-diiodooctane (DIO) additive and stirring overnight at 60 °C before solution-

casting. And the PBDTTT-CT:PC71BM blend solution was prepared by dissolving in the ratio of 

1:1.5 (by weight), with a concentration of 25 mg mL−1 CB containing 3% (by volume) of 1,8-

diiodooctane (DIO) additive and stirring overnight at room temperature before solution-casting. 

And for PTB7-Th: IDTBR blend solution was prepared by dissolving PTB7-Th and IDTBR in the 

ratio of 1: 2 (by weight) in CB without any solvent additive.  The spin-coating experiments were 

conducted at the optimized speed of 900 rpm for 60 s for the PTB7:PC71BM sample, at the 

speed of 1500 rpm for 60 s for the PTB7-Th: PC71BM sample, and at the speed of 800 rpm for 50 

s for the PBDTTT-CT: PC71BM sample in a N2-filled glove-box and under ambient conditions. 

Blade coating experiments were performed using a home-built setup previously described in 

somewhere.[96]  In the case of optimization of blade-coating fabrication the solutions were 

prepared by adjusting the solute concentration and DIO concentration. The blade-coating 

experiments were performed immediately after dropping the solution into the gap under 

ambient conditions for all solutions, with the gap height fixed at 100 μm but different angles of 

attack of the blade, blade speed, base temperature and solution properties. A single crystal Si 

wafer with a native oxide was used as the blade. It was treated with an OTS self-assembled 

monolayer and cleaned prior to coating to make sure no contamination was introduced into the 

ink. All as-cast PTB7:PC71BM and PTB7-Th: PC71BM samples were immediately transferred to a 

vacuum chamber while PBDTTT-CT: PC71BM samples were kept in a N2-filled glove-box for a 20 

min delay followed by device fabrication (see below).  

Spin-coating (see Figure 3.3a) is a simple process which is often used for labs to produce thin 

organic films with small substrates. After depositing of the solution ink on the substrates, the 
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substrate is then accelerated up to the spin speed as set before as well as a defined time for 

spinning, during this period the extra-amount of solution is ejected out and substrate is covered 

by the wet film. The evaporation of the solvent results in the formation of a solid film. The 

solution concentration and the spin speed are the two main factors which determine the final 

thickness of the solid film for the spin coating process. Compared to spin coating, the doctor-

blading method (see Figure 3.3b) has a different working principle.  Firstly, the solution is 

dropped near the gap between the coating blade and substrate, with a well-defined blade-

substrate distance and blade angle of attack. Secondly, the blade move in the plane of the 

substrate at a defined velocity. This causes a wet film to form on the substrate after the 

movement of the blade. Upon drying, the solute solidifies forming a thin film. The coating speed 

of blade, the gap, the angle of attach of the blade, the formulation of applied inks, and the 

amount of ink dropped at the gap and other parameters can affect the final thickness of the 

coated film. In this thesis, the coating speed, angle of attack and the formulation of the coating 

inks are the two key parameters we are focusing on to tune the film thickness. Also, wire-bar 

coating is applied for active layer deposition, which has similarities with the blade coating 

method. A wire-wound bar is basically a steel rod with metal wire wrapped on the surface. 

Those wound wires create a thread and they are showing the identical profile. The diameter of 

wire directly characterize the wire size and it is a key parameter to determine the amount of 

coating solution by the open area. Solution meniscus formed between the wire-bar and 

substrate after deposition of coating solution between the gap, and wet film formed as the 

movement of the wire bar which is parallel to the substrate then it gradually dried from the 

edge to the center. [99] The thickness and uniformity of the coating layer is determined by 
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several critical factors such as  surface tension and viscosity of coating inks, surface energy of 

the substrate, gap between wire-bar and substrate, diameter of wire and speed of wire-

bar[99,100]. All these three different coating methods are illustrated in Figure 3.3.  

 

Figure 3.3 Three different coating methods used in this thesis: (a) spin coating, (b) blade coating 

and (c) wire-bar coating. 

Device fabrication was completed by placing the samples in a high vacuum metal evaporator in 

the N2-filled glove-box and by depositing electrodes of Ca (10 nm)/Al (100 nm) for conventional 

solar cells and MoOx (8 nm)/Ag (100 nm) for inverted solar cells. The image of Angstrom 

Wire-bar coating

a b

c
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evaporator is shown in Figure 3.4. Figure 3.5 shows the device layout and the active area of the 

devices was 0.1 cm2. 

 

 

 

Figure 3.4 Angstrom evaporator installed in nitrogen gas filled glovebox. 
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Figure 3.5 Device layout on a patterned ITO substrates showing ITO strips, metal electrodes 

patterns. The light orange area represents the active layer. The red square area represents the 

device area of 0.1 cm2 as indicated. 

3.2.2 Thin film transistor fabrication 

Highly doped n-type silicon wafers (100) with thermally evaporated 240 nm SiO2 and gold 

electrodes were purchased from Fraunhofer Co. with a channel width (W) of 10000 μm and 

length (L) of 2.5 μm. Initially the substrates were cleaned by rinsing with acetone, isopropanol, 

ethanol, and de-ionized (DI) water followed by Standard Clean 1 (RCA) ammonium hydroxide 

(30% NH4OH), hydrogen peroxide (30% H2O2) and DI water (with 1:1:5 ratio) for 15 min at 70 °C. 
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Finally all substrates were dried with N2 and heated at 100 °C for 10 min. Different solutions (or 

solution state) of P3HT (with different Mw) in different solvents were spin-coated (SPIN 150) 

onto substrates at a rate of 800 rpm for 60 s. This structure of the organic thin film transistor is 

illustrated in Figure 3.6.  

 

Figure 3.6 Structure of bottom-gate bottom-contact organic thin film transistors (OTFT) used in 

this thesis.  

3.2.3 Top surface and bottom surface sample preparation 

For organic solar cell, there are two basic components: donor material and acceptor material. In 

order to characterize the compositional distribution out of plan for the BHJ, we have to figure 

out the way to make the samples which can provide the chance to study the bottom surface 

composition as well as the top surface. Usually, top surface is much easier and widely studied 

for the surface characterization.  Here, we show our methods which open a door to make both 

top surface and bottom surface samples for surface study and the steps are illustrated in Figure 

3.7.  
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Figure 3.7 Schematic images shows the steps to make top surface and bottom surface sample 

for characterization. 

3.3 Experimental methods 

3.3.1 Characterization of thin film morphology and thickness 

Film thickness Measurement: Spectroscopic reflectometry is a widely used technique for 

thickness measurement. The basic working principle is based on a collimated white light source 

specularly which reflects from the sample and collected and analyzed to estimate the thickness 

of thin films. So the thickness can be determined by analyzing interference fringes of the 

reflected light while the positions of maxima and minima of constructive and destructive 

Thin film

Substrate

Thin film

DI water

Thin film

DI water

Thin film

DI water

Substrate

Substrate

Top-up Bottom-up

Step 1

Step 2

Step 3



  101 
 

 

interference, respectively. It provides an easy way to deduce the thickness using the standard 

interference condition formula [99]:    

 ∆= 2d√n2 − (sin(𝜃))2 

∆constructive= mλ    and    ∆destructive= (m-1/2) λ                                                                          (3.1) 

where 𝜃 is the incidence angle (the angle between the  the normal  and incident beam), n 

means reflective index,  d stands for the thickness and m= 1,2,3, ….. 

Compared with spectroscopic reflectometry, a profilometer (Tencor) is a relatively easy and 

direct method to measure the thickness of thin films on different kinds of substrates. 

Atomic Force Microscopy (AFM): For this dissertation work, atomic force microscopy images 

were taken by using a high precision Agilent 5400 SPM/AFM installed in an isolation chamber. 

AFM measurements were carried out to investigate the surface topography of the thin films 

and to calculate their surface roughness. Meanwhile, phase imaging by AFM can reveal the 

information about the size and shape of existing phases on the top surface. 

Scanning electron microscope (SEM): A Quanta 200FEG scanning electron microscope from FEI was 

used to observe the morphology.  

Transmission electron microscope (TEM): TEM microscopy images were taken by using 

transmission electron microscope (Titan Cryo Twin, FEI Company, Hillsboro, OR) with a 4k x 4k 

charged couple device (CCD) camera model US4000 and an energy filter model GIF Tridiem 

from Gatan, Inc. (Gatan Inc., Pleasanton, CA). The GIF was utilized in energy-filtered TEM (EF-

TEM) mode to image the Carbon and Sulfur distribution in the sample. The Carbon edge 

located at 284 eV and Sulfur edge at 165 eV were selected to generate the EF-TEM maps using 
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a 3-window method. The samples were prepared by floating the active layer on DI water and 

transferring onto a 400 mesh-copper grid.  

Scanning tunneling microscope (STM): STM imaging was performed in ultrahigh vacuum 

conditions (5.0 × 10−10 mbar) in a variable temperature STM (VT-STM; Omicron 

Nanotechnology).  

X-ray photoelectron spectroscopy (XPS): In order to verify the bulk and interface composition 

of our organic semiconductors thin film, lab based XPS was used. With the help of XPS, we can 

verify the thin film surface (top surface and bottom surface) composition. Also, we can 

investigate interfacial mixing. Actually, XPS is a commonly used technique for the 

characterization of surfaces. For XPS, its most attractive features include chemical state 

identification and elemental composition with very high surface sensitivity. Due to this reason, 

experiments must be carried out under vacuum to avoid photoelectrons scattering with 

background gaseous species and surface contamination. 

In XPS experiment, one uses X-rays of characteristic wavelength to excite strongly bound 

electrons often called core electrons from the atoms in the sample to the vacuum level 

(photon-in-electron-out spectroscopy). These electrons emitted from the sample each possess 

a kinetic energy which is characteristic of the orbital from which the electron was dislodged. 

The photoelectrons generated are then collected and analyzed with a spherical analyzer. By 

resolving the kinetic energy of the electrons we can determine the binding energy of the 

electrons given an appropriate calibration of the spectrometer. 
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Since the intensity of those signal mainly depends on numbers of electrons emitted and their 

mean free path, knowledge of this latter quantity enables the determination of the sample 

relative surface composition.  

The X-rays source used in our laboratory is a monochromatized Al Kα excitation (1486.7 eV) 

connected to the analysis chamber. The source of a monochromator (Quartz Crystal) eliminates 

the presence of photons coming from secondary atomic transitions, which otherwise leads to 

the appearance of satellite lines in the XPS spectra. For organic thin films, the incoming X-rays 

beam interacts with the entire sample volume. Due to the inelastic scattering, nearly most of 

the photoelectrons do not have sufficient kinetic energy to escape from the sample and only 

those emitted from the near surface monolayers escape and enter the analyzer. The thickness 

of the sample near the surface that is effectively probed by the X-rays, the analysis depth, is 

depending on the electron mean free path near the sample surface. A precise knowledge of the 

analysis depth can thus be achieved if the inelastic mean free path, λ, of the electrons can be 

understood. With the assumption that the photoelectrons do not interact among themselves, 

the decay in the fraction of photoelectrons intensity emitted from a certain depth within the 

sample is given by Equation 3.2. 

𝐼 = 𝐼0exp(−
𝑥

λ
) (3.2) 

Where x is displacement of the electron from its point of photoemission and λ is the inelastic 

mean free path. The exponential dependence on the photoelectron signal on distance implies 

that 95% of the electrons that make it out of the sample are emitted within 3 λ below the 

sample surface. So, 3 λ rightly approximates the analysis depth. In a solid state, each excitation 

possesses a characteristic energy. The energy loss happened by electrons during scattering 
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process is thus dependent on their kinetic energy only. Due to this reason, the IMFP exhibits a 

quasi-universal behavior. The following empirical equation describes its dependence with the 

electron kinetic energy E (Equation 3.3). 

𝜆 =
𝑎

𝐸2
+ 𝑏 × √𝐸 (3.3) 

Where a and b are phenomenological constants, which are depending on specific nature of the 

compound. While for organic semiconductors, λ is in the order of 5 Å at 100 eV which about the 

typical intermolecular distance in molecular compounds. However, mean free paths, are also 

dependent on materials composition. In this thesis, we mainly used XPS to make the 

compositional study based on to surface and bottom surface of BHJ blend film to check the 

compositional distribution between donor materials and acceptor materials. This would be 

useful to indicate the compositional distribution of donor materials and acceptor materials in 

vertical direction.  

3.3.2 Viscosity measurement and Gel permeation chromatography 

Rheology measurements were carried out on an Anton Paar MCR-301 rheometer with a Peltier 

temperature control system and a cone-and plate geometry with 25 mm diameter plates and a 

1° cone angle. Viscosity measurements were carried out at a constant shear rate of (100 s−1), 

with a measuring time of 15 s per point. Before measurements on the polymer solutions, the 

viscosities of various solvents (water, toluene, etc.) were measured at 25 °C, and found to agree 

with literature values to within 2%. 

Molecular weight and molecular weight distribution of polymers was determined from SEC 

using an Agilent liquid chromatography system fitted with refractive index (RID) and UV-Vis 

detectors, using two identical PL gel columns (5 μm, MIXED-C) in connected series with THF as 
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the mobile phase (1 ml min−1). The column and flow path were temperature controlled at 25 °C. 

Calibration was performed relative to linear PS. Data Analysis was performed using the Astra 

software (Wyatt Technology Corporation, Santa Barbara, USA). 

3.3.3 Real-time measurement during coating process  

 
In situ thickness measurement: Spectroscopic Ellipsometry (SE) is commonly used optical 

technique for characterizing optical properties of thin films. SE uses the change in light 

polarization as the light interacts with the thin film to characterize its optical properties. The 

basic working principle of SE is based on the change in the state of polarization of light, which is 

usually measured and recorded as two angles (Ψ and ∆).  They are related to the ratio of the 

field reflection coefficients, R , for p-polarized vector (electric field in the plane of incidence) or 

s-polarized vector (electric field perpendicular to the plane of incidence) (Rp:Rs) as[100]:  

𝝆 =
Rp

Rs
= tan(Ψ)ei∆                                                                                                          (3.4) 

where (ρ) is the ratio of the reflectivity for p-polarized light (Rp) divided by the reflectivity for s-

polarized light (Rs).  Upon light reflection, the reflected light undergoes amplitude and phase 

changes which are quantified by the two parameters; tan (Ψ) and Δ correspond to the 

amplitude ratio upon reflection and the phase shift, respectively. The measured ellipsometric 

parameters (Ψ and Δ) are related to the material optical constants n and k through the complex 

dielectric function by the following equation [100]: 

〈ε〉 = 〈ε1〉 + i〈ε2〉 = (〈n〉 + i〈k〉)2 = sin2(θi) . [1 +tan2(θi) . (
1−ρ

1+ρ
)
2

]            (3.5) 
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Where “ε1” and “ε2”are the complex dielectric function values, n and k are refractive index and 

extinction coefficient, respectively. θi is the incident angle.  

In situ spectroscopic ellipsometry (M-2000XI, J. A. Woollam Co., Inc) measurements and in situ 

reflection measurements were performed at the same time to monitor the thinning of the 

solution and thin film formation during the coating process, such as spin coating, blade coating 

as well as wire-bar coating. For these reflection-mode measurements, a single crystal silicon 

wafer (100) with a 300 nm-thick thermal oxide (SiO2) was used as substrate, with the same 

processing conditions when fabricate devices. The reflection spectra were analyzed using the 

Fast Fourier Transform method. It provides a first order estimate of solution thickness over the 

range from 103 to105 nm for white light sources. While the SE spectra were obtained at an 

incidence angle of 70 from substrate normal and were analyzed in the transparent spectral 

range of blend film. The thickness of thin films were modelled based on assuming a Cauchy 

dispersion relation and an isotropic thin film using the EASETM and WVASE32 software packages 

(J. A. Woollam Co., Inc).  

In situ UV-vis absorption measurements: in this thesis, we performed in situ absorption 

measurements using a F20-UVX spectrometer (Filmetrics, Inc.) equipped with tungsten halogen 

and deuterium light sources (Filmetrics, Inc.). All the in situ absorption measurements were 

performed with an integration time of 0.1-0.5 s per spectrum. 

A beam of white light in the UV-vis range (350 -1100 nm) is shined on the sample and the 

fraction of absorbed light is estimated using transmittance measurements under the 

transmission mode. Transmittance measurements are conducted through films coated on a 

transparent substrate and absorbance can be calculated directly from the measured 
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transmittance using Beer–Lambert law ( 𝐴𝜆 = −log10 𝑇; where Aλ is the absorbance at a certain 

wavelength (λ),  T is the transmittance at corresponding wavelength (λ)).  

In situ grazing incidence wide angle X-ray scattering (GIWAXS) measurement 

Both in situ and ex situ two-dimensional (2D) GIWAXS experiments were performed at beam-

line D1 at the Cornell High Energy Synchrotron Source, Wilson Lab, NY, USA. A fast 2D detector 

(PILATUS 100 k from Dectris) was applied with a framing rate of 10 Hz and an exposure time of 

0.1-0.5 seconds, to record the scattering pattern signal during the different coating process 

including spin coating, blade coating and wire-bar coating. The CCD camera is with the 

capability of rapid acquisition of large range of scattering angles simultaneously and thus it is 

the typical used configuration for in situ experiments although it lacks resolution and accuracy 

compared to point and line detector configurations. In situ GIWAXS measurements during 

different coating methods were performed in ambient condition. The wavelength of incident X-

ray beam was 1.1555 Å and the width of the beam was around 1 mm. Silver behenate was used 

for the calibration of the lengths in the reciprocal space. In situ GIWAXS experiments were done 

at a shallow angle of 0.17° with respect to the sample plane. Ex situ GIWAXS experiments were 

performed at variable angles ranging from angles below the critical angle to above the critical 

angle of the organic film.  

We have performed GIWAXS measurements to probe the polymorphism and aggregations of 

organic thin films, and to estimate the relative crystallinity and average crystallite size. [135,138] 

the shape and azimuthal distribution of the diffraction peaks can be related to the texture of 

the crystals orientation see Figure 3.8. For crystallites with lattice planes oriented perfectly 

parallel to the substrate, obvious Bragg peaks appear in the direction of out-of-plane.  While in 
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case of crystallites oriented in parallel and perpendicular orientations, well pronounced Bragg 

peaks appear in both the out-of-plane and in -plane directions. When the crystallites have more 

textured orientations with angular distribution around the horizontal alignment, Bragg 

diffraction broadens and appears as partial arc in the out-of-plane direction. For randomly 

oriented crystals, Bragg peaks exhibit powder-like diffraction patterns and appear as full 

scattering rings. 

The average crystal size (Dc) of the crystallites can be defined by Scherrer equation[104]: 

𝐷𝑐 =
𝐾.𝜆

𝐵.cos(𝜃𝐵)
   (3.6)                                                                                                

Here, K is dimensionless shape factor and is used as K= 1. ϴB is  the Bragg angle. B is the line 

broadening at FWHM and can be calculated by B= Δ (2ϴFWHM) =2(ΔqFWHM. λ/4π). Alternatively, 

crystalline Correlation length (CCL) can be calculated by (CCL = 2π/FWHM).   

The relative degree of crystallinity (RDC) can be compared between different films by 

integrating the GIWAXS intensity across all orientations using the following equation[105,106]:  

𝑅𝐷𝐶 ∝ ∫ sin(χ) 𝐼(χ)
𝜋/2

0
𝑑χ                                                                                           (3.7) 

Where χ is the orientation angle, and sin (χ) is geometrical correction factor. 𝐼 is the GIWAXS 

intensity. 
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Figure 3.8 Sketch of film crystallinity and corresponding 2D GIWAXS data in case of (a) vertical 

lamellar stacking, (b) crystallites with vertical and horizontal orientation, (c) oriented domains 

and (d) full rotational disorder of crystallites. The GISAXS signal is blocked by a beam stop (light 

green box). Figure is adapted from reference[18]. 

3.3.4 Measurement of Pump-Probe ultrafast spectroscopy  
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Transient absorption (TA) spectroscopy: TA spectroscopy is a vital tool to explore charge 

carrier generation, exciton diffusion and charge carrier recombination. The ultrafast transient 

absorption spectroscopy measurements were conducted using a home built setup in two 

different time windows: picosecond-nano second (ps-ns) and nanosecond-microsecond (ns-μs). 

The former is implemented in order to examine the charge carrier generation and diffusion as 

these processes typically occur on picosecond time scales, while the latter provides insight into 

charge carrier recombination. The technique rely on a pump-probe scheme, where a excitation 

beam is applied to pump the sample and a broad white light continuum is used to monitor the 

changes in the excited species. All measurements were performed at room temperature under 

high vacuum to secure the photo degradation of the samples.     

3.3.5 Optical metrology 

 
Ultraviolet–visible spectroscopy (UV-Vis spectroscopy): Ex situ UV-visible absorption spectra 

were acquired on a Cary 5000 (Varian) instrument.  

Photoluminescence (PL): PL spectra were recorded in backscattering geometry on a LabRAM 

Aramis (Horiba Jobin Yvon) Raman spectrometer with a 532 nm laser used as the excitation 

source. A 100× objective lens with a numerical aperture (N. A.) of 0.90 was used to focus the 

laser beam and collect scattered light. The typical acquisition time was 1 s, and the laser power 

was kept at 0.006 mW to avoid the heating effect. The PL intensity was thickness-corrected 

assuming a film thickness of 100 nm. 

Spano Model of P3HT thin films based on UV-Vis absorption spectra 

Quantitative analysis of the degree of photo-physical aggregation in organic semiconductors 
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can be conducted by modeling based on the absorption spectra.  There are two types of photo-

physical aggregates in conjugated polymer films, which should be considered when discussing 

about the aggregation behaviour, namely J-aggregates and H-aggregates.[107] For oligomers, J-

aggregates correspond to chromophores oriented in a head-to-tail stack, while for H-

aggregates, it is corresponding to chromophores oriented in a side-by-side stack. For 

conjugated polymers, a single polymer chain can be considered as head-to-tail arrangements of 

monomer repeat units constituting J-aggregate.  But in bulk film, polymers exhibit hybrid 

photo-physical behaviour consisting two characteristic of H and J aggreates, whereas there is a 

competition between interchain interactions, which favor H-like behaviour, and intrachain 

interactions, which favor J-like behaviour.  

In this thesis, we have analysed the absorption spectra using a model introduced by Spano and 

modified by Silva and Neher.[107–109] The absorption spectrum was fitted using the equation 

below [109,110]: 

𝑨(𝑬) ∝ ∑ (
𝑺𝒎

𝒎!
)𝒎=𝟎 × (𝟏 −

𝑾𝒆−𝑺

𝟐𝑬𝒑
∑

𝑺𝒏

𝒏!𝒏−(𝒎)𝒏≠𝒎 )𝟐 × 𝐞𝐱𝐩(
(𝑬−𝑬𝟎−𝟎−𝒎𝑬𝒑−

𝟏

𝟐
𝑾𝑺𝒎𝒆−𝑺)

𝟐

𝟐𝝈𝟐
)..(3.4)   

where A is the absorbance as a function of the photon energy (E).  E0-0 and Ep are the 0-0 

transition energy and the intermolecular vibrational energy, respectively. W is the free exciton 

bandwidth. σ is the Gaussian linewidth. S is the Huang-Rhys factor. m and n are differing 

vibrational levels. 

3.3.6 Charge transport property characterization  

Space charge limited current (SCLC) measurement has been carried out to measure the mobility 

of  charge carriers in both wire-bar coated device and spin coated one with different thickness 
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of BHJ films. The J-V  characteristic curve was fit to the Murgatroyd equation[111], and zero-field 

carrier mobility μ was calculated from Equation (1), where J means current density, ԑ0 stands 

for permittivity of free space, ԑ means relative permittivity, V is applied voltage.  

J = 
9

8
𝜀𝜀0 μ

V2

𝑑3
       (1) 

Hole-only devices and electron-only devices were made with the structure of ITO/ PEDOT: 

PSS/BHJ/MoOx/Ag and ITO/ZnO/BHJ/LiF/Al respectively, as shown in Figure 3.9.  

 

LiF

Al

ZnO

ITO/Glass

MoOx

Ag

PEDOT:PSS

ITO/Glass

Hole only device Electron only deviceba
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Figure 3.9 (a) Hole-only device structure and (b) electron-only device structure for SCLC 

measurement.  

3.4 Device characterization 

3.4.1 Solar cell characterization 

The organic solar cells were tested under one sun condition by using simulated solar radiation 

generated from a solar simulator installed outside a glove box. The solar simulator (Class AAA, 

ABET technologies) was based on 300W Xenon arc source. The filtered light from solar 

simulator has a 99% spectral match to the AM1.5 spectrum and around a 90% match through 

the bandwidth of a typical organic cell. From the J-V characteristic curves, the basic parameters 

Jsc, Voc, and FF are obtained. Extraction for such parameters is based on various electrical 

models and equivalent circuits. For a high-performing solar cells, the series resistance is small 

with less loss of Voc while the shunt resistance is extremely large with negligible loss of Jsc.  

The current flowing through the circuit when there is no load is given by Equation3.8. 

𝐼 =  𝐼𝒔 (𝑒
𝑞𝑉

𝑘𝑇 − 1) − 𝐼𝐿 (3.8) 

Where, IS referes to the saturation current of the diode. IL means the photocurrent. We will 

limit the discussion to the idealized equivalent circuit of an OSC device for the sake of 

simplicity. Let’s take the conventional solar cells as an example. For conventional devices, they 

were fabricated in the standard configuration with the cathode (Aluminum) woks as the 

electron-collecting electrode, the anode (ITO) is the hole-collecting electrode.  Positive current 

flows from the cathode to the anode. When no applied bias was applied to the device, the 

Fermi energy of the each individual materials are aligned. Under forward bias (electron 
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injection at the cathode), in the dark condition, the electron injection barrier (EIB) needs to be 

overcome before electron can be injected allowing a current to flow. When under illumination 

condition with forward bias, photocurrent and the dark current are competing. Since the 

voltage is increased, more dark current is generated until dark current can exactly compensate 

the photocurrent and at this point, nearly no current goes through the solar cell. For the 

voltage at which this compensation case occurs is the open circuit voltage (Voc). While in 

reverse bias, since the dark current is extremely small, almost all the current is ascribed from 

the photocurrent. A voltage dependence of the current in this regime often indicates non-

geminate recombination, as carriers need an extra push from the field to get out of the device. 

Current density–voltage characteristics: The J-V characteristic curves of OSC devices were 

measured with Keithley 2400 with a simulated AM 1.5G solar illumination with the intensity of 

100 mW cm2.  

External quantum efficiency (EQE): The fabricated OSC device was illuminated with 

monochromatic light. The generated current was recorded with the light wavelength. The EQE 

curve were generated by calibrating the device current with a current generated by photodiode 

with a known EQE. The EQE measurements were performed by an Oriel Quantum Efficiency 

Measurement Kit (Newport). 

3.4.2 Thin film transistor characterization 

All electrical measurements were performed with a Keithely 4200 Semiconductor 

Characterization System in glove-box filled Nitrogen. 
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Chapter 4 

Entanglements in Marginal Solutions: A Means of Tuning Pre-Aggregation of 

Conjugated Polymers with Positive Implications for Charge Transport 

(Paper published in Journal of Materials Chemistry C)[112] 

4.1. Introduction 

Conjugated polymers have attracted great attention due to their extensive applications in 

electronic devices such as organic thin film transistors (OTFTs), organic photovoltaic cells 

(OPVs), organic light-emitting diodes (OLEDs) and so on. [22,113–115] Conjugated polymers are 

semi-flexible or rigid backbone polymers with exciting electronic and optoelectronic properties 

due to the delocalization of π-electrons along and between the backbones. This is responsible 

for carrier transport within the polymer chain as well as among adjacent backbones. 

Conjugated polymer semiconductors have several advantages compared to their inorganic 

counterparts. These include lightweight, solution-processability and suitability for continuous 

and high throughput industrial manufacturing via roll-to-roll coating and printing routes. 

[34,35,116,117] Despite the great scientific and technological interests in this class of materials, 

much of the progress made in the polymer science field has focused on non-conjugated flexible 

polymers. Bueche developed a molecular theory in solution which accounted for the effects of 

chain entanglements on the viscoelastic properties.[118] This approach is successfully used to this 

day, whereas theories for semi-flexible polymers are more complicated, since the behaviour of 

those polymer molecules is not only dominated by entropic effects but also by internal energy 

contributions. The competition of internal bending energy and entropy resulted in the concept 

of persistence length lp.  
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Achieving a deeper understanding of the relationship between the behavior of semi-flexible 

conjugated polymers in the solution state and their molecular and macroscale structure in the 

solid state is necessary and helpful to improving the performance of electronic and 

optoelectronic devices. Polymer chains are known to form entanglements in both solution and 

molten states,[119,120] which can hinder molecular motion and impact the molecular assembly in 

the solid state.[50,121,122] A higher molecular weight (weight-average molecular weight, Mw) 

leads to a longer contour length, a decreased effective hydrodynamic volume, and therefore a 

higher chance to form binary hooking which result in more entanglements. In the solvated 

state, the polymer chains tend to assume the extended state with large hydrodynamic volume 

even for high Mw. However, polymer chains prefer adopting more rigid properties in 

formulation conditions characterized by more solvophobic conditions.[119] This results in the 

coexistence of polymer chain entanglements and aggregated precursor species. Ultrasonication 

has been successfully shown to promote aggregation of polymer chains in marginal solvents 

without damaging the polymer chain and is believed to provide the kinetic means for chain 

conformational changes in conditions where the solution approaches its solubility 

limit.[110,119,123,124]This effect has been credited with promoting the formation of polymer thin 

films with enhanced backbone planarity, lamellar thickness and π–π∗ crystallinity in thin 

films.[110,119,124,125] However, the ways in which changes in the formulation, such as solvent 

choice, molecular weight, and concentration, affect the entanglement and aggregation 

behavior of a semi-flexible conjugated polymer solution remain ill understood. Furthermore, 

how these changes impact the microstructure and ultimately the transport properties of 

conjugated polymer semiconductors in the solid state is to date rather poorly understood.   



  117 
 

 

In this part, we systematically investigate the solution state of the semi-flexible conjugated 

polymer P3HT in different technologically relevant solvents and related conditions 

(concentration and molecular weight) via rheometry and UV-Vis absorption measurements. At 

the limit of solubility in these different formulations we show that manipulating the 

entanglements allows to control the formation of pre-aggregates in solution which can 

subsequently be used to tune the local and long range order in P3HT thin films, with significant 

implications upon the transport properties of this semiconducting polymer. To do so, we have 

combined quantitative UV-Vis absorption in the solid state with transmission electron 

microscopy (TEM) and electron diffraction (ED), atomic force microscopy (AFM), and field effect 

mobility measurements in organic thin film transistors (OTFTs). The viscosity and UV-Vis 

analyses draw a clear picture of the solubility-entanglement-aggregation nexus and reveal the 

choice of solvent and Mw to be critical parameters. Faced with the combination of reduced 

solubility and increasing number of entanglements for the longer chain (higher Mw) polymers, 

disentanglement is shown to reduce the viscosity of the solution and promote pre-aggregation 

of the polymer for a wide range of solvents used in electronic and photovoltaic applications. 

These results are explained on the basis of the tube model, whereby the disentanglement of 

the polymer chains in solution via ultrasonication facilitates the movement of polymer chains 

by alleviating the suppression and hindrance from surrounding polymer molecules, resulting in 

increased freedom of the polymer chains. These kinetic factors in solution are shown to 

promote the formation of polymer films with local and long range order exhibiting enhanced 

carrier transport. 
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4.2 Results and Discussion 

4.2.1 Viscosity and entanglements in the solution state 

We begin this work by evaluating the specific viscosity of six different molecular weights of 

P3HT (22, 32, 68, 100, 120 and 180 kDa) in four key solvents of increasing solubilising capability 

at room temperature: toluene (Tol), chloroform (CHCl3), chlorobenzene (CB) and 

dichlorobenzene (oDCB). We have calculated the specific viscosities from the measured 

viscosities of the solvents as shown in Table 4.1 and the solutions (Tables 4.2 and 4.3).  

The specific viscosity Ƞsp is defined as Ƞsp = (Ƞ-Ƞs)/Ƞs with Ƞ being the measured viscosity of the 

polymer solution and Ƞs the viscosity of the neat solvent. [120] The solubility parameters of 

P3HT[126] and related  solvents[127] are shown in Table 4.4. 

Table 4.1 The viscosity of four different solvents (Tol, CHCl3, CB and oDCB) measured at room 

temperature. 

 

Table 4.2 The viscosity of P3HT (68 kDa) solution in four different solvents with constant 

concentration (5 mg/ml) before and after disentanglement process at room temperature. 
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Table 4.3 The viscosity of P3HT solution in Tol under constant concentration (5 mg/ml) with 

different Mw before and after disentanglement process at room temperature. 

 

Table 4.4 The Hansen solubility parameters of P3HT and used solvents at room temperature. 

            

 

CHCl
3
 Tol CB oDCB P3HT 

δ
D  

(cal cm
-3

)
1\2

 8.70 8.8 9.29 9.39 9.02 

δ
P  

(cal cm
-3

)
1\2

 1.52 0.68 2.10 3.08 2.58 

δ
H  

(cal cm
-3

)
1\2

 2.79 0.98 0.98 1.61 2.58 

δ
T  

(cal cm
-3

)
1\2

 9.29 8.88 9.57 10.01 9.75 

T
b  

(°C) 61 111 132 180 / 

Dipole moment (D) 1.15 0.36 1.54 2.14 / 
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Compared with marginal solvent Tol and CHCl3, CB and oDCB show much closer total Hansen 

solubility parameter to P3HT.  In the marginal solvent Tol, the specific viscosity increases by 

more than an order of magnitude with the increase of Mw at a constant concentration of 5 

mg/ml, as seen in Figure 4.1a. This indicates the presence of much stronger interactions and 

entanglements among the polymer chains at Mw of 100 kDa and above, with a small effect also 

observed at 68 kDa. Disentangling the polymer solution via ultrasonication we observe a 

decrease of the specific viscosity in the high Mw cases, e.g., from 23.5 to 16.4 for the highest 

Mw case, whereas the lowest Mw shows no effect. A similar trend is observed for P3HT in the 

good solvent CB at room temperature with higher concentration, which requires increasing the 

concentration fivefold to 25 mg/ml. Again, disentangling the solution by sonication reduces the 

specific viscosity of the highest Mw case sharply to 13.78 while it remained unchanged for the 

low Mw case. In both instances we demonstrate that higher Mw P3HT can be easily driven to a 

highly entangled state if the concentration is adjusted with respect to the solubility of the 

polymer at a given temperature. Clearly, the solvent affects how the polymer chains interact 

and whether entanglements are present. In one of the most widely available “high Mw” P3HT 

currently commercially available on the market, 68 kDa, which is above the critical Mw (Mwc ~ 

35 kDa[120]), we find the specific viscosities to be 0.42 (CHCl3), 0.51 (Tol), 0.39 (CB), and 0.37 

(oDCB) after dissolving this polymer in the four different solvents at room temperature at a 

concentration of 5 mg/ml, as shown in Figure 4.1b. The specific viscosity is slightly higher in Tol 

and CHCl3 where we see higher specific viscosity than in comparatively good solvents. We 

confirm that this is due to entanglements by ultrasonicating the solutions. The disentanglement 

action decreases the specific viscosity in CHCl3 and in Tol, but no significant changes are seen in 
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the other two solvents. This strongly suggests that solvophobic forces in both CHCl3 and Tol are 

stronger than in CB and oDCB, resulting in a significant entanglement density within polymer 

chains in those marginal solvents. In the solvated state, the polymer chains tend to choose the 

extended state with large hydrodynamic volume even for high Mw, whereas in formulations 

where solvophobic driving forces are present the polymer chains prefer adopting a more rigid 

configuration.[128] Disentanglement renders more freedom of movement for the chains to start 

folding and aggregating in the presence of solvophobic driving forces which decreases the 

specific viscosity of the solution.  

In Figure 4.1c we show how the concentration affects polymer chain entanglements in solution 

at a fixed Mw of 68 kDa for the different solvents investigated here in terms of specific 

viscosity. As expected, the specific viscosity increases with the increasing concentration of P3HT 

in the solution, increasing from 0.09 to 17.74 for Tol from 1 mg/ml to 25 mg/ml, the 

approximate limit for this solvent at room temperature. A similar trend can be noticed in the 

good solvents (CB and oDCB), in which we can readily dissolve P3HT at higher concentrations. 

This higher concentration is required to push the system toward a highly entangled state and to 

start seeing benefits of disentanglement at room temperature. The results are thus clear: 

increasing the concentration  
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Figure 4.1 Specific viscosity of room temperature P3HT solutions from different solvents and 

Mw before and after disentanglement (via ultrasonication). The specific viscosity of P3HT 

solutions with respect to Mw both before and after disentanglement in (a) Tol (5 mg/ml) (up) 

and CB (25 mg/ml) (down). (b) The specific viscosity of P3HT solutions (68 kDa) with respect to 

solution concentration in different solvents (CHCl3, Tol, CB and oDCB) before and after 

disentanglement. (c) The specific viscosity of P3HT (68 kDa) solutions before and after 

ultrasonication from CHCl3, Tol, CB and oDCB at a concentration of 5 mg/ml. 
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of P3HT results in closer interactions between the polymer chains. As more molecules entangle 

and the specific viscosity increases, one enters a regime in which solvophobic effects can be 

exploited to decrease the viscosity via aggregation of the P3HT chains post-disentanglement. 

With the ability to tune the solution-state aggregation in CB and oDCB solutions, there is an 

opportunity to tune the bulk heterojunction formation when P3HT is blended with an acceptor, 

which will be the subject of future investigations. 

4.2.2 Disentanglement and aggregation in the solution state 

We now investigate the solution-state aggregation of P3HT using UV-Vis absorption 

measurements (Figures 4.2a and 4.2b) performed on the pristine and disentangled solutions of 

identical concentration.[110,119] The solution state of P3HT absorption maximum associated with 

the π-π* intraband transition appears at ca. 450 nm for all the solutions according to previous 

investigations of regioregular head-to-tail P3HT.[129–131]  Two additional absorption peaks at 

higher wavelength (i.e. lower energy) at ca. 560 nm and 615 nm, are associated to 0-1 

(intrachain) and 0-0 (interchain) transitions, respectively.[132,133] Here, we report only the 

spectral range from 520 to 700 nm, due to limitations associated to performing UV-Vis 

absorption measurements on high concentration solutions. Nevertheless, this range is sufficient 

as we can clearly see the intrachain and interchain absorption peaks, as seen in Figure 4.2. 

As expected, in well-dissolved solutions [5 mg/ml of 68kDa P3HT in CB or oDCB  (Figure 4.2a); 5 

mg/ml of 22 kDa P3HT in Tol (Figure 4.2b)] we find no evidence of vibronic signatures at 560 or 

615 nm and ultrasonicating these solutions yields no changes in their photophysical response. 

However, in all cases where the pristine solution shows evidence of photophysical aggregation 

of P3HT (Figure 4.2a: CHCl3 and Tol; Figure 4.2b: 32-180 kDa) we show that disentanglement 
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induces a significant increase of the absorption in the solution-state, indicating that 

disentanglement enhances photophysical aggregation and effectively results in increased local 

order in terms of intermolecular and intramolecular interactions. These observations agree 

with the viscosity results that were presented in section 2.1, where high viscosity in the pristine 

solution indicated the polymer chains interact more closely in these marginal/poor solubility 

conditions. UV-Vis absorption and viscosity measurements indicate the polymer forms highly 

entangled macromolecules in solution, which probably include coils, aggregates, as well as 

micro-crystallites.[110] Disentangling the polymer chains thus reduces the specific viscosity by 

providing the molecules with the mobility to form more free floating or suspended aggregates 

with high internal local order. 

 

Figure 4.2 Normalized (at  = 530 nm) UV-vis absorption spectra of at room temperature P3HT 

solutions before and after disentanglement (via ultrasonication) in different solvents and using 

different Mw. (a) Normalized UV-Vis absorption spectra of P3HT (68 kDa) solutions before and 

after disentanglement in CHCl3, Tol, CB and oDCB. (b) Normalized UV-Vis absorption spectra of 
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P3HT in Tol before and after disentanglement for different Mw (22, 32, 68, 100, 120, and 180 

kDa). All experiments performed at a concentration of 5 mg/ml.  

In the marginal solvent Tol, we observe a doubling of the normalized intensity of interchain 

absorption peak from 0.12 to 0.24 at ca. 613 nm for 32 kDa P3HT and more than tripling of the 

same from 0.13 to 0.47 for 68 kDa P3HT. Even more notable increases are seen at higher Mw, 

as shown in Figure 4.2b. The intrachain absorption peak becomes prominent for higher Mw 

samples. The increase of both interchain and intrachain absorption peaks point to micro-

crystallite formation in solution, in agreement with previous dynamic light scattering and x-ray 

diffraction studies.[124,134]  The disentanglement process increases the interchain absorption 

peak significantly in both CHCl3 and Tol, with the intrachain absorption increasing more 

prominently in Tol solutions, indicating a higher backbone planarity and chain extension and 

perhaps longer range order is more easily achieved in the solution state when Tol is used as a 

solvent rather than CHCl3. Looking closely at the absorption spectra of pristine and 

ultrasonicated solutions in Tol, it is clear that the position of the interchain absorption peak is 

redshifted by ca. 2-3 nm with increasing Mw, which may be due to the extended conjugation 

length of the polymer backbone.[124] This is supported by TEM measurements of the lamellar 

thickness of P3HT fibrils in the solid state which is found to increase after ultrasonication, as 

shown in Figure 4.3.  
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Figure 4.3 The average lamellar thickness measured at least for 5 clearly isolated fibrils (marked 

with red squares) for P3HT (68 kDa) thin-film spin-cast from pristine and ultrasonication 

solutions in Tol. 

These observations in agreement with the notion that P3HT forms micro-crystallites in Tol-

based solutions while aggregates exhibiting more local order are formed in the other solvents 

explored herein within the processing window covered in this study. 

4.2.3 Local order in solid state P3HT thin films 

Similar UV-Vis absorption measurements can be performed on thin films in order to correlate 

the solution state aggregation to the local order in the solid state. A recent model by Spano 

(Figure 4.4) has enabled the quantitative study the crystalline part and amorphous part of  

regioregular P3HT based on the thin film absorption spectra.[108,135]    
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Figure 4.4 Absorption spectrum of P3HT thin-films with Spano fit. 

 

Figure 4.5 Normalized UV-Vis absorption spectra of P3HT thin film from different solution 

with/without disentanglement process with constant concentration (5 mg/ml): (a) CHCl3, (b) 

Tol, (c) CB, (d) oDCB. 
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The film absorption spectrum is composed of two parts, a crystalline part due to interacting 

chains and monomers and an amorphous contribution from disordered chains. Thin film 

absorption spectra of different solvents (Figure 4.5) and different Mw (Figure 4.6) are shown in 

the supporting information.  

 

Figure 4.6 Normalized UV-Vis absorption spectra of P3HT (different Mws) thin film from Tol 

with/without disentanglement process with constant concentration (5 mg/ml). (a) 22 kDa, (b) 

32 kDa, (c) 68 kDa, (d) 100 kDa, (e) 120 kDa, (f) 180 kDa. 

 

The equation (1) below is able to  estimate the absorption contributions of photophysical 

aggregates due to local order from the amorphous P3HT contributions [109,136] 

A(𝐸) ∝ ∑ (
𝑆𝑚

𝑚!
) × (1 −

𝑊𝑒−𝑠

2𝐸𝑝
∑

𝑆𝑛

𝑛!𝑛−(𝑚)n≠m )
2

𝑚=0 × exp (
(𝐸−𝐸0−0−m𝐸𝑝−

1
2⁄ 𝑊𝑆𝑚𝑒−𝑆)2

2𝜎2
)  (1), 
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Here, A is the absorbance with respect to photon energy (E), W is the free exciton bandwidth of 

the intrachain aggregates, and S is the Huang-Rhys factor with a fixed value of 1.0 taken from a 

Franck-Condon fit.[56] The integers m and n are differing vibrational levels, E0-0 is defined as the 

0-0 transition energy, Ep is the intermolecular vibrational energy taken as 0.18 eV,[137] and σ is 

the Gaussian linewidth. W is inversely proportional to the width of the cofacially packed chain 

segments in P3HT aggregates and is therefore indicative of backbone planarity or reduced 

torsion. 

Following ultrasonication of the solution of 68 kDa P3HT at 5mg/ml, W decreased from 110 to 

102 meV in CHCl3 and from 95 to 90 meV in Tol, indicating increased intrachain exciton 

coupling, but did not change in CB and oDCB, as shown in Figure 4.7a. The fraction of 

photophysical aggregates also increased after ultrasonication in CHCl3 and Tol, increasing from 

44.3% to 46.9% and from 50.1% to 52.0%, respectively. These trends agree with the solution 

state analysis previously performed and indicate that the backbone planarity and increased 

local order in the solid state can be controlled in the solution state by disentangling the solution 

in formulation conditions of marginal solubility. The reduction in W can be understood as an 

extension of the conjugation length within polymer chains, in good agreement with the red-

shift of the intramolecular absorption peak of P3HT in the same solutions and with the 

increased lamellar thickness in P3HT fibrils. A similar investigation performed at different Mw of 

P3HT is shown in Figure 4.7b. A significant decrease of the exciton bandwidth is observed for 

pristine solutions prepared for P3HT with high Mw samples [138] (Mw  100 kDa). Here, 

ultrasonication reduces the exciton bandwidth even further by 12-16%, indicating that the 
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polymer chains were highly entangled in solution. The fraction of aggregates also increases 

substantially, e.g., from 52.4% to 58.6% for Mw = 180 kDa, a change of about 12%. 

 
 

Figure 4.7 The evolutions of exciton bandwidth W, fraction of photophysical aggregates (AF) in 

P3HT thin films formed from Tol and the changes in exciton bandwidth (δEB= (W-W0)/W0) as 

well as AF (δAF= (AF-AF0)/AF0) as a result of disentanglement (a) in different solvents at Mw = 68 

kDa and (b) with respect to Mw at a fixed concentration of 5 mg/ml.  

4.2.4 Thin film microstructure and morphology 

In Figure 4.8a we show TEM micrographs of P3HT thin films (68 kDa; 5 mg/ml) spin-cast from 

pristine and ultrasonicated Tol and CB solutions. The film prepared from Tol exhibits a fibril 

structure, whereas the CB films show no distinctive morphological or microstructural features 

in the micrograph. The fibrils are believed to be seeded in the solution, as discussed in section 

30

60

90

 

 Pristine

 Sonicated

0

8

16

40

50

60

 

 Pristine

 Sonicated

0

7

14

90

100

110

 

 Pristine

 Sonicated

0

2

4

6

 

40

45

50

 

 Pristine

 Sonicated

0

2

4

6
 

E
x

ci
to

n
b

a
n

d
w

id
th

 (
m

eV
)

A
g

g
re

g
a

ti
o
n

 F
ra

ct
io

n
 (

%
)

δ
E

B (%
)

δ
A

F (%
)

E
x

ci
to

n
b

a
n

d
w

id
th

 (
m

eV
)

δ
E

B
(%

)

A
g

g
re

g
a

ti
o
n

 F
ra

ct
io

n
 (

%
)

δ
A

F (%
)

CHCl3 Tol CB oDCB
Different Solvents Mw of P3HT (kDa)

22 32 68 100 120 180

a b



  131 
 

 

2.2 where we observed appearance of solution state aggregates with good intermolecular 

interactions and backbone planarity in Tol but not in CB. TEM and AFM micrographs of P3HT 

(68 kDa) thin films prepared from CHCl3 and oDCB are shown in Figure 4.9. In the case of CHCl3, 

we observe nodule formation after ultrasonicating the solution, in agreement with previous 

reports.[110,119,124] Selected area electron diffraction (ED) measurements were performed to 

investigate the crystallinity in the π-stacking direction. The π-stacking ring (020) is clear for all 

the samples, indicating the presence of long range order irrespective of the presence or 

absence of fibrils or nodules in the film. We have plotted in Figure 4.10 the normalized 

integrated ED spectra obtained for films cast from all four solvents for pristine and 

ultrasonicated solutions. The ED results reveal increased (020) intensity in the CHCl3 and Tol 

cases after ultrasonication, but no apparent change in either CB or oDCB, again highlighting that 

disentanglement and aggregation in the solution in the presence of solvophobic forces leads to 

greater long range order in the -stacking direction in thin films. 
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Figure 4.8 (a) Bright-field TEM image of P3HT (68 kDa) thin films prepared from different 

solvents: Tol I) pristine, II) disentangled, CB III) pristine, IV) disentangled. The insets show 

electron diffraction (ED) images. (b) AFM micrographs of surface topography of P3HT thin films 

prepared from different Mw of P3HT in Tol: 22 kDa I) pristine and II) disentangled; 180 kDa III) 

pristine and IV) disentangled. (c) Surface roughness (root mean squared) of P3HT (68 kDa) thin 

films prepared from different solvents before and after disentanglement. (d) Surface roughness 

of P3HT thin films from Tol before and after disentanglement for different Mw (22 kDa, 32 kDa, 

68 kDa and 100 kDa, 120 kDa and 180 kDa). All solution concentrations are 5 mg/ml. 

(020) (020)

(020) (020)

0 0

45 nm 38 nm

13 nm
12 nm

0 0

0

3

6

 

 

 Pristine

 Sonicated

CHCl3 Tol CB oDCB

Different Solvents

R
rm

s(
n

m
)

0

3

6

  

 

 Pristine

 Sonicated

Mw of P3HT (kDa)

22 32 68 100120 180

R
rm

s(
n

m
)

Ⅰ Ⅱ

Ⅲ IV

Ⅰ Ⅱ

Ⅲ IV

a b

c d



  133 
 

 

 

Figure 4.9 (a) AFM morphology images of P3HT (68 kDa) thin-films by spin coating with same 

concentration (5 mg/ml) in different solvents before and after disentanglement process: Ⅰ) in 

CHCl3, Ⅱ) in CHCl3 sonicated, Ⅲ) in Tol, Ⅳ) in Tol sonicated, Ⅴ) in CB, Ⅵ) in CB sonicated, Ⅶ) 

in oDCB, Ⅷ) in oDCB sonicated.  (b) Bright-field TEM images of P3HT (68 kDa) thin-films by spin 

coating with concentration of 5 mg/ml in CHCl3 and oDCB before and after disentanglement 

process:  Ⅰ) in CHCl3, Ⅱ) in CHCl3 sonicated, Ⅲ) in oDCB, Ⅳ) in oDCB sonicated.The insets are 

ED images. 
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Figure 4.10 Normalized electron diffraction (ED) profiles obtained from plan-view TEM of P3HT 

(68 kDa)  with same concentration (5 mg/ml) from CHCl3 (a), Tol (b), CB (c) and oDCB (d) before 

and after disentanglement process.   

 

AFM micrographs of P3HT films obtained from pristine and ultrasonicated solutions in Tol for 

Mw = 22 and 180 kDa are compared in Figure 4.8b. We observe no effect on the surface 

morphologies in the low Mw case. This is consistent with classical polymer science, according to 

which polymers with a low molecular weight form isolated, extended-chain crystals, which 

result in a polycrystalline one-phase morphology,[138] in agreement with the micrographs. In 

contrast, longer chain P3HT forms a two-phase morphology consisting of alternating crystalline 

lamellae and disordered regions, which are interconnected by individual macromolecular tie 
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molecules bridging multiple ordered domains.[139] The disentanglement of long polymer chains 

not only facilitates the molecular packing which results in the extended conjugation along the 

polymer backbone and in increased photophysical aggregate fraction, but also affects the 

morphology of the thin films. For instance, while the lamellar thickness of the fibrils increases 

after disentanglement for the 68 kDa samples, feature sizes decrease sharply for the higher Mw 

P3HT after disentanglement, as shown in Figure 4.11. This is believed to be due to the 

formation of smaller aggregates with improved diffusivity and dispersion of the aggregated 

precursors in solution.[110] In Figures 4.8c and 4.8d we plot the surface roughness of the thin 

films processed from different solvents and different Mw P3HT, respectively, from pristine and 

disentangled solutions. For thin film samples prepared from marginal and highly entangled 

solutions (e.g., Tol and/or high Mw) display significant decreases of the surface roughness 

across the board after ultrasonication. 

 

Figure 4.11 AFM morphology images of P3HT thin-films by spin coating with same 

concentration (5 mg/ml) in Tol with different Mw before and after disentanglement process: Ⅰ
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) 32 kDa, Ⅱ) 32 kDa sonicated, Ⅲ) 68 kDa, Ⅳ) in 68 kDa sonicated, Ⅴ) 100 kDa, Ⅵ) 100 kDa 

sonicated, Ⅶ) 120 kDa, Ⅷ) 120 kDa sonicated.   

 

 

Figure 4.12 Field effect hole mobility measured in the BC-BG OTFT configuration. (a) Carrier 

mobility for 68 kDa P3HT prepared from different solvents before and after the 

disentanglement process. (b) Carrier mobility of OTFTs different molecular weight from Tol.  

4.2.5 Carrier transport 

Bottom-gate, bottom-contact OTFTs were fabricated by spin-coating the pristine and 

ultrasonicated solutions of different Mw in different solvents on a substrate pre-coated with 
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source and drain electrodes. The hole mobility of OTFT devices from different solvents and 

different Mw are shown in Figure 4.12a and4. 12b while transfer characteristics are 

summarized in Figure 4.13. We observe significant improvements in the hole mobility after 

ultrasonication of the CHCl3 (2x) and Tol (3x) solutions (i.e., from 0.0030 to 0.0063 cm2V-1s-1 

in CHCl3 and from 0.0050 to 0.013 cm2V-1s-1 in Tol), but no change to the samples prepared 

from good solvents such as CB and oDCB in these low concentration conditions. We also 

observe a significant improvement of mobility with ultrasonication of P3HT solutions of 

increasing Mw at 5 mg/ml, as seen in Figure 4.5b. The carrier mobility of high Mw P3HT (>100 

kDa) can be increased up to six-fold from ~0.01 up to ~0.06 cm2/Vs, highlighting the significant 

benefits of this disentanglement approach upon the transport properties of highly entangled 

and marginally solvated high Mw conjugated polymers.  
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Figure 4.13 Electrical characteristics of a representative organic thin film transistor device in 

ambient conditions with 5mg/ml cast P3HT organic semiconductor thin-films on 240 nm SiO2 

dielectric and W/L (10000 µm/2.5 µm) of 4000. All devices were fabricated in ambient 

conditions and measured in glove box filled with Nitrogen after one night. (a) Transfer 

characteristics (IDS vs. VG) with a constant VDS fabricated in ambient from P3HT solution in Tol 

with different Mw, (b) from P3HT solution in Tol with different Mw after disentanglement 

process. (c) From P3HT (68 kDa) solution from different solvents after disentanglement process. 

(d) Output characteristics (IDS vs. VDS) with various VG measured from film spin-cast from a P3HT 

(100 kDa) solution in Tol ultrasonicated for 4 minutes.  

4.2.6 Entanglement and polymer chain behaviour in solution state 

The presence of polymer chain entanglements depends strongly upon molecular weight, 

because of the latter’s effect on chain contour length and tortuosity.[140] Based on the tube 

model as shown in Figure 4.14a, the persistence length[141,142] (lp) of P3HT was reportedly 

around 2.4 nm[143] although this is believed to differ depending on the solvent environment.[57] 

The average molecular chain contour length, Lchain, is expressed as Lchain=l0Mw/(M0B), where l0= 

3.8 Å, is the theoretical value of the repeat unit of 3-hexylthiophene,[144] M0 = 166.3 g mol-1, and 

B is a coefficient whose value is 2.0 for conjugated molecules.[145]   For a low Mw polymer 

[below the critical Mw (Mwc) of 35 kDa for P3HT[120]], the persistence length plays an important 

role and results in a higher rigidity of the backbone, which becomes rod-like, as illustrated in 

Figure 4.6a. For a high Mw polymer (Mw > Mwc), the effect of the persistence length is almost 

negligible due to the large contour length of the polymer chain (Lchain ≫ lp) and the polymer 

shows greater flexibility with chain folding and distortion occurring.[146] At the same time, high 
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Mw polymers are less soluble due to a reduced entropy of mixing resulting in greater 

solvophobic forces with increasing Mw. This decreases the effective hydrodynamic volume of 

polymer molecules and forces the polymer chains to interact more closely with a greater 

chance of entanglement. It is therefore not a surprise that high Mw P3HT should suffer from 

more entanglements,[147] and consequently exhibit a higher specific viscosity as was shown in 

Figure 4.1. The intensified solvophobic forces promote polymer coiling and intermolecular 

interactions between polymer chains, which leads to the formation of precursor species in the 

solution, as detected by UV-vis absorption (Figure 4.2). 

For a given polymer with Mw > critical Mw (Mwc), the effective hydrodynamic volume is largest 

at infinite dilution, where the polymer chains are completely isolated from other solute 

molecules. The polymer chain’s extension is also at a maximum depending on the extent of 

interactions with the solvent,[148] as schematically illustrated in Figure 4.15. There are two 

factors influencing the effective hydrodynamic volume directly: the concentration and the 

nature of the solvent. The effective hydrodynamic volume of the polymer molecules decrease 

rapidly with increase in the concentration of the solution due to the crowding of polymer 

molecules, and the related entanglements, as illustrated in Figure 4.14c. This explanation is 

supported by the viscosity measurements presented in Figure 4.1b according to which the 

specific viscosity increases sharply with increasing concentration for all solvents investigated. 

On the other hand, the extension of a polymer chain in a given solution with a given 

concentration is a function of the polymer-solvent interactions. For instance, in a good solvent 

the strong interactions between the polymer and the solvent lead the polymer to be more 

extended and to have a greater hydrodynamic volume as illustrated in Figure 4.14b. By 
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contrast, in a poor solvent, where the environment is less favourable to the extension of 

polymer chains, the polymer effectively shrinks by coiling or aggregating leading to a much 

smaller effective hydrodynamic volume (Figure 4.6c). In the presence of long neighbouring 

chains, the coiling and aggregation processes raise the likelihood that significant entanglements 

occur which increase viscosity (Figure 4.1a) and kinetically inhibit further self-assembly and 

folding processes responsible for aggregation. For this reason, the specific viscosity is believed 

to be lower in good solvents (CB and oDCB) than in poor solvents (Tol and CHCl3) for otherwise 

identical conditions. 

 

Figure 4.14 Schematic model for a conjugated polymer exhibiting different molecular states in 

solution. (a) The low Mw (Mw < Mwc) polymer exhibits more backbone rigidity and is in a rod-

like state. (a') Ultrasonication induces no change to the state of the polymer chain. (b) The 
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solution-states of a well dissolved high Mw (Mw < Mwc) polymer showing large hydrodynamic 

volume and extension of the flexible polymer chain with few interactions among the polymer 

molecules. (b') Ultrasonication indices no significant changes to the state of polymer chain due 

to the large effective hydrodynamic volume and weak interactions among the molecules. (c) 

The solution-state of a high Mw (Mw < Mwc) polymer in the presence of solvophobic forces 

exhibits small hydrodynamic volume, a tendency to aggregate but also more crowding of the 

flexible polymer chains, more interactions and chain entanglements with neighboring 

molecules, which raise the viscosity and hinder ordered aggregation in the solution. (c') 

Ultrasonication disentangles the polymer chains, increasing the freedom of polymer chain 

motion, resulting in a decrease of viscosity as well as in the formation of more ordered 

aggregates in the solution.  
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Figure 4.15 (a) illustration of relevant length scales in entangled networks of semiflexible 

polymer: tube diameter L⊥, mesh size ξ, deflection length ld and persistence length lp. (b) 

Schmatical images of a semiflexible polymer molecule in extension state and (c) Schmatical 

images of a semi-flexible polymer molecule in coiled state.  

In the cases where Mw < Mwc (Figure 4.14a) and Mw > Mwc in a good solvent (Figure 4.14b), 

ultrasonication does not appear to change the solution state, as shown in Figure 4.14a' and 

Figure 4.14b', respectively, in agreement with the specific viscosity and UV-Vis absorption 

measurements. However, when Mw > Mwc in the presence of poor solubility (Figure 4.14c), 

ultrasonication leads to significant changes with more pre-aggregation forming and fewer 

entanglements as compared with the pristine state of the solution. According to the tube 

model, the cube diameter L⊥ in this system is smaller due to strong constraints from the 

surrounding polymer chains which also results in controlled conformation and Brownian 

movement.[142] Ultrasonication intensifies the movement of polymer chains by increasing the 

cube diameter L⊥, in other words, it increases the effective hydrodynamic volume,[148] resulting 

in an improved freedom of movement of the molecules. This not only improves the diffusion of 

the molecular chains along their own contour but also weakens the suppression of movement 

by the surrounding molecules, resulting in modified transverse, reptational and rotational 

diffusion behaviours. Moreover, the deflection length ld which was described as the flexible 

part of the chain is related to the diameter of the cube: ld ∝ L⊥
2/3lp

1/3.[149] Increased cube 

diameter increases the ratio of the flexible chain, resulting in intensified Brownian movement 

which facilitates more conformational changes. As the number of polymer aggregates 

increases, there are fewer dissolved molecules in the solution and thus the effective 
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concentration of dissolved chains decreases. All of those kinetic factors therefore promote 

solution state aggregation, which translates to benefits in the solid state of the conjugated 

polymer thin film. 

4.2.7 Implications for electronics and photovoltaics 

The tube model predicts that Mw is a key parameter capable of tuning the properties of semi-

flexible polymer chains, including the rigidity of the backbone, which strongly affects the 

polymer chain state in the liquid state. In the melt, the number of entanlgements (N) per chain 

is directly proportional to Mw, [120] which means that chain extension generally is inhibited. In 

solution, N is in addition affected by the dilution/solvent concentration. In highly dilute 

solutions, essentially no entanglements persist. In contrast when the formulations approach the 

solubility limit, a relatively high disentanglement density exists. We show here that this can be 

beneficial to induce pre-aggregation in solution with good local and possibly even long range 

order. In the solid state, this results in improved local and long range orders in the π-stacking 

direction as well as in increased backbone planarity and lamellar thickness of the conjugated 

polymer chains. This ordering works effectively in high Mw polymers where tie molecules link 

crystalline domains.[121] By contrast, transport in non-interconnected chain-extended crystals, 

e.g., low Mw films, is limited by domain boundaries which act as deep traps or transport 

barriers.[138,150]These results are consistent with previous efforts made to control the state of 

solution in order to tune the transport properties of conjugated polymers in the solid state by 

the use of mixed solvents.[151] 

Along with the main theme, we have demonstrated that solution-state aggregation can be 

achieved even in so-called good solvents, such as ClCH3, CB and oDCB, if one understands the 
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solvent-concentration-Mw nexus, which pushes the formulation into a solvophobic territory. 

These solvents are more commonly used in organic photovoltaics, because of their ability to 

dissolve both donor polymers or oligomers and the soluble fullerene acceptor, thus making 

such concepts potentially important for organic photovoltaic applications.  

A potential outcome of the work presented in this paper is its impact on helping achieve 

good carrier mobility and ultimately good carrier extraction and fill factor (FF) from ~300-500 

nm thick bulk heterojunction (BHJ) layers. Thick BHJ solar cells are under urgent demand, since 

they are not only more compatible to solution printing technology, a probable 

commercialization processing for OPVs, but also more effective in the harvesting of incident 

sunlight.[13,47] However, increasing the thickness of the active layer not only elongates the 

distance for charge-carriers to travel to reach the device electrode, but also decreases the built-

in electric field.[48]  Both of those would increase the time needed to extract the charge-carriers 

in the device, resulting in higher probability of recombination, consequently low FF and 

decreased PCE.[152,153] To overcome these problems, higher hole mobility conjugated polymers 

have been successfully utilized to make thick (300 nm) OPVs with high FF,[47,48] and along the 

way showing that FF is quite sensitive to the carrier mobility. In fact, thick OPVs with high FF 

require both high and well balanced electron and hole mobilities,[13,89,154] which we anticipate 

will be challenging to achieve as film thickness is scaled up. Solution-processing films that are 2x 

to 5x thicker than current optimum bulk heterojunctions requires much more concentrated 

solutions and modification of processing conditions. This then brings forth the central issue of 

this article, which is the solution state of the conjugated polymer and the high level of 

entanglements in formulations very likely to be subject to solvophobic forces. We postulate 
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that most such formulations used to fabricate thick solar cells are likely to become solvophobic 

unless very strong halogenated solvents are utilized along with additives and elevated 

processing temperatures. Such solvents are not environmentally friendly and the processing 

conditions may not be compatible with plastic substrates. In addition, with extremely rapid 

drying brought upon by high temperatures, the outcomes of the solution-to-solid phase 

transformation may ultimately be difficult to control reliably and achieve the desired 

reproducibly in a manufacturing environment. With an increasingly urgent push to move 

toward environmentally and operator friendly solvents, we anticipate there will be a significant 

loss of solubility, which will definitely drive the formulations into strong solvophobic territory. 

In either of these scenarios, it is clear that the ability to disentangle highly concentrated 

solutions may have several important benefits: (i) reduced specific viscosity to improve 

processability and possibly increase the maximum polymer loading in the solution and thus the 

thickness of the active layer, (ii) pre-aggregation of highly ordered and uniformly sized 

microcrystallites or particles, (iii) aggregates acting as seeds for more facile and reliable 

subsequent solution-to-solid phase transformation and growth of high quality donor domains 

which can achieve fast hole transport through the thick bulk heterojunction and (iv) even 

facilitation of the phase separation between the donor and acceptor (which can easily vitrify as-

cast blends[155] without the need for harmful solvent additives. This of course will have to 

happen without hindering the formation of the increasingly important mixed phase.[46,55,156] 

4.3 Conclusion 
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We have investigated in detail the factors influencing the solution state of conjugated polymers 

(here exemplified by P3HT) in terms of the choice of solvent, solution concentration and 

molecular weight. We have identified using a combination of rheology and solution UV-Vis 

absorption that formulation regimes where solvophobic driving forces are present lead to 

increased entanglements, which hinder the aggregation behaviour. This provides an 

opportunity to influence the aggregation state of the solute by disentangling the polymer via 

ultrasonication of the solution, with consequences on the local and long range order and 

backbone planarity and lamellar thickness in the solid state. These parameters, in turn, affect 

the transport properties through the conjugated polymer in the solid state, as demonstrated by 

OFET devices.  

We have discussed the implications of this study more broadly on polymer processing and on 

our ability to control polymer aggregation in solution and ordering in the solid state. We also 

suggest that these results should have significant implications on organic photovoltaics, where 

the combination of thick solar cells and fabrication from environmentally friendly solvents 

means that formulations are likely to be highly entangled and in the presence of significant 

solvophobic forces in conditions of solar cell manufacturing. 
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Chapter 5 

Highly Efficient Printed Polymer Solar Cells: Rational Process Transfer from Spin-

Coating 

(Paper published in Journal of Materials Chemistry A)[33] 

5.1. Introduction 

Organic photovoltaics (OPV) are a promising thin film photovoltaic technology with single 

junction power conversion efficiency (PCE) now surpassing 10%.[157–159] One of the key benefits 

of this PV technology is its solution processability which means it can be manufactured using 

continuous, high throughput roll-to-roll coating techniques.[35,160] Despite this promise, spin-

coating remains by far the most widely used method for photoactive materials screening, 

device optimization and for producing champion devices.[35] This is not surprising as spin-

coating is a simple and rapid method which can easily produce uniform films on small 

substrates with the desired thickness and nanoscale morphology of the bulk heterojunction 

(BHJ) layer.[161]Achieving high efficiency has required a highly empirical optimization of 

processing conditions and formulations that is very much specific to the spin-coating process 

and is not easily transferred to printing, making the lab-to-fab push more difficult. A key 

characteristic of spin-coating is that the ink-to-film phase transformation occurs rapidly owing 

to a combination of solution ejection, outflow, including possible preferential outflow of 

different solute components, and rapid solvent drying.[155,162,163] These result in a quenched BHJ 

morphology and microstructure which can be addressed with the use of solvent additives 

and/or post-deposition thermal or solvent vapor annealing treatments.[164–166] Changing the BHJ 

thickness in spin-coating is usually done by changing the spinning speed and/or formulation 
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concentration and/or solvent, all of which can impact the BHJ nanomorphology. By contrast, 

printing processes such as blade-coating, knife coating, solution shearing and slot-die coating 

entrain the solution on the substrate, forming a trailing meniscus and the film forms without 

ejection loss of any solute, or accelerated solvent drying without the use of external drying 

agents.[167,168] BHJ thickness can be easily tuned without altering drying kinetics or the 

formulation, hence maintaining the BHJ nanomorphology intact. The differences in fluid 

dynamics and drying kinetics between spin-coating and printing methods can consequently 

result in a different outcome of the solution-to-solid phase transformation process. This might 

explain why champion OPV device performance obtained by spin-coating the BHJ formulation 

does not automatically translate into highly efficient solar cells when moving the same 

formulation to printing and related methods.[169,170] Another aspect of printing is that the 

parameters related to solution and the interaction between the solution (ink) and the surface 

are far more critical than in spin-coating.[35] 

Despite these differences and challenges, there have been reasonably successful reports on 

printed polymer solar cells. For example, Krebs et al. built up a full printing system which 

enables in situ studies of wet ink deposition and drying mechanisms.[171–174] Blade-coating of the 

active layer poly(3-hexylthiophene) (P3HT):[6,6]-phenyl-C61-butyric acid (PCBM) has achieved 

PCE of 4%,[169,170,175,176] while blade-coating of POD2T-DTBT:[6,6]-phenyl-C71-butyric acid 

(PC71BM) has achieved a PCE of 6.7%.[177,178] Photovoltaic performance of the air-processed 

poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-b0]-dithiophene-2,6-diyl-alt-(4-(2-

ethylhexyl)-3-fluorothieno[3,4-b]-thiophene-)-2-carboxylate-2-6-diyl] (PTB7-Th):PC71BM devices, 

have also successfully improved to PCE = 8.3% using a post-treatment with alcohol-based 
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solvents after blade-coating.[174] However, with the exception of P3HT:PCBM and poly[(5,6-

difluoro-2,1,3-benzothiadiazol-4,7-diyl)-alt-(3,3’’’-di(2-octyldodecyl)-2,2’;5’,2’’;5’’, 2’’’-

quaterthiophen-5,5-diyl)] (PffBT4T-2OD):PC71BM, none of the more modern printed polymer 

systems come close to matching the performance of the champion spin-cast BHJ.[173,179] 

Important progress has also been made in the area of printed tandem OPVs with exceptionally 

high fill factors and respectable PCE values of 7.66% (on glass) and 5.56% (on flexible 

substrate).[180] Fully printed tandem OPV devices have also been reported,[181,182] with PCEs of 

5.81% and 4.85% on glass and flexible substrates, respectively.[183] Fluid flow was also 

introduced for controlling phase separation during solution printing using an all-polymer bulk 

heterojunction solar cell, leading to an improved morphology and PCE reaching 3.2%.[184] More 

work has likely gone on in industrial laboratories over the past 10 years, but there is still a lack 

of reports in the scientific literature of highly efficient organic solar cells and even fewer reports 

on how to bridge the performance gap between spin-cast and printed BHJ layers in terms of 

replicating the intricate nanomorphology of the BHJ layer crucial to the photovoltaic action of 

the solar cell.[181] 

Here, we demonstrate how performance parity with champion spin-coated solar cells can be 

achieved by blade-coating the BHJ layer and we put forth a methodology for bridging the 

performance gap with champion solar cells. PCE up to 9% is achieved by blade-coating through 

careful adjustment of the BHJ layer processing and formulation, the highest efficiency thus far 

for a scalably printed BHJ layer. To achieve this performance parity with spin-cast BHJs we have 

investigated in situ the solution thinning behaviors in the different processes and identified the 

roles of processing parameters and solution formulation on the BHJ thickness as well as on its 
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nanoscale and interfacial BHJ morphologies. The investigation included a combination of in situ 

optical reflectometry and ellipsometry performed during spin-coating and printing, as well as a 

comparison between spin-cast and printed BHJ layers using energy-filtered transmission 

electron microscopy (EFTEM) and photoluminescence (PL) quenching. Based on this insight, we 

have rationally adjusted the processing conditions, the temperature and formulation in order to 

achieve morphological and – ultimately – performance parities with spin-cast BHJ solar cells. 

Importantly, we find it crucial to maintain the solute-to-additive volume ratio as this dictates 

the nanomorphology formation, suggesting that spin-coating can continue to be a suitable 

screening and pre-optimization method for printing OPVs. Our investigation also indicates that 

solvent evaporation kinetics, which are different in the contexts of spin-cast and printed 

solutions, may need to be adjusted to help achieve nanomorphological similarity. The 

performance parity is achieved for three material systems, namely poly{[4,8-bis-(2-ethyl-hexyl-

thiophene-5-yl)-benzo[1,2-b:4,5-b′]dithiophene-2,6-diyl]-alt-[2-(2′-thylhexanoyl)-thieno[3,4-

b]thiophen-4,6-diyl]} (PBDTTT-CT):PC71BM and poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-

b’]dithiophene-2,6-diyl] [3-fluoro-2-[(2-ethylhexyl)carbonyl] thieno[3,4-b]thiophenediyl]] 

(PTB7):PC71BM, PTB7-Th:PC71BM, where the PCE approaches 10%, the highest efficiency 

reported to date in blade coated organic solar cells. We also demonstrate printed PTB7:PC71BM 

solar cells with PCE of 6.5% on a flexible PET substrate.  

5.2. Results and Discussion 

5.2.1 Blade-coating and spin-coating the same formulation 

We have fabricated inverted solar cells using PTB7:PC71BM as the active layer in a 

glass/ITO/ZnO/BHJ/MoOx/Ag geometry (Figure 5.1a) and have used spin-coating conditions and 
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a formulation previously optimized in our laboratory.[185] The active layer with a thickness of 

1023 nm was spin-cast in inert atmosphere and in ambient air conditions on a room-

temperature (25 °C) substrate from a warm solution (60 °C) prepared in chlorobenzene (CB) at 

a concentration of 25 mg/mL, a DIO additive concentration of 3% by volume. The spin-coated 

cells under both inert and ambient atmospheric conditions show excellent performance with an 

average PCE of 8.7%-8.8% (Figure 5.1b), and highest PCE of 9.0%, as summarized in Table 5.1. 

The excellent efficiency achieved in air is reassuring and demonstrates that blade-coating can 

also be carried out in air. 

 

Figure 5.1 (a) Chemical structures of the donor polymer and acceptor and schematic 

representations of the inverted organic solar cell, the spin-coating and blade-coating processes. 

J-V characteristics of a representative champion spin-cast PTB7:PC71BM device are shown in (b-

c), along with (b) blade-cast devices prepared at different blade speeds at a fixed angle of 
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attack (45, with respect to the substrate plane), (c) at different angles of attack at 7 mm/s and 

(d) at different angles of attack at 15 mm/s. In all cases, the formulation used (25 mg/mL of 

PTB7:PC71BM in CB with 3 v/v% DIO) was the same as the one devised for champion spin-cast 

solar cells. 

Table 5.1 Typical figures of merit for devices fabricated by spin-coating and blade-coating 

methods in ambient air with respect to the blade-coating speed at a fixed angle of attack (45, 

with respect to the substrate plane) using the same formulation (25 mg/mL of PTB7:PC71BM in 

CB with 3 v/v% DIO). Blade-coating and spin-coating experiments were performed in air. 

PTB7:PC71BM Jsc 

 [mA/cm2] 
Voc  
[V] 

FF  
[%] 

PCEave  
[%] 

PCEmax  
[%] 

Thickness 
[nm] 

 
Spin-coating 

N2 16.17±0.30 0.74±0.01 72.5±0.9 8.8±0.05 9.0 105  

Air 16.35±0.42 0.74±0.01 71.5±1.1 8.7±0.07 9.0 99  

 
Blade-coating  
(speed 
[mm/s]) 

5 8.55±0.62 0.70±0.01 66.3±1.3 4.0±0.12 4.2 45  

7 9.47±0.44 0.71±0.01 65.9±1.6 4.4±0.09 4.7 48  

15 14.81±0.51 0.72±0.01 69.5±2.1 7.4±0.12 7.5 92 

30 15.94±0.62 0.72±0.01 69.9±1.9 8.0±0.15 8.1 108 

45 16.47±0.64 0.72±0.01 68.7±2.3 8.2±0.16 8.3 132 
 60 16.83±0.59 0.71±0.01 63.5±2.4 7.6±0.18 7.8 175 

 

As a first step, we have performed blade-coating experiments using the same formulation as 

developed for spin-cast PTB7:PC71BM solar cells in our lab, exploring a wide range of speeds 

from 0.5 to 100 mm/s at a fixed angle of attack (45, with respect to the substrate plane) 

(Figure 5.1b) and different angles of attack (30-90) at two coating speeds, namely 7 mm/s 

(Figure 5.1c) and 15 mm/s (Figure 5.1d). In all cases, the temperatures of the starting solution 

and substrate were kept identical to those of the spin-coating process. The current density-

voltage (J-V) characteristics for the different blade-coated devices plotted alongside the 

champion spin-cast solar cell show that the blade-coated devices approach the performance of 



  154 
 

 

spin-cast devices, but do not achieve parity. The resulting device figures of merit and film 

thickness are summarized in Table 5.1, Table 5.2, Table 5.3 and in Figure 5.2.  

Table 5.2 Typical figures of merit for devices fabricated by blade-coating methods in ambient 

air with respect to the blade-coating speed (slow and high-speed range) at a fixed angle of 

attack (45) using the same formulation (25 mg/mL of PTB7:PC71BM in CB with 3 v/v% DIO). 

Blade-coating experiments were performed in air. 

PTB7:PC71BM Jsc 

[mA/cm2] 
Voc  
[V] 

FF  
[%] 

PCEave  
[%] 

PCEmax  
[%] 

Thickness 
[nm] 

 
Blade-coating  
(speed 
[mm/s]) 

0.5 5.72±0.39 0.70±0.01 59.2±2.0 2.4±0.21 2.7 23  

1 6.61±0.71 0.63±0.01 47.1±1.8 2.0±0.19 2.3 18  

3 6.51±0.50 0.69±0.01 61.5±1.9 2.7±0.11 3.0 20  

 75 17.58±0.53 0.69±0.01 52.1±2.4 6.4±0.17 6.6 223 
 100 9.72±0.39 0.61±0.02 34.5±2.3 2.1±0.10 2.3 430  

 

Table 5.3 Typical figures of merit for devices fabricated by spin-coating and blade-coating 

methods in ambient air with respect to the blade-coating angle of attack (with respect to the 

substrate) using the same formulation (25 mg/mL of PTB7:PC71BM in CB with 3 v/v% DIO) at 7 

mm/s. Blade-coating experiments were performed in air. The base temperature is 25 ºC. 

PTB7:PC71BM Jsc  
[mA/cm2] 

Voc   
[V] 

FF  
[%] 

PCEave  
[%] 

PCEmax  
[%] 

Thickness 
[nm] 

7 
mm/s 

Angle 
of 

attack 

30º 7.80±0.80 0.54±0.01 56.7±1.4 2.4±0.12 2.6 21  

45º 9.47±0.44 0.71±0.01 65.9±1.6 4.4±0.09 4.7 48  

60º 12.24±0.39 0.73±0.01 71.5±0.9 6.4±0.18 6.7 65  

90º 12.64±0.42 0.73±0.01 69.6±0.7 6.5±0.05 6.7 68  

15 
mm/s 

Angle 
of 

attack 

30º 14.11±0.44 0.72±0.01 69.2±2.3 7.0±0.13 7.1 75 

45º 14.81±0.51 0.72±0.01 69.5±2.1 7.4±0.12 7.5 92 

60º 16.20±0.54 0.72±0.01 68.1±2.4 7.9±0.17 8.1 121 

90º 16.45±0.47 0.72±0.01 68.2±2.3 8.0±0.16 8.2 130 

Spin-coating N2 15.48±0.36 0.71±0.01 63.1±1.1 6.8±0.13 7.1 68  
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Figure 5.2 PCE of blade-coated PTB7:PC71BM solar cells with different active layer thickness by 

(a) different coating speeds at fixed angle of attack (45) and (b) different angles of attack for 

coating speeds of 7 mm/s and 15 mm/s, using the same formulation as the champion spin-cast 

solar cell, (c) thickness of blade-coated PTB7: PC71BM film with different coating speed.  

The inset of Figure 5.2a plots the BHJ thickness with respect to the blade-coating speed, 

ranging in thickness from 18 nm to 430 nm. The increasing thickness with coating speed 

indicates the coating to be in the Landau-Levich regime.[186] By plotting the thickness versus 

coating speed, we can noticed that the final thickness is proportional to vα with α = −0.81 for 

evaporation regime and 0.68 for Landau- Levich regime, which is close to the reported one[187].  

The dependence of solar cell performance with film thickness varied through speed and angle 

of attack are summarized in Figures 5.2a and 5.2b, respectively. The PCE of blade-coated 

devices shows a non-monotonic dependence on thickness with the highest PCE reaching 8.3% 

for a film thickness of 132 nm, still underperforming the champion spin-cast device (PCE: 9.0%) 

with a nominal thickness of 100 nm. For instance, varying the angle between 30 and 90 at 

low speed (7 mm/s) leads to a three-fold thickness variation from 20-70 nm, whereas at 15 

mm/s the same range of angles leads to a smaller, but still substantial two-fold thickness 
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variation from 75-130 nm. The device achieves PCE 8.2% at film thickness of 130 nm, also 

underperforming the champion spin-cast device (PCE: 9.0%).  

 

 

Figure 5.3 Thickness-corrected photoluminescence spectra (PL) of PTB7:PC71BM films with 

different thickness fabricated by blade-coating. 
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Figure 5.4 J-V characteristic of the spin-coated PTB7:PC71BM device fabricated at a fast spin-

speed 3500 rpm. 

 

Figure 5.5 Thickness-corrected photoluminescence spectra (PL) of PTB7:PC71BM films fabricated 

at an optimum spin-speed 1000 rpm and a fast spin-speed 3500 rpm. 
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The abilities to tune thickness through the speed and angle of attack for a fixed formulation 

identical to the optimized one for spin-coating allows the BHJ thickness to be tuned without 

modifying drying conditions. As a result, the BHJ nanomorphologies, are essentially identical in 

the BHJs produced by blade-coating for all intents and purposes. This is easily verified by 

performing PL quenching measurements on blade-coated films of different thickness, as this 

measurement is related to the degree of exciton quenching at the D: A interface. The thickness-

normalized PL spectra for the 90-220 nm thickness range is shown to be identical for all films as 

shown in Figure 5.3), indicating all BHJs in study exhibit the same effective interfacial area and 

interfacial molecular interactions. It is worth pointing out that achieving the same degree of 

independent control of nanomorphologies for films of different thickness can be difficult by 

spin-coating. To illustrate this, we have performed spin-coating experiments which yield thinner 

BHJ films by increasing the spin speed (Table 5.3). The spin-cast device with the same active 

layer thickness (68 nm) shows a significant mismatch of Jsc up from 12.6 mA/cm2 (blade-

coating) to 15.5 mA/cm2 (spin-coating), and reduced FF from 69.6% (blade-coating) to 63.1% 

(spin-coating), with the result that PCEave (PCEmax) increases less strikingly from 6.5% (6.7%) to 

6.8% (7.1%) (See Figure 5.4 for J-V characteristics). The differences in the device figures of merit 

in terms of Jsc (-19%) and FF (+10%) point to meaningful differences between the BHJ layers of 

identical thickness prepared by spin- and blade-coating. However, the smaller net difference in 

PCE (-4%) can easily mask this effect or lead it to be ignored. The thickness-corrected PL data 

for the spin-cast films at low and high speed show significant difference (Figure 5.5) supporting 

the notion that the BHJ phase separation changes with spin-coating conditions. 
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5.2.2 Rational process transfer via formulation adjustment 

The apparent sensitivity of BHJ nanomorphology as well as device figures of merit, such as the 

Jsc and FF, to the spin-coating speed when using identical formulations point to the solution 

drying kinetics being an important parameter in mediating the BHJ formation. Spin-coating and 

blade-coating of the same formulation at the same temperature will always favor faster drying 

in case of spin-coating. This factor may explain the performance differences of the blade-coated 

and spin-coated BHJs despite having the same physical thickness through controlling the speed 

and angle of attack. We therefore direct our effort towards understanding the relationship 

between the formulation, coating process, film formation and nanomorphology to achieve 

performance parity between blade-cast and champion spin-cast solar cells. 

There can be a very large combination of processing conditions (speed, angle, 

concentration, temperature) which are likely to lead to the same thickness but different BHJ 

nanomorphology. We have opted to illustrate how the initial formulation should be adjusted to 

achieve nanomorphological parity between spin-coating and blade-coating in situations where 

the coating conditions cannot achieve the same physical thickness, thus requiring the 

formulation to be adjusted. We therefore take the view that for a given formulation selection, 

there is a rational choice of film forming conditions. To describe in more detail how processing 

influences the solution thinning and BHJ film formation, we have monitored the time-evolution 

of solution thinning during spin-coating (optimized case) and blade-coating (7 mm/s) using 

simultaneous spectroscopic reflectometry and ellipsometry (Figure 5.6a), as well as in situ UV-

Vis absorption measurements (Figure 5.6b) to monitor the amount of solute present in the 

solution and thin film. The spin-coating process of a 25 mg/mL solution (75 L) reveals solution 
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thinning from a 10 m bulk solution (1 sec after spinning starts), reaching the additive 

evaporation-dominated regime at ca. 15 sec with a wet thickness of ca. 235 nm. By contrast, 

blade-coating of the same solution (5~7 L) thins out from an initial thickness of ca. 4 m (1 

sec after the blade passes) and enters the additive evaporation-dominated regime at ca. 18 sec, 

reaching a wet thickness of ca. 135 nm. In situ UV-Vis absorption reveals a significant decrease 

of absorption intensity during spin-coating indicative of solution loss, while the absorption 

intensity remains constant throughout the process for blade-coating, highlighting the overall 

low material waste in comparison to spin-coating. As expected, the blade-cast film exhibits 

much weaker absorption indicating a deficiency of solute, consistent with the thinner wet and 

dry films. The UV-Vis absorption spectra indicate a strong absorption covering the range from 

300 nm to 800 nm. However as PTB7 is reported to exhibit little change in local order between 

solution and solid states,[188] it is difficult to detect changes in the vibronic progressions 

correlated with local or long range structural evolution during the solution to solid phase 

transformation (Figure 5.7). This is in contrast to the case of P3HT:PCBM in which P3HT is semi-

flexible and its structural evolution is highly sensitive to differences in local and long range 

order both in solution and in solid states.[166,167,189,190]  
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Figure 5.6 Time-evolution of (a) solution thickness and (b) UV-Vis absorption at  = 683 nm 

during spin-coating and blade-coating using the same formulations (25 mg/mL, 3 v/v% DIO and 

base temperature 25 C) (solid black square and solid red circle), as well as blade-coating with 

adjusted formulation (50 mg/mL, 3 v/v% DIO and base temperature 60 C) (solid blue triangle). 
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The inset highlights the solution reaches the additive evaporation-dominated regime earlier 

during spin-coating than that of blade-coating using the same formulations. Blade-coating 

experiments were performed in air at fixed angle of attack (60) and speed of 7 mm/s. 

 

Figure 5.7 Evolution of UV-Vis absorption of PTB7:PC71BM blends during spin-coating. 

The final dry thickness measured by ellipsometry (ca. 100 nm for spin-cast and ca. 65 nm for 

blade-cast) is reflected in the weaker absorption and reduced wet thickness at the end of the 

solvent drying stage, where the volume swelling is ca. 50%, indicating the same relative amount 

of additive remains in the final wet film. 

The solvent drying rate in the blade-coating process is approximately 3 times slower than in 

spin-coating, where ca. 9.7 m thickness was lost in 15 sec (0.65 m/s) vs ca. 3.9 m in 18 sec 

(0.22 m/s) for blade-coating. The kinetic differences observed herein can influence the BHJ 

nanomorphology and require further investigation as well, as these are all known factors 
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influencing device performance in BHJ solar cells.[191] We have performed photoluminescence 

(PL) quenching measurements on the different BHJ films and summarize the results in Figure 8a. 

The thickness-corrected PL intensity decreases by nearly two orders of magnitude when 

introducing DIO in the spin-cast formulation, indicating significant increase in D:A interactions 

and possibly an increase of the interfacial area.[192] The blade-cast BHJ using the formulation 

optimized for spin-coating exhibits weaker PL intensity than the optimal spin-cast BHJ, 

confirming solvent drying acts as an important parameter in mediating the BHJ formation. 

Plan-view energy-filtered transmission electron microscopy (EFTEM) was performed on as-cast 

BHJ films prepared by spin-coating and blade-coating, together with thickness-corrected 

elemental mappings of carbon (284 eV) and sulfur (165 eV) which are associated predominantly 

to PC71BM and PTB7 rich phases, respectively. In Figures 5.8b-f we summarize the composite 

images of sulfur (green) and carbon (red) mapping for films prepared with different processing 

conditions. Looking more in detail at the phase separation in Figures 5.8b and 5.8c, we find 

excessively large (100-300 nm) globular fullerene domains surrounded by PTB7 in the absence 

of additive in the CB solution, with solar cells yielding no more than 4.1% PCE (Figure 5.9). The 

added DIO  results in significantly finer domains with dimensions in the 30-100 nm range, in 

agreement with previous reports.[193] This confirms that the additive is a key parameter 

controlling phase separation in spin-cast films, as it controls the nucleation density of phases 

during solution drying. With the knowledge that DIO additive drives the formation of finer 

domains, it is possible to adjust the formulation and processing conditions to achieve 

morphological similarity between spin-cast and blade-cast films. 
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Figure 5.8 (a) Thickness-corrected photoluminescence spectra (PL) and (b)-(f) RGB composite 

images obtained from plan-view EFTEM analysis of spin-cast and blade-cast films prepared 

using different formulations. Blade-coating experiments were performed in air. The angle of 

attack is fixed at 60º. 
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Figure 5.9 J-V characteristic of the spin-coated PTB7:PC71BM device fabricated without DIO. 

The BHJ morphology obtained by blade-coating the same formulation as optimized for spin-

coating (Figure 5.8d) but at 7 mm/s is significantly finer than the spin-cast BHJ layer, in 

agreement with the enhanced PL quenching observed in Figure 5.8a. We attribute this to 

slower drying kinetics of the solution on the stationary substrate as opposed to the fast-

spinning substrate (Figure 5.6a). The slower solvent drying rate likely delays the liquid-liquid 

phase separation and inhibits formation of large fullerene domains.[106,162]  Hence, the slow 

drying in the presence of the same amount of additive promotes additional mixing of the donor 

and acceptor, in agreement with PL observation. 
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Figure 5.10 J-V characteristic of the blade-coated PTB7:PC71BM device fabricated with solute 

concentration of 50 mg/mL, 3% DIO and at base temperature 60 °C. 

We now set out to increase the film thickness and change the drying speed of the solution at 

the same blade-coating speed with the aim of achieving a thicker film with slightly coarser 

morphology. We do so by doubling the solute concentration to 50 mg/mL and by raising the 

base temperature to 60 C, making it match the starting solution temperature and effectively 

compensating for cooling effects. In these experiments, the concentration of additive is 

maintained unchanged at 3%. The change of concentration allows us to increase the film 

thickness to ca. 100 nm, matching the spin-cast BHJ thickness. This experiment yields a coarser 

BHJ morphology than desired, as seen by EFTEM (Figure 5.8e) and yields a PCE of 7.6% (Figure 

5.10). The elevated base temperature keeps the material well-dissolved and reduces the 
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viscosity of the solution, which is most likely why the film thickness increases only by 50% when 

doubling the concentration. As a result of heating, the solution thinning also occurs more 

rapidly, as seen in Figure 5.6a, proving that maintaining the substrate at 60 C keeps the 

solution warm and greatly enhances its evaporation as compared to when the warm solution is 

cast on a room temperature substrate. In fact, the ca. 3 m solution reaches the solvent 

evaporation-dominated regime in ca. 4 sec (ca. 0.75 m/s), slightly faster than the spin-cast 

solution. The observation of substantially faster evaporation when casting a warm solution on a 

warm stationary sample as opposed to casting a warm solution on a cold but spinning sample 

highlights remarkable differences that such process details may have on the drying kinetics of 

the solution.  
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Figure 5.11 (a) J-V characteristics and (b) EQE for the optimal spin-cast and blade-cast 

PTB7:PC71BM devices using the same formulation (the angle of attack at 60º, base temperature 

of 25 ºC, DIO concentration of 3%, blade-speed of 7 mm/s) and a new formulation (the angle of 

attack at 60º, base temperature of 60 ºC, DIO concentration of 6%, blade-speed of 7 mm/s) 
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optimized for blade-coating. The UV-vis absorption spectra of spin-cast and blade-cast films are 

shown in the inset of (b). 

With an eye on achieving morphological similarity with spin-cast BHJ layer and recalling the 

sensitivity of BHJ nanomorphology to additive content, we have further doubled the amount of 

DIO in the solution to 6% by volume so as to maintain the same ratio of additive to solute in the 

spin-cast and blade-cast formulations. In doing so, we achieve a nearly perfect match of the PL 

intensity and of the qualitative morphology as seen by EFTEM with the champion spin-cast BHJ 

layer (Figures 5.8a, f). In Figure 5.11a we have plotted the J-V characteristics for typical spin-

cast and blade-cast cells with the re-optimized processing conditions. The optimized blade-cast 

cells show an identical average PCE of 8.8% with a maximum PCE of 9.0% (see Figure 5.12 for 

the statistical distribution of PCE). The solar cells also achieve very similar external quantum 

efficiencies (EQE) as seen in Figure 5.11b. It is worth noting that we have also investigated the 

optimal additive-to-solute ratio for PTB7:PC71BM for blade coating experiments at different 

temperatures ranging between room temperature and 90 C (not shown) and found the 

optimum ratio to be the same as that of the optimal spin-cast formulation. This achievement in 

effect proves that, by understanding the process- and formulation-dependent film thickness, 

the roles of the additive and the kinetics of evaporation, we can successfully upscale the 

processing parameters and bridge the performance gap between printed solar cell and 

champion spin-cast solar cell. 
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Figure 5.12 The power conversion efficiency (PCE) distribution of the blade-cast and spin-cast 

PTB7:PC71BM devices using the optimal formation.  

 

Figure 5.13 The viscosity of three blends solutions with concentration of 25 mg/mL and 3% DIO 

as additive measured under ambient condition. 
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Encouraged by the successful demonstration of morphological and performance parities for 

PTB7:PC71BM solar cells fabricated by spin-coating and blade-coating, we have extended our 

understanding of upscaling parameters to other widely studied polymer: fullerene systems. We 

have investigated the comparatively lower viscosity PBDTTT-CT: PC71BM system compared to 

PTB7:PC71BM as shown in Figure 5.13 and fabricated devices with the so-called standard 

architecture of glass/ITO/PEDOT: PSS/BHJ/Ca/Al. The comparatively higher viscosity PTB7-

Th:PC71BM system was used to fabricate so-called inverted devices of 

glass/ITO/ZnO/BHJ/MoOx/Ag. The spin-cast PBDTTT-CT:PC71BM and PTB7-Th:PC71BM solar cells 

achieve a PCE of 6.5% (Figure 5.14a) and 8.6% (Figure 5.14b), respectively (see also Table 5.3). 

All solutions were based on CB with a concentration of 25 mg/mL and 3% DIO by volume and 

were cast on a room temperature substrate. 
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Figure 5.14 J-V characteristics of (a) PBDTTT-CT:PC71BM and (b) PTB7-Th:PC71BM devices 

fabricated by spin-coating and blade-coating using the same formulation (the angle of attack at 

60º, base temperature of 25 ºC, DIO concentration of 3%, blade-speed of 7 mm/s), as well as by 
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blade-coating using the optimized formulation (the angle of attack at 60º, blade-speed of 7 

mm/s, base temperature of 60 ºC and 45 ºC for PBDTTT-CT and PTB7-Th systems separately, 

DIO concentration of 9% and 3% for PBDTTT-CT and PTB7-Th systems, respectively). (c) J-V 

characteristics of spin-cast and blade-cast flexible PTB7:PC71BM devices fabricated on PET/ITO 

substrate using the optimized formulation (the angle of attack at 60º, base temperature of 60 

ºC, DIO concentration of 6%, blade-speed of 7 mm/s). The photograph of the flexible device is 

shown in inset. 

Table 5.4 Device parameters of different D:A BHJ blends fabricated by spin-coating and blade-

coating using the same formulation and the optimized formulation, as well as flexible 

PTB7:PC71BM solar cells on PET/ITO substrates fabricated by the optimal spin-coating and 

blade-coating formulation. Blade-coating experiments were performed in air. The angle of 

attack is fixed at 60º and blade-speed is fixed at 7 mm/s. 

Donor Process T 
[ºC] 

[Solute] 
[mg/mL] 

[DIO] 
[%] 

Jsc  

[mA/cm2] 
Voc  

[V] 
FF  

[%] 
PCEave   

[%] 
PCEmax   

[%] 
Thickness 

[nm] 

 
PTB7 

Spin 25 25 3 16.35±0.42 0.74±0.01 71.5±1.1 8.7±0.07 9.0 99 

Blade 
Blade 

25 25 3 12.24±0.39 0.73±0.01 71.5±0.9 6.4±0.18 6.7 65 

60 50 6 16.26±0.28 0.74±0.01 72.7±0.7 8.8±0.08 9.0 102 

 
PBDTTT
-CT 

Spin 25 25 3 11.96±0.72      0.78±0.01    67.8±1.0      6.5± 0.15       6.8 83 

Blade 
Blade 

25 25 3   3.56±0.92 0.71±0.01 42.5±1.9 1.1±0.43 1.8 18 

60 75 9 12.38±0.36 0.77±0.01 68.5±0.8 6.5±0.11 6.7 86 

 
PTB7-
Th 

Spin 25 25 3 17.58±0.29     0.79±0.01    69.8±1.2       9.7±0.09      9.8 95 

Blade 
Blade 

25 25 3 17.96±0.30 0.79±0.01 65.9±1.8 9.4±0.11 9.5 123 

45 25 3 17.14±0.28 0.79±0.01 70.5±1.0 9.6±0.13 9.7 100 

PTB7  
on PET 

Spin 25 25 3 15.63±0.54 0.72±0.01 66.7±2.6 7.4±0.26 7.7 103 

Blade 60 50 6 15.10±0.38 0.69±0.01 60.5±2.2 6.3±0.14 6.5 96 

 

In the lower viscosity case of PBDTTT-CT:PC71BM, the simple transfer of the optimal spin-cast 

formulation to blade-coating was unsuccessful and results in a significant mismatch of Jsc, down 

from 11.96 mA/cm2 to 3.56 mA/cm2, and reduced FF from 67.8% to 42.5%, with the result that 
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PCE decreases from 6.5% to 1.1% (Figure 5.14a and Table 5.4). The lower viscosity is 

responsible for a reduced mismatch of BHJ thickness. To achieve the same thickness without 

changing the speed of blade-coating, we have tripled the solute concentration and the DIO 

volume fraction commensurately to 9%, but find the performance does not improve sufficiently. 

We attribute this to significantly-slower evaporation of the solvent and additive. We have 

therefore increased the base temperature to 60 C with the aim to obtain faster solution drying 

kinetics. In doing so, we have matched the PL spectrum of the champion BHJ prepared by spin-

coating  (Figure 5.15), indicating first order morphological parity. The blade-cast devices 

achieve a Jsc of 12.38 mA/cm2, a Voc of 0.77 V, a FF of 68.5%, resulting in a PCE of 6.5%, which is 

on par with the spin-cast solar cells. 

 

Figure 5.15 Thickness-corrected photoluminescence spectra (PL) of the optimal spin-cast and 

blade-cast PBDTTT-CT: PC71BM films. 
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In the higher viscosity case of PTB7-Th:PC71BM, the blade-cast film based on the same 

formulation as spin-coating yields a slightly lower PCE of 9.4%, which is due to a slightly lower 

FF, 65.9% in comparison to 69.8%. The major reason for the decreased FF is due to ca. 30 nm 

higher thickness of the blade-coated film, which we attribute to entrainment of the highly 

viscous solution of high molecular weight of PTB7-Th (154 kDa) on a cold sample stage. To 

reduce the viscosity, we have increased the base temperature to 45 °C, with the aim of 

maintaining most of the polymer dissolved in solution and not altering the drying kinetics too 

drastically. The resulting blade-cast solar cells achieve a similar thickness as the spin-cast ones 

and performance parity with a PCE of 9.7%, a Jsc of 17.14 mA/cm2, a Voc of 0.79 V, and a FF of 

70.5%. 

As a final demonstration of the potential of this work to translate to flexible substrates, we 

have fabricated PTB7:PC71BM solar cells with architecture of PET/ITO/ZnO/BHJ/MoOx/Ag using 

the optimized blade-coating and spin-coating formulations. A photograph of the flexible device 

is shown in Figure 5.14c. The flexible devices fabricated from spin-cast and blade-cast BHJ 

layers exhibit a slight decrease in Voc from 0.72 V to 0.69 V but a significant decrease in FF from 

66.7% to 60.5%, with the result of a PCE decreasing from 7.4% to 6.3%. The lower PCE of 6.3% 

for blade-cast cells, which is 70% of the rigid device’s performance, comes from lower 

transparency of PET but also from a decrease in Voc and FF, which could partially be associated 

to the higher series resistance (2.48 Ω.cm2 vs 1.54 Ω.cm2) and lower shunt resistance (4.3 

kΩ.cm2 vs 26.24 kΩ.cm2) of the blade-cast devices as compared with spin-cast ones. Other 

contributions to the loss of FF could also be non-uniformity of electron transporting layer (ZnO) 

in the flexible cells and slight differences in the active layer on the rigid glass and flexible PET 
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substrate, including thickness and nanoscale morphology which could arise from the different 

thermal conductivities of the rigid glass and flexible PET substrates as well as larger optical loss 

of the flexible PET substrate. In spite of these shortcomings, this is to our knowledge the only 

report in the literature of a flexible organic solar cell with a printed photoactive layer yielding 

PCE > 6% in a single junction configuration.[193,194] 

Contrary to the case of P3HT, which has a semi-flexible chain,[191] the modern donor systems 

studied herein exhibit a rigid backbone. The vibronic progressions of such systems are thus 

remarkably insensitive to whether the polymer is solvated and dissolved or aggregated in the 

solution or solid states, as shown in Figure 5.6 and Figure 5.7, in stark contrast to P3HT.[195,196] 

The local and long range orders of P3HT are extremely sensitive to the formulation and its pre-

treatment, to the presence of fullerene, to processing conditions and to drying kinetics.[71,197–

199] By contrast, the modern polymers examined in this study do not exhibit long range 

crystalline order and appear to be less sensitive to processing conditions. In fact, while phase 

separation in P3HT:PCBM BHJs is predominantly driven by the crystallization of P3HT,[155] it is 

believed that liquid-liquid phase separation plays a far more important role in growth of 

domain size for the more modern polymers studied herein, which can be well-controlled by 

tuning the additive amount.[162] The extreme sensitivity of the BHJ nanomorphology to the 

amount of additive present in the solution, as shown in Figure 5.8, confirms the notion that the 

latter is the main factor responsible for drying kinetics and the relationship between nucleation 

and growth of polymer and liquid-liquid phase separation. Nevertheless, achieving 

nanomorphological parity and device performance parity has required that we adjust the drying 
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kinetics through heating of the sample holder, thus allowing the blade coating process to match 

the faster drying kinetics inherent to spin coating. 

5.3. Conclusions 

We have investigated various approaches to overcome the performance gap between printed 

and champion spin-cast BHJ layers for polymers exhibiting a rigid backbone and little or no long 

range crystalline order. Our investigation shows that achieving thickness parity is not 

necessarily tantamount to performance parity. Additional adjustments are needed in the 

process in order to achieve performance parity. We investigate a hypothetical scenario where 

the thickness can only be increased by adjusting the formulation, namely the concentration. We 

find that to maintain morphological parity with spin coating it is crucial to maintain the 

additive-to-solute volume ratio if adjusting the concentration of solute and in many cases we 

see a benefit in adjusting the drying kinetics of the solution to match that of spin coating by 

increasing the process temperature. We have demonstrated that successful transfer from spin-

coating to scalable processing can be achieved through a rational approach which should pave 

the way for more easy process upscaling with minimal performance loss. 
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Chapter 6 

High speed coated organic solar cells with PCE>10% thanks to enhanced 

aggregation behavior and transport properties 

6.1. Introduction  

Solution-processed organic solar cell (OSC) devices based on donor-acceptor (D-A) blended bulk 

heterojunction (BHJ) photoactive layer possesses very attractive features such as flexibility, low 

cost, stretchability, and compatibility with large-area and high throughput coating technologies, 

making it a leading emerging photovoltaic material.[200–205] The PCE for a single junction OSC 

device has recently exceeded 12% by spin coating, [32,206] showing a bright future for the 

application of OPVs to portable and/or wearable consumer goods and building or automotive 

integration. 

To date, most of the progress in this field has come from spin coating the BHJ layer, which is 

optimally a 80-120 nm thick layer for most materials.[207–209] Spin coating is simple to use, but is 

wasteful during the initial spin-up phase.[210–212] The solvent drying kinetics are faster in spin 

coating than other processes using the same inks, which influences the ink solidification, phase 

separation and aggregation processes ultimately responsible for the efficient operation of the 

nanoscale BHJ layer.[213] Radially non-uniform solvent drying behavior also makes it unsuitable 

for large area fabrication.[214,215] Moving toward scalable coating methods requires at least 

reproducing the thickness and nanoscale morphology, which have been shown to help these 

methods achieve performance parity,[33] but another important challenge is the need for 

thicker films in printing methods in order to reduce pin hole formation and maximize device 

yield in high-speed coating methods.[216] It is therefore of great interest that scalable coating 
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techniques and recipes be developed which can outperform spin coating both in terms of solar 

cell performance and large area thin film quality.[217–220]  

Recent efforts have been made with focus on matching the BHJ thickness and drying kinetics of 

blade-coating to those of spin-cast BHJ active layer and have successfully yielded performance 

parity for several materials, including for PTB7-Th:PC71BM at PCE = 9.7%.[33] The slower drying 

kinetics of blade-coating did not yield an advantage when the thickness of the BHJ is below or 

equal to the optimal spin-cast BHJ thickness. However, the potential benefits of slower drying 

kinetics were not investigated in the context of thicker BHJ films easily formed by high speed 

coating methods and much more difficult to achieve by spin-coating. Even blade-coating, which 

employs the same edge throughout the coating process, can suffer from ‘hydroplaning’ effects 

at high speed, causing non-uniform coating. By contrast, the wire-bar on a Meyer coater (a.k.a., 

wire-bar coater) can rotate during operation, allowing the entire circumference of the bar to be 

used in the coating process,[221] and is therefore widely considered as a well-controlled and 

accurate industrial coating method with multiple wire configurations.[98,222] Wire-bar coating 

has been previously used to coat the active layer in OTFTs[97,223] and flexible OLEDs,[224] and has 

also been used to fabricate transparent carbon nanotube electrodes[225].  

Here, we demonstrate high-speed (>10 cm/s) wire-bar coated photoactive BHJ layers prepared 

in ambient condition, that achieve a single junction BHJ solar cells with PCE >10%. We go on to 

show the wire-bar coated solar-cells easily outperform spin-coated solar cells for BHJ 

thickness >100 nm by maintaining a significantly higher fill factor (FF) for thickness up to 350 

nm. We demonstrate large area (>1 cm2) devices with PCE up to 9%. In-depth analysis of device 

physics, transient absorption (TA) and morphology reveal significant differences in the 
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aggregation behavior of the fullerene acceptor domain which improve the electron transport 

properties, impact charge generation and recombination and ultimately improve the FF over 

spin-cast devices. In situ diagnostics of solution thinning and UV-Vis absorbance during spin-

coating and wire-bar coating reveal significantly slower (3) drying rate of the process solvent 

in wire-bar coating as compared to spin-coating using the same ink formulation.  

6.2. Results and discussion 

6.2.1 Wire-bar coating of organic solar cells 

It has been clearly shown in Table 6.1 that the most efficient organic solar cells are still limited 

with small area with the fabrication method of spin coating in inert gas filled glove box. 

Meanwhile, huge effort has been made in transfer the coating technology from spin coating to 

scalable coating technologies, mainly on blade coating with relative lower coating speed from 

several to tens of mm/s. With the help of understanding and controlling the morphology 

formation and phase segregation during the bulk heterojunction blend film solidification 

process, efforts on optimization and morphology control has significantly reduced the gap in the 

PCE of OSC devices fabricated by spin casting technology and the scalable coating methods such 

as blade coating. For blade-coating, it employs the same edge throughout the coating process, 

can suffer from ‘hydroplaning’ effects at high speed as mentioned above, causing non-uniform 

coating. While in contrast, the wire-bar on a wire-bar coater can rotate during the process, 

allowing the whole surface of the bar to be used during operation process, and is therefore 

widely considered as a well-controlled and accurate industrial coating method with multiple 

wire configurations. Compared with blade coating, quite few literatures reported the organic 

solar cells by wire-bar coating.  
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Table 6.1 Comparison of power conversion efficiencies (PCE), coating condition, active layer 

materials and device area of highly efficient organic solar cell previously reported by spin 

coating, blade coating as well as the wire-bar coating. 

Coating 
method 

Coating 
condition 

Active layer  
Device 

area  
PCE Reference  

Spin 
coating 

      glovebox PTB7-Th:PC71BM 0.1 cm2 10.1% Reference[226] 

N/A PTB7-Th: PC71BM 
0.04 
cm2 

10.8% Reference[227] 

       glovebox 
PffBT4T-

2OD:TC71BM 
0.059 
cm2 

10.8% Reference[228]  

      glovebox 
PffBT4T-C9C13: 

PC71BM 
0.059 
cm2 

11.7% Reference[158] 

Blade 
coating 

 40 mm/s + in air PBDT-TSR: PC71BM 
0.069 
cm2 

8.4% Reference[229] 

N/A+ glovebox 
p-DTS(FBTTh2)2 : 

PC71BM 
0.04 
cm2 

8% Reference[230]  

5-77 mm/s + 
glovebox 

PffBT4T-2OD: 
PC71BM 

0.04 
cm2 

9.9% Reference[179] 

7 mm/s + in air PTB7-Th: PC71BM 0.1 cm2 9.6% Reference[33] 

Wire-
bar 

coating 

N/A+ glovebox PCDTBT:PC60BM 
0.045 
cm2 

5.26% Reference[231] 

>100 mm/s + in 
air 

PTB7-Th: PC71BM 
0.1 cm2 10.22% 

This work 
1 cm2 9.0% 

 

Although the champion organic solar cells are almost fabricated on small device area by spin 

coating in glovebox, huge efforts has been made to transfer the active layer process from spin 

coating to the methods which can be scaled up such as blade coating, with slightly sacrificed 

performance as shown in Table 1. Quite a few papers reported the organic solar cells fabricated 
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with wire-bar coater. In this work, we demonstrate large-area highly efficient OSC devices with 

BHJ layer fabricated by wire-bar coating with high coating speed. 

In Figure 6.1a we illustrate the organic active layer coating process based on wire-bar coating 

and the configuration of single-wrap wire-wound bar as well as the related parameters including 

the diameter (D) of wire and the gap (∆H) between the wire-bar and substrate. The wire 

diameter is a key parameter to determine the amount of coating solution thanks to the open 

space (see red shaded area in Figure 6.1b). In this study, we used a bar with D = 0.05 mm and 

∆H = 0.3 mm. A solution meniscus forms between the moving wire-bar and the stationary 

substrate after casting the solution and gradually dries.[97] The thickness and uniformity of the 

coating layer are determined by several experimental factors, including the viscosity and 

concentration of the ink, the gap between the substrate and wire-bar and the coating speed 

and so on.[97,98] The coating speed determines the active layer thickness which can be tuned 

from tens to hundreds of nanometers with great ease and uniformity, as shown by coating the 

active layer on rectangular substrates (7.5×2.5 cm2) in Figure 1c and Figure 6.2a. The increasing 

thickness with coating speed suggesting that the coating is in the Landau-Levish regime[188].  

This trend of change in thickness is in a good agreement with previous study of bar coating for 

OTFT devices.[97,223] The ink formulation used in wire-bar coating experiments are based on the 

champion PTB7-Th: PC71BM ink formulation developed for spin coating (see Figure 6.1d for 

materials and Materials and Methods for more information about ink preparation).  
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Figure 6.1 (a) Schematic description of the wire-bar coating process method with (b) illustration 

of the coating-bar with projection view and (c) different thickness of BHJ layer by controlling 

coating speed as indicated from same solution formulation (see experiment part). (d) Molecular 

structures of donor material (PTB7-Th) and acceptor material (PC71BM) as well as solvent 

additive (DIO).  

a

Substrate

D

∆H

b c
45nm   ( 5 mm/s) 

100nm   (110 mm/s) 

330nm   (250 mm/s) 

PTB7-Th PC71BM DIO

d



  185 
 

 

Figure 6.2 (a) Film thickness as a function of wire-bar coating speed (b) Inverted organic solar 

cell configuration used in this study. (c) J-V characteristics of inverted organic solar cells with 

different active layer thickness (100 nm and 265 nm) fabricated by wire-bar coating and spin 

coating. (d) Jsc, (e) FF and (f) PCE as a function of thickness of active layer fabricated by wire-bar 

coating and spin coating. 
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Table 6.2 Photovoltaic parameters of OSCs with different active layer thickness by different bar-

coating speed measured under AM 1.5G illumination at100 mW cm-2. The average values 

obtained from at least 12 cells are given in brackets. 

 

Inverted solar cells were fabricated using the geometry shown in Figure 2b with 

glass/ITO/ZnO/BHJ/MoOx/Ag, where the BHJ layer was either spin-cast or wire-bar coated in 

ambient air at room-temperature. After a high vacuum process for drying DIO additive, 

vacuum-evaporation of MoOx and Ag is followed. In Figure 2c we plot J-V curve of 

representative OPV devices with spin-cast as well as wire-bar coated BHJ thickness of 100 nm 

and 265 nm. The OPV device parameters for devices with different thicknesses are 

summarized in Tables 6.2 and 6.3, respectively.  

Thickness 

(nm)

Jsc

(mA/cm2)
Voc (mV) FF (%)

Rshunt

(kOhm.cm2)

Rseries

(Ohm.cm2)
PCE (%)

45±3 12.31(12.14) 0.78(0.77) 68.91(67.11) 1.3(1.1) 10.3(10.1) 6.57(6.32)

75±3 16.43(16.47) 0.80(0.79) 71.54(71.02) 11.4(11.2) 0.6(0.4) 9.46(9.31)

100±3 17.51 (17.55) 0.80 (0.79) 72.06 (71.35) 11.6(11.3) 0.2(0.2) 10.05 (9.96)

140±5 18.69(18.82) 0.80 (0.79) 67.97 (68.25) 9.1(8.8) 0.8(0.6) 10.22 (10.18)

160±5 19.23 (19.25) 0.79 (0.79) 66.86 (65.01) 6.1(5.7) 2.0(1.7) 10.21 (9.88)

190±5 19.51 (19.21) 0.79 (0.79) 61.86 (62.16) 5.5 (5.6) 2.6 (2.4) 9.60 (9.43)

265±6 19.22 (19.44) 0.79 (0.79) 58.45 (55.85) 6.3 (4.9) 4.2(4.6) 8.86 (8.62)

310±6 19.60 (19.32) 0.78 (0.78) 48.05(46.97) 3.3 (3.1) 7.1 (7.3) 7.34 (7.08)
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Table 6.3 Photovoltaic parameters of OSCs with different active layer thickness by different spin 

speed measured under AM 1.5G illumination at100 mW cm-2. The average values obtained 

from at least 12 cells are given in brackets. 

 

The solar cells made with identical BHJ thickness achieve nearly identical J-V characteristics, Jsc 

is around 17.6 mA/cm2, Voc is around 0.79 V, FF is close to 72% and power conversion efficiency 

(PCE) is slightly exceeding 10%. However the J-V curves of devices made using a 265 nm BHJ 

layer are very different. The wire-bar coated device has significantly higher FF (55.85%) 

compared to the spin-cast one (43.53%) even though they both achieve similar Jsc and Voc. As 

these devices were made under ambient condition with the room temperature of ca. 22°C and 

the humidity of ca. 60%, we have also prepared spin-cast films in the same conditions in a N2-

filled glove box, showing identical solar cell performance and PCE (Figure 6.3).  

Thickness 

(nm)

Jsc

(mA/cm2)
Voc (mV) FF (%)

Rshunt

(kOhm.cm2)

Rseries

(Ohm.cm2)
PCE (%)

45±3 12.71(12.52) 0.80(0.79) 67.14(66.12) 9.3(8.9) 10.1(9.8) 6.67(6.60)

75±3 16.26(16.21) 0.80(0.79) 71.70(71.02) 10.6(10.2) 0.7(0.4) 9.21(9.11)

100±3 nm 17.62 (17.60) 0.79 (0.79) 72.17(71.43) 13.1(12.8) 0.3(0.2) 10.08 (10.01)

140±3 nm 18.32(18.20) 0.78(0.78) 65.68(65.12) 12.9(12.0) 2.1(2.0) 9.45(9.32)

160±3 nm 18.95(18.85) 0.78(0.78) 61.17(60.21) 6.2(6.0) 3.8(3.6) 9.01(8.91)

190±3 nm 19.59(19.32) 0.78(0.78) 53.30(52.45) 4.4(3.3) 4.1(4.2) 8.24(8.15)

265±4 nm 19.53(19.41) 0.77(0.77) 44.40(43.53) 1.9(1.7) 6.1(5.9) 6.61(6.32)

310±4 nm 19.18(19.10) 0.76(0.76) 38.80(38.01) 1.3(1.2) 9.1(8.9) 5.65(5.24)
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Figure 6.3 J-V characteristics of inverted organic solar cells with 100 nm thickness of BHJ 

fabricated by spin coating in (a) glove box and (b) ambient condition. 

6.2.2 Wire-bar coated thick solar cell devices 

The differences in FF in the thick film regime warrant further investigation. In Figures 6.2d, e 

and f we plot, respectively, the Jsc, FF and PCE versus thickness of BHJ layer thickness for both 

wire-bar coated and spin-coated solar cells. The Voc is plotted in Figure 6.4; it remains constant 

for all active layer thicknesses investigated using both coating methods. The average Jsc 

increases significantly with film thickness from 12.3 mA cm-2 to 19.3 mA cm-2 as the thickness of 

active layer increases from ~45 nm to ~160 nm, and remains constant thereafter (Figure 6.2d). 

The enhancement of Jsc is also observed in the EQE (Figure 6.5), which show a uniform increase 

of the EQE over the entire spectrum for thickness of BHJ layer up to 160 nm, with no further 

changes observed for thickness up to 310 nm. The situation is dramatically different when it 

comes to FF (Figure 6.2e), which is the primary parameter showing significant difference 

between spin-cast and wire-bar coated solar cells made with increasing thickness. In Figure 6.2f 
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we summarize the PCE of solar cells made by the two techniques over the entire thickness 

range. The observation of PCE peaking with active layer thickness is consistent with literature 

report, which show that Jsc and FF are the two competing factors that directly determine the 

performance of devices made with different active layer thickness.[232,233] Enlarging the 

thickness of BHJ layer often reduce the PCE of OSCs device, [153,232,234] since thicker active layer 

not only increases the distance which charge-carriers must travel through to reach the 

electrodes but also  decreased magnitude of built-in electric field. Both of these two factors 

increase the time needed to extract the photo-generated charge-carriers, resulting in a higher 

bimolecular recombination and consequently deteriorating FF.[232] 

                                

Figure 6.4 Voc of the inverted solar cells as a function of thickness of active layer fabricated by 

wire-bar coating and spin coating. 
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Figure 6.5 EQE spectra of OSCs devices with different thickness of active layer fabricated by (a) 

wire-bar coating and (b) spin coating. 

The inset of Figure 6.2f clearly shows the thickness-dependent PCE peaking at different active 

layer thicknesses for spin-coating and wire-bar coating, with the latter peaking at 140 nm for an 

average PCE = 10.18%, whereas the former peaks at 100 nm with an average PCE = 10.01%. The 

champion efficiencies achieved in these conditions are 10.22% and 10.08%, respectively, in 

favor of wire-bar coating. In addition, the wire-bar coated devices consistently outperform the 

spin-cast devices by >1% when the active layer thickness is equal or greater than 140 nm, with 

the performance gap increasing with thickness. When the thickness increases to 190 nm, the 

average PCE remains 9.4% for wire-bar coated samples while it drops to 8% for spin-cast 

devices. Wire-bar coating can thus yield both better champion devices as well as higher average 

and maximum PCE when compared to spin-cast devices in the thicker active layer regime.  
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Taking advantage of the superior coating uniformity and device performance properties of 

wire-bar coating, we have fabricated large area (1 cm2) solar cells, as shown in Figure 6.6. The 

devices  

 

Figure 6.6 (a) J-V characteristics of inverted organic solar cells with active area of 1×1 cm2 (b) 

the corresponding EQE spectra and integrated current density with the insert of the large area 

devices. 
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Figure 6.7 The power conversion efficiency (PCE) distribution of wire-bar coated large area (1×1 

cm2) PTB7-Th: PC71BM devices. 

showed a highly reproducible average PCE of 8.7% for 16 devices (see distribution in Figure 6.7) 

with a best PCE of 9%. 

6.2.3 Device physics and recombination mechanism 

To elucidate the difference in the responses of spin-cast and wire-bar coated photoactive layers, 

we investigate the transport and recombination behavior in these devices. SCLC measurement 

has been carried out to investigate differences in hole and electron mobility between wire-bar 

coated and spin-cast active layers with different thickness. In the SCLC regime and the zero-field 

carrier mobility μ was calculated from Equation (1). In the equation,   J means the current 

density, ԑ0 stands for the free space permittivity, ԑ is the relative permittivity for organic 

materials (taken as 3.5), and V is the applied voltage.  
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J = 
9

8
𝜀𝜀0 μ

V2

𝑑3
       (6.1) 

 

Figure 6.8 (a) Current density–voltage (J–V) characteristics for PTB7-Th: PC71BM electron only 

device and (b) calculated electron mobility from SCLC measurement.  Voc versus light intensity 

for both wire-bar coated and spin coated PTB7-Th: PC71BM devices with thickness of (c) 100 nm 

and (d) 260 nm. 

We have made electron-only and hole-only devices by fabricating glass/ITO/ZnO/BHJ/LiF/Al and 

glass/ITO/PEDOT: PSS/BHJ/MoOx/Ag stacks, respectively. We plot in Figure 6.8a selected 
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coated BHJ layers of similar thickness (100 nm). Similar data for hole-only devices is plotted in 

Figure 6.9. The calculated hole and electron mobilities for BHJ films fabricated by spin coating is 

4.0×10-4 cm2V-1s-1 and 1.9×10-5  cm2V-1s-1, respectively, which is in agreement with published 

values[37,38]. This difference in mobilities is similar to the PTB7:PC71BM system, where the spin-

cast BHJ film shows higher hole mobility than electron mobility by around 1-2 orders of 

magnitude.[153] When comparing spin-cast and wire-bar coated films, hole-only devices reveal 

nearly identical values of hole mobility (Figure 6.9) for all film thicknesses prepared by both 

techniques. By contrast, the electron mobility extracted from electron-only devices reveals 

significant differences between the two methods for all film thicknesses (Figure 6.8b), yielding a 

greater electron mobility by nearly a factor of 4 in favor of wire-bar coated films. This alleviates 

the significant unbalance in carrier mobility from 21 for spin-coating down to 5.  

The relationship between Voc and light intensity (I) is described by the expression below:  

𝑉𝑜𝑐 =
𝐸𝑔𝑎𝑝

𝑞
−

𝑘𝑇

𝑞
ln[

(1−𝑃)𝛾𝑁𝑐
2

𝑃𝐺
](2.6) 

In this formulation, T refers to temperature, k is Boltzman constant, q stands for the elementary 

charge. The probability that a polaron can dissociate into charge carriers is P. 𝛾 stands for 

recombination constant. G and Nc are the generation rate of electron-hole pairs and the density 

of states in the conduction band, respectively. The formula directly indicates that the Voc is 

dependent on the intensity of light, as discussed above. Based on this formula, it is easy to 

obtained that the slope S of the open circuit voltage versus the natural logarithm of the light 

intensity is equal to kT/q .[81] When second order recombination dominates, the slope of Voc 

versus natural logarithm of the light intensity is kT/q. If the other non-germinate recombination 
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mechanisms get involved, then a stronger dependency of Voc on light intensity can be 

expected.[39] 

For thin BHJ films (100 nm) (Figure 6.8c), the slope of wire-bar coated samples (1.03 kT/q) is 

just slightly lower than that of spin-cast ones (1.06 kT/q), indicating a recombination process 

that is primarily bimolecular in nature. When the thickness of BHJ films increases to 265 nm 

(Figure 6.8d), the slope also increases, reaching 1.21 kT/q for wire-bar coated and 1.33 kT/q for 

spin coated films. This suggests more geminate recombination takes place in thicker cells, 

especially when fabricated by spin-coating. However, the geminate recombination in thick wire-

bar coated BHJ layers is comparatively lower, which can be explained by the improved and 

balanced carrier mobility.  
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Figure 6.9 Calculated hole mobility from SCLC measurement for both wire-bar coated samples 

and spin coated samples with various thicknesses. 

Ultrafast TA were applied to examine charge carrier dynamics and further explore the different 

photo physics of the respective techniques. For the ps- ns case case an excitation at 700 nm 

was carried out and the time resolved spectra were collected. The acquired results for wire 

coating are presented in Figure 6.10a where the ground state bleach (GSB) band is covering the 

spectral range from 1.55-2.1 eV, while a broad photo induced absorption band is located from 

1.5 to 0.8 eV with a pronounced peak at 1.05 eV peaking at 100-150 ps. More precisely, the 

spectra are increasing within the first 150 ps with a blue shift and then decays while the 

spectral peak position is further blue shifted. This phenomenon has been reported as triplet 

signature by D. Gehrig [237]. Similar spectral shape is obtained for the case of spin coating. The 

extracted charge carrier dynamics are showed in Figure 6.4c. In Figure 6.4c, a direct comparison 

to the charge carrier dynamics across the two coating techniques is displayed. The kinetics 

exhibits a delayed rise up to 100 ps for the case of wire coating which we attribute to different 

morphology of the two techniques. The delay is due to larger domain for the wire coating case 

thus the generated excitons upon action of the pump beam have to diffuse over a larger time 

window compared to the spin coating. This could be understood by the different aggregation 

behavior of two component in BHJ films, which would result in different morphology and will be 

discussed in the following part. Further, 60 % of the signal of spin coating has decayed within 

the observed time window while only 30 % has decayed for the case of wire coating.        

In the ns-μs TA an excitation of 532 nm is executed and the collected spectra are presented in 

Figure 6.4d and 6.4e for wire-bar coated sample and spin coated sample respectively. The 
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spectral shape is quite similar for both techniques with the signal intensity being higher for the 

case of wire bar, while a narrower feature for the case of spin coating. The extracted charge 

carrier dynamics is presented in Figure 6.4f for both techniques and as observed wire bar has a 

faster recombination within 40 ns as 80 % of the signal has decayed. We assign this behavior to 

different mobility of the charge carriers, which has been demonstrated by SCLC measurement.  
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Figure 6.10 The acquired TA short delay spectra of wire bar coating in (a) and spin coating in (b) 

after an excitation at 700 nm, whereas (c) shows the charge carrier dynamics in the ground 

state bleach. Similarly, (d) and (e) display the long delay TA spectra of wire bar and spin coating 

after an excitation at 532 nm and (e) represents the charge carrier dynamics.  

6.2.4 Nanoscale morphology 

The differences in the electron mobility and recombination behaviors of active layers prepared 

by the different methods point to significant morphological differences, including in the 

fullerene acceptor domain. Unfortunately as both the donor and acceptor phases exhibit short 

and intermediate range order, they do not exhibit meaningful diffraction features, hence their 

structures are not expected to exhibit significant differences.  
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Figure 6.11 Electron energy loss spectra (EELS) for the pure PTB7-Th film (green) and pure 

PC71BM film (red) respectively from 0 to 40 eV.  

 
The real-space morphology of the blend films were characterized by using electron and surface 

probe microscopy methods. We have applied scanning transmission electron microscopy 

combined with spatially resolved spectroscopic imaging (STEM-SI) of the electron energy loss to 

distinguish donor and acceptor phases in BHJ blend films at nanoscale. Since the electron 

energy loss spectroscopy is different for PTB7-Th and PC71BM as shown in supporting 

information (Figure 6.11), we can observe the morphology of the PC71BM phase within the 

blend films by mapping the PC71BM intrinsic peak at ca. 6.15 eV. STEM-SI images of the 

fullerene domains in spin-cast and wire-bar coated films are showed in Figures 6.12a and 12b, 

respectively. The image shows finer fullerene domain size in spin-cast vs. wire-bar coated films. 

Surface topographic analysis of the samples carried out by AFM is showed in Figure 6.13. AFM 

shows rougher (1.9 nm) and qualitatively coarser surface topography in case of wire-bar coated 

films compared to spin-cast films (1.66 nm). We establish a more accurate topographic map of 

the surface using scanning tunneling microscopy (STM), which has much better lateral spatial 

resolution and accuracy than AFM. The STM topographic images of spin-cast (Figure 6.12c) and 

wire-bar coated (Figure 6.12d) BHJ films. The micrographs reveal coarser domains in the latter 

case, in qualitative agreement with STEM-SI observations of the domain size in the bulk of the 

BHJ.  This is in good agreement with quantitative analysis of particle size distribution from AFM 

images as shown in Figure 6.12e. Meanwhile, similar statistical height distributions results also 

obtained from the STM images in Figure 6.14. 
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To better ascertain the internal morphology of the phase separated blend, we have performed 

grazing incident small-angle X-ray scattering (GISAXS) measurements on the two types of films 

(Figure 6.12f and Figure 6.15). The two preparation methods result in different scattering 

features in the qz direction of GISAXS profiles. Both curves exhibit very similar power-law 

dependence in the low q regime (<0.1 nm-1), indicating the mass fractal nature of the domains 

within these films.[238] The higher GISAXS intensity and higher power-law scattering in the low-q 

region (2.1 for wire-bar coating vs. 1.8 for spin-coating) indicate the degree of fractal 

aggregation is substantially enhanced by wire-bar coating the BHJ.[239] Hence, the increased 

low-q intensity in wire-bar coated blend films is due to the increased degree of aggregation of 

fractal-like PC71BM domains. Fractal-like domains tend to be less isolated and more 

interconnected, resulting in more continuous pathways, which can increase the overall electron 

mobility in blends.  
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Figure 6.12 PC71BM mapping images by scanning transmission electron microscopy with 

spatially resolved spectroscopic imaging (STEM-SI) of the electron energy loss for (a) spin 

coated and (b) bar coated photoactive layer. STM topography images (Vb = 2.5 V; It = 0.5 nA) of 

(c) spin coated and (d) bar coated  PTB7-Th/PC71BM thin film (ca. 160 nm) on top of ITO 

substrate.  (e) Particle size distribution calculated from NanoScope Analysis from Bruker based 

on AFM images (f) integrals of the 2D GISAXS of PTB7-Th/PC71BM blend films. 
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Figure 6.13 AFM micrographs (5×5 μm) of surface topography of PTB7-Th/PC71BM blend film 

(100 nm) prepared by wire-bar coating and spin coating. 

 

 

Figure 6.14 Statistical height distributions of (a) wire-bar coated and (b) spin coated BHJ films 

measured by STM.   
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Figure 6.15 2D GISAXS data of PTB7-Th/PC71BM blend films by spin coating and wire-bar 

coating. 

6.2.5 Ink drying kinetics and film formation  

To identify the reasons behind the differences in the nanoscale morphology, we investigate the 

kinetics of solution thinning and film formation during spin-coating and wire-bar coating by 

performing in situ time-resolved optical reflectance and absorbance measurements. A 
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meaningful comparison requires both processes to achieve the same final dry film. For this 

purpose, we have selected spin-coating and wire-bar coating conditions which give rise to the 

same final thickness (190 nm) whilst being in a moderately thick BHJ regime. In Figure 6.16a 

we plot the solution/film thickness evolution during wire-bar coating and spin coating 

experiments. As expected, both inks thin and dry differently and reach the same steady wet 

film thickness associated to the DIO-loaded BHJ film, with a thickness of 370 nm, within 10 

s/27.5 s for spin-coating/wire-bar coating. As expected, spin-coating starts off much thicker 

(20 m at t = 1 s) as the excess ink is lost during the spin-off stage, while wire-bar coating 

defines a thickness of 6 m in the Landau-Levich coating regime. The spin-cast film thins 

through a combination of out-flow and evaporation, with the latter dominating in the final 

seconds of spin-coating. By contrast, thinning of the wire-bar coated ink is dominated by 

evaporation. Plotting the time-evolution of thickness on a linear scale in the inset of Figure 6.6a 

reveals the drying rate of the CB solvent is three times slower in wire-bar coating (0.24 m/s) 

than in spin-coating (0.76 m/s). In comparison, the DIO-swollen film dries at a negligible rate, 

requiring high vacuum to fully dry the film. [240] 

In situ UV-vis absorbance measurements performed during spin-casting and wire-bar coating 

are shown in Figures 6.16b and 16c, respectively. Rapid loss of solution during spin-coating 

results in a dramatic reduction in absorbance for 3 seconds, followed by an increase in 

absorbance and a slight redshift upon formation of the BHJ layer swollen with DIO at the 10 s 

mark. In contrast, the spectral absorbance remains unchanged in wire-bar coating as the 

amount of solute is determined during the coating step. A slight rise in absorbance is seen at 

the moment of DIO-swollen film formation as well as a very slight red-shift. In Figure 6.16d we 
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plot the normalized absorbance spectra of the starting ink, the final dry films, as well as the 

absorbance spectra of the wet films at 70 s. We observe higher intensity of the peak around 

470 nm attributed to PC71BM aggregates in the dry wire-bar coated film, as compared with the 

spin-cast one. We have prepared fullerene films blended with an insulating polymer, 

polystyrene (PS), using the exact same coating recipes in order to assess differences in the 

absorption features of the dry fullerene films (Figure 6.16e). When compared to the absorption 

spectra of PTB7-Th: PC71BM blends, the PS: PC71BM blends exhibit very similar absorbance 

differences between dry films prepared using the two methods, confirming that the differences 

are due entirely to the fullerene, rather than to changes in the absorbance of the donor 

polymer. 

Absorbance spectra taken at 70 s and comparing wire-bar and spin-cast wet films also reveals a 

more pronounced peak at 470 nm in wire-bar coated wet film, indicating that this difference 

precedes the additive drying phase in vacuum and may indeed have its origins in the different 

solution thinning behavior seen in Figure 6.16a. We look further into this in Figure 6.16f, where 

we plot the time-evolution of absorbance at 470 nm for the two processes. The data shows the 

absorbance of the wire-bar coated ink remaining nearly constant and increasing gradually, 

albeit weakly, until the moment of wet film formation (20-25 s). By contrast, the absorbance 

of the spin-cast ink dips and recovers rapidly between 7 and 10 s. It is arrested at 10 s and 

subsequently stops evolving, suggesting the fullerene aggregation is more quenched in spin-

coating than in wire-bar coating. These measurements prove that the fullerene aggregates 

during the CB drying state as the solution evolves from a CB-dominated ink to a DIO-dominated 

one. The solubility of PC71BM in DIO is on the order of 80 mg/ml.[241] However, as the 
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concentration of PC71BM is 15 mg/ml in chlorobenzene (CB) and the volume ratio of DIO to CB 

is 3:100. Considering DIO is selectively dissolving PC71BM and assuming the DIO can fully 

dissolve PC71BM, we calculated that the concentration of PC71BM in DIO is 500 mg/ml, which is 

5.25 times greater than the solubility of PC71BM in DIO. This indicates that only a small fraction 

of PC71BM in the wet DIO-swollen film can be solubilized. The aggregation of the PC71BM 

therefore must happen during the CB drying stage and depends upon the drying kinetics of CB. 

Our experiments have demonstrated the latter to be three times faster in spin coating than in 

wire-bar coating, making this favorable for fullerene aggregation. 
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Figure 6.16 (a) Thickness evolution during film formation by wire-bar coating and spin coating 

process. The red star indicates the final thickness after vacuum drying. UV-vis absorption 

intensity of PTB7-Th/PC71BM as a function of time for (b) spin coating process with spin speed 

and (c) wire-bar coating process. (d) Comparison of UV-vis absorption spectra of PTB7-
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Th/PC71BM by spin coating and wire-bar coating in swollen state by DIO and solid state after 

vacuum drying.  (f) Normalized UV-vis absorption spectroscopy of PS/PC71BM by spin coating 

and wire-bar coating in solid state. 

 

Figure 6.17 (a) Photograph of a glass substrate (7.5×5 cm2) coated PTB7-Th/PC
71

BM active layer 

by spin coating. (B)The UV-vis spectra of different spots as indicated in the photograph.  

 
In order to prove the spin coated film with a uniform composition of donor and acceptor 

materials, we tried to spin coat on a large substrate (7.5×5 cm2) and measured the UV-vis 

absorption spectra at different spots from center to the edge as indicated in the photograph. 

The ratio of absorption peak intensity between PC71BM and PTB7-Th is almost same which 

indicate the content of each component is nearly same.  
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Figure 6.18 C1s, O1s, O2s, S2s, S2p XPS spectra for top and bottom surfaces of PTB7-Th/PC71BM 

blend thin films (100 nm) fabricated by spin coating and wire-bar coating as indicated. 

 
In order to study the vertical component distribution of donor material (PTB7-Th) and acceptor 

material (PC71BM). We have used a way combined with floating and lamination to prepare the 

bottom surface up and top surface up samples for the XPS measurement. The obtained 

elemental composition as shown in Figure 6.18.  Since the element of sulfur (S) is unique for 

electron donor material, we can distinguish the donor material (PTB7-Th) and acceptor material 

(PC71BM) by the element of sulfur. By compare the ratio of carbon element from PTB7-Th and 
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PC71BM (Table 6.4 and Table 6.5), it suggests that there is almost same component content for 

both spin coated and wire-bar coated one. For the top surface, the ratio of carbon element 

from PTB7-Th and PC71BM is 1:1.3 for spin coated sample, which is the same for wire-bar 

coated one; for the bottom surface, the ratio of carbon element from PTB7-Th and PC71BM is 1: 

5.8 for spin coated sample and 1:5.7 for wire-bar coated one and it is nearly the same. This 

result provide a general idea that not too much change happened in the vertical component 

composition for the BHJ film make by two coating techniques.  

 
 
Table 6.4 Atomic concentration of relevant elements (C, O, S) from top and bottom surfaces of 

blend thin films (100 nm) fabricated by spin casting and wire-bar coating determined by C1s, 

O1s, O2s, S2s, S2p.  

 

 

Table 6.5 The theoretical and experimental atomic ratios of carbon atoms from PTB7-Th and 

PC
71

BM  from top and bottom surfaces of blend thin films (100 nm) fabricated by spin coating 

and wire-bar coating.  

Sample Elements C O S

Spin coated top surface Atomic concentration (%) 92.1 2.9 5.0

Spin coated bottom surface Atomic concentration (%) 95.0 3.3 1.7

Wire-bar coated top surface Atomic concentration (%) 91.0 4.1 4.9

Wire-bar coated bottom surface Atomic concentration (%) 93.1 5.2 1.7
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6.2.6 Semitransparent organic solar cells made by wire-bar coating 

We have recently reported a novel transparent anode consisting of Ag NW/MoO3 nanoparticle 

composite-water free and alcohol-based yielding semitransparent solar cells with efficiency >6% 

and with FF > 63%. Now we take a step further and fabricate highly efficient wire-bar coated 

active layer for single bulk heterojunction (BHJ) semitransparent solar cells with PCE up to 7% 

based on PTB7-Th/PC71BM. A schematic showing the architecture of this semitransparent solar 

cell can be seen in Fig.2b. Compared with spin coating, wire-bar coating with lower solvent 

evaporation rate improved the carrier transport properties, especially electron mobility in 

active layer due to more aggregation of PCBM. More importantly, these devices were designed 

in ambient environment and with a high coating speed (>10 cm/s) while still maintaining its 

high performance, this opens great opportunities for them to be scaled up. Applying the same 

Ag NW/MoO3 hybrid transparent electrode on the wire-bar coated PTB7-Th/PCBM BHJ layer 

enable the PCE of semi-transparent OSC device up to 7%.  

The schematic inverted semi-transparent solar cell structure is shown in Figure 6.19, with a 

field emission scanning electron microscopy image of the AgNW/MoOx nanoparticle composite 

C (from PTB7-Th)  :  C (from PC71BM)

Theoretically 1  :  2

Spin coated top surface 40.8  (1)   : 51.3   (1.3)

Spin coated bottom surface 13.9  (1)  :  81.1   (5.8)

Wire-bar coated top surface 40.0   (1)  :  50.0   (1.3)

Wire-bar coated bottom surface 13.9   (1)  :  79.2   (5.7)
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electrode. Table 6.6 summaries the semi-transparent OSC device characteristics containing 

PTB7-Th: PC71BM as the BHJ layer. By comparison to the opaque device, the Jsc and FF is lower 

for semitransparent device. With the dynamic spin coating method, the Ag NW/MoOx 

transparent electrode still enable to maintain the FF at around 60%. This results in the power 

conversion efficiency of semi-transparent solar cell of around 7%. The J-V characteristics of 

semi-transparent organic solar cell with wire-bar coated PTB7-Th: PC71BM BHJ layer as well as 

corresponding EQE spectra are showed in Figure 6.20. 

Figure 6.19 (a) Inverted semi-transparent organic solar cell configuration with BHJ (electron donor 

material of PTB7-Th and electron acceptor material PC71BM) coated by wire-bar coating and (b) Field 

emission scanning electron microscopy image of the AgNW/MoOx nanoparticle composite electrode. 

Table 6.6 Semi-transparent OPV device characteristics containing PTB7-Th: PC71BM as the active layer. 

ITO/Glass

ZnO

PTB7-Th/PC71BM

MoOx

Ag NW + MoOx

a b
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Figure 6.20 (a) Illuminated J-V characteristics of PTB7-Th: PC71BM semitransparent organic solar cells 

and (b) the corresponding external quantum efficiency spectra. 
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6.2.7 PTB7-Th: PffBT4T-2OD: PC71BM ternary organic solar cells 

 

Figure 6.21 Chemical structure of donor materials (PffBT4T-2OD and PTB7-Th) and the acceptor 

material (PC71BM) as well as the solvent additive (DIO). 

As discussed above, the carrier mobility is playing a critical role on the performance of thick 

OSC devices. Nowadays, ternary OSC devices have received huge attention and made 

remarkable progress in photovoltaic performance. Those ternary OSC devices can not only 

maintain the solution processing with low-cost with the same simple device configuration, but 

also combine the complementary benefits from multiple organic materials together. Ternary 

OSC devices have the potential to achieve higher light-harvesting and/or improved charge 

transport, leading to an increased performance of photovoltaic devices. From reported 

literatures, the third component mainly plays a role in energy transfer state or electron transfer 

on the condition of proper cascaded energy levels. This leads to an improved Jsc due to 

increased absorption range and more efficient charge generation. Also, the third component 
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with higher crystallinity can also act as a template to facilitate supramolecular assembly for 

achieving ideal morphology of active layer, providing numerous D/A area for exciton 

dissociation and affording optimized phase separation to facilitate the charge transport, 

consequently promote the performance of OSC device.  

Here, we use the PffBT4T-2OD as the third component to incorporate with PTB7-Th: PC71BM 

blend, the chemical structure is shown in Figure 6.21.   The PffBT4T-2OD is much easier to get 

aggregated and has a higher crystallinity than PTB7-Th. Blending with same electron acceptor 

material PC71BM, PffBT4T-2OD is showing higher PCE than that of PTB7-Th, specifically in short 

circuit current and fill factor due to the much higher hole mobility of PffBT4T-2OD as measured 

by SCLC (ca. 10-2 cm2/Vs), which is almost 2-3 orders higher than that of PTB7-Th (ca. 10-4 

cm2/Vs). Importantly, this improved carrier transport property enables the PffBT4T-

2OD:PC71BM solar cells get the optimal performance with a thick active layer (ca. 300 nm). But 

the gelling of PffBT4T-2OD:PC71BM active layer has significant limited its application. Although 

high temperature (>100 °C) process can solve the gelling problem, but it is still limited in inert 

gas filled glove-box. The performance of device dramatically dropped when processed in air as 

showed in Table 6.7.  

The performance of PTB7-Th: PffBT4T-2OD:PC71BM ternary organic solar cells with different 

content of PffBT4T-2OD fabricated in air by wire-bar coating is showed in Table 6.8.  

Table 6.7 Performance of PffBT4T-2OD:PC71BM solar cells fabricated in glove box by spin 

coating and made in air by wire-bar coating with same thickness (300 nm).  
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Table 6.8 The best performance of PTB7-Th: PffBT4T-2OD:PC71BM solar cells with different 

content of PffBT4T-2OD fabricated in air by wire-bar coating with same thickness (ca.100 nm). 

The average value from at least 8 devices is showed in parentheses. 

 

From the performance of the ternary OSC devices with the different content of PffBT4T-2OD, 

we figured out that the best ratio of PTB7-Th and PffBT4T-2OD for fabricating ternary solar cells 

in air by wire-bar coating is 90:10 by weight.  With the best ratio of PTB7-Th and PffBT4T-2OD, 

we made the ternary solar cells with different thickness as plotted in Figure 6.22. It suggested 

that the moderately incorporated PffBT4T-2OD in PTB7-Th: PC71BM has improved the 

performance of devices. Interestingly, more increase can be noticed for the thick BHJ layer. 

Ternary PTB7-Th: PffBT4T-2OD:PC71BM OSC device can still render more than 9% when the 

thickness of active layer reaches 300 nm.  Later, how the PffBT4T-2OD molecules change the 

aggregation behavior of PTB7-Th as well as the phase separation during solvent evaporates will 

be studied. Meanwhile, compared with the binary system, the nanoscale morphology, charge 
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carrier transport property and recombination mechanism for ternary OSC devices will be 

studied.  

 

Figure 6.22 (a) Jsc ,(b) FF ,(c) Voc and (d) PCE as a function of thickness of PTB7-Th: PC71BM by 

spin coating and wire-bar coating as well as PTB7-Th: PffBT4T-2OD:PC71BM ternary blends (with 

the ratio of PTB7-Th: PffBT4T-2OD is 90:10 by weight) by wire-bar coating.  

6.3. Conclusion 

In summary, we have successfully demonstrated a novel and scalable technique for fabricating 

highly efficient OSCs by wire-bar coating under ambient condition.  Compared to spin coating, 
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wire-bar coating has significantly alleviated the sharp decrease of FF in thick BHJ film, which is 

under urgent demand for industry with pin-hole free layer under high-speed processing.  This 

approach provides a robot way of making organic solar cells with improved aggregation 

behavior for PC71BM to form fractal-like clusters results in a better electron transport channel 

in the BHJ film. By increasing the thickness of active layer from 100 nm to 140 nm, a remarkable 

enhancement of Jsc from 17.55 mA/cm2 to 18.82 mA/cm2 with a tolerant decrease of FF from 

71.35% to 68.25% was obtained, yielding the average PCE up to 10.18% for wire-bar coating 

while only 9.45% was obtained by spin-coating under same layer thickness. A large area (1×1 

cm2) OSCs devices were further demonstrated with well reproducible PCE up to 9%. Combining 

all the benefits of wire-bar coated PTB7-Th: PC71BM active layer and dynamic spin coated Ag 

NW/MoOx transparent electrode, PCE of 7% was achieved for the semitransparent organic solar 

cells. By slightly adding PffBT4T-2OD (10wt% to the whole donor materials) as the second donor 

material, the ternary PTB7-Th: PffBT4T-2OD:PC71BM solar cells can still render more than 9% 

when the thickness of active layer reaches 300 nm by wire-bar coating. We have also proved 

that uniformity and thickness of wire-bar coated layer can be carefully controlled under a high 

coating speed, suggesting wire-bar coating is more compatible with high-speed Roll-to-Roll 

continuous manufacturing process relative to previous reported coating methods such as spin 

coating and blade coating. We believe that wire-bar coating not only provides a new method 

for OSCs fabrication, but also promises highly potential for efficient OSCs from industry 

production. 
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Chapter 7 

Conclusions and future work 

7.1 Conclusion 

In this dissertation, the effect of pre-aggregation behavior on the charge carrier transport 

property of organic semiconductors as well as the performance of OSCs has been investigated 

with the motivation to fabricate thicker active layer with scalable methods with high coating 

speed. The following results were obtained.  

We have investigated in detail the factors influencing the solution state of conjugated polymers 

(here exemplified by P3HT) in terms of the choice of solvent, solution concentration and 

molecular weight. We have identified using a combination of rheology and solution UV-Vis 

absorption,   formulation regimes where solvophobic driving forces are present which hinder 

the aggregation behavior by increased entanglements. This provides an opportunity to 

influence the aggregation state of the solute by disentangling the polymer via ultrasonication of 

the solution, with consequences on the local and long range order and backbone planarity and 

lamellar thickness in the solid state. These parameters, in turn, affect the transport properties 

through the conjugated polymer in the solid state, as demonstrated in OFET devices. We have 

discussed the implications of this study more broadly on polymer processing and on our ability 

to control polymer aggregation in solution and ordering in the solid state. Also, we have 

investigated various approaches to overcome the performance gap between printed and 

champion spin-cast BHJ layers for polymers exhibiting a rigid backbone and a little or no long 

range crystalline order. Our investigation shows that achieving thickness parity is not 
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necessarily tantamount to performance parity. Additional adjustments are needed in the 

process in order to achieve performance parity. We investigate a hypothetical scenario where 

the thickness can only be increased by adjusting the formulation, namely the concentration. We 

find that to maintain morphological parity with spin coating it is crucial to maintain the 

additive-to-solute volume ratio if adjusting the concentration of solute and in many cases we 

see a benefit in adjusting the drying kinetics of the solution to match that of spin coating by 

increasing the process temperature. We have demonstrated that successful transfer from spin-

coating to scalable processing can be achieved through a rational approach which should pave 

the way for more easy process upscaling with minimal performance loss. 

We have successfully demonstrated a novel and scalable technique for fabricating highly 

efficient OSCs by wire-bar coating under ambient condition.  Compared to spin coating, wire-

bar coating has significantly alleviated the sharp decrease of FF in thick BHJ film, which is under 

urgent demand for industry with pin-hole free layer under high-speed processing.  This 

approach provides a robot way of making organic solar cells with improved aggregation 

behavior for PC71BM to form fractal-like clusters results in a better electron transport channel 

in the BHJ film. By increasing the BHJ layer thickness from 100 nm to 140 nm, a remarkable 

enhancement of Jsc from 17.55 mA/cm2 to 18.82 mA/cm2 with a tolerant decrease of FF from 

71.35% to 68.25% was obtained, yielding the average PCE up to 10.18% for wire-bar coating 

while only 9.45% was obtained by spin-coating under same layer thickness. A large area (1×1 

cm2) OSCs devices were further demonstrated with well reproducible PCE up to 9%. Combining 

all the benefits of wire-bar coated PTB7-Th: PC71BM active layer and dynamic spin coated Ag 

NW/MoOx transparent electrode, PCE of 7% was achieved for the semitransparent organic 
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solar cells. By slightly adding PffBT4T-2OD (10wt% to the whole donor materials) as the second 

donor material, the ternary PTB7-Th: PffBT4T-2OD:PC71BM solar cells can still render more 

than 9% when the thickness of active layer reaches 300 nm by wire-bar coating. We have also 

proved that uniformity and thickness of wire-bar coated layer can be carefully controlled under 

a high coating speed, suggesting wire-bar coating is more compatible with high-speed Roll-to-

Roll continuous manufacturing process relative to previous reported coating methods such as 

spin coating and blade coating. We believe that wire-bar coating not only provides a new 

method for OSCs fabrication, but also promises highly potential for efficient OSCs from industry 

production. 

7.2 Future work 

The performance of non-fullerene BHJ OSCs have been exceeded those traditional fullerene-

based organic solar cells by replacing the phenyl-C60 (or C70) butyric acid methyl ester (PC60BM 

or PC70BM) with non-fullerene small molecules acceptors. Extensive study has been focused on 

non-fullerene acceptors based organic solar cells not only due to its high performance but also 

ascribe to its less energy loss, no need of solvent additive and outstanding thermal stability with 

respect to fullerene-based organic solar cells[242].  

Most recently, small molecule non-fullerene acceptors (NFA) have enabled the PCE of OSC 

device over 12%[88], which has exceeded the state-of-art PCE of fullerene based OSCs with 

remarkably improved stability. Except for high performance, NFA attracts more attention since 

it is much easier to be synthesized with more freedom to tune the backbone structure with 

relative to fullerene based acceptors. The morphology of BHJ is critical for the performance of 
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OSCs, which has been evidenced by intensive study on fullerene based BHJ. However, there is 

quite little study yet on OSCs based on NFA. Since the intrinsic nature of fullerene and NFA is 

hugely different, the morphology formation kinetics study for NFA systems in different coating 

methods would be significantly important for fundamental science and application point of 

view. The BHJ photoactive layer of those high-efficiency devices are still predominately 

processed by spin coating, which cannot preserve the key benefits of organic photovoltaic 

technology such as low cost, scalable and massive production.  

Compared with fullerene and its derivatives which show isotropic electronic properties due to 

its spherical skeletons, both NFA acceptors and conjugated polymer donors are 

anisotropic[243] .Hence, intermolecular arrangement between donor and acceptor significantly 

influence performance of OSCs based on NFA. Hence, it is quite necessary to understand the 

intermolecular π−π interaction between anisotropic donor and acceptor molecules, aggregation 

behavior, phase separation and domains formation during drying process with different coating 

methods and their effect on charge generation and transportation properties, highly efficient 

OSCs based on NFA by high speed printing method can be fabricated. 

 Therefore, future research should pay more attention to understand the aggregation behavior 

of those NFA molecules and its influence on the charge carrier transport properties as well as 

the relationship between morphology and device performance of those highly efficient NFA 

based OSCs. Then more effort will be made to fabricate those high performance NFA OSCs with 

scalable processing such as wire-bar coating.  
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