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ABSTRACT 

Solution-Processed Molecular Organic Solar cells: 

Relationship between Morphology and Device Performance 

Maxime Babics 

 

In the last decade, organic photovoltaics (OPV) have gained considerable attention with 

a rapid improvement of power conversion efficiency (PCE) from 5% to more than 13%. At 

the origin of the gradual efficiency improvements are (i) the rationalization of material 

design and (ii) systematic optimization of film processing condition. OPV can have a key 

role in markets such as building-integrated photovoltaics (BIPV). The main advantages of 

organic solar cells are semitransparency, low weight, good performance at low light 

intensity, flexibility and potential low-cost module manufacture through solution 

processed-based technologies.  

In solution processed OPV, the active layer that converts photons into electric charges is 

a composite of two organic compounds, a donor (D) and an acceptor (A) where the best 

morphology is achieved via the so-called bulk heterojunction (BHJ): an interpenetrating 
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phase-separated D-A network. Historically, research has been focused on polymer donors 

and guidelines about morphology and film processing have been established. However 

recent studies have shown that small-molecule (SM) donors can rival their polymer 

counterparts in performance. The advantages of SM are a defined molecular weight, the 

ease of purification and a good batch-to-batch reproducibility. Using this class of material 

the existing guidelines have to be adjusted and refined. 

In this dissertation, using new SM synthesized in our laboratory, solution-processed 

organic solar cells are fabricated in which the morphology of the active layer is controlled 

by thermal annealing, the use of additive or solvent vapor annealing. In-depth analyses of 

the morphology are correlated to charge generation, recombination and extraction 

inferred from device physics. In the first part of the dissertation, using a small amount of 

1,8-Diiodooctane additive that acts as a plasticizer, it is found that the D-A domains do 

not necessarily need to be pure and that mixed domains can also result in high performing 

devices. In the second part of the dissertation, the effect of solvent vapor annealing, 

particularly effective for SM:PCBM BHJ, is discussed where excellent control of the 

morphology is achieved. In the last part of the dissertation, efficient organic solar cells 

with open circuit voltage of >1.05V are made via fine-tuning of the morphology.  
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Chapter 1  

Introduction 

 

Figure 1.1 (a) Evolution of the world population and projection based on Evolving 

Transiton (ET) scenario. (b) Evolution of the world GDP from 1990 to 2016 and projection 

until 2040. Figure adapted from [1] 

The growth of energy demand in the world is and will be driven by 2 mains factors, (i) the 

continuous increase of world population and (ii) the increasing prosperity: (i) As mid-

2017, the world population is nearly 7.6 billion (Figure 1.1a). The population is growing 

by 1,10 % per year, meaning an addition of 83 millions of people annually.[1] The world 

population is excepted to reach 8.6 billion in 2030 and 9.8 billion in 2050 based on 

evolving transition (ET) scenario. The growth of population will however not be the same 

globally. The increase of world population will be driven by Africa with an additional 1.3 
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billion people the next 30 years (out of 2.2 billion globally). Asia is expected to be the 

second largest contributor to the world population with 750 million people added by 

2050. Behind Africa and Asia, Latin America, Northen America and Oceania are expected 

to grow but more modestly. (ii) The increasing prosperity and the improving living 

standards in the world, especially the fast-growing asian economies. Gross Domestic 

Product (GDP) by Purchasing Power Parity (PPP) is a measure that determines the 

economic performance of a region and is often used as an indicator of living standards. 

The global GDP growth is projected to be around 3.25% per annum equivalent as what 

has been seen the past 25 years (Figure 1.1b).    

The consequences of the increase of world population and the increase of prosperity are 

the growth of primary energy consumption and as a consequence the release of carbon 

dioxide (CO2). 
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Figure 1.2 (a) Primary energy world consumption (b) CO2 emission over the last 50 years. 

Figures reproduced from [2]. 

The primary energy is divided into different sources: Oil, coal, natural gas, 

hydroelectricity, nuclear energy and renewables.[3] Oil accounts for a third of the global 

energy consumption and is the world’s leading fuel. Oil consumption is increasing (1.6% 

more in 2016 compared to 2015), driven by China and India. The world natural gas 

consumption also grew by 1.5% but slower than the 10-years average (2.3%). Coal is 

another major source of energy supply (28.1%) but the future of coal is uncertain: The 

share of coal in global energy is the lowest since 2004, the consumption declined by 1.7% 

following the U.S, China or UK trends and the production decreased by more than 6% in 

the world. In contrast, renewable power has the largest increment (+14.1%). Wind (half 

of the growth) and solar energy (33%) are the drivers of the growth. China is the new 

leader of renewable energies and the largest producer in the word before the U.S.  

A side effect of the growth of energy consumption is the increase of CO2 emissions in the 

atmosphere. Figure 1.2b shows that in 2016 the world emission was 33.4 billion of tones 

in the atmosphere. The CO2 is a gas that contributes to the global warming by greenhouse 

effect.[4] In December 2015 during the 21st session of the Conference of the Parties 

(COP21), 195 countries and the E.U. recognized that climate change represents an urgent 

and potentially irreversible threat to human societies and that it requires the reduction 
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of global greenhouse gas emissions.[5] Therefore it is logical that most of the countries are 

turning to low-carbon emission energies to supply their need such as photovoltaics (PV). 

 

Figure 1.3 (a) Shares of primary energy (past and projection) (b) Details of the shares of 

primary energy. Figures reproduced from [2]. 

With new policies scenario, the way that the world meets its energy demands will evolve 

the next 25 years and renewable energies are redistributing the cards. In 2016 the share 

of renewable energy within the primary energy consumption is only 3.2% but this masks 

the fact that the new energy demand is covered by 40% by renewables energy. It means 

that today close to half of the newly installed power is based on renewable energy. In the 

European Union (E.U.), renewables account already for 80% of the new capacity installed. 

This trend leads to the projection depicted Figure 1.3 where renewables are becoming a 

major source of world energy supply. 
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Figure 1.4 (a) Cumulative installed PV power (Linear scale) (b) Cumulative installed PV 

power (log scale) (c) Shares of cumulated installed PV in the world. Figures adapted from 

[5] 

By 2040 the fast deployment of PV energy, led by China and India, will promote solar 

energy as the largest source of low carbon emission technology. With a total of 78 GW 

installed (a quarter of the world installation, Figure 1.4c) China became in 2016 the new 

leader of installed PV in the world followed by Japan (42 GW, 14%), Germany (41 GW, 

14%) and US (40 GW, 13%).[3] 

Looking more closely at the PV technologies in 2016, the market is dominated by the 

silicon technology (multicrystalline or single-crystal) with 94% of the shares.[6] Silicon solar 

cell is the most mature technology that has been commercialized for decades and there 

is no doubt that silicon-based modules will be the most used technology for utility-scale 

application in the next years. However alternative technologies exist and organic 

photovoltaic (OPV) can play a key role in applications such as building-integrated 

photovoltaics (BIPV).[7] The main advantages of organic solar cells are 
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semitransparency,[8] good performance at low light intensity[9] and potential low-cost 

module manufacture.[10] 

 

Figure 1.5 JV characteristic of a solar cell (red curve) and power curve (dashed blue). 

The core of a PV system is a photovoltaic module (or cell). This device will absorb the 

incoming photons and convert them into electric charges (The operational mechanism of 

an organic solar cell is detailed in section 2.2). The power delivered by a PV cell is in first 

place determined by the intensity of the incoming light and the average light intensity in 

the world coming from the sun is 1353W/m2. Power Conversion Efficiency (PCE) is the 

main figure of merit in PV science and is derived from the IV-curve (or JV-curve. Current 

density is usually preferred to compare devices with different surface area). An IV-curve 

can be simply described by the Shockley diode model, made for crystalline inorganic 

diodes describing the current-voltage characteristics of a diode under light: 
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Where I0 is the dark saturation current, V the diode voltage, n the diode ideality factor, k 

the Boltzmann’s constant, q the elementary charge, T the absolute temperature and Igen 

the photogenerated current. The current I is defined to be negative as current flows out 

the device. 

To obtain a JV-curve (Figure 1.5), the device is placed under illumination and the current 

is measured as a function of the applied voltage. From the measurement several figures 

of merit are extracted: The short-circuit current JSC  which is the current when no voltage 

is applied. The open-circuit voltage, the voltage where the current equals zero. The power 

curve (I times V) is also plotted (dashed blue curve) as a function of the voltage and two 

others points are defined at the maximum power: Vmp and Jmp the voltage at maximum 

power and current density at maximum power respectively. The fill factor is defined as 

follow: 

𝐹𝐹𝐹𝐹 =
𝐽𝐽𝑚𝑚𝑚𝑚 × 𝑞𝑞𝑚𝑚𝑚𝑚
𝐽𝐽𝑠𝑠𝑠𝑠 × 𝑞𝑞𝑜𝑜𝑠𝑠

 (1.2) 

The power conversion efficiency (PCE) is defined as: 

𝑃𝑃𝑃𝑃𝑃𝑃 =
𝐽𝐽𝑠𝑠𝑠𝑠 × 𝑞𝑞𝑜𝑜𝑠𝑠 × 𝐹𝐹𝐹𝐹

𝑃𝑃𝑖𝑖𝑔𝑔
 (1.3) 
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 Pin being the incoming light power. 
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Chapter 2  

Organic solar cells: background 

2.1 From atoms to organic solar cells 

2.1.1 Organic materials 

It is interesting to see how the most complicated molecules and polymers can be made 

of only a few different elements. Organic molecules have (in a decreasing frequency of 

appearance) C, H, O and N atoms, carbon being always present by definition. These atoms 

are constituted by a positive core surrounded by negatively charged electrons. The cores 

of the atoms, relatively heavy, occupy a fixed position and correspond to the backbone of 

the molecules. Electrons, however, more light, can be much more mobiles and constitute 

the electronic cloud of the molecule. The repartition of these electrons strongly 

determines the behavior of the molecules. The description of the external electrons (s 

and p electrons) is the most important. Electron has a double nature and can be either 

considered as a particle or as a wave. It not possible to attribute to the electron a precise 

location at a certain moment but it is possible to predict where in space there is the most 

probable chance to find the electron.  
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Figure 2.1 Shapes of s- and p-orbitals. 

The state of an electron is defined by a mathematical function ψ, called wave function (or 

orbital). As per the Bohr model, these orbitals are called s,p,d,f and one orbital can be 

occupied by a maximum of two electrons of opposite spins. The wave function is a 

function of space coordinates and the core is the origin. The value ψ2 in a certain point 

defines the probability dP to find the electron in a volume dv around this point with dP= 

ψ2dv. The ratio dP/dv= ψ2 gives the probability of presence of the electron (electronic 

density). The form of ψ2 is different for the orbitals s,p,d or f. For example, the s-orbital is 

spherical, meaning that the probability to find an electron is the same in all directions 

around the core. P-orbitals, however, are directional: the electronic density is maximal in 

a preferred direction. Each p-orbital have two regions of high density, on each side of the 

core where one of the axes is a symmetry axis (Figure 2.1). 

When two atoms are bound together the Linear Combination of Atomic Orbital (LCAO) 

theory implies that new molecular orbital formed by two atoms is a linear combination of 

the single atom orbital. Two states are forms called bonding if the wave functions have 

the same sign and anti-bonding if the wave functions have the opposite sign. Bonding 
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orbital is the state with the lowest energy and the chance to find an electron is the 

highest. In the ground state, only the bonding orbital is occupied. 

This model has to be completed by the concept of hybridization to explain some of the 

behavior observed experimentally. In the case of methane (CH4) the carbon atom has the 

electron configuration 1s2 2s2 2p2. Experiments show that the four C-H bonds in the 

methane are identical and the molecule forms a tetrahedron. This behavior is explained 

by the hybridization of the carbon atom and a more energetic favorable arrangement 

with 4 possible bonds in the sp3 configuration.  

 

Figure 2.2 Hybridization of the carbon atom. 

In a more complicated molecule, ethene (C2H4), the two carbons atoms are connected 

with a double bond, and every carbon has three neighbors. The optimum occupation of 

space results in a planar molecule. The p-orbitals of the carbon atoms overlap in a region 

out of plane and form a π-bond. The π-bond is particularly developed in aromatic 

compounds that show extended π-systems where the electron transport is possible via 

high delocalization.  
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Figure 2.3 (a) Benzene (C6H6) can have two resonance structures. (b) Localization of the 

lowest bonding π-orbital (c) Optical gap as a function of the number of ring of different 

oligoacetenes. Data adapted from [11] 

The basic aromatic compound is benzene C6H6 and it can be seen (Figure 2.3a) that two 

structures are achievable without any preference. Experimentally all the bonds have the 

same length (1.40Å) which is between the single (1.46-1.48 Å) and the double bonds 

(1.30-1.35 Å). Looking at the orbital structure (Figure 2.3b), the C atoms have 3 σ-bonds 

and one p-orbital leading to six π-orbitals. The 6 electrons occupy the low lying bonding 

π-orbitals. In the ground state, the 3 antibonding π* are not occupied. The difference 

between the Highest Occupied Molecular Orbital (HOMO) and the Lowest Unoccupied 

Molecular orbital (LUMO) is around 6 eV. 

If we extend the π-systems adding more rings for example, the delocalization increases, 

which decreases the HOMO-LUMO distance. A common example is the variation of 

energy levels form the benzene to pentacene (Figure 2.3c). Since the optical gap is 
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reducing and the delocalization is increasing, these aromatics compounds are interesting 

for opto-electronic applications. This concept is widely used for organic solar cells, where 

the compounds employed are either aromatic or have similar π-conjugated systems. The 

condition is to have an alternating single of double bonds to obtain the π-electrons: =C-

C=C-C=C- ↔ -C=C-C=C-C=. 

2.1.2 Brief history of organic solar cells 

The rise of organic photovoltaics is a consequence of the development of conductive 

polymers. In 1977, Shirakawa et al. reported that the conductivity of polyacetene can be 

increased by seven orders of magnitude after exposure to halogens.[12] Allan J. Heeger, 

Alan MacDiarmid and Hideki Shirakawa received the Nobel Prize of chemistry in 2000 “for 

the discovery and development of conductive polymers”.  

Before that, in 1959 Kallmann and Pope observed a photovoltaic effect in organic crystal 

using anthracene.[13] In the next 20 years, using a metal-organic junction approach, 

several organic photovoltaic solar cells were reported but with a very limited efficiency 

(0.1%).[14] One of the major breakthroughs happened in 1986 when Tang fabricated a two-

layer organic solar cell using copper phthalocyanine (CuPc) and a perylene tetracarboxylic 

(PV) derivative.[15] Is was assumed that the two materials contribute to photons 

absorption and that the generated excitons dissociate at the interface of the two organic 

layers. Following dissociation, the holes were transported in the CuPc layer and the 

electrons in the PV layers. This was the first use of a combination of a donor and an 
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acceptor, concept that is still prevalent nowadays. The second major breakthrough was 

the incorporation of the donor and the acceptor in the same layer called Bulk 

HeteroJunction (BHJ). It was done first by co-evaporation of the molecules[16] and later by 

solution processed [17]. Another important aspect of the organic solar cells is the use of 

fullerene derivative as acceptors. The first report of the use of semiconducting 

polymer:C60 came in 1993 where C60 was evaporated on top of a MEH-PPV layer.[18] Using 

the fullerene derivative PC61BM/PC71BM as acceptors became the norm in solution-

processed OPV for the next 20 years and the research had been focused on the synthesis 

of new donors as well as understanding the fundamentals. A lot of work has been focused 

on the pair P3HT:PCBM which is still a model system nowadays. The efficiencies of 

polymer: fullerene have reached more than 10%[19-20] and the reader can find an extended 

literature on polymer donors in specialized reviews.[21-22] 

Looking at device efficiency swapping polymer donors with small molecules SM was not 

successful and only a few systems (i.e. exceptions) were reported before 2014 prior to 

the beginning of this work. In 2012, Sun et al. reported the DTS(PTTh2)2 molecule that 

gives 6.7% PCE in BJH. Before this result, the efficiencies of SM:PC71BM BHJ were less than 

half of their polymer counterpart.[23] At the end of the same year, the donor DERHD7T 

was published with 6.10% PCE.[24] In 2013, Liu et al. introduced the molecule SMPV1 with 

a certified 8.02% PCE.[25] In early 2015, Sun et al. reported the molecule BTR that can 

achieve a maximum of 9.3%.[26] Later the same year, PCE over 10% was reported for the 
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first time using DRCN5T molecule.[27] In 2017 the maximum PCE reported for SM:PC71BM 

device is 11.5%.[28] 

A new era has started with the rise of non-fullerene acceptors (NFAs). During years 

achieving high efficiencies using acceptors that are not fullerene derivatives was 

challenging and no suitable candidates were found. Replacing fullerene acceptors by 

others systems opened a new way to improve device efficiencies as well as stability. The 

advantages of NFAs are: contribution to light absorption, tuning of the energy levels and 

potentially better stability.[29-31] NFAs are now widely used with polymer donors but also 

with SM donors and the best efficiency reported so far is more than 13%.[32] 

2.1.3 Device architecture 
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Figure 2.4 (a) The low dielectric constant εr of the organic matter explains the strong 

electrostatic force of attraction between charges. (b) The use of a donor and an acceptor 

with providing an energy offset (c) to obtain free charges. (d) Structure of a typical organic 

solar cell. The active layer can be (e) a bilayer or (f) a Bulk Heterojunction.  

One of the fundamental characteristics of the organic matter is the low dielectric constant 

(εr =2-4) which implies that the charges immersed in this medium are strongly bounded. 

(Figure 2.4.a). As a comparison, for silicon εr = 11.7. In order to give free charges, an 

exciton must overcome its binding energy (coulombic force) in the range of 0.3-1 eV 

significantly higher than thermal energy.[33-34] (details of the operational mechanism are 

given in the next section). This energy can be provided using a combination of two 

materials, a donor (D) and an acceptor (A) with different energy levels (Figure 2.4b-c).[15, 

35] An organic solar cell is composed of a stack of layers (Figure 2.4d) starting with a 

transparent Indium Tin Oxide (ITO) on top of a glass substrate. (Details of device 

fabrication is given in section 3.1.1). A hole transport layer (HTL) is deposited to select 

one type of carriers. A good transport layer needs several properties: (i) the layer must 

be transparent to the light, (ii) the charge mobilities have to be imbalanced to select only 

one type of carrier (iii) the energy levels must be aligned with the others layers (iv) the 

layer needs to be chemically inert for the surrounding layers.  

On top of the HTL is the active layer, the layer that will convert photons into charges. As 

explained in the previous section the first generation of organic solar cells had the bi-
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layers configuration with the layer of the acceptor on top of the donor layer (Figure 2.4e). 

The limitation of this architecture is the short-circuit current: thickness of both layers 

must be thin enough (20-30nm) so an exciton can reach the interface before his decay 

meaning that a part of the incoming light is not absorbed. In addition, since the exciton 

dissociation occurs at the D/A interface the numbers of interfaces is limited by the device 

area. The active layer have evolved (Figure 2.4f) and the best PCEs nowadays are achieved 

via the bulk heterojunction (BHJ),[17] an interpenetrating phase-separated D-A network. 

The BHJ provides a high number of interfaces where the domain sizes are ideal for exciton 

quenching. The percolation pathway is present and the charges can be efficiently 

extracted. 

Finally, an electron transport layer (ETL) is deposited on top of the active layer with the 

same properties mentioned earlier excepted than the other type of carriers are 

transported. A metal (aluminum, silver) is finally evaporated to collect the charges. 
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2.2 Operational mechanisms in organic solar cells 

 

Figure 2.5 Operational mechanism in a BHJ. (1) An exciton is created by the absorption of 

a photon and (2) diffuses to a donor-acceptor interface. (3) Electron transfer from the 

donor to the acceptor via the CT state. (4) The CT state dissociates into a free hole and a 

free electron. (5) The charges are extracted at the electrodes. 

2.2.1 Optical absorption and exciton formation 

The light absorption of conjugated systems have two particularities: First, the absorption 

is intense as a result of the wavefunction overlap between the ground state and the 

lowest excited state.[36] Second, the absorption is broad (can extend 1eV) due to the 

significant relaxation occurring in the excited state. The high extinction coefficient is a 

fundamental property for organic solar cell since a large number photons can be absorbed 

within the first 100 nm of the material, which is the typical thickness of the active layer.  
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Due to the strong electron-vibration coupling, after being promoted to an electronic 

excited state, the π-system relaxes down to the bottom of the potential energy surface 

of the lowest excited state. The excited state reaches an equilibrium geometry and a 

Frenkel exciton is formed.[37-38] (Figure 2.5(1)) Organic solar cells are referred as excitonic 

solar cells as opposed to silicon solar cells where free charges are directly created.  

Since the dissociation must occur at the interface of the two materials, the concept of 

BHJ, an interpenetrating network of donor and acceptor has been proved to be an 

efficient morphology providing a high number of interfaces.[17] 

2.2.2 Exciton migration 

To generate free charges, excitons must migrate to a D/A interface. (Figure 2.5(2)) 

Because excitons are neutral species they are not influenced by an electric field and rather 

diffuse. The excitons migrate to an interface through a random motion, a dispersive three-

dimensional random walk,  defined as exciton diffusion.[39] the exciton diffusion length 

can be defined as 𝐿𝐿 = √𝐷𝐷𝐷𝐷 where D is the diffusion coefficient and τ is the exciton 

lifetime. The exciton diffusion length is around 5-15nm in most organic 

semiconductors.[38] This short distance also explain why the BHJ is a more efficient 

morphology than the bi-layer architecture. 

2.2.3 Exciton dissociation at the donor-acceptor interface 

To obtain free charge the exciton that reached a D/A interface have to dissociate into 

electron and hole. Interestingly the exciton dissociation into free charges is still a matter 
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of debate. It is usually described as a 2 steps process: First, when an exciton reaches an 

interface, an electron is transferred to the acceptor creating a weakly bound electron-

hole pair across the interface called a charge transfer (CT) state (Figure 2.5(3)).[40-43] This 

state is an intermediate state between the exciton and the final Charge Separated state 

(CS state where the coulombic interaction is week compared to the thermal energy and 

the charges are considered free). Several SM:PC71BM systems have shown Internal 

Quantum Efficiencies (IQE) values over 90% meaning very efficient charge separation. To 

explain this efficient process has been challenging since the coulombic force between two 

opposite charges is assumed to be in the range of tenths of an electron volt. To obtain 

free charge a significant driving force is necessary and the yield of this step was expected 

to be low, temperature dependent and electric field dependent. The contrary has been 

observed with low driving force, nearly temperature independent and electric field 

independent. Over the years, to explain the high yield of charge generation different 

mechanisms have been proposed:  

The energy offset between the donor and the acceptor (LUMO and HOMO) is a driving 

force to overcome the exciton binding energy and an energy of 0.3eV is frequently 

mentioned as a practical energy offset. However, it has become clear that the energy 

offset is not sufficient to drive the exciton dissociation. 

One of the early model proposed was the model of “hot” carriers.[44] After dissociation 

the charge carrier have an excess of vibrational energy and are able to move away from 
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each other’s via thermalization.[45] The model was supported by the fact that the charge 

generation is dependent on the LUMO-LUMO offset and the excitation energy.[46-47] The 

high energy exciton will have the necessary driving force for charge separation. However 

this model was contested by the fact that details IQE have shown that the charge 

generation was independent of the wavelength (energy).[48]  Another model that gained 

interest is the concept of charge delocalization. Indeed the hole or the electron can be 

spatially delocalized between several molecules.[49-50] The effect is an increase of the 

effective distance between the charges and a reduction of the binding energy of the CT 

state. Order in the donor phase is a source of delocalization[51] and intermolecular 

delocalization within fullerene aggregates have been proved to be significant.[52-53] Also, 

it has been showed that the degree of interfacial mixing can be beneficial for charge 

separation.[54-55] An energy cascade is observed when a disordered mixed phase is 

between the two ordered donor and acceptor phase. The more order phase have a lower 

LUMO and a higher HOMO compared to the mixed phase preventing recombination of 

the CT.[56] In addition of these concepts several other factors that influence the charge 

separation have been explored like interfacial dipoles[57], interface molecule 

orientation[58-59] and entropy.[60-62] 

2.2.4 Charge transport and collection 

Once the charges are separated (Figure 2.5(4)) they still have to move towards their 

respective electrodes via the percolation pathway present in the BHJ structure (Figure 

2.5(5)). In inorganic crystalline semiconductor the 3D lattice crystal and the nature of the 
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bonds ensure a high mobility (102-103 cm2V-1s-1). In contrast, in organic semiconductors, 

the weak electronic couplings (intermolecular interaction), large electron-vibration 

couplings, and the disorder effects result in more modest mobilities where the carriers 

are more localized and the transport relies on hopping site to site. Importantly while in 

polymer-based charge transport along the polymer main chain can significantly account 

for the overall charge transport,[63] with small molecule transport within the same 

molecule is inexistent. Therefore charge transport for SM is determined by intermolecular 

charge transfer where the packing in solid state has a major impact. The mobilities and 

the charge extraction depend strongly on the morphology of the BHJ and the values can 

vary within different order of magnitude going from amorphous to highly crystalline 

materials (10-6-10-2 cm2V-1s-1). It is not a surprise if a number of study argue that the 

qualities of a small molecule for OPV application include the ability of stacking. Molecule 

with planar cores, rigid and symmetric will result in systems with the propensity to π-π 

stack with high order and therefore high mobility.[64] 

2.3 Charge carrier recombination 

2.3.1 Geminate recombination 

In this thesis we define the geminate recombination as a recombination that happens 

when a hole and an electron that originate from the same photon recombine before 

separating into free charges. This definition is valid for the loss/decay of an exciton before 

reaching the D/A interface. However many studies only consider geminate recombination 

as a recombination at the D/A interface. The geminate recombination scales linearly with 
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the number of absorbed photons and it is considered as a monomolecular process. At 

light intensity up to 1 sun, the probably of a geminate pair recombining is independent of 

the total density of geminate pair. The consequence is that the fraction of geminate pair 

is the same for low and high light intensity. Note that at light intensity exceeding several 

suns other types of recombination such as exciton-exciton or exciton-charge annihilation 

may become important.[65] 

2.3.1.1 Exciton transport to donor/acceptor interface 

The excitons that are not able to reach an interface have a probably to recombine 

radiatively. The exciton quenching is usually probe by comparing the photoluminescence 

(PL) of the blend with the neat molecule. If the PL spectra of the blend is similar to the 

neat film, it is suggestive that the domain sizes are too big, bigger than the exciton 

diffusion length. On the contrary, if the PL is reduced it means that a proportion of 

excitons have reached a D/A interface. The ratio of the PL intensities gives a quantitative 

information on the number of excitons that have reached an interface. Optimized BHJ 

have shown PL quenching (PLQ) of more than 99% indicating that nearly all the excitons 

have encountered an interface. 

2.3.1.2 Charge separation versus geminate recombination at the donor-acceptor interface 

When an exciton reaches a D/A interface the charge transfer is initiated by the energy 

offset and an electron is transferred to the acceptor phase. However the electron and the 

hole are still coulombically bound forming the so-called CT state. At this point the 
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dissociation into separated charge (CS) is in competition with geminate recombination 

and that can occur directly to the ground state or via a triplet state (see Figure 2.6).[36, 46, 

66] If the triplet state is sufficiently lower than the CT state (<0.1eV) it can serve a loss 

pathway to the deactivation of the CT state. In the case that the loss via the charge triplet 

state in not energetically favorable, the recombination to the ground state become the 

main loss for the CT states. 

 

Figure 2.6 Energy level diagram representing the main processes leading to charge 

recombination and charge separation. hν: photoexcitation from the ground state S0 to 

the singlet state S1 . kD: Exciton decay. kCT: Exciton dissociation to form the charge-

transfer (CT) state. kCS: Dissociation of the CT state into fully Charge-Separated (CS) state. 

kGR: geminate recombination. kBR: Bimolecular recombination ktriplet: Recombination via 

a triplet state. Adapted from ref [67] 
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2.3.1.3 Electric field dependent geminate recombination 

It has be observed that the charge separation can be influenced by the electric field.[68-69] 

It is clear that for systems with high fill factor (>65%) the charge generation is field 

independent (same charge collection for all the voltages).[70-71] For a set of molecules the 

electric field dependence can change depending on the morphology.[72] Although the 

reasons are not clear, the results showed an influence of the purity and the crystallinity 

of the different phases. 

For systems that show a dependence of charge generation, the tendency is similar where 

the charge separation in enhanced at reverse bias when the electric field is higher in the 

device. On the contrary, close to the Voc where the internal electric field is low, the charge 

separation is less efficient favoring geminate recombination. 

It is experimentally difficult to distinguish the influence of the electric field on charge 

separation and charge extraction. Time Delayed Collection Field (TDCF) (details 3.2.8) is 

employed where the quantity of charges in a device is measured depending on the 

external bias applied during the illumination. By collecting the total charges generated it 

is possible to quantify the influence of geminate recombination. 

2.3.2 Non geminate recombination 

After charge dissociation, the holes (electrons) helped by the internal electric field, will 

be collected to the anode (cathode) only if they do not recombine during their journey. 

The term non geminate is used here since the recombination occurs with free carriers 
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that do not originate from the same photon.[73] The non geminate recombination can be 

further divided into two main categories: trap-assisted and bimolecular recombination. 

2.3.2.1 Bimolecular recombination 

For most OPV systems, bimolecular appears to be the major loss channel.[74-76] 

Bimolecular loss happens when an electron recombines with a hole in the active layer. 

Because organic material is a disordered mater with localized carriers, the recombination 

will depend on how fast the charges will meet each other, the faster they move the faster 

they recombine. Therefore the recombination rate depends on the mobility of the 

charges in the blend. The recombination rate is described by the Langevin expression[77]: 

𝑅𝑅𝐿𝐿 =
𝑞𝑞
𝜀𝜀

(µ𝑔𝑔 + µ𝑚𝑚)(𝑛𝑛𝑒𝑒 − 𝑛𝑛𝑖𝑖2) (2.1) 

ε is the dielectric constant, q the elementary charge, µn and µp the recombination of holes 

and electrons respectively, n and p the electron and hole charge density. ni the intrinsic 

carrier concentration is usually neglected.  

The relation describes the recombination of two opposite charge attracted to each other 

in their mutual coulomb field. This phenomenon is expected in materials where the mean 

free path of the charge carriers is smaller than the coulomb capture radius rc  defined as: 

𝑟𝑟𝑠𝑠 =
𝑞𝑞2

4𝜋𝜋𝜀𝜀0𝜀𝜀𝑟𝑟𝑛𝑛𝐵𝐵𝑛𝑛
 (2.2) 



46 
 
 

Where T is the temperature and corresponds to the distance where the Coulomb binding 

energy between a hole and electron equals to the thermal energy kBT. In organic matter, 

the free path is few nanometers because of the hopping nature of transport and rc equals 

18-20nm. Therefore the Langevin recombination is expected[78] and confirmed.[79]  

Looking at the Equation 2.1 it is expected that the higher the mobility the higher is the 

recombination. However, it has been demonstrated with higher mobility that the net 

amount of bimolecular recombination decreases due to the fact the overall charge 

density decreased.[80-81] Similarly if the mobilities are too low the charges in the devices 

will accumulate and the bimolecular recombination increase. Mobility guidelines have 

been established over the years and a mobility of 10-6 10-5 cm2V-1s-1 appear to be the 

minimum required to have devices with good fill factors.[82] 

Originally derived from recombination of ions in gas, an accurate description of non-

geminate recombination via the Langevin theory have to be adjusted in order to take into 

account the non-uniform, filamentary, unipolar medium found in the bulk 

heterojunction.[83-84] The strength of the Langevin recombination has been found to be 

less than expected and a new term was added, the Langevin-reduction factor ξ:  

𝛾𝛾𝐵𝐵𝐵𝐵𝐵𝐵 =
𝜉𝜉
𝜀𝜀

(µ𝑔𝑔 + µ𝑚𝑚) (2.3) 

𝑅𝑅𝐵𝐵𝐵𝐵 = 𝛾𝛾𝐵𝐵𝐵𝐵𝐵𝐵𝑛𝑛2 (2.4) 
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In that case n=p, γBMR is the bimolecular recombination coefficient and RBI is the rate of 

bimolecular recombination. For most systems, ξ values are between 0.01 and 1. The 

reduced Langevin recombination is also referred as the non-Langevin recombination and 

its origins have been discussed the last years. 

It is assumed that in the BHJ the donor and acceptor phases are well defined and 

separated therefore the probability for a hole to encounter an electron is greatly reduced 

compared to a homogeneous material.[83] Indeed a high degree of phase separation has 

been correlated to a decrease of Langevin recombination.[85] Later it has been seen that 

the charge density for both donor and acceptor is not uniform in the BHJ and a gradient 

is observed. As a consequence, the special variation of charge density may explain why in 

some systems that are supposed homogeneous the Langevin recombination is still 

reduced. 

Modeling has shown that the effect of electron-hole mobility mismatch, domain size, and 

energetic disorder can only account for a reduction of one order of magnitude of the 

Langevin recombination and introduce the role of deep carrier trapping.[86-87]  

Finally, if the recombination is taking place at the D/A interface, it is likely to occur via CT 

states. This result is confirmed by the electroluminescence spectra measured from the 

recombination of injected charges. It implies that once the CT state is formed the charges 

have a chance to be separated again.[88-89] therefore the factors that help the charge 
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dissociation and separation discussed previously also account for a reduction of 

bimolecular recombination. 

2.3.2.2 Trap-assisted recombination 

Trap-assisted recombination occurs when an electron and a hole recombine through the 

intermediate of a localized energetic trap.[90] The recombination is considered as a 

monomolecular recombination since if one carrier is deeply trapped the recombination 

will depend on the trapping of the opposite charge. The density of traps and the trapping 

rate of the charges will dictate the recombination rate. Such recombination has been 

described and quantified using the Shockley-Red-Hall model[91] that includes the 

respective probability of trapping, the density of traps and the free carrier concentration. 

However, despite the presence of traps, most of the efficient organic system appears not 

to be limited by trap-assisted recombination. 

2.4 Morphology control and relation with device performance 

With the rationalization of material design, another factor is at the origin of the efficiency 

improvements seen in the recent years: the systematic optimization of film processing 

conditions. Achieving favorable morphology in BHJ solar cells requires examining several 

of these parameters: solvent selection,[92] donor/acceptor ratio,[93-94] device configuration 

and interlayer selection,[95-96] processing additives,[94] thermal annealing, and post-

processing “solvent vapor annealing”.[97-98] In this section, we will introduce the main 



49 
 
 

optimization protocols: Thermal annealing, processing additives and solvent vapor 

annealing. 

2.4.1 Thermal annealing 

Thermal annealing (TA) is the most common protocol for device optimization and has 

been employed for many years (P3HT:PC71BM being the model system).[99] TA is typically 

done placing the substrate with the active layer on a hot plate for several minutes. The 

annealing temperature and time can vary significantly between 70°C and 150°C and 

between 5mn and 30mn. However, most of the system has an optimized combination of 

temperature and time around 100°C for 10mn. In this part we will focus on the effect of 

thermal annealing for different SM:fullerene systems reported in the last years: 

Looking at the blend DPP-TBFu:PC71BM, TA increases both the Jsc and the FF.[100] The 

increase of current can be explained by a better collection efficiency. Looking at the 

morphology the blend evolves from a highly mixed blend to a more phase-separated 

composite that helps the charge collection and reduce recombination. For this system, it 

was also showed that the phase separation is induced by the crystallization of the 

donor.[101] 

TA effect depends also on the molecule design and small changes of the chemical 

structure will imply a different response to TA. For example, replacing the bithiophene 

central unit of DRCN8T with a thieno[3,2-b]thiophene unit (DRCN8TT), Zhang et al. 

showed that TA doesn’t have the same impact for the two molecules and the blend 
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DRCN8TT:PC71BM have smaller phases.[102] The comparison between the EQE of the as-

cast and TA devices highlights the fact that the low-energy region, where the donor 

absorbs, is particularly enhanced. The new shoulder is associated with an increase of 

crystallinity and order of the donor. After annealing, the presence of donor crystallites is 

confirmed which correlates with the high charge mobility. Furthermore, for this system 

the annealed blend present a face-on π-π stacking favorable for vertical charge transport 

to the electrodes.  

For DRCN7T and the comparable derivative DERHD7T, the effect of annealing at 90°C 

during 10mn also show a different effect for the two molecules.[103] For DRCN7T the blend 

with PC71BM is slightly sensitive to the annealing and the phases are separated by 15nm. 

For DERHD7T the TA yields to more separated phases of 30-70nm. Here also the increase 

of crystallinity is related to the mobility enhancement of one order of magnitude. 

2.4.2 Small molecule additive 

Small molecules additives are molecules that are added to the blend in the solution in a 

low amount. The amount of additive is given in volume fraction and ranges between 0.2 

and 1% (v/v).[104-105] Common molecules found in the literature are 1,8-diiodooctane 

(DIO), 1-chloronaphthalene (CN), 1,8-octanedithiol (ODT) and diphenyl ether (DPE).  

Yun et al found that the additives reduce the domains sizes compared to the as-cast 

devices and form a film with much finer structure, better for charge generation and 

efficient for charge extraction.[106] In another work, using porphyrin-based donor the use 
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of additive also reduces significantly the domain sizes.[107] In parallel the crystalline order 

is improved. For polymer:fullerene solar cells that give large and separated domains, the 

additive has the effect to break the acceptor aggregates and give finer structures.[108]  

On the contrary for systems that present a finely mixed blend as cast, the additive can 

increases the phase separation and enhance crystallization.[109] In SM-PCBM as-cast 

devices, obtaining finely mixed blend with poor order has often been observed as a 

consequence of a vitrification process.[23, 104, 110-111] Molecular additive was first 

demonstrated in DADAD molecule p-DTS(PTTh2)2 where the crystallinity, the purity and 

the domain sizes are increased.[23] 

It is believed that the high boiling point additive allows the donor to self-assemble into 

pure and ordered phases as a significant amount of the additive remains in the film during 

the coating. In-situ measurement showed that DIO promotes and accelerates the 

formation of crystal structure during the spincoating.[112] 

2.4.3 Solvent vapor annealing 

Solvent vapor annealing (SVA) have gained significant attention the last years in the all-

SM solar cells. It has become a common optimization protocol that is used in some of the 

highest performing materials.[113] SVA is done by exposing the active layer to a solvent 

vapor in a closed environment, usually a Petri dish. Factors that affect SVA are, the choice 

of the solvent and the solubility of the molecular donor and/or acceptor, the partial 

pressure of the solvent, the time of exposure and the ambient temperature.[114] In this 
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section we will see that the literature converges into the idea that the solvent exposure 

induces crystallization of the donor. There is no clear consensus about the choice of the 

solvent. Literature shows that in general, the solvent used possesses a high solubility for 

both donor and acceptor like CF. However, in some study solvent with poor solubility 

were chosen. 

As an example the molecule p-DTS(FBTTh2)2 was first optimized with TA (5.8%) then with 

the molecule additive DIO (7.0%)[104] and finally with SVA (8.3%).[115] Li et al. looked at the 

morphology of DR3TBDTT:PC71BM based on different solvent vapor. Also the difference 

are minors, from 7.9% to 9.6%, the best performance was obtained with a solvent with a 

low boiling point and high solubility, here CS2 and CF. The vapor increases the crystallinity, 

the crystal size and reduce the π-π staking distance. Precise investigation of the 

morphology showed higher phase purity and high crystallinity is achieved via SVA 

compared to the as-cast film.[116] 

Sun et al. used THF vapor to improve the efficiency of the blend BTR:PC71BM.[26] The 

donor: acceptor domains sizes are increased which provide the percolation pathway for 

charge extraction. The π-π stacking distance is reduced and the hole mobility is high (>1 x 

103  cm2 V-1s-1) consistent with high FF of 77%.  

2.5 The need for morphology guidelines using small molecules donors  

Historically, research has been focused on the combination of polymers donors with 

fullerene-derivative acceptors and the combination P3HT:PC71BM being the star model 
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system for years.[99] However recent studies have shown that solution-processable small-

molecule (SM) donors can rival their polymer donor counterparts.[117] Compared to 

polymers, SM systems have a well-defined, finite conjugation length and molecular 

weight, and they can be purified via conventional chromatography or recycling HPLC/SEC 

techniques, clear benefits that minimize batch-to-batch variations and lessen scalability 

issues.  

Rational design of the materials and rational device optimization are crucial to obtain high 

efficiency. The combination polymer:fullerene has been extensively studied and general 

guidelines emerged regarding material design,[118] optimal morphology,[119] main losses[73] 

and effect of processing conditions.[117]  

The questions we will address are:  

- Are these guidelines applicable when polymer donors are replaced by small molecules?  

- Do small molecules require special treatment? 

- How the morphology is controlled and what is the optimal morphology? 

- What is the impact of morphology on device performance? 

In this thesis will discuss the effect of processing conditions such as molecular additive 

and solvent vapor annealing (SVA) when a small molecule is used as a donor. The device 

performances when a small molecule is used as non-fullerene acceptor will be 
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investigated. The relation between morphology, charge generation, charge 

recombination and charge extraction using small molecules materials will be explored.  
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Chapter 3  

Methodology and description of the work  

3.1 Device fabrication 

3.1.1 Devices 

The BHJ are fabricated on glass substrates with tin-doped indium oxide (ITO, 15 Ω sq−1) 

patterned on the surface (device area: 0.1 cm2). Substrates are sonicated (Branson 5510) 

for 15 min each in successive baths of acetone and isopropanol. Next, the samples were 

dried with pressurized nitrogen before being exposed to a UV−ozone plasma for 20 min. 

A thin layer (~30nm) of PEDOT:PSS was spin-cast onto the UV-treated substrates, dried 

on a heating plate at 140 °C for 10 minutes, and the PEDOT-coated substrates were then 

transferred into a dry nitrogen glove box (< 3 ppm O2). 

The blend solutions were obtained by dissolving the SM donor and PC71BM purchased 

from SOLENNE. The solvents in this thesis are Chlorobenzene (CB) and chloroform (CF). 

The SM-fullerene ratio of range from 4:6 to 6:4 (wt/wt) although additional ratios are 

tried during the optimization process, and the concentration of the solution is from 10 to 

30 mg/ml. The solutions are stirred for at least 1 hour at 40 °C and are then cast on the 

PEDOT-coated substrates inside the glovebox. The active layers are spin-cast at the 

desired speed (800 to 4000 rpm), for 20-30s, using a programmable spin coater from 

Specialty Coating Systems (Model G3P-8).  
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The (2-naphthyl)diphenylphosphine (DPO) interlayer (0.5mg/ml in methanol)[120] used in 

chapter 4 in spincoated in the glovebox on top of the active layers at a speed of 2000rpm 

for 20s.  

Next, the samples were placed in a thermal evaporator for evaporation of a 100-nm layer 

of aluminum electrode evaporated at 2.5 Å s−1; pressure under 2x10-6 Torr. A 7-nm 

thickness calcium (Ca) layer evaporated at 0.4 Å s−1 was evaporated prior aluminum for 

the device with Ca/Al top electrode. Following electrode deposition, samples underwent 

JV testing.  

3.1.2 Optimization protocols 

The following treatments are performed before the final evaporation. For thermal 

annealing devices, samples were put on a hotplate at a temperature between 100 and 

140C for usually 10mn. The molecular additive used in this thesis (DIO) is added during 

the solution preparation as a part of the solvent. SVA treatments were performed in the 

glove box. 2mL of the selected solvent is added into a glass Petri dish. The Petri dish is 

closed and saturated with solvent vapors for 4 mins. The as-cast BHJ film attached on the 

back-side of a second lid was quickly swapped with the lid covering the solvent-containing 

dish. The distance between the non-evaporated solvent and the film was approximatively 

1 cm. After the relevant SVA exposures, the samples were removed from the Petri dish 

and were allowed to dry at room temperature for 10mn. 
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3.2 Electrical characterization 

3.2.1 IV curve 

I-V measurements of solar cells were performed in the glovebox with a Keithley 2400 

source meter and an Oriel Sol3A Class AAA solar simulator calibrated to 1 sun, AM1.5 G, 

with a KG-5 silicon reference cell certified by Newport. Since the solar spectrum changes 

throughout the day and the location, a standard reference spectrum was defined to allow 

performance comparison. The AM1.5 Global spectrum (Figure 3.1) is designed for flat 

modules and has an integrated power of 1000W.m-2 (100mW.cm-2). 

 

Figure 3.1 Standard Solar Spectrum AM1.5G 
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3.2.2 PAIOS equipment 

 

Figure 3.2 Spectrum of the white LED employed in the paios setup. 

Light intensity dependence and Transient Photocurrent (TPC) measurement were 

determined using the commercial equipment PAIOS, an all-in on characterization 

platform developed by FLUXIM. Paios employs many different device characterization 

techniques in steady-state and transient modes. A function generator controls the light 

source- a white LED (rise/fall time 100 ns). A second function generator controls the 

applied voltage. The current and the voltage of the solar cell are measured with a digitizer. 

The current is measured via the voltage drop over a 20 Ω resistor or a transimpedance 

amplifier, depending on the current amplitude. The light comes from a white LED. Due to 

spectral mismatch (Figure 3.2), the power of the LED that gives a similar Jsc than the one 

measured with the solar simulator (AM 1.5, 1000W.m-2) is considered as 1 sun 

equivalent. 
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3.2.3 Transient PhotoCurrent 

 

Figure 3.3 TPC working principle 

Transient Photocurrent (TPC) measurement has been used to investigate the trapping and 

detrapping in polymer-fullerene[121-122], all polymer[123] and hybrid[124] BHJ solar cells. In 

this measurement devices held in the dark are subjected to a long light pulse (200μs) 

allowing the short-circuit current density to reach the steady-state value. The 

measurement is done with different light intensity. The rise gives information about 

space-charge effect such as an accumulation of carriers due to traps, low and imbalanced 

mobilities, and morphological problems.  

It is also possible to investigate the voltage dependence of the transient current. By 

applying a bias voltage, one can manipulate the internal field in the device by either 

increasing the internal field and help the drift of the charges (reverse bias) or reducing 
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the internal field close to the open-circuit condition to increase recombination (forward 

bias).  

3.2.4 Light intensity dependence measurement 

 

Figure 3.4 (a) Jsc as a function of the light intensity. The solid line is the fit to equation Jsc 

∝Iα where the value of α is extracted. (b) α values as a function of the light intensity when 

small segment of light I+dI are used (c) Corresponding fraction loss due to bimolecular 

recombination as a function of the light intensity.  

It has been shown that the extent of bimolecular recombination can be evaluated looking 

at the dependency of the short-circuit current with different light illumination[125]. The 

dependence of the Jsc is described by Jsc ∝Iα (Figure 3.4a). Here α close to the unity 

indicates weak bimolecular recombination losses whereas smaller α values indicate a 

competition between recombination and carrier extraction[126] 

The α value is an average number obtained from the whole range of light intensities. Since 

the bimolecular recombination strongly depends on the light intensity (i.e. charge 
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density), the number α should varies from low light intensity to high light intensity. With 

a precise control of the incoming light, one can divide the light intensity range into small 

segments of I+dI and determine for all these segments a particular α value (Figure 3.4b). 

It has been showed that the α value is related to the bimolecular losses through the 

formula BR=1- α-1 (Figure 3.4c). 

3.2.5 MIS-CELIV 

 

Figure 3.5 (a) Device configuration employed for the MIS-CELIV measurement (b) Working 

principle of the measurement.  

The hole and electron mobilities of BHJ can be determined via the Metal-Insulator- 

Semiconductor Charge Extraction by Linearly Increasing Voltage (MIS-CELIV) method. In 

this method, an evaporated layer of Magnesium Fluoride (MgF2) is used an insulator with 

a large band gap that will block the charge carriers. As shown in Figure 3.5a by applying 

an offset voltage, charges accumulate at the BHJ/MgF2 interfaces. The accumulated 
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charges are then extracted via a ramp voltage (Figure 3.5b) and the current is recorded 

as a function of the time. The MIS-CELIV carrier mobility is estimated from Equation 3.1. 

𝜇𝜇 = 2𝑑𝑑𝑠𝑠2

𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡2
(1 + 𝜀𝜀𝑠𝑠𝑑𝑑𝑖𝑖

𝜀𝜀𝑖𝑖𝑑𝑑𝑠𝑠
)  (3.1) 

Definition Variable Units 
Carrier mobility μ cm2 V-1 s-1 
Voltage ramp A V s-1 
Carrier transit time ttr s 
Dielectric constant of the semiconductor εs (3.5) 

 

Dielectric constant of the insulator εi (5.29)  
Thickness of insulator layer di cm 
Thickness of semiconductor layer ds cm 

 

We define j0 as the current measured when no voltage is applied. The time at which the 

transient current reaches a value of 2j0 is related to the carrier transit time via a correction 

factor of 4/π.[127]  

The device architecture is the following: Glass/ITO/MgF2/SM:PC71BM/MoO3/Ag for hole-

only diode, and Glass/MgF2/ZnO/SM:PC71BM/Ca/Al for electron-only diode.[127]  

The ITO substrates and BHJ active layers are prepared following methods described in 

Section 3.1.1. MgF2 serving as an insulating layer was thermally evaporated; thickness: 

70nm. For the hole-only devices, a top MoO3 layer (7 nm) and an Ag cathode (100 nm) 

were thermally evaporated through a shadow mask defining an active area of 0.1 cm2. 

For the electron-only device, the Ca layer (7nm) and an Al anode (100 nm) were then 

thermally evaporated through a shadow mask defining an active area of 0.1 cm2. 
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3.2.6 Space-Charge-limited current 

The mobilities (electrons and holes) are determined by fitting the dark current of the 

hole/electron-only diodes to the space-charge-limited current (SCLC) model.  

The electric-field dependent SCLC mobility was estimated using Equation 3.2: 

𝐽𝐽(𝑞𝑞) =
9
8
𝜀𝜀0𝜀𝜀𝑟𝑟𝜇𝜇0exp �0.89𝛽𝛽�

𝑞𝑞 − 𝑞𝑞𝑏𝑏𝑖𝑖
𝐿𝐿

�
(𝑞𝑞 − 𝑞𝑞𝑏𝑏𝑖𝑖)2

𝐿𝐿3
 (3.2) 

Definition Variable Units 
zero-field mobility μ0 cm2 V-1 s-1 
film thickness L cm 
dark current density J mA cm-2 
voltage V V 
vacuum permittivity ε0 (88.54 × 10-12) mA s V-1 cm-1 
dielectric constant εr (3)  
field activation factor β cm1/2 V-1/2 

 

Hole-only diode configuration: Glass/ITO/MoO3/BHJ/MoO3/Ag; here, Vbi=0 V (flat band 

pattern formed by MoO3-MoO3). First, MoO3 (10 nm, 0.3 Å s-1) was thermally evaporated 

(~10-6 Torr) onto the ITO-coated glass. After deposition of the active layer MoO3 (7 nm, 

0.3 Å s-1) and Ag (100 nm, 5 Å s-1) were deposited via thermal evaporation in a vacuum 

chamber at a base pressure (~10-6 Torr) through a shadow mask defining an active area 

of 0.1 cm2.  

Electron-only diode configuration: Glass/ITO/ZnO/BHJ/Ca/Al; here, Vbi=1.5V. The ZnO 

precursor solution was prepared according to established procedures,[128] and was spin-
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cast at 3,000 rpm onto the ITO-coated glass substrates and baked at 170 °C for 20 min in 

air. The active layers were then deposited on top of the ZnO/ITO-coated substrates. Ca (7 

nm, 5 Å s-1) and Al (100 nm, 5 Å s-1) was deposited as the top electrode. 

3.2.7 Sensitive External Quantum Efficiency 

The EQE spectra were collected at short-circuit under focused monochromatic 

illumination from a Xenon arc lamp. The light beam was modulated by an optical chopper 

(275 Hz). The device output current was measured as a function of incident photon energy 

using a lock-in amplifier (Stanford Instruments SR 830). The lamp intensity was calibrated 

with Ge and Si photodiodes. The data are fitted to the following Equation 3.3. 

𝜎𝜎(𝑃𝑃)𝑃𝑃 =  
𝑓𝑓

√4𝜋𝜋𝜋𝜋𝑛𝑛𝑛𝑛
𝑒𝑒𝑥𝑥𝑒𝑒 �

−(𝑃𝑃𝐶𝐶𝐶𝐶 + 𝜋𝜋 − 𝑃𝑃)2

4𝜋𝜋𝑛𝑛𝑛𝑛
� (3.3) 

In this equation, k is Boltzmann’s constant; T, temperature and E, photon energy. ECT, the 

energy of the CT state, λ (reorganization energy) and f, a parameter directly proportional 

to the number of the CT complexes are the fit parameters. 

3.2.8 Time Delayed Collection Field 

In Time Delayed Collection Field (TDCF), the devices are subjected to a pre-bias (Vpre) and 

illuminated with a short laser pulse. After a certain delay time (td), a strong reverse bias 

is applied to the solar cell to collect all the remaining carriers. The transient current is 

integrated to determine the total collected charge (Qtot). The fluence of the laser pulse is 

low such that the non-geminate recombination is negligible and geminate recombination 
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is the main loss channel. Measuring Qtot as a function of the pre-bias can be seen as a 

direct measurement of the voltage dependence of geminate recombination. 

Our in-house TDCF setup uses the second harmonic (532nm) of an actively Q-switched 

sub-ns Nd:YVO4 laser (INNOLAS piccolo AOT) operating at an excitation of 5kHz. To 

minimize the RC response time, a small device area of 1mm2 is used in those experiments. 

The samples were measured under dynamic vacuum conditions to avoid any degradation. 

A keysight S1160A functional generator was used to provide the pre-bias and extraction 

bias, while a keysight four channel digital oscilloscope was used to measure the current 

response of the device. 

 

Figure 3.6 TDCF experiment principle. 
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3.3 Morphology characterization 

3.3.1 Transmission Electron Microscopy 

The BHJ films are spin-cast on PEDOT:PSS-coated glass substrates in the same condition 

used for device fabrication. Films were floated off the substrates in deionized water and 

collected on lacey carbon-coated TEM grids (Electron Microscopy Sciences). TEM images 

were recorded in bright-field mode with a microscope operating at 120 keV (Tecnai Bio 

twin, FEI), using a 4k x 4k eagle CCD camera (FEI). 

3.3.2 Atomic Force Microscopy 

A Dimension Icon atomic force microscope (AFM) from Bruker was used to image the 

active layers in tapping mode (heights and phase images are represented below). 

3.3.3 X-Ray Diffraction 

XRD analyses were performed on a Bruker D8 Advance X-ray powder diffractometer using 

the Cu-Ka radiation (k = 1.54071 Å). 
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3.3.4 Grazing Incidence Wide Angle X-ray Scattering 

 

Figure 3.7 (a) Representation of the GIWAXS experiment (b-e) 2D GIWAXS scattering and 

the corresponding crystallographic structures. 

Grazing Incidence Wide Angle X-ray Scattering (GIWAXS) is a scattering technique used to 

describe the nanostructured thin films. It is a powerful method to study the crystallinity 

of soft-matter materials such as polymers.  In this experiment the X-rays encounter the 

sample at a grazing angle α (Figure 3.7a) and as the scattering is recorded with a 2D 

detector. The scattering pattern contains information about the crystal orientation, 

distances, order/disorder and the degree of crystallinity (Figure 3.7b-e). 

GiWAXS experiments were acquired at beamline 11-3 at the Stanford Synchrotron 

Radiation Lightsource at SLAC. The incident angle is 0.14°. 
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Thin films for GiWAXS were prepared on silicon substrate the same way as per the 

devices, directly on top of silicon or on top on PEDOT:PSS for better comparison. 

3.3.5 Resonant Soft X-rays Scattering 

Resonant Soft X-rays Scattering (RSoXS) is a transmission measurement where the 

scattering intensity is probed near the primary beam. The variation (inhomogeneity) of 

the electron density is detected and the range of dimension is between few nm to few 

hundred.  

RSoXS was conducted at the ALS beamline 11.0.1.2 which uses an elliptically polarized 

undulator source. Separate fragments of the same films used in STXM measurements, 

once freed from their substrates, were picked up by 100 nm thick SiN membranes 

(2x2mm lateral size, Norcada). 

3.3.6 Neutron Reflectivity 

Neutron Reflectivity (NR) measurements were performed using the Platypus time-of-

flight neutron reflectometer and a cold neutron spectrum (0.28 nm < λ < 1.80 nm) at the 

OPAL 20 MW research reactor [Australian Nuclear Science and Technology Organisation 

(ANSTO), Sydney, Australia]. 24 Hz neutron pulses were generated using a disc chopper 

system (EADS Astrium GmbH) in the medium resolution mode (Δλ/λ = 4.3%) and recorded 

on a two-dimensional helium-3 neutron detector (Denex GmbH). Reflected beam spectra 

were collected at incidence angles (θ) of 0.65º for 1800 s and 2.50º for 7200 s to give a 

range of momentum transfer Q of 0.08-1.96 nm-1 [Q = (4π/λ)sinθ]. Direct beam 
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measurements were collected under the same collimation conditions for both reflection 

angles for normalization. Experiments were conducted in a custom-built sample chamber 

under a coarse vacuum. 

3.3.7 UV-Vis 

Solution UV-Vis spectra were recorded on a Varian Cary 100 instrument in single beam 

mode, in 1 cm quartz cuvettes. 

Thin films UV-Vis and temperature-dependent UV-Vis absorption measurements were 

performed using a F20-UVX spectrometer (Filmetrics, Inc.) equipped with tungsten 

halogen and deuterium light sources (Filmetrics, Inc.). UV-Vis absorption spectra were 

calculated from the transmission spectra using the following equation [ Aλ = −log10(T)] 

where Aλ is the absorbance at a certain wavelength (λ) and T is the transmitted radiation.  

For the temperature-dependent UV-Vis absorption measurements, the temperature was 

controlled using a microscope stage (Linkam LTS 420) that allows transmission 

measurements. Heating was done at a rate of 10 ˚C per minute. Measurements were 

carried out at constant temperatures; the sample was kept at each specific temperature 

for 5 minutes prior to each measurement. 

For in-situ UV-Vis during the solvent annealing treatment, a reference spectrum was first 

taken using a glass substrate attached to the cover of the Petri dish containing the solvent. 

After saturation with the solvent, the Petri lid was quickly swapped with one having the 

relevant substrate attached. 
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3.3.8 PhotoElectron Spectroscopy in Air 

 

Figure 3.8 Working principle of the PESA measurement. 

Photoelectron Spectroscopy in Air (PESA) measurements were recorded using a Riken 

Keiki PESA spectrometer (Model AC-2). The equipment measures the work function of the 

sample surface and is composed of the following parts: A deuterium lamp emitting UV 

photons, typically with a power of 1 to 100nW, a grating spectrometer to obtain a 

monochromatic light and an electron counter. The light is focused on the sample, the 

photoelectrons emitted from the material are accelerated and counted by an open 

counter.  

Samples for PESA were spin coated on glass substrates. One of the key future of the 

equipment is that the measurement is done at atmospheric pressure allowing a fast 

measurement. As a drawback, the work function/ionization potential are typically 0.1-0.3 

eV higher than the one measured in vacuum. 
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3.3.9 Photoluminescence 

Samples for PL spectroscopy were spin-coated onto glass substrates using the conditions 

developed for the BHJ solar cells. Spectra were measured using a spectrofluorometer 

FluoroMax-4, HORIBA. 

3.3.10 Thermal Behavior 

Thermogravimetric analyses (TGA) were performed with a NETZSCH TG 209 F1 Iris under 

nitrogen atmosphere, with a set ramp rate of 10 K/min, and using Al2O3 (alox) crucibles. 

Differential scanning calorimetry (DSC) analyses were performed with a NETZSCH DSC 204 

F1 Phoenix under nitrogen atmosphere, using aluminum crucibles. Polarized optical 

microscopy (POM) images were obtained with a Nikon Eclipse LV100 POL equipped with 

a linkam LTS420 heating and cooling stage connected to a T95 temperature controller. 

3.3.11 Solid state Nuclear Magnetic Resonance 

Solutions are prepared in chlorobenzene (15 mg/ml). After stirring the solutions for 4 h at 

50 °C, the solutions were drop-cast on clean silicon wafers. The silicon wafers were kept 

under vacuum for 5 h, and the films were subsequently peeled off using a razor blade. 

The collected films were kept under vacuum for at least 5 days to eliminate all traces of 

residual casting solvent. The film residues were then subsequently packed into 2.5 mm 

O.D. rotors for NMR analyses.  

1H-1H double quantum-single quantum (DQ-SQ) NMR experiments were performed on a 

Bruker Avance III console operating at a 1H Larmor frequency of 600 MHz, fitted with a 
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Bruker double resonance H-X probe. In all experiments, a delay time of 2 s, a 90° pulse 

width of 2.4 µs, one rotor period of BaBa recoupling, and one rotor period long z-filter 

was used. All spectra were obtained at a spinning rate of 29762 Hz, allowing for a t1 

increment of 33.6 µs. 96 increments were recorded, with a full phase cycle of 16 scans 

each. All spectra were calibrated externally to the isotropic 1H chemical shift of 

adamantane (1.85 ppm). 

3.3.12 Density Functional Theory 

All Density Functional Theory (DFT) calculations were performed at the B3LYP/6-31G(d,p) 

level of theory with the Gaussian 09 (Revision C.01) software.[129] Small-molecule side 

chains were modeled as methyl groups to reduce the computational cost. Although the 

side chains play an important role in the organization of small molecules and polymers in 

thin films, it is commonly assumed that the electronic properties of the single isolated 

small-molecule/polymer chain in the gas phase are well represented via this approach. 

Self-interaction errors in DFT can lead to overemphasis of planarity and torsion barrier 

heights of the molecule. These limitations can be overcome via other methods that rely 

on more involved computational analyses. Here, the B3LYP functional was chosen for the 

potential energy surface (PES) scans in order to maintain consistency with the small-

molecule orbital density calculations. 
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Chapter 4  

Effect of domains sizes and domains purities on charge generation and 

charge extraction 

4.1 Introduction 

As with polymer donors, the types and sequences of donor and acceptor motifs used 

along the SM backbone impact their optoelectronic (e.g. ionization potential, bandgap, 

π-electron delocalization and orbital overlap)[130-131] and self-assembling properties in 

thin films, [132-133] in turn resulting in distinct efficiency patterns in BHJ solar cells. In 

addition, the set of solubilizing side chains appended to the SM backbone must allow for 

adequate solution-processability and mitigated aggregation, while preserving favorable 

packing effects that help promote self-assembly, π-π stacking, and in turn charge 

transport across the BHJ active layers. In parallel, the solution-processing conditions (e.g. 

use of additives,[104, 134] nucleating agents,[135] solvent type[136]) and post-processing 

treatments (e.g. thermal[137-138] and solvent annealing[26, 139]) used in the optimization of 

SM-based BHJ solar cell performance induces important morphological effects that set 

the device efficiency baseline and help leverage optimal figures of merit.[131, 133] However, 

it is critical to note that most SM systems do not readily achieve PCEs >6%, even upon 

careful, systematic BHJ device optimizations, and the molecular structure of SMs remains 

the determining factor directing material performance and BHJ solar cell efficiency.[140-

143] 
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Figure 4.1 Molecular structure of the benzo[1,2-b:4,5-b] dithiophene-pyrido [3,4-b]-

pyrazine SM donor analogs (SM1 and SM2), along with that of the fullerene acceptor 

PC71BM and the 1,8-Diiodooctane additive. 

While (N/F-based)benzo[c][1,2,5]thiadiazole and unsubstituted analogues have 

frequently been used as acceptor motifs in the design of low-bandgap SM donors, these 

units lack synthetic modularity and solubilizing side chains cannot be easily derived.[144-

145] In contrast, pyrido[3,4-b]pyrazine (PP) motifs are more synthetically tunable and can 

be made with alkyl side-chain substituents that can contribute towards solubility, yet 

those units have seen only limited use thus far. Following the first account of PP units 

used in polymers for electrochromic applications, a few studies have turned to PP motifs 

(or analogues) in the design of donor-acceptor polymers for BHJ solar cells.[146-148]  
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In this chapter we show that both the presence of ring-substituents on BDT and the use 

of the additive DIO critically impact (i) molecular packing, and (ii) thin-film morphologies 

and charge transport in BHJ solar cells made with PC71BM as the fullerene acceptor. While 

device PCEs remain <3% with SM1, optimized BHJ solar cells made with the ring-

substituted (BDT(T)) counterpart SM2 achieve up to ca. 6.5% PCE, and fine-scale thin-film 

morphologies that are comparable to those obtained with some of the best-performing 

polymer donors used together with PC71BM.[149-150] 

4.2 Small molecule properties 

4.2.1 Computational analysis 

 

Figure 4.2 Representations of (a) the LUMO and (b) the HOMO of SM1-2 (the backbones 

are equivalent) obtained at the B3LYP/6-31G(d,p) level of theory.  
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First-level DFT calculations show that the SM donor structures are expected to be 

relatively planar with π-system well delocalized in the ground state (see HOMOs in Figure 

4.2). Although side chains play an important role in molecular self-assembly, it is 

commonly assumed that the electronic properties and backbone geometry of single 

isolated π-conjugated systems are well represented in gas phase calculations where side 

chains are swapped for methyl groups (to optimize computational time). From these 

calculations, we estimate dihedral angles of 15-16° between the BDT(T) and PP motifs; 

conformation in which the pyrazine moiety of PP is syn to the sulfur heteroatoms of 

adjacent thienyl motifs shown in Figure 4.2. The potential energy surfaces (PES) resulting 

from the rotation of the PP motifs with respect to BDT(T) and single-ring T units are 

represented in Figure 4.3, showing that relative backbone planarity in SM2 is achieved via 

statistical syn and anti conformations. The significant energetic barriers of ca. 3 kcal mol-

1 (Figure 4.3a) and 8 kcal mol-1 (Figure 4.3b) on going from anti to syn conformations 

parallels the idea that the backbone of SM2 is expected to remain rather coplanar (i.e. 

disfavoring “out-of-plane” conformations); for reference, we note that RT at room 

temperature (298 K) is approximately 0.6 kcal mol-1 and that the energetic barriers 

discussed above are expected to prohibit inter-conversion between syn and anti 

conformers at room temperature. While the HOMO of all systems was found to be well 

delocalized across the π-conjugated backbones, we note that some localization on PP 

motifs occurs in the LUMO (Figure 4.2), with significant quinoidal character induced 



77 
 
 

across the structure as the aromaticity of the pyrazine moieties of the PP motifs compete 

with main chain conjugation. 

 

Figure 4.3  Potential energy surfaces (PES) resulting from the rotation of (a) the PP motifs 

with respect to BDT(T) and (b) the PP motifs with respect to T units; relative energies 

determined by DFT modeling at the B3LYP/6-31G(d,p) level. 

4.2.2 Absorption and energy levels 

 



78 
 
 

Figure 4.4 Superimposed solution and thin-film UV-vis absorption spectra for (a) SM1 and 

(b) SM2. 

The solution and thin-film UV-Vis absorption spectra of SM1-2 are overlaid in Figure 4.4. 

The SM systems show comparable solution spectra, with near-equivalent molar 

absorptivity coefficients at their absorption peak: 61460 L mol-1 cm-1 for SM1, and 58240 

L mol-1 cm-1 for SM2. The absence of long-wavelength absorption shoulders in the solution 

spectra of all SM donors indicate that the molecules are not prone to π-aggregate 

formation at the concentration of this experiment (2x10-5 M). In thin films, the spectral 

absorption of the SMs shifts to longer wavelengths, with onsets shifting from ca. 615 nm 

in solution, to >650 nm in thin films (up to 685 nm for SM1). The spectral features of the 

main absorption band and the π-aggregation footprint visible at longer wavelengths mark 

the propensity of the SMs to self-assemble in thin films.  

The optical bandgap (Eopt) values inferred from the onsets of thin-film absorption fall 

within the same range: 1.81 eV for SM1, and 1.87eV for SM2. The ionization potentials 

(IPs) of SM1-2 were determined via PESA: 5.05 eV for SM1, and 5.10 eV for SM2; 

expectedly comparable IP values, slightly larger than the HOMO energy levels of ca. 4.7 

eV inferred from our prior DFT calculations (predicted HOMO-LUMO gap of 2.2 eV). 
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Figure 4.5 thin-film UV-vis absorption spectra of (a) SM1 and SM1:PC71BM with different 

amount of additive. (b) SM2 and SM2:PC71BM with different amount of additive. 

The normalized absorbance spectra of the six different active layers and neat SM donor 

films cast without DIO reveal trends on the SM donor aggregation state. The insets of 

Figure 4.5 emphasize the aggregation peak at ca. 600 nm. The presence of PC71BM 

reduces the intensity of this peak for all devices relative to the neat films, indicating that 

the fullerene disrupts the aggregation of the SM donor. For the SM1–based blends, 

spectra for 0 v.% and 0.2 v.% DIO are identical, and only with 0.5 v.% DIO does aggregation 

become more pronounced. On the other hand, the aggregation-related absorption 

features of SM2 in the blend increase monotonically with the amount of DIO additive.  
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4.2.3 Thermal behavior 

 

Figure 4.6 Differential scanning calorimetry (DSC) traces of SM1 (a) 1st cycle (b) 2nd cycle, 

SM2 (c) 1st cycle (d) 2nd cycle. Traces collected at a scan rate of 10 K.min-1 between 30 °C 

and 300 °C; heating: bottom traces, cooling: upper traces. (e) Thermogravimetric analyses 

(TGA) of SM1-2.  

The differential scanning calorimetry (DSC) analyses show complex characteristic phase 

transition behaviors, with sharp melting transitions on the heating scans in a different 

range of temperatures (173 °C for SM1, and 154 °C for SM2), indicating that the side-chain 

substitution patterns impact the physical properties of the SM donors. While the delayed 

crystallization transition of SM2 is observed at 76 °C in Figure 4.6c, the 

solidification/crystallization transitions are not always obvious from the cooling scans, 
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despite our effort to carefully characterize those systems using various conditions and 

scan rates.  

Notes: (1) The SM samples used in those measurements (1st cycle) were obtained from 

freeze-dry protocols after systematic purifications. (2) The differences observed between 

first and second cycles can be assigned to sample history and inherent differences in 

solidification behavior in the DSC experiment (where both kinetics and thermodynamics 

of crystallization are expected to differ greatly, noting that crystallites obtained via freeze-

dry sample preparation protocols may not reproducibly occur during the DSC scans). (3) 

The delayed solidification transitions (or absence thereof) on the cooling scans generally 

observed across experiments are inherent to the viscoelastic behavior of the various side-

chain-substituted SM systems. 

The thermogravimetric analyses (TGA) given in Figure 4.6e show that the SM donors are 

thermally stable in nitrogen atmosphere until ca. 300 °C (ca. 5% weight loss observed at 

335 °C). The onset of decomposition of SM1 can be assigned to the loss of the BDT alkoxy 

side chains, while the ring-substituted counterpart SM2 involving BDT(T) motifs shows 

significantly improved thermal stability, with an onset of decomposition at ca. 400°C (ca. 

5% weight loss observed at 432 °C).  
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4.3 Additive and device behavior 

4.3.1 Device fabrication 

 

Figure 4.7 (a) Characteristic J-V curves of SM1:PC71BM solar cells fabricated with different 

DIO concentration (b) Characteristic J-V curves of SM2:PC71BM solar cells fabricated with 

different DIO concentration. (c) EQE spectra for optimized SM1- and SM2-based devices.  

SM DIO VOC JSC FF Avg. PCE Max. PCE 
 [v.%] [V] [mA/cm2] [%] [%] [%] 
1 0 0.66 2.1 36 0.5 0.7 
 0.2 0.66 2.4 42 0.7 0.8 
 0.5 0.81 5.7 49 2.3 2.5 
2 0 0.95 7.0 36 2.4 2.6 
 0.2 0.90 10.5 67 6.3 6.5 
 0.5 0.86 8.2 62 4.4 4.5 

 

Table 4.1 Device performance from SM (1 or 2):PC71BM ratio of 1:1 (wt/wt) solution-cast 

from chlorobenzene (CB) with the indicated amounts of DIO additive. 
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The cells with optimized SM:PC71BM blend ratios (1:1, wt/wt) were cast from 

chlorobenzene (CB) (film thicknesses in the range of 75-85 nm). As shown in Table 4.1, 

optimized BHJ devices made with SM1 showed a VOC (0.81 V) and FF (49%), yet modest 

JSC (5.7 mA.cm-2) and, in turn, PCEs of 2.5% (Max.). Turning to SM2, the “as-cast” BHJ solar 

cells achieve significantly higher PCEs of 2.4% (Avg.) compared to SM1-based “as-cast” 

devices, combining a large VOC of 0.95 V. Using the DIO additive (0.2%, v/v) we achieved 

PCEs up to ca. 6.5% (Max.), correlated to a net increase in JSC (10.5 mA/cm2) and FF (ca. 

67%). The high JSC values achieved with SM2-based BHJ solar cells are consistent with the 

external quantum efficiency (EQE) spectra (Figure 4.7c); with SM2-based devices showing 

high EQE values in the range 350-600 nm (peaking at 70%), while the EQE responses of 

SM1-based devices remains under 40% in the same range, in agreement with the modest 

JSC values. 

Finally, the evolution the device performance of the best SM2-device with different film 

thickness was investigated. While the Voc remains similar, the Jsc peaks around 75-95nm. 

The FF starts to drop after 90 nm pointing to a problem of extraction/recombination in 

thick devices. As a result, the overall efficiency is the highest when the active layer is 70-

90nm thick. 
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Figure 4.8 Evolution of (a) Voc (b) Jsc (c) FF and (d) PCE as a function of the thickness of 

the active layer. 

4.3.2 Charge transport 

 

Figure 4.9 Dark J-V curves for hole-only diodes made with optimized BHJ thin films with 

SM1 (a) and SM2 (b) as SM donors. The experimental data are fitted using the single-

carrier SCLC model (solid lines). 



85 
 
 

Important morphological differences between BHJ thin films often correlate with distinct 

charge transport patterns, impacting the figures of merit of OPV devices.[151]  To probe 

carrier effects, we measured the hole mobilities of SM1 and SM2 in optimized BHJ thin 

films; values inferred from the space charge limited current (SCLC) model. Figure 4.9 

shows the dark current densities of the optimized BHJ thin films in hole-only diodes as a 

function of applied effective field (fits for various BHJ thicknesses). Our analyses indicate 

that the zero-field hole mobilities of SM2-based BHJs are one order of magnitude larger 

than those of the SM1-based counterparts: 1.5 x 10-5 cm2V-1s-1 vs. 1.5 x 10-6 cm2V-1s-1, 

respectively; results consistent with the marked PCE differences in SM2- and SM1-based 

optimized BHJ solar cells.  

4.3.3 Light intensity dependence measurement 

 

Figure 4.10 JSC vs. light intensity for (a) non-optimized SM1-based BHJ devices (no DIO) 

and optimized BHJ devices (0.5% DIO, v/v), and (b) non-optimized SM2-based BHJ devices 
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(no DIO) and optimized BHJ devices (0.2% DIO, v/v) in log-log scale. The solid lines 

correspond to fits to the data according to 𝐽𝐽𝑠𝑠𝑠𝑠 ∝ 𝐼𝐼𝛼𝛼. 

To evaluate whether carrier recombination is limiting device efficiency to a different 

extent in non-optimized and optimized BHJ solar cells with SM1 and SM2 as donors, we 

measured JSC as a function of incident light intensity. Figure 4.10 depicts the dependence 

of JSC on light intensity for SM1 and SM2-based BHJ devices cast without processing 

additive (no DIO) and cast with additive. For non-optimized (no DIO) SM1-based BHJ 

active layers, a power law fit to the JSC vs. light intensity data yields an α of 0.78, indicative 

of substantial bimolecular recombination losses. In contrast, α in optimized SM1-based 

BHJs is 0.94, implying that carrier extraction proceeds with significantly reduced 

recombination losses. Likewise, bimolecular recombination can be nearly suppressed 

upon systematic optimization of the BHJ active layer morphology in SM2-based BHJ active 

layers: in these instances, α values inferred from the fits to the JSC vs. light intensity data 

increase from 0.88 (no DIO) to 0.99 (optimized conditions). Overall, these results are 

consistent with the figures of merit summarized in Table 4.1 for non-optimized and for 

optimized BHJ solar cells made with SM1 and SM2. 
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4.3.4 Transient analysis  

 

Figure 4.11 Transient short-circuit current in response to a 200 µs white light (LED) pulse 

for (a) non-optimized (no DIO) and (b) optimized (0.2% DIO, v/v) SM2-based BHJ devices, 

and (c) non-optimized (no DIO) and (d) optimized (0.5% DIO, v/v) SM1-based BHJ devices. 

Light intensities provided in terms of equivalent sun. 
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Figure 4.12 Transient short-circuit current (normalized) in response to a 200 µs white light 

(LED) pulse for (a) non-optimized (no DIO) and (b) optimized (0.2% DIO, v/v) SM2-based 

BHJ devices, and (c) non-optimized (no DIO) and (d) optimized (0.5% DIO, v/v) SM1-based 

BHJ devices. The black arrows emphasize the dependence of the device short-circuit 

current characteristics as a function of time. 

Transient photocurrent (TPC) measurements provide information on carrier transport 

and, in particular, on whether carrier traps affect the transport in BHJ active layers.[124, 

152] Here, we examined the turn-on and turn-off dynamics of the non-optimized and 

optimized BHJ solar cells with SM1 and SM2 using long light pulse excitations, allowing 

the current density to reach the steady-state conditions comparable to those used for the 
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light intensity dependence analysis previously discussed. Figure 4.11 depicts the transient 

photocurrent of non-optimized (no DIO) and optimized SM1- and SM2-based BHJ solar 

cells and Figure 4.12 depicts the same data normalized to the steady state. The fast 

dynamic of SM2-based BHJ active layers, shown in Figures 4.12b and 4.12d, contrasts with 

that of SM1-based BHJ devices, depicted in Figures 4.12a and 4.12c. The rise/fall times on 

the order of 1.8 μs (i.e. the time required to reach 90 % of the maximum current from an 

initial 10%) obtained from optimized SM2-based active layers (Figure 4.12d) are virtually 

independent of light intensity. In contrast the TPC curves of non-optimized active layers 

(Figure 4.12b) show only a weak light intensity dependence, with rise times dropping 

from 9.5 µs to 4 µs as light intensity increases from 0.11 to 1.43 sun equivalent. In 

comparison, SM1-based active layers show a pronounced dependence on light intensity, 

with a fast initial rise/fall component followed by a second, slower component. In this 

case, after a fast 1 µs rise, the current progresses at a significantly slower rate toward its 

steady-state JSC (comparable for all light intensities). In the non-optimized device (no 

DIO), the fast rise of the current evolves into a transient peak at higher light intensities 

and then decays, finally leveling off at the steady-state photocurrent. Looking at the turn-

off dynamics, a fast ca. 1 µs decay is first observed, followed by a persistent photocurrent 

tail indicating that charges continue to be extracted over as long as 200 µs. In general, the 

slower dynamic component becomes less prominent as light intensity increases, 

suggesting that the traps are filled at higher light intensities and in turn their impact on 

charge transport becomes less pronounced.  In contrast, in optimized SM1-based active 
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layers, the current does not show any transient peak at high light intensities, and the 

rise/fall times are up to 10x faster (cf. black arrows emphasizing the evolution of the 

dynamics with increasing light intensity in Figure 4.12). In earlier studies,[123, 153] dynamics 

such as the ones shown in Figure 4.12c have convincingly been described by time-

dependent drift-diffusion models, in which the inclusion of trap states reproduced the 

sequential two-component photocurrent dynamics. Based on those prior reports, we 

assign the fast component to rapid and efficient transport of free charges, and the slower 

component to trapping/detrapping events occurring over more extended time periods. 

The two different rates and timescales over which these processes occur correlate with 

the fast and slow components observed during rise/fall events, and trap-mediated space-

charge effects are at the origin of the characteristic transient photocurrent peak observed 

at the higher light intensity regime.[153] In optimized SM1-based BHJ devices, two factors 

can account for the absence of these transient peaks: (i) a reduction in the depth and 

number of trap states and/or (ii) slower trapping and faster detrapping rates. Overall, the 

nearly trap-free carrier transport regime observed in SM2-based BHJ devices is in line with 

SM2-based photoactive layers outperforming SM1-based.  

4.4 Role of the additive on the morphology and charge dynamics 

4.4.1 Exciton dynamics and charge generation 

The device metrics are all affected by several fundamental processes associated with the 

conversion of photons into extracted charges. We thus turn to a stepwise characterization 

of the charge generation and collection processes in these devices by employing steady-



91 
 
 

state and transient spectroscopy techniques. With absorption being nearly identical for 

all devices, we focus on the four main subsequent processes: exciton dynamics, charge 

generation, charge recombination, and charge extraction. This provides more insight into 

the reasons for the observed performance trends – particularly the differences in JSC and 

FF.  

 

Figure 4.13 Photoluminescence of (a) SM1:PC71BM no DIO (b) SM1:PC71BM 0.2%DIO (c) 

SM1:PC71BM 0.5%DIO (d) SM2:PC71BM no DIO (e) SM2:PC71BM 0.2%DIO (f) SM1:PC71BM 

0.5%DIO. 

   SM1   SM2  
DIO [v.%] 0 0.2 0.5 0 0.2 0.5 
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PLQ [%] 89.9 88.0 45.5 99.3 99.1 88.5 
 

Table 4.2 Photoluminescence Quenching as a function of the SM and the quantity of 

additive. 

Photoluminescence quenching (PLQ) efficiencies (Figure 4.13) are summarized in Table 

4.2. Such data is an effective ceiling on the efficiency of converting excitons into charges. 

In the case of the SM2 system, the reduction in PLQ is initially insignificant with >99% of 

radiative recombination channels quenched with 0% or 0.2% DIO, the latter representing 

optimized processing conditions. Increasing DIO further to 0.5 % reduced the PLQ to 

<90%. The SM1 system is quite different with ~90% PLQ reduced to <50% under ‘device 

optimized’ DIO concentrations. This indicates that fewer than half of all excitons created 

(photons absorbed) are available for charge generation. Such a significant reduction in 

PLQ is unexpected considering the drastic improvement of device performance. 
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Figure 4.14 Normalized photoluminescence (PL) spectra averaged between 0 and 200 ps 

of (a) SM1 and (c) SM2 in chlorobenzene solution (dotted lines) and in neat films (solid 

lines).  The differences at short wavelength are attributed to self-absorption in the dense 

film. The normalized PL spectra of the corresponding blends are overlaid as grey-shaded 

area curves. The films, both neat and blends, were prepared with the optimal DIO 

concentration (0.5 v.% for SM1 and 0.2 v.% for SM2). (b) and (d): corresponding 

normalized decays of the PL intensity of solutions (blue), neat films (red), and that of 

blend films (black). 

To gain further insight into exciton diffusion, we monitored their dynamics by time-

resolved (TRPL; Figure 4.14). This experiment provided several insights: first, a certain 

degree of molecular order observed in neat SM1 and SM2 films is disrupted in DIO-
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optimized thin-film blends, an observation that is even more evident for SM2. Second, 

excitons in SM1 and SM2 films exhibit very different diffusion characteristics to quenching 

sites (such as defects for neat films or heterojunction interfaces in case of the blends).  

The existence of molecular order in thin films of pure SM1 and SM2 is inferred from the 

increased vibronic structure of the PL compared to that of the molecules in 

chlorobenzene solution. The broad spectra in solution point to a distribution of molecular 

conformations. In the case of SM1, this is supported by a change from bi-exponential PL 

dynamics in solution to mono-exponential dynamics in neat films consistent with a more 

homogeneous molecular environment in films and the absence of structural relaxation. 

As indicated by the weaker vibrational structure of the PL spectra of optimal blends (grey 

areas), this molecular order is significantly reduced in blends versus the neat film. 

Turning to the dynamics, one would expect a shorter PL lifetime in films than in solutions 

due to exciton diffusion to quenching sites (defects or boundaries, for instance) in films, 

which facilitate recombination. Interestingly, films of SM1 appear to not follow this 

principle: the PL lifetime in neat films of SM1 (524 ps) remains similar to the longer-lived 

component observed in solution (bi-exponential decay yielding 601 ps and 42 ps time 

constants). This remains valid even upon blending SM1 with PC71BM (optimal DIO) as only 

a limited fraction (31%) of the PL exhibited a fast decay component, estimated to have a 

lifetime of 93 ps, while most of the PL decay remained similar (409 ps) to that of the neat 

films of SM1 (524 ps), consistent with the poor PLQ. This indicates that the average 
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distance to defects (in the neat film) or to the interface with the electron acceptor (in 

blends) tends to be larger than the exciton diffusion length, which in turn points to either 

slow exciton diffusion or a large average distance to quenching sites. In contrast, SM2 

neat films showed significantly shorter PL lifetimes (203 ps) compared to those observed 

on isolated molecules in solution (1297 ps) (see inset of Figure 4.14d). In optimized SM2 

blend films, the PL decay components (37 ps and 143 ps) are substantially shorter than 

those of the neat films of SM2 (here 85% of the PL decay is associated to the shorter time 

constant), indicating that a majority of the exciton population reached the interface 

within the average diffusion length. As further described below, we believe this difference 

between SM1 and SM2 blend film PL lifetimes is due to the presence of larger and purer 

SM1 phases in optimal SM1:PC71BM blends. 

The diffusion-limited exciton dissociation in optimized SM1 blends results in poorer 

charge generation yields than optimized SM2 blends, as evidenced by transient 

absorption (TA) pump-probe spectroscopy experiments.  
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Figure 4.15 Charge generation in optimized BHJ thin films with SM1 and SM2: (a) Short 

delay transient absorption (TA) spectra of SM1:PC71BM blends (excitation density 17 

μJ/cm2) and (b) SM2:PC71BM blends (excitation density 1.6 μJ/cm2). The dashed lines 

correspond to the spectra of the neat films of SM1 and SM2, averaged from 1 to 1.5 ps 

(excitation density 4 μJ/cm2). (c) J-V curves (left axis) and voltage dependence of the total 

charge Qtot extracted as probed by TDCF experiments (right axis) on an optimized SM1 

device and (d) an optimized SM2 device (excitation density for both 0.2 μJ/cm2). The films 

were excited with a 100 fs laser pulse at 500 nm for the TDCF experiment and 532 nm for 

the TA analysis. 

Figures 4.15a and 4.15b show the blend TA spectra at selected delay times (continuous 

lines) as well as the spectra of neat SM1 and SM2 films at early delay times (dashed lines). 
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In Figure 4.15a, the initial TA spectrum of the SM1 blend is very similar to that of the neat 

film – only differing in the region of stimulated emission (1.5-1.8 eV) – which indicates 

that singlet excitons are the main excited states present in the BHJ films. The charge-

induced absorption becomes visible only after several tens of picoseconds (negative 

change in transmission at 1.4 eV). An electro-absorption feature around 1.95 eV 

accompanied the emergence of charges in the SM1 blend and is associated with those 

near the interface. In contrast, in SM2 films a charge-induced absorption signature (also 

just below 1.4 eV) was already present on the sub-picosecond timescale, indicating 

ultrafast charge transfer. Here, we note that the modest exciton dissociation and charge 

generation efficiency observed in SM1 blends cannot be attributed to insufficient driving 

force for charge separation at the heterojunction, because SM1 and SM2 have 

comparable IP and EA energies. This is confirmed by time-delayed collection field (TDCF) 

experiments on optimized blends presented in Figures 4.15c and 4.15d, which 

demonstrate that increasing the driving force by applying an external field has virtually 

no effect on charge generation in the SM1 blends and causes only a limited enhancement 

in the SM2 blends. Therefore, in the case of SM1 devices, this result indicates that the fill 

factor of devices is mainly limited by non-geminate recombination competing with charge 

extraction. However, in the case of SM2, the identical slopes of the TDCF data and the J-

V data indicate non-geminate recombination is of less importance (except near Voc) and 

that the device performance becomes limited by (however small) geminate 

recombination. 
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Figure 4.16 Charge-induced absorption decay dynamics in (a) optimized SM1 blends and 

(b) optimized SM2 blends (open symbols), and fluence-dependent charge carrier 

recombination dynamics fitted by a two-pool model (solid lines). The dynamics were 

obtained by ns-µs transient absorption spectroscopy. For the SM1:PC71BM blend films, 

the carrier dynamics were extracted by multivariate curve resolution to the experimental 

data matrix in order to deconvolute the spectral contributions of excitons, charges, and 

electroabsorption. For SM2:PC71BM blend films, the dynamics were found to be virtually 

the same across the entire spectral and dynamic range probed (1 ns to 100 μs) and thus 

were attributed to charges; the dynamics are thus obtained by averaging the decay over 

the entire photoinduced absorption range. 
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Figure 4.16 shows the fluence-dependent dynamics of the charge-induced absorption 

between 1 ns and 100 µs as monitored by TA spectroscopy. The recombination channels 

are inferred from a fit of the experimental data to a two-pool model. This model assumes 

that a fraction 𝑓𝑓 of the initial charge carrier population consists of spatially-separated 

charges, which exhibit a power-law decay with a recombination order of 𝜋𝜋 + 1 ≥  2 and 

a recombination prefactor 𝑛𝑛𝜆𝜆. The remaining fraction 1 − 𝑓𝑓 of the initial carrier 

population is attributed to coulombically-bound charges, namely interfacial geminate 

pairs, which decay according to quasi single exponential dynamics with a time constant 

𝐷𝐷.[154] The parameters 𝑓𝑓, 𝜋𝜋, 𝑛𝑛𝜆𝜆 R and 𝐷𝐷 are considered independent of the initial number of 

charges. Fits to the data for the device-optimized SM1 blends indicate that a fraction 1 −

𝑓𝑓 = 23% of the charges do not undergo charge separation to spatially-separated charges, 

but recombines geminately instead. This may be related to the presence of the electro-

absorption feature in TA measurements, which are caused by charges trapped near the 

interface. Indeed, as shown in recent studies,[155-157] the ability of charges to rapidly part 

from the donor-acceptor heterojunction plays a major role in efficient charge generation. 

This recombination channel adds to the exciton dissociation losses evidenced earlier for 

the SM1 devices in the PLQ measurements. Despite the absence of electro-absorption in 

SM2 blends, our analysis measures a lower, but still finite, fraction of geminate 

recombination (1 − 𝑓𝑓 = 13%) in these blends. 

Turning to the non-geminate recombination channel, the parameters λ and kλ extracted 

from the fit enable us to compute the equivalent bimolecular recombination coefficient 
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under one sun illumination.[71] This value allows comparison of the non-geminate 

recombination rates of systems having different non-geminate recombination orders. 

Interestingly, the values obtained for SM1 and SM2 are quite similar with (1.6 +/- 0.7) × 

10-12 and (1.0 +/- 0.2) × 10-12 cm3s-1, respectively. This implies that the difference in fill 

factor observed in SM1 and SM2 optimized blends (49 and 67%, respectively) is not a 

consequence of different non-geminate recombination rates, but rather the rate of 

charge extraction. 

4.4.2 Domain sizes and lateral composition 

 

Figure 4.17 Bright-field TEM images of the BHJ thin-film morphologies of (a) SM1:PCBM 

(b) SM2:PCBM (c) SM1:PCBM 0.5% DIO (d) SM2:PCBM 0.2% DIO. 
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The BHJ morphologies of “as-cast” and optimized devices made from SM1 were inspected 

by bright-field electron transmission microscopy. Significant differences in phase 

separation patterns are known to impact SM-fullerene BHJ solar cell performance.[121, 158] 

Here, the TEM images in Figure 4.17a and 4.17c show a net degree of phase separation 

on ca. 100 nm (Avg.) length scales (especially pronounced in “as-cast” devices). The 

coarse phase separation seen in the “as-cast” blend films of SM1 and PC71BM is likely to 

limit the efficiency of exciton diffusion to the SM-fullerene interfaces, in turn yielding low 

device photocurrents and poor BHJ solar cell efficiencies. While the use of 0.5% DIO (v/v) 

appears to mitigate the phase-segregated pattern in optimized BHJ devices, distinct SM- 

and PC71BM-rich domains subsist, and the JSC (5.7 mA/cm2) remain modest. On the 

contrary the thin-film morphologies of SM2-based devices are well mixed, indicating that 

the ring-substituted BDT(T) motifs play a critical role in mediating the development of the 

BHJ morphologies (Figure 4.17b and 4.17d) . These observations are in agreement with 

the high JSC values achieved with SM2-based devices, and the near-complete 

photoluminescence (PL) quenching of the SM2 analogue in the presence of PC71BM 

(quenching efficiency of ca. 99.2%) – indicating that morphological aspects are not 

limiting the diffusion of photogenerated excitons to the SM- and PC71BM-rich domain 

interfaces. 
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Figure 4.18 Investigation of the lateral morphology. STXM composition maps of 

SM1:PC71BM OPV active layers cast (a) without and (b) with the DIO solvent additive 

(optimized conditions). Colors have been scaled based on quantitative composition 

analysis detailed in the SI. (c) Lorentz corrected RSoXS scattering profiles at 283.5eV. “CB” 

indicates devices cast from CB-only, while “DIO” indicates devices cast from optimized 

DIO concentrations. (d) Composition difference Δ𝑥𝑥12 (of the SM) between domains 1 and 
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2 in a two-domain model based on combined analysis of STXM and total scattering 

intensity from RSoXS. 

In Figure 4.18a-b, we provide lateral composition maps from scanning transmission X-ray 

microscopy (STXM) experiments. Similar to our previous bright-field TEM measurements, 

we find that SM1 blends have large (~100 nm) phase-separated domains, while domains 

are not discernable in either SM2 blend. The STXM analysis additionally indicates a web-

like domain structure rich in SM1 when cast from neat CB transforming to a more 

disconnected structure of SM1-rich islands when DIO is added to the solution. In addition 

to this general domain structure, quantitative analysis reveals that the SM1-rich islands 

are pure. The composition of the islands integrated through the film thickness is 98±4% 

SM1 while the fullerene-rich surrounding matrix is 15±5% SM1. The compositions of 

domains cast from neat CB were too small to quantify with STXM, but the scattering 

measurements below indicate that the domains are at least as pure – possibly more so. 

STXM experiments were complemented by resonant soft X-ray scattering (RSoXS) on 

separate pieces of the same films as exhibited in Figure 4.18c.  For the SM1 blends, 

scattering peaks were observed at 𝑄𝑄 = 0.0977 𝑛𝑛𝑛𝑛−1, when cast from neat CB, and 𝑄𝑄 =

0.0440 𝑛𝑛𝑛𝑛−1 with optimized DIO, corresponding to characteristic domain-domain 

spacing (l=2π/Q) of 𝑙𝑙𝐶𝐶𝐵𝐵1 = 64 𝑛𝑛𝑛𝑛 and 𝑙𝑙𝐷𝐷𝐵𝐵𝐷𝐷1 = 143 𝑛𝑛𝑛𝑛, respectively. This is in good 

agreement with the domain spacing seen in the STXM images, with the domain sizes 

themselves being somewhat smaller than the spacing but both significantly larger than 
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estimates the of exciton diffusion length (~10nm). RSoXS profiles of SM2 blends reveal 

domains as well, despite the lack of evidence from either STXM or TEM imaging. The 

characteristic lengths (domain spacing) are 𝑙𝑙𝐶𝐶𝐵𝐵2 = 12 𝑛𝑛𝑛𝑛 and 𝑙𝑙𝐷𝐷𝐵𝐵𝐷𝐷2 = 16 𝑛𝑛𝑛𝑛 – within 

range of exciton diffusion lengths. We note that the RSoXS profiles have not been fit to 

formal models and, therefore, the characteristic lengths quoted are provided as 

estimates. Domain sizes on the order of these lengths are below the resolution of STXM. 

Remarkably, while there is little sign of alignment in SM2 blends cast without DIO, 

scattering signals of molecular alignment do emerge in optimized SM2 blends, correlating 

with increased aggregation measured in absorbance spectroscopy and suggesting a 

similar inter-domain molecular alignment seen for SM1 blends. 
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Figure 4.19 Power law analysis to RSoXS profiles. Fits to SM1 CB result in a power of pCB =

4.2 ± 0.1, while fits to SM1 with optimized DIO result in a power of pDIO = 3.8 ± 0.1. 

Both are close to the power(p = 4) associated with smooth and sharp interfaces. SM2 

blends don’t have enough range after the peak to fit quantitatively.  

Compositional domain interfaces can also be probed by the power-law dependence of 

scattering intensity at high-Q. Interestingly, the 𝐼𝐼(𝑄𝑄) plots reveal that the SM1 samples 

follow a 𝑞𝑞−𝑚𝑚 intensity fall-off with 𝑒𝑒 ≅ 4, indicating sharp and smooth interfaces. Diffuse 

interfaces cause faster fall off (e.g., 𝑒𝑒~5), while rough/fractal interfaces cause slower fall-

off (e.g., 𝑒𝑒~3). Specifically, fits result in 𝑒𝑒𝐶𝐶𝐵𝐵1 = 4.2 ± 0.1 and 𝑒𝑒𝐷𝐷𝐵𝐵𝐷𝐷1 = 3.8 ± 0.1 while 

the data does not extend far enough for the SM2 blends to be analyzed quantitatively. 

Sharp and smooth interfaces is different from fractal interfaces exhibited in P3HT:PCBM 

systems.[159] However, the lack of polydisperse polymer chains in SM-fullerene BHJs may 

result in sharper crystal boundaries. 

The STXM measurement of absolute domain purity on the SM1 (0.5 v.% DIO) blend film 

scales the RSoXS total scattering intensity (TSI), enabling us to calculate composition 

fluctuations in each film based on a two-phase model. As discussed above, the domains 

are very pure in both SM1-blend films with the impure domain containing only 10-15 wt.% 

of the minor component (predominately SM1 within fullerene-rich domains). While this 

may not be detrimental in polymer-fullerene systems where polymer tie-chains between 

crystallites enable percolation of charges even down to < 5 wt.% concentrations,[160] such 
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compositions are at or below the percolation threshold for particles in three dimensions 

(between 12-18 v.%).[161] In contrast, the calculated domain composition variation for the 

SM2-blends is considerably lower at Δ𝑥𝑥𝐶𝐶𝐵𝐵2 = 46 ± 5% and Δ𝑥𝑥𝐷𝐷𝐵𝐵𝐷𝐷2 = 51 ± 4%. In this 

model, if one phase is pure, then Δ𝑥𝑥 is the composition of the other phase. However, on 

the sole basis of this level of analysis, another assumption could be that neither phase is 

pure. 

4.4.3 Vertical composition 
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Figure 4.20 Neutron reflectivity profiles and model fits [(a) and (c)]  and the corresponding 

SLD versus thickness plots [(b) and (d)].  Data for SM1 and SM2 spin-coated with and 

without DIO onto silicon wafers are shown in (a) and (b) and data for the blend systems 

spin-coated with DIO onto silicon wafers coated with a thin layer of MoOx is shown in (c) 

and (d). In a) and c) the traces are offset for clarity, individual points represent recorded 

data and the solid lines indicate optimized fit curves. In b) the solid lines indicate SMs 

without DIO and the dashed lines SMs with DIO. In d) the dashed lines indicate the SLDs 

of the neat materials. 

Neutron reflectometry (NR) was performed on the neat and the optimized 1:1 (w/w) 

blend films for both SM1 and SM2 to assess the vertical phase composition profiles that 

might affect device performance. First, the scattering length densities (SLDs) of the neat 

SM films spin-coated onto silicon wafers from chlorobenzene were determined (Figure 

4.20a-b). The SMs were found to have the same mass density of 1.19 g cm-3 in thin films, 

resulting in SLDs significantly lower than that of PC71BM.[162] Inclusion of DIO in the spin-

coating solution resulted in a similar bulk SLD in both neat SM1 and SM2 films. However, 

significant roughening of the SM1 film at the air interface became apparent – consistent 

with the observed crystallization. In the case of the neat SM2 film, only minor roughening 

occurred when DIO was added. We next measured the blend films deposited onto MoOx 

coated silicon wafers to reproduce the device architecture with results in Figure 4.20c-d. 

The SM2:PC71BM film reflectivity profile could be modeled with two layers with the bulk 

layer corresponding to an SM2:fullerene weight ratio of 1:(0.93 ± 0.15). At the air 
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interface, there was a PC71BM-rich layer, corresponding to 1:(1.66 ± 0.30). The increase 

in PC71BM concentration at the top surface should enhance electron extraction at the 

cathode. The largely uniform vertical profile in the bulk of the SM2 blend film is consistent 

with the mixed domains that are present in the STXM and TEM data. 

In contrast, the SM1 blend system revealed a highly non-uniform depth profile, which 

could only be successfully modeled using discrete density profiling. Here the higher SLD 

fullerene accumulated in the middle of the active layer. Importantly, the average SLD 

across the layer corresponds to an SM1:fullerene weight ratio of 1:(0.96 ± 0.16) – in 

agreement with that of the processing solution. Lower SLD values were observed at the 

air and substrate interfaces compared to the middle of the film. At the air interface the 

SLD value (below that of SM1) indicates a rough surface – likely a consequence of the 

large crystalline domains in the film. The dip in SLD at the blend/MoOx interface suggests 

a nonuniform and/or SM1-rich interface. Overall, the heterogeneous profile in the SM1 

blend film is in agreement with the large size and relatively pure domains revealed in the 

analysis of the lateral morphology and could result in regions of charge trapping, poorer 

charge extraction, and other losses discussed earlier.  

Sample Substrate Layer SLD 

   (x10-4 nm-2) 

PC71BM Bare Si PC71BM 4.74 

Neat SM1 from CB 
and CB+DIO 

Bare Si SM1 1.20 
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Neat SM2 from CB 
and CB+DIO 

Bare Si SM2 1.09 

SM2:PC71BM 
blends from 

CB+DIO 

MoOx/Si Blend 
(average) 

2.67 

SM2:PC71BM 
blends from 

CB+DIO 

MoOx/Si Blend at 
surface 

3.11 

Blend in 
Bulk 

2.85 

 

Table 4.3 SLD values for layers within each sample measured with Neutron Reflectivity. 

Value for PC71BM is from Reference.[162] 

4.4.4 Packing effects 

Beyond morphological considerations, charge transport also critically depends on how π-

conjugated SM systems self-assemble and pack in thin films.[64] In parallel, packing effects 

can factor into the development of the BHJ morphology. To examine those effects and 

determine if BDT(T) motifs in SM2 affect molecular packing, we turned to 1H-1H double 

quantum-single quantum (DQ-SQ) solid-state NMR analyses. The correlations produced 

by these experiments reflect the spatial connectivity of locally proximate (<4Å) protons, 

which provides important insights into the molecular packing within π-conjugated 

stacks.46 Figure 4.21 shows the 1H-1H DQ-SQ NMR spectra of SM1 and SM2; the color-

coded assignment of the protons in the chemical structures of the SM donors is shown in 

insets. As shown in the single quantum axes, peaks from the SM backbones are relatively 

well resolved while the alkyl chains (labelled black) on the different motifs merge into a 
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single broad peak. Expectedly, the 1H peak of the PP motif (labeled blue) shows as the 

most downfield chemical shift in both SM spectra. Since the PP protons are distant by >4Å 

from their direct (intramolecular) neighbors in adjacent PP motifs, any double quantum 

signal on the plot diagonal at that chemical shift indicates the presence of an 

intermolecular interaction with a cofacially packed SM neighbor. As shown in Figure 

4.21a, the PP proton in SM1 shows a stronger correlation with the side-chain protons 

(black-blue; emphasized by arrows) and a weaker correlation with backbone-appended 

protons (indicated by the blue dotted circle). In contrast, as shown in Figure 4.21b, the 

PP proton in SM2 shows a significantly more pronounced correlation with backbone-

appended protons (blue-green, blue-blue; emphasized by arrows), and a weaker 

correlation with the side chain protons (indicated by the black dotted circle). In parallel, 

we note that 1H-1H intermolecular backbone interactions in SM2 are comparatively more 

prominent than in SM1 (cf. details in Figure 4.21 caption), suggesting close packing driven 

by π-π interactions in thin films of SM2.  
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Figure 4.21 1H-1H DQ-SQ NMR spectra of the SM donors (a) SM1 and (b) SM2; samples 

prepared from thin films. The color-coded assignment of the protons in the chemical 

structures of the SM donors is shown in insets. The red contours depict the same spectra 

recorded at an intensity level that is one-step lower than that used for the black contours; 

lower intensity levels correlating with lower proton-proton interactions. The arrows near 

the markers indicate key differences between the spectra. (c) Schematic representation 

of the variation in molecular packing inferred from the 1H-1H DQ-SQ NMR spectra. 
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Overall, these analyses indicate that SM1 and SM2 adopt distinct self-assembly patterns, 

implying that BDT(T) motifs in SM2 impact molecular packing. The distinct self-assembly 

patterns and packing effects in SM1 and SM2 can be expected to contribute to the BHJ 

morphology and charge transport differences discussed earlier. Lastly, we note that the 

extent and composition of the mixed SM-fullerene phase in SM-based BHJs can be 

considered as a morphological effect,[109, 163-164] and may also affect the JSC and FF values 

of the optimized devices. 

4.4.5 Crystallinity 

Grazing Incidence Wide Angle X-ray scattering (GIWAXS) experiments were performed to 

characterize the crystallinity of SM1 and SM2. Results of the experiments are shown in 

Figure 4.22. Neat films without DIO (Figure 4.22a and 4.22b) of both SMs were 

aggregated but weakly (long range) ordered. The peaks at Q ~ 4 nm-1 and 17 nm-1 can be 

attributed to intermolecular distances along the alkyl sidechain direction and the π-

π stacking direction respectively. In neat SM1, the π-π stacking peak is preferentially 

oriented in the in-plane direction, indicating an edge-on orientation. In contrast, the out-

of-plane π-π stacking peak in neat SM2 indicates a preferred face-on orientation. In 

addition, there is an isotropic component to the scattering peaks in films of both neat 

SMs. 
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Figure 4.22 GIWAXS scattering results. (a) & (b) are neat films of SM1 and SM2, 

respectively, cast without (0 v.%) DIO (CB only). (c) & (d) are from corresponding blend 

films cast from 0 v.% DIO; (e) & (f) are blend films cast from 0.2 v.% DIO; and (g) & (h) are 

blend films cast from 0.5 v.% DIO. Si substrate is responsible for broad peak at 

approximately (𝑄𝑄𝑋𝑋𝑋𝑋,𝑄𝑄𝑍𝑍) = (16.4,10.7)𝑛𝑛𝑛𝑛−1. 

In blend films with no DIO (Figure 4.22c-d), SM1 shows a sharp alkyl stacking peak, again 

with preferential edge-on orientation, whereas the SM2 scattering is broad and isotropic, 
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indicating higher disorder and perhaps some intermixing of SM2 compared to SM1 in the 

blend. Additionally, the π-π stacking peak was better defined in the SM1 blend compared 

with SM2, where it was barely discernable. Increasing the DIO concentration from 0 to 

0.2 v.% (Figure 4.22e-f) had no significant effect on the SM1 blend but decreased the 

width of the alkyl stacking peak in the SM2 blend, indicating an increase in order while 

the orientation distribution remained isotropic. Despite this, the overall degree of order 

remained low in both blends with few detectable peaks. Further increasing the DIO 

concentration to 0.5 v.% (Figure 4.22g-h) changed both SM blends from films with merely 

stacked aggregates to films with well-defined 3D crystals, giving rise to resolvable Bragg 

peaks. 

A Scherrer analysis was used to estimate the aggregate coherence length from the widths 

of the scattering peaks. This analysis mainly provides a lower limit to the coherence 

length, since both instrument resolution (calculated as Δ𝑞𝑞~0.3/𝑛𝑛𝑛𝑛 or 40 𝑛𝑛𝑛𝑛 max) and 

paracrystalline disorder also contributes to peak width. In our analysis, we focused on the 

peaks at the smallest Q in the data presented here (the lamellar stacking peaks). The neat 

and blend SM1 films with 0-0.5 v.% DIO had peak widths that are at the resolution limit, 

pointing to coherence lengths >40 nm. This means that aggregate sizes must also be >40 

nm in at least one dimension as coherence requires a continuous aggregate. The 

coherence length of the SM2 neat film was 20 nm, and the blend films had coherence 

lengths of 9, 17, and >40 nm for 0, 0.2, and 0.5 v.% DIO additive, respectively. These 

aggregate sizes are approximately consistent with domain spacing measured via RSoXS. 
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It is notable that the crystalline order of SM2 remained low with 0.2 v.% DIO (the 

optimized amount) and only becomes significant at higher DIO levels. Also, the degree of 

crystallinity of the small molecule in the optimized film of SM1 is significantly higher than 

in the optimized film of SM2. We attribute the apparent switch in ordering behavior 

measured here to the fact that optimum concentrations of DIO can crystallize SM1, but 

leaves SM2 relatively disordered. In general, the rise in crystalline order with DIO is 

consistent with absorbance spectroscopy from which a large change in aggregation is 

measured between 0.2 and 0.5 v.% DIO. The increase in aggregation from 0 to 0.2 v.% DIO 

in the SM2 blend is similarly reflected in the diffraction data and is likely an important 

aspect of the increased device performance. 

4.5 Discussion 

When combining the measurements, a clear picture emerges in terms of domain size, 

ordering and composition across the active layer. First, the SM1 blends are composed of 

pure phases of SM1 aggregates. These domains grow from ~50 nm in lateral diameter to 

over 100 nm when DIO is added to the processing solvent as SM1 crystallizes. These 

aggregates are surrounded by a nearly pure (85-90 wt.%) matrix phase of fullerene. In 

contrast, the SM2 blends are composed of much smaller (~10 nm) domains – again 

coarsening with DIO as revealed by the RSoXS profiles. At least one of the domains is more 

mixed, with the RMS composition fluctuation only Δ𝑥𝑥 = 46 − 51 𝑤𝑤𝑤𝑤. %. The quantitative 

similarity of the characteristic lengths measured in RSoXS to the coherence length 

calculated from Scherrer analysis of the GIWAXS data reveals, however, that the SM2-rich 
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phase is actually composed of some pure SM2 aggregates, and thus the “fullerene-rich” 

phase can hardly be considered ‘rich’ as it is about 46 − 51 𝑤𝑤𝑤𝑤.% fullerene. This is under 

the assumption of a two-phase model; although, here we note that there are pure 

fullerene regions present in the active layer in light of the fullerene scattering halo seen 

in GIWAXS.[165-166]  

The  pure SM2 aggregates are the minority phase by volume - only 15-20 v.%, making it 

likely that this phase is in fact relatively discontinuous, i.e., the domains are not strongly 

interconnected. Thus a majority of the SM is actually in the mixed phase. By contrast, the 

phase volume fractions recently estimated in another SM system are more balanced at 

50-50 v.% making domain continuity more likely.[165] In that study, fairly pure phases likely 

benefitted from increased connectivity. The phases in the SM1 blends also have a more 

balanced (equal) volume ratio, in agreement with STXM, although with DIO additive in 

the processing solvent, the pure SM1 phase is nodular and disconnected, demonstrating 

that balanced volume fractions can still result in discontinuous phases. Possibly of critical 

importance is that the remaining SMs (1 or 2) in the mixed (fullerene-rich) phase appear 

to align with each other as is demonstrated by both the polarized STXM and RSoXS 

analyses. Such ordering can only result from intermolecular interactions between the 

minority SMs within the fullerene-rich matrix, and could lead to electronic interaction, 

connecting SM aggregate domains. Putting all of these results together, we schematically 

picture the nanoscale morphology of the two blends in Figure 4.23 with the main 

difference being the composition of the SM in the matrix phase. 
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Figure 4.23 Schematic representation of the SM1 and SM2 blend morphologies with the 

SM donors (blue), fullerene acceptor (red), and charges forming in those blends (yellow). 

(a) Isolated pure domains limit interfacial area and trap charges (SM1 blends), whereas 

(b) mixed domains (SM2 blends) maximize charge generation and enable percolating 

pathways for charge transport. 

From this analysis, we further conclude that the DIO solvent additive primarily acts as a 

plasticizer to enable ripening of the domains, aggregation of the molecules, and 

eventually ordering of large crystals. Domain evolution and crystallization have been 

reported for the small molecule system p-DTS(FBTTh2)2:PC71BM,[111, 167] but one 

important difference with the reported and current work is that for the p-DTS(FBTTh2)2 

the domains became purer with added DIO, whereas in our systems the domain 

composition was fairly invariant with the DIO concentrations that were investigated as 

indicated by the TSI measurement. This composition invariance is similar to the behavior 
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we reported for the polymer-fullerene PTB7:PC71BM system[168] (same BDT moiety as the 

SMs studied here) where the domain compositions were measured to be the same as 

thermodynamic equilibrium compositions regardless of the DIO content. Thus the 

systems studied here appear to also be at compositional equilibrium. Due to the different 

levels of mixing we have measured, it is apparent that the SM-fullerene miscibility is 

higher for SM2 blends than for SM1 blends. 

The contrasting morphologies of the SM1 and SM2 blends correlate with equally 

contrasting device dynamics and performance. Mixing within domains, although 

beneficial for exciton harvesting, has been linked to increased charge recombination 

(geminate or non-geminate), with several polymer-fullerene BHJ solar cell studies 

identifying high domain purity as important to maintain low recombination rates by 

separating charges into spatially-segregated domains. Thus, our analysis of the 

SM2:PC71BM devices (with the mixed domains) indicates that ca. 13% geminate 

recombinations occur in optimized devices –a recombination channel expected to limit 

internal quantum efficiency to some extent. Meanwhile, non-geminate losses in SM2 

blends are quite low –an interesting observation considering that the measured 

bimolecular recombination rates are similar in SM1 and SM2 blends (while the carrier 

mobilities in optimized SM2 blends remain fairly modest). Total non-geminate losses in 

BHJ solar cells are, however, determined by a competition between recombination and 

extraction. Direct, trap-free charge percolation routes through mixed phases is the likely 

reason for the low non-geminate losses observed in the SM2 blends.  
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Overall, the BHJ device efficiencies of 6.5% obtained with SM2 are convincingly high given 

that (i) SM2 is a wide optical-gap material (1.87 eV) and (ii) active layers cast with SM2 

must remain relatively thin (90 nm; thus not fully absorbing above-gap photons). We also 

note that the efficiencies of 6.5% are in line with those reported earlier in DTS(BTTh2)2-

based BHJ solar cells, while DTS(BTTh2)2 is a narrower-optical gap material for which a 

higher JSC can be obtained, albeit with a lower VOC.[169] 

4.6 Conclusion 

We found that the processing additive DIO primarily acts as a plasticiser that increases 

the size of phase-separated domains, as well as the alignment and aggregation of the SM 

donors and fullerene acceptor across the active layers. As DIO concentrations are 

increased over a threshold between 0.2 and 0.5 v.%, local ordering gives way to large 

scale crystallization, which –while aiding charge transport– also severely reduces exciton 

harvesting, ultrafast charge generation, and connectivity for charge extraction. Prior to 

crystallization, the morphology appears to arrive at a compositional equilibrium where in 

one system (SM1) a low miscibility results in large pure phases, while the higher miscibility 

of the other (SM2) yields smaller mixed-phase domains. While pure phases are found to 

hinder charge generation and increase charge trapping, the mixed-phase system exhibits 

excellent charge generation and transport. Our findings point to the idea that mixed 

phase SM systems (i.e., systems with high miscibility) could be a target for high efficiency 

in contrast with polymer-fullerene BHJ solar cells, where the presence pure domains is 

important. This goal can be realized through a mitigation of the packing propensity of the 
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SM systems via –for example here– the incorporation of (non-coplanar) ring-substituents 

in places along the SM backbone, which facilitates the miscibility with fullerenes (at the 

expense of SM crystallization). If confirmed, this design principle could be exploited in a 

more systematic manner in the design of high-efficiency SM OPVs. 
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Chapter 5  

Solvent vapor annealing-mediated crystallization directs charge 

generation, recombination and extraction 

5.1 Introduction 

In this chapter we will study the relation between active layer morphologies, charge 

recombination and charge extraction, and BHJ device efficiencies during the SVA 

treatment. During SVA treatments, the solvent vapors diffuse into the active layer, 

inducing a reorganization of the SM donor and/or fullerene acceptor across the bulk and, 

in some instances, significant changes in the extent of phase separation achieved 

between donor and acceptor components. In this respect, it is important to establish the 

relationships between SVA exposure time, achievable morphologies, and carrier 

dynamics and transport across the active layer. Using a combination of characterization 

techniques, including as high-resolution TEM, AFM, XRD, photoluminescence quenching 

analyses, light-intensity-dependence measurements, MIS-CELIV mobility measurements, 

and in-situ UV-vis absorption studies, we show that SVA optimization steps can be 

effectively used to control the morphologies of SM donor-based BHJ solar cells. In this 

work, we use a model system developed in our group, the BDTQdC small molecule 

combine with the PC71BM. 
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5.2 Effect of solvent vapor on neat and blend films 

 

Figure 5.1 Molecular Structure of the SM donor BDT[2F]QdC 

In an initial work we described the rational design and synthesis of a benzo[1,2-b:4,5-

b’]dithiophene-6,7difluoroquinoxaline (BDT[2F]QdC) SM donor (Figure 5.1) where an 

acrylate function was introduced on the 6,7-difluoroquinoxaline ([2F]Q) motifs to narrow 

the band gap without altering the propensity to form adequate  morphologies with 

PC71BM in BHJ solar cells application.[170] The design of the molecule have alternating 

donor and acceptor motifs (DADAD) and combined with PC71BM gives an efficiency of 

>8% using SVA as optimization protocol. 
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Figure 5.2 (a) Superimposed solution and thin-film UV-vis absorption spectra for 

BDT[2F]QdC (normalized). (b) Temperature-dependent thin-film UV-vis absorption for 

BDT[2F]QdC subjected to increasing temperatures over the range 25-180°C. (c) UV-Vis 

absorption of BDT[2F]QdC: PC71BM blend films (1:1), “as-cast” and after 20s chloroform 

vapor exposure. 

The solution and thin film UV-vis spectra are shown Figure 5.2. The significant 

bathochromic shift observed from solution to thin film, typical for dyes and photovoltaic 

organic materials, originates from the aggregation of the molecule in the thin film[171-172]. 

The absorption of the thin film has two main spectral features, an absorption band at high 

energy (centered around 430nm) and a lower energy band containing 3 peaks 

respectively at 575nm, 630nm and 688nm attributed to inter- and intra-molecular 

interactions. Base on previous work[28, 173-174] we attribute the 688 nm peak to the A0-0 

transition and the 630 nm to the A0-1 one. To further understand the aggregation behavior 

of the molecule, we analyse the change in absorption during the thin film heating up to 

180°C and the result is depicted Figure 5.1b. We focus our attention on the ratio of the 
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intensity of the 2 vibronics peak A0-0 and A0-1. While increasing the temperature of the 

thin film, the ratio IA0-0 / IA0-1 decreases. In addition, a blue-shift of the A0-0 maximum 

intensity is observed. The evolution of the ratio IA0-0 / IA0-1 combine with the blue-shift is 

consistent with the fact that the thermal heating induces disorder and decreases the 

conjugation length[173, 175-176]. Turning to the blend, the spectra showed a remarkable 

change in the UV-Vis absorption of the blend during the solvent annealing Figure 5.1c. 

Compare to the neat film, the spectra of the SM:PC71BM blend as-cast show weak vibronic 

features and the 0-0 peak around 680nm vanishes. The highly ordered aggregates seen in 

the neat molecule thin film is mitigated when blended with PC71BM. This behavior is 

consistent with prior reports where the incorporation of fullerene reduces the 

crystallinity (i.e. vitrification) and leads to the existence of a blend with finely disordered 

mixed phases.[177-179] On the contrary, after 20s solvent exposure, the blend features the 

same A0-0 and A0-1 peaks than the neat film. This radical change informs us about 

pronounced change of morphology during the process. Therefore we investigate more 

carefully this kinetics performing an in-situ UV-Vis absorption during the first 2mn of 

solvent exposure. In this experiment, while the device is inside the Petri dish and 

immersed in the saturated vapor, the transmission of a white light passing through the 

device is recorded with a time resolution of two spectra per second. The same setup is 

used for a device treatment was critical since the solvent annealing process can be 

influenced by the size of the petri dish, the quantity of solvent, the ambient pressure or 

the distance substrate-solvent. Hence we can link the change in UV-Vis with other 
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measurements. The result is depicted Figure 5.3. During the first 20s we can see the 

emergence of the 0-0 shoulder. The maximum intensity of this peak also slightly red-shift 

during the solvent exposure. Since the intensity of the 0-1 peak only slightly increases 

during this time, the overall ratio IA0-0 / IA0-1 increase meaning more order in the film and 

an increased conjugation length. From 20 to 120 second the UV-spectrum only show 

minors changes. 

 

Figure 5.3 In-situ UV-Vis absorption of BDT[2F]QdC:PC71BM blend films (1:1), during 

solvent vapor annealing with chloroform from (a) 0 to 20 seconds (b) from 20 to 120 (c) 

in-situ UV-Vis absorption versus SVA time. Logarithmic scale of time emphasizes the first 

20 seconds. 

In our previous study, using GIWAXS, we show that the neat molecule possesses a high 

propensity to crystallize adopting an edge-on configuration with a π-π distance of ca. 3.68 

Å. When blended with PC71BM, the film did not conserve the same degree of order but 

shows crystallites with mixed orientation. After solvent exposure, the layer has more 

crystallinity, higher order lamellar reflections and more pronounced π-π stacking arcs. 
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Changes in crystallinity is investigated here in more details via specular X-ray diffraction 

(Figure 5.4). In the specular reflection, out-of-plane (OPP) diffraction peaks emerge where 

the first three order (100) (200) and (300) are resolved. This also reflects the fact that the 

molecule tends to adopt an edge-on structure with a lamellar spacing of 1.70 nm inferred. 

Figure 5.4b shows that the high crystallinity is not maintained when mixed with PC71BM 

in the as-cast device. Only the first order can be seen where the peak intensity is greatly 

reduced and where the peak is broader. Under solvent annealing, the intensity of the first 

peak will increase and its intensity will sharpen, indicating continuous enhancement of 

the coherence length of the donor molecule the first 40s.  Eventually, after 60s, all the 

XRD spectra are similar to the neat molecule with high intensity and multiple order, 

reflecting the fact that the crystallite sizes are well extended. 

 

Figure 5.4 (a) Specular XRD of the neat SM donor (neat film). Intensity plotted on a log 

scale. (b) Specular XRD of the SM donor (neat film) and that of the blend with  PC71BM 

for various SVA times (up to 120s). Intensity plotted on a linear scale. 
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5.3 Device examinations 

 

Figure 5.5 Evolution of (a) Voc (b) Jsc (c) FF and (d) PCE as a function of solvent vapor 

annealing time.  

Solution-processed thin film BHJ solar cells were fabricated using the conventional device 

architecture ITO/PEDOT:PSS/BDT[2F]QDC:PC71BM/Ca/Al (device area 0.1 cm2),  and 

tested under simulated AM 1.5G illumination (100mW/cm2). Table 5.1 and Figure 5.5 

summarize the figures of merit of the devices made from BDT[2F]QDC and PC71BM and 

submit to different solvent annealing time; JV curves are given Figure 5.6a. The “as cast” 

device shows an open-circuit voltage (Voc) of 0.96 V and low values of short-circuit current 

(Jsc) and fill-factor (FF), 6.9 mA/cm2 and 33% respectively. During the first 20 second of 

solvent annealing both the Jsc and FF increase significantly and reach 11.4 mA/cm2 and 

66% respectively. On the contrary, the Voc slightly reduces to 0.94V. The efficiency after 

the optimal solvent annealing time peaks at 7.1% (7.3% best). After a long solvent 

exposure, the Jsc drops to 5.5 mA/cm2 after 1 minute down to 1.8 mA/cm2 after 2 minutes 

of SVA. The FF also decreases from 66% at optimized treatment down to 36% after 2mn. 

It is worth noting that the FF is still at 58% after 60s. The result PCE decreases to 1.2% 
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after 2mn. Longer solvent annealing will start to dissolve the active layer and empty area 

are spotted on the substrate. 

SVA time VOC JSC FF Avg. PCE Max. PCE 
[s] [V] [mA/cm2] [%] [%] [%] 
0 0.96±0.02 6.9±0.5 33±1 2.2±0.2 2.3 
5 0.95±0.01 9.5±0.2 38±2 3.4±0.3 3.7 
20 0.94±0.01 11.4±0.2 66±2 7.1±0.2 7.3 
60 0.94±0.01 5.5±0.5 58±2 3.1±0.2 3.2 

120 0.94±0.01 2.1±0.2 36±4 0.7±0.2 0.9 
  

Table 5.1 Summary of PV device performance parameters for BDT[2F]QdC:PC71BM active 

layers subjected to various solvent vapor annealing (SVA) times. 

In order to understand the role of the internal electric field on the current we look at the 

Photocurrent versus the effective voltage[180-181] reported Figure 5.6b. The photocurrent 

Jph is given by the current measured under light minus the current measured under dark. 

The effective applied voltage Veff is defined by the voltage V0 for Jph=0 minus the applied 

voltage V. For the optimize device exposed to 20s and the one after 60s, Jph increases for 

low voltage and saturates at an effective voltage around 0.3V. Despite the fact that a 

slight voltage-dependency of the photocurrent is still observed for both system after 0.3V, 

an early saturation of the photocurrent indicates that the internal electric field plays a 

minor role during charge extraction and that the charges are efficiently extracted. The 

different value of the saturated current reflects the difference in Jsc between the two 
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devices. On the contrary, the devices not exposed to solvent vapor, does not exhibit a 

saturation regime as the photocurrent keep increasing with the applied voltage. 

Interestingly at high effective voltage (>3V), the as-cast device and the optimized devices 

have similar photo-current. This result highlights the fact that the poor Jsc measured for 

the as-cast does not originate from the charge generation but rather from the poor 

extraction. If not assisted with a strong electric field the charges will recombine before 

reaching the electrodes. The photocurrent measured for the device after 120s solvent 

exposure also show a continuous dependence of voltage with no signs of saturation 

regime. In this condition even though the electric field will increase the charge collection, 

the photocurrent will remain low at high voltage (3-4 mA cm-2). 

 

Figure 5.6 (a) Characteristic J-V curves of BHJ solar cells made from BDT[2F]QdC:PC71BM 

active layers subjected to various SVA times. (b) Photocurrent (Jph) vs. effective applied 

voltage Veff= (V0-V). 
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It has been shown that the extent of bimolecular recombination can be evaluated looking 

at the dependency of the short-circuit current with different light illumination[125]. The 

dependence of the Jsc is described by Jsc ∝Iα. Here α close to the unity indicates weak 

bimolecular recombination losses whereas smaller a values indicate a competition 

between recombination and carrier extraction[126].  Figure 5.7a-d shows the IV curves 

obtained for different light intensity and Figure 5.7e the Jsc versus light intensity for 

different solvent exposure. For the as-cast device with no solvent exposure, the fit α=0.81 

indicates substantial bimolecular losses. After solvent vapor annealing of 20 and 60 

seconds, α=0.97 suggesting that the bimolecular recombinations are significantly 

reduced. Long solvent annealing of 2mn results in α=0.85 signifying that bimolecular 

recombination is again a limitation of the device.  
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Figure 5.7 JV curves recorded under various light intensities for BHJ solar cells prepared 

with active layers subjected to the following SVA exposure times: (a) 0s (as-cast device), 

(b) 20s, (c) 60s, and (d) 120s. (e) JSC vs. light intensity of BDT[2F]QdC:PC71BM. The solid 

lines correspond to fits to the data according to JSC ∝ Iα. Analyses performed via a white 

LED with a maximum irradiance of 200 mW/cm2. In accounting for spectral mismatch, 

70% of the maximum irradiance of the white-light LED was used to reproduce the JSC 

values achieved under standard AM1.5G solar illumination (100mW/cm2). 

5.4 Relationship between morphology, charge generation and charge transport during 

SVA 

5.4.1 Morphology 

We analyze the morphologies with bright-field transmission electron microscopy (TEM) 

and Atomic Force microscopy (AFM). Figure 5.8 shows the blend morphologies after 

different solvent exposure time. The relative donor- and acceptor-rich phases (white and 

darker domains, respectively) are poorly resolved for the as-cast device (Figure 5.8a) 

suggesting a highly intermixed of donor and acceptor with domain sizes below 10nm. 
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Figure 5.8 Bright-field TEM images of the BHJ thin-film morphologies for various SVA 

times: (a) 0s, (b) 10s, (c) 20s, (d) 30s and (e) 60s and (f) 120s. The scale bar is 500nm. 

During the solvent exposure, the BHJ reorganizes as the size of the different domains 

increases. After 20s, the optimal exposure time, a more coarse distinction between the 

donor and the acceptor is observed with domains size of 15-20 nm. These domains still 

have the good size for the exciton to reach D/A interfaces for efficient carrier generation 

and ideal percolation pathway required for transport and extraction. Further exposure to 

the solvent leads to further growth of the donor domain size and to the formation of a 

needle-like structure. The widths of this structures are measured to be 35, 95 and 600nm 

after 30, 60 and 120 seconds respectively. Extended domains (>30nm) are not desirable 
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as many excitons cannot reach a donor-acceptor interface but rather decay to the ground 

state. After 2mn of solvent exposure when the domains are so extended, the idea of a 

BHJ is no longer applicable. A donor crystallite can extend to the whole thickness of the 

active layer, the PC71BM can be segregated at the wrong interface or within the device. 

These severe morphological problems after long solvent exposure have been reported 

previously[182] and are the main responsible for the loss of photocurrent for the devices. 

 

Figure 5.9 AFM height images (5x5 μm2) for the BHJ thin films subjected to the following 

SVA time: (a) 0s (as-cast film), root-mean-square (RMS) roughness: 0.5 nm; (b) 10s, RMS 

roughness: 0.8nm; (c) 20s, RMS roughness: 1.34nm; (d) 30s, RMS roughness: 2.16nm; (e) 

60s, RMS roughness: 19.8nm (f) 120s, RMS roughness: 45.6nm. 

AFM images and RMS are given Figure 5.9. As cast BHJ present a smooth roughness with 

measured Rough Mean Square (RMS) of 0.5nm. The RMS gradually increase with solvent 



134 
 
 

exposure. For the optimal treatment the RMS remains low at 1.3nm. Long exposure will 

increase significantly the RMS up to 19.8 and 45.6 after 60 and 120 second respectively. 

The increase of the RMS is consistent with TEM images as the domain are growing with 

time.  

 

Figure 5.10 (a) Photoluminescence of SM:PC71BM blend films obtained from various 

durations of SVA exposure. Excitation at 630nm. (b) Photoluminescence quenching (PLQ) 

from various durations of SVA 

In order to quantify the effect of the domain sizes on the exciton quenching, 

photoluminescence quenching (PLQ) was investigated. Figure 5.10 shows the PL and the 

PLQ after different solvent exposure time. The highest PLQ of 93% for the as-cast device 

is consistent with the smallest domains sizes observed with TEM. Here an exciton can 

easily reach an interface. As the donor phase is growing trough solvent annealing, the PLQ 

reduces. The modest reduction of the PLQ of 5-10% from as-cast to optimized devices 



135 
 
 

doesn’t affect the charge generation since the measured current density of the device is 

the maximum. Long solvent exposure and bigger domains sizes will decrease significantly 

the PLQ, after 60 and 120 seconds the PLQ is respectively at 58 and 53 %. These low PLQ 

indicate that after long exposure many of the excitons will decay before reaching an 

interface with PC71BM. The low PLQ values are in agreement with the drop of current in 

the devices (< 3 mA /cm2). Combine with the TEM the PLQ also give us an information 

about the purity of the domains. The decrease of the PLQ indicates than the needle-like 

domains formed during SVA are relatively pure. If they were not, the PLQ would have 

remained higher even after long exposure to the solvent.  

5.4.2 Charge transport 

Mobilities were evaluated using the MIS-CELIV method[127] in order to see the impact of 

the solvent exposure on charge transport. Figure 5.11 shows the hole-only devices and 

Figure 5.12 the electron only devices. The first 20 seconds are critical regarding the 

mobility. For the as-cast devices, the hole and electron mobilities are 6.5 × 10-7 and 5.0 × 

10-6 cm2V-1s-1 respectively. Both of these numbers rapidly increase during the first 20s of 

solvent exposure. After 20s, the optimized time, the mobilities reach 2.8 × 10-5 cm2V-1s-1 

for the holes and 6.3 × 10-4 cm2V-1s-1 for the electrons. This represents an increase of ca. 

× 40 and × 140 times respectively compare with the as-cast. 
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Figure 5.11 Experimental dark current MIS-CELIV transients for electron-only diodes 

(ITO/MgF2/SM:PC71BM/Ca/Al); device active layers subjected to the following SVA 

exposure times: (a) 0s (as-cast device), (b) 10s, (c) 20s, (d) 45s, (e) 60s, and (f) 120s. The 

dotted lines mark the transit time. 
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Figure 5.12 Experimental dark current MIS-CELIV transients for hole-only diodes 

(ITO/MgF2/SM:PC71BM/MoOx/Ag); device active layers subjected to the following SVA 

exposure times: (a) 0s (as-cast device), (b) 10s, (c) 20s, (d) 45s, (e) 60s, and (f) 120s. The 

dotted lines mark the transit time. 
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Figure 5.13 Hole- and electron-only MIS-CELIV mobility of the active layers exposed to 

various SVA times. The error bars represent the standard deviations (estimated from at 

least 3 devices. 

5.4.3 Transient photocurrent analyses 

Transient Photocurrent (TPC) measurement has been previously used to investigate the 

trapping and detrapping in polymer-fullerene[121-122], all polymer[123] and hybrid[124] BHJ 

solar cells. The measurement is done with different light intensity where one sun 

equivalent represents the LED intensity that gives a similar current that the one obtained 

with the solar simulator. The rise/fall behavior is described with two components, an 

initial fast rise/fall component followed by a second one with slower dynamics. We 

present the data Figure 5.14 both at the steady state and normalized value around 190μs 

to appreciate both the values and the shape of the photocurrent. For the as-cast devices, 
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the rise time (the time taken to go from 10 to 90% of the measurement) drops from 39 to 

1.2 μs when the light intensity increases from 0.14 to 1.43 sun. With increasing light 

intensity, the fast rise of the current evolves into a transient peak before levelling off to 

the steady state Jsc. The slow component become less prominent as light intensity 

increases which is can be consistent with the filling of trap states at higher intensities[152] 

or a low mobility which is dependent on the charge density[183]. The transient 

photocurrent peak observed for higher light intensities can be attributed to space-charge 

effect where due to poor unbalanced mobilities an accumulation of one type of carrier 

after few microseconds will reduce the charge generation and increase the 

recombination[153]. On the contrary, the devices exposed either to 20s or 60s show a 

behavior with fast rise/fall time almost independent of the light intensity which reflect a 

good device behavior where low mobilities, traps and space-charge effect are not limiting 

factors. For a long solvent exposure of 120s, the transient photo-currents measurement 

present a strong transient peak the first 50 μs. Broad and not intense at low intensities, 

the peak becomes more sharp and intense increasing the light intensities i.e. increasing 

the number of carriers in the device. It has been successfully demonstrated that a vertical 

segregation and the existence of a blocking layer could explain this behavior[184]. Based 

on our TEM images a similar phenomenon happens where phase segregation is strong. 

The trapped electron population in the PC71BM steadily builds up due to the presence of 

the blocking donor phase. The increasing electron population creates a trap-mediated 

space charge effect increasing the recombination and lowering the generation.  
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Figure 5.14 Transient JSC in response to a 200μs white light (LED) pulse for various light 

intensities (given in sun equivalent) and for BHJ active layers subjected to varying SVA 

exposure times: (a) “as-cast” (0s), (b) 20s, (c) 60s, and (d) 120s. Transient JSC (normalized) 

(e) “as-cast” (0s), (f) 20s, (g) 60s, and (h) 120s. 

To understand the role of the electric field, we also investigate the voltage dependence 

of the transient current. By applying a bias voltage, one can manipulate the internal field 

in the device by either increasing the internal field and help the drift of the charges 

(reverse bias) or reducing the internal field close to the open-circuit condition to increase 

recombination (forward bias). Figure 5.14 presents the data for 1 sun equivalent. The 

applied bias was varied from -0.75V to +0.75V. The as-cast device shows interesting 

behavior regarding the values and the shape of transient photocurrent. The value of the 

steady state current has a large variation (from 1.5 mA.cm-2 to 8 mAcm-2) depending on 
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the applied bias in agreement with the device with low FF where the current strongly 

depends on the voltage. More interestingly, the transient peak during the rise time can 

be increased or suppressed going from forward bias to reverse bias. At high reverse bias 

(<-0.50V), the device behavior is similar to a good device where no transient peak is 

observed but rather a smooth and fast rise of the current to the steady state. This result 

is well explained considering the low mobilities for the as-cast devices. At high reverse 

bias, the drift of the charges is greatly enhanced as a consequence the free holes are 

efficiently collected and do not accumulate preventing the space-charge effect seen at 

the short-circuit condition. On the contrary, near the open circuit voltage, the internal 

field is low and the collection is inefficient. The accumulation of the holes is therefore 

amplified, the space charge effect is stronger, thus increasing the transient peak and 

reducing the current collection. The devices, optimized and exposed to 60s show a very 

little dependence on the applied voltage. The drop of current observed for 0.75V is 

excepted as we are near the open-circuit condition. Normalized to the steady values, the 

shape of the transient current is independent of the light intensity. Similar to the as-cast 

devices, the device overexposed to the solvent present a strong dependence on the 

applied bias. The steady state current reflects the poor FF and is greatly dependent of the 

applied voltage. The main difference is that the transient peak is reduced at high reverse 

bias but not suppress. The fact that the transient peak is still present with a high reverse 

bias inform us about severe problems in the device that we attribute to morphologies. 

After 2mn, the phase segregation are such that even under high reverse voltage the 
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trapped charges cannot be efficiently extracted. They accumulate in the device, modify 

the local electric field, increase the recombination and decrease the charge generation. 

 

Figure 5.15 Transient current in response to the 200μs white light (LED) pulse at 1 sun 

equivalent, for various voltage biases applied and for BHJ active layers subjected to 

varying SVA exposure times: (a) “as-cast” (0s), (b) 20s, (c) 60s, and (d) 120s. Transient 

current (normalized) (e) “as-cast” (0s), (f) 20s, (g) 60s, and (h) 120s. 

5.4.4 Influence of electric field on charge generation 

We performed Time Delay Collection Field (TDCF) to further understand the role of the 

electric field on the charge generation. First the pulse fluence was varied from 0,02 to 1.5 

μJ.cm-2 in order to determine the regime where the relation between the light intensity 

and the collected charges is linear (Figure 5.16). The excitation wavelength was chosen 

to be 532nm where the absorption of the blend does not change during the SVA. 
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Measurement were performed with a delay time of 10ns and a Vcoll of -2.5V. In prior 

studies, TDCF have been successfully employed to determine the influence of the electric 

field on charge generation. Knipert et al. found that for as-cast and optimized 

P3HT:PC71BM blends, the charge generation is independent of the electric field.[185-186] On 

the other hand using different polymer:PC71BM systems Albrecht et al. highlight that both 

the chemical structure and the optimization protocol impact the dependence of charge 

generation on electric field.[72, 187] Looking at a different polymer donor, Foertig et al. also 

show the processing additive DIO can reduce/eliminate the dependence of charge 

generation on the electric field.[188] Finally using a small molecule donor Proctor et al. 

found that the use of DIO can suppress the geminate recombination.[189] The results are 

shown Figure 5.17. Surprisingly for the non-optimized as-cast device, Qtot is independent 

of Vpre. The geminate recombination is independent of the pre-bias voltage. The 

optimized device after 20s of solvent annealing presents a weak dependence of the Vpre 

on the charge collection. The geminate loses at open circuit condition relative to the loss 

at -2.5V are 8% higher. After 60s of solvent exposure, the dependence is even stronger, 

18% more at open-circuit voltage compare to the loss -2.5V. These results are significantly 

different from Nguyen et al. where the geminate recombination in the as-cast devices is 

strongly voltage-dependent, whereas the optimized device using diiodooctane (DIO) is 

not[189]. They correlate the reduced field dependence to the highly ordered crystalline 

domains obtained with the use of DIO. Since the solvent annealing process also increases 

the domains size and their crystallinity a similar trend was expected. We conclude that 
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the relative crystallinity of the domains cannot alone explain the voltage-dependence on 

geminate recombination. Further characteristics difficult to probe and beyond the scope 

of this study could have a contribution to the voltage –dependence: molecular orientation 

at the donor-acceptor interface, the mix of order and disorder domains and the presence 

of a mixed phase. Based on our TEM and after solvent annealing, the interface between 

donor and acceptor domains is sharp, leading to a lack of the mixed-phase. The mixed 

phase is known to be beneficial for good charge separation and to suppress 

recombination[190-191]. On the contrary for the as-cast devices, the highly intermixed blend 

have the advantage to provide a mixed phase. 

 

Figure 5.16  Dependence of the extracted charge (Qtot) on the laser pulse fluence, using 

a 10-ns delay time and -4V as the collection bias, for device active layers subjected to the 

following SVA exposure times: (a) 0s (as-cast device), (b) 20s, and (c) 60s. The dotted lines 

mark the pulse fluence used for the measurement. Solid lines: fits to the data.  
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Figure 5.17 J-V curves (left axis) and voltage dependence of the total charge extracted as 

probed by TDCF experiment (right axis) for BHJ active layers subjected to varying SVA 

exposure times: (a) “as-cast” (0s), (b) 20s, (c) 60s. (d) Total extracted charge data 

normalized to Qtot at -2.5V. The right axis provides the percentage of photogenerated 

carriers lost due to geminate recombination relative to the loss incurred at -2.5V. 

5.5 Discussion  

The BHJ without solvent exposure present high intermix of donor and acceptor. It is a 

consequence of the vitrification process where the resulting morphology can be seen as 

a quenched solid solution. The UV-Vis spectrum show evidences of disorder and the 

intense Bragg reflection in the XRD vanishes compare to the neat donor. In contrast to 

polymer counterpart where the charge transport along the main chain can plays a 
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significant role on the transport process, the mobility in small molecule systems will 

mainly originated from the intermolecular charge transfer. With poor order in the as-cast 

devices, the carriers mobilities are at their minimum, ~10-7 and ~10-6 cm2 V-1 S-1 for the 

hole and the electron respectively. The small domain sizes (<10nm) offers ideal number 

of D/A interface to prevent the decay of exciton. The charge generation is efficient and 

the geminate recombination show no sign of voltage-dependence. While the charge 

generation is good, the charge collection is not. Due to poor mobilities and non-ideal bulk 

morphology with a lack of percolation pathway, many free charges will not reach the 

electrodes and recombine non-geminately instead. The low and unbalanced charge 

mobilities will cause an accumulation of the holes in the device creating a space charge 

effect that will further increase the recombination and decrease the charge generation. 

The solvent exposure will induce the crystallization of the donor. Both the domain sizes 

and theirs crystallinity will increase. It will have several effects on the morphologies that 

are reflected on the devices performance. After 20s of solvent exposure, the morphology 

went from the overmixed arrangement to the ideal interpenetrating network efficient for 

charge generation and charge collection with domains sizes of 15-20nm. With more order 

and a better stacking, the mobilities increase improving the charge transport and charge 

collection. Consequently, the bimolecular is greatly reduced. In this condition the device 

will have the best Jsc, the best FF and the best PCE. 

Too long exposure to the solvent will result in the deterioration of the device 

performance. The donor will continue to grow, forming the pure needle-like structures 
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and the morphology will go from the ideal one to a morphology where the domains size 

are too big. The size of the domain will have a major effect on the charge generation since 

it will exceed the exciton diffusion length. Many excitons will decay before they can reach 

a D/A interface and the Jsc will drop. Even if after 60s of solvent annealing, the devices 

have the characteristic of good devices with good FF, high mobilities, fast transient 

behavior and low bimolecular recombination, the drop of efficiency will come from the 

poor PL quenching. When the device is further exposed to solvent annealing (at 2mn), 

new morphological effects have to be taken into account. The interpenetrating network 

model is no longer valid. The donor is so extended that it can occupy the entire thickness 

of the layer preventing the charge collection of the electrons in that region. Also, the 

PC71BM can be segregated inside the BHJ or at the wrong interface (i.e. anode) preventing 

the free charge to be extracted. Due to poor generation and poor extraction, the devices 

show little current and characteristics of trapping effect. 

5.6 Conclusion 

We investigate the time-dependence effect of solvent annealing through a variety of 

techniques to understand the relation between morphology and solar cells. The solvent 

vapor will first reorganize the morphology from a high intermixed blend with poor order 

to the ideal interpenetrating network efficient for charge generation and charge 

collection with crystalline domains sizes of 15-20nm. As the crystallization continues, 

sever problems will arise from the large domains: poor exciton quenching and phase 

segregation. As a drawback, we found that SVA can reduce the level of the mixed phase 
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between the pure donor and pure acceptor having an effect on geminate recombination. 

Not only SVA provides a powerful way too optimized BHJ, but it is also a tool to study the 

relation between morphology and charge dynamics preventing the effect of intrinsic 

molecular properties when comparing two or more molecules. 

  



149 
 
 

Chapter 6  

Efficient fullerene–based organic solar cell with open circuit voltage of 

1.10V via morphology tuning 

6.1 Introduction 

Small molecule (SM) that can serve as donors in solution-processed bulk 

heterojunction organic solar cells have attracted special attention the past years. 

However, when combined with fullerene acceptors the open circuit voltage (Voc) of the 

devices are relatively low due to high voltage losses. Furthermore due to the trade-off 

between optical bandgap and molecular orbital energy levels, devices with high Voc 

(>1.05V) exhibit in turn poor short-circuit current resulting in modest power conversion 

efficiencies (PCEs). Combined with short-circuit current (Jsc) and fill factor (FF) open circuit 

voltage (Voc) is a key device parameter accounting for device performance that should be 

maximized. If blended with fullerene derivative such as PC71BM, a maximum open circuit 

voltage of ~1.10-1.15V is theoretically achievable[192] however small molecule-based 

organic solar cells that exhibit Voc >1.00V are uncommon with only a few systems being 

reported.[193-195] Moreover, for these devices, the high Voc came with the price of a low 

PCE in the range of 2-4% limiting their interest. Therefore achieving high Voc maintaining 

a high PCE is a challenging target and to our knowledge, there is no reports about highly 

efficient SM:fullerene devices with an open circuit reaching 1.10V. With the recent rise of 

non-fullerene acceptors (NFAs), Voc of more than 1.00V are more routinely reported.[196-
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198] The NFAs energy levels engineering, in particular, the Lowest Unoccupied Molecular 

Orbital (LUMO) have pushed the Voc of the organic solar cells devices to higher values. In 

the same time voltage loss Eloss defined as Eloss=Eg- eVoc as low as 0.50eV are reported. 

However, even with NFAs, obtaining efficient devices (>7%) with Voc of 1.10V is still 

exceptional.[199]   

In this chapter we report the design, synthesis and the application of a new 

fluorinated SM donor (Figure 6.1). Combined with PC71BM in a solar cell, the devices 

exhibit an impressive Voc of 1.10V maintaining a PCE over 7%. Devices with Voc of 1.08V 

and PCE over 8% were also obtained through fine optimization protocol. Compared to 

other SM donors with similar optical bandgap, the voltage loss is significantly lower 

(0.61eV). A deep HOMO energy level of 5.65eV and a high Charge Transfer (CT) state 

energy account for the high Voc.  
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Figure 6.1 Molecular Structures of the SM donor 2F-DRCN5T and the fullerene Acceptor 

PC71BM. 



151 
 
 

6.2 Molecule properties 

Recently Kan et al. reported a series of highly efficient donors that includes DRCN5T.[27] 

Combined with PC71BM the devices achieve a PCE of >10% with a Voc of 0.92V. Our design 

strategy consists in the fluorination of the thiophene central core unit. Fluorination of a 

π-aromatic motifs has been successfully implemented in the past to increase the 

ionization potential resulting in higher Voc.[181, 200] Figure 6.1 provides the molecule 

structure of the donor 2F-DRCN5T and the acceptor PC71BM used in this study.  

 

 

Figure 6.2 (a) Optimized ground-state geometry of 2F-DRCN5T. (b) Representation of the 

LUMO (up) and HOMO (down) obtained by DFT at the B3LYP/6-31G(d,p) level of theory. 

The modeled frontier orbitals emphasize π-electron delocalization and localization effects 

across the SM donor. 

First-level density functional theory (DFT) calculations show that the donor structure is 

expected to be extremely planar (Figure 6.2a) and the π-system is well delocalized (Figure 

6.2b).  
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Figure 6.3 (a) Differential scanning calorimetry (DSC) traces for 2F-DRCN5T. 2nd heating 

(bottom trace) and first cooling (upper trace) are shown. (b) Thermogravimetric analyses 

(TGA) of 2F-DRCN5T.  

Looking at differential scanning calorimetry (DSC; Figure 6.3a), the molecule exhibits a 

melting temperature (Tm) upon heating at 238ºC and a recrystallization temperature of 

225 ºC upon cooling indicating the propensity of the small molecule to crystallize. 

Thermogravimetric analysis (TGA, Figure 6.3b) indicates that the molecule exhibits a good 

thermal stability and starts to decompose (5% loss) at 385ºC comparable to the reference 

molecule DRCN5T (389ºC).[27] 
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Figure 6.4 (a) Superimposed solution and neat film UV-vis absorption of the neat molecule 

(b) Thin film UV-vis absorption spectra of 2F-DRCN5T:PC71BM for as-cast condition (back 

curve), after thermal annealing at 120°C for 10mn (red) and after solvent vapor annealing 

with DCM (blue). 

Figure 6.4a provides the superimposed solution and neat film UV-vis absorption of the 

neat molecule. In solution, the absorption doesn’t show any vibronic features and peaks 

at 495nm. In thin film spincoated for chloroform solution, the absorption is broader and 

shift to longer wavelength with an onset absorption around 725 nm. The large 

bathochromic shift between solution and thin film absorption arises from the propensity 

of the small molecule to aggregate.[172] The inset of Figure 6.4a emphasizes the color 

change between the two phases. After annealing at 120 °C for 10 minutes the film 

presents a clear enhancement of the vibronic features at 600 nm and 660 nm attributed 

to stronger aggregation and coupling of the molecules upon heating.[175] Looking at the 

blend (Figure 6.4b), the as-cast film doesn’t have the peaks at 600 and 660nm. After TA 
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or SVA, the spectra of the blends have vibronic signature of the annealed neat SM 

pointing to a better aggregation consequent to post-processing treatment.  

 

Figure 6.5 X-Ray powder diffraction (XRD) spectra of neat film of 2F-DRCN5T (black curve) 

and thermal annealed film (red curve) for 10 mn at 120°C. 

The structural order of pristine molecule with and without thermal treatment was 

investigated by X-ray diffraction (Figure 6.5). Both films show a strong diffraction peak 

(100) at 2θ=4.9º corresponding to a d-spacing of 18 Å. The enhancement of the peak 

intensity after thermal annealing confirms higher order/crystallinity upon thermal 

annealing. 
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Figure 6.6 (a) Superimposed PESA curves for DRCN5T (black square) and 2F-DRCN5T (red 

triangle): PESA-inferred ionization potentials (IPs) are reported on the plots. (b) Energy 

levels inferred from PESA and optical band gap. DRCN5T is shown as a reference. 

The Ionization Potential (IP) measured by Photon Electron Spectroscopy in Air (PESA) is 

5.65 eV. This energy level is deep compared to the typically reported donors that range 

between 5 and 5.3eV.[113] The IP of the reference DRCN5T obtained with the same method 

is measured to be 5.50 (Figure 6.6a). As expected the IP of the fluorinated molecule is 

higher than the reference molecule (0.15eV). From the onset of absorption at 725 nm the 

optical band gap is calculated to be 1.71 eV. Compared to the non-fluorinated 

counterpart, the fluorination also increases the bandgap by 0.10 eV. Looking at the overall 

energy levels provided in Figure 6.6b, higher Voc is expected in BHJ organic solar cells 

incorporating the fluorinated DRCN5T SM donor.  
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6.3 Influence of post-treatment on device performance 

Post treatment 
VOC JSC FF Avg. PCE Max. PCE 
[V] [mA/cm2] [%] [%] [%] 

no 
1.11±0.

01 
6.9±0.4 47.6±2.4 3.66±0.32 3.98 

Thermal 
annealing1 

1.10±0.
01 11.7±0.1 56.0±0.3 7.22±0.09 7.31 

Solvent Vapor 
Annealing2 

1.08±0.
01 

11.9±0.1 63.6±1.8 8.13±0.23 8.30 

1Thermal annealing at 120°C for 10mn. 2Solvent Vapor Annealing of 20s in DCM 

Table 6.1 PV performance of 2F-DRCN5T:PC71BM active layers, 6:4 ratio, cast from CF 

solution and subjected to various post-treatment. (Average values across >10 devices). 

The statistics represent the standard deviation. 

 

Figure 6.7 (a) Characteristic J-V curves and (b) EQE of BHJ solar cells made from 2F-

DRCN5T:PC71BM active layers subjected to various treatment. 
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Solution-processed thin film BHJ solar cells were fabricated using the conventional device 

architecture ITO/PEDOT:PSS/ 2F-DRCN5T:PC71BM/DPO/Al (device area: 0.1 cm2), and 

were tested under simulated AM1.5G illumination (100mW/cm2); additional optimization 

data are provided Table 6.2-4. Table 6.1 summarizes the device performances upon 

different post treatments and Figure 6.7a shows the respective J-V curves of the devices. 

The as-cast devices have a high Voc of 1.12 V, a modest short circuit current of 6.9 mA cm-

2 and a low fill factor of 47.6%. The average power conversion efficiency of these devices 

is 3.66%. After thermal annealing at 120C during 10mn, the Voc remains at 1.10 V, the Jsc 

increases significantly to 11.7 mA.m-2. The FF increases to 56%. The device efficiency 

reaches 7.22%. When solvent vapor annealing is used as a device treatment with DCM for 

20s, the Voc slightly reduces to 1.08V and the Jsc reaches 11.9 mA.cm-2. The fill factor is 

enhanced to 63.6%, and as a result the devices have an average efficiency of 8.13% (max 

8.30%). Note that a Voc of 1.10V is also achieved when calcium is used instead of DPO 

(Table 6.4) so the high voltage is not a consequence of interlayer optimization but rather 

a BHJ property.[120] Looking at the external quantum efficiency (EQE) (Figure 6.7b), the as-

cast device shows a modest EQE in the range of 40% in agreement with the low Jsc 

measured in the corresponding device. In addition, the EQE starts to decrease significantly 

after 600 nm. For the optimized devices with thermal annealing and SVA, both EQE are 

comparable and show significantly higher values in the whole spectrum with an average 

around 62% (peaking at 63%) between 500 and 660 nm. Compared to the as-cast devices 

the EQE starts to drop after 670nm consistent with UV-vis of the blend and the 
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enhancement of absorption seen at the first vibronic shoulder at 660nm (Figure 6.4b) 

after post treatments. The integrated short-circuit currents are in agreement with the 

ones measured with the AM1.5 solar simulator (± 0.3mA.cm-2). 

Annealing 
temperature 

VOC JSC FF Avg. PCE Max. PCE 
[V] [mA/cm2] [%] [%] [%] 

no 1.11±0.009 6.9±0.4 47.6±2.4 3.66±0.32 3.98 
100°C  1.10±0.009 10.1±0.1 54.2±2.4 6.02±0.22 6.27 
120°C 1.10±0.004 11.7±0.1 56.0±0.3 7.22±0.09 7.31 
140°C 1.09±0.004 9.6±0.01 53.7±0.8 5.62±0.16 5.73 

 

Table 6.2 PV performance of 2F-DRCN5T:PC71BM active layers, 6:4 ratio, cast from CF 

solution and subjected to various temperature for 10mn. (Average values across >6 

devices). 

Solvent 
annealing time 

VOC JSC FF Avg. PCE Max. PCE 
[V] [mA/cm2

] 
[%] [%] [%] 

0s 1.11±0.009 6.9±0.4 47.6±2.4 3.66±0.32 3.98 
10s 1.08±0.005 11.6±0.1 62.1±1.5 7.79±0.21 7.93 
20s 1.08±0.008 11.9±0.1 63.6±1.8 8.13±0.23 8.30 
40s 1.07±0.007 10.4±0.2 63.9±1.5 7.11±0.18 7.31 

 

Table 6.3 PV performance of 2F-DRCN5T:PC71BM active layers, 6:4 ratio, cast from CF 

solution and subjected to different DMC vapor exposure time. (Average values across >6 

devices). 
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Top 
electrode 

VOC JSC FF Avg. PCE Max. PCE 
[V] [mA/cm2] [%] [%] [%] 

Ca/Al 1.10±0.01 10.6±0.1 54.1±0.4 6.29±0.05 6.35 
DPO/Al 1.10±0.01 11.7±0.1 56.0±0.3 7.22±0.09 7.31 

 

Table 6.4 PV performance of 2F-DRCN5T:PC71BM active layers, 6:4 ratio, cast from CF 

solution and subjected to thermal annealing of 120°C for 10mn with different top 

electrodes. 

6.4 Detailed effects of the processing conditions  

6.4.1. Light intensity dependence measurement 

To understand the differences in performance between devices we examine the evolution 

of the short-circuit current with different Light intensity (Figure 6.8). The extent of 

bimolecular recombination can be examined looking at the Jsc as a function of light 

intensity.[201] It has been shown that the relation between the Jsc and the light intensity 

follows the equation Jsc∝Iα where a value of α equal to unity means negligible bimolecular 

recombination in the devices. α values <1 indicate a competition between recombination 

and extraction. For the as-cast device, α=0.96 points to some extent charge 

recombination prior to extraction. After post-treatment of both devices, α=0.99 indicates 

that the charges are efficiently extracted prior to recombination. 
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Figure 6.8 Light intensities dependence of Jsc for devices prepared with different 

conditions: as-cast (black triangle), Thermal annealed (red circle) and solvent vapor 

annealed (blue square). The solid lines correspond to fits to the data according to Jsc ∝ Iα 

6.4.2 TEM morphology 

 

Figure 6.9 Bright –field TEM images of the BHJ thin film morphologies for different 

conditions: (a) As-cast (b) Thermal annealed (c) Solvent vapor annealed. Scale bar is 

200nm. 
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It is known that thermal annealing and solvent vapor annealing can induce substantial 

morphological changes of the BHJ.[114, 202-203] Therefore we looked at the morphology with 

bright-field TEM (Figure 6.9). The as-cast devices highlight a strong mixing between the 

donor and the acceptor. Although small white (donor-rich) and black (fullerene-rich) areas 

are distinct, the blend doesn’t feature particular order pointing to a highly mixed blend. 

A strong mixing of the donor and the acceptor, with poor order (i.e. amorphous), is a 

result of the vitrification process where PC71BM prevents the crystallization of the 

donor.[179] The resulting quenched “solid-solution” is consistent with UV-vis spectra of the 

blend where the as-cast films show weak absorption between 600 and 660nm. After 

thermal annealing the films present a more fibrillary structure with areas presenting 

aligned crystallites with width of ~10nm. When solvent vapor annealing is used, the 

morphology features clear crystallites with rectangular to needle-shapes. The width of 

the structures measured is between 15-25nm while the length is between 60-80nm. For 

all the conditions the size of the domains is good for exciton quenching. However, the 

crystallites observed after post-treatment should be beneficial for charge extraction by 

preventing the carriers from recombining non-geminately before reaching the electrodes. 

The difference in order between as-cast and treated devices can explain the large 

difference of photocurrent measured in the devices.  
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6.4.3 Photoluminescence quenching 

 

Figure 6.10 Photoluminescence (PL) of the neat film (dash) and the blends with PC71BM 

(solid for as-cast condition (back curve), after thermal annealing of 120°C for 10mn (red) 

and after solvent vapor annealing with DCM (blue). Excitation at 620nm. 

To confirm the relation between morphology and exciton quenching, the 

photoluminescence quenching (PLQ) was investigated (Figure 6.10). For all the system 

the PLQ is high in the range of 94% meaning that most of the excitons can reach the D/A 

interface. These results are consistent with the TEM images and confirm that the large 

variations of Jsc seen in the devices are not due to exciton decay prior to reaching a D/A 

interface. 
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6.4.4 SCLC mobility 

The mobilities (electrons and holes) of the blend 2F-DRCN5T:PC71BM as-cast, with 

thermal annealing, and solvent vapor annealing were determined by fitting the dark 

current hole/electron-only diodes to the space-charge-limited current (SCLC) model.  

 

Figure 6.11 Hole only (a) and electron only (b) Dark J-V curves of 2F-DRCN5T:PC71BM for 

as-cast (black triangle) thermal annealed (red circle) and solvent vapor annealed (blue 

square) devices. The solid lines are fits to the experimental data according to Equation 

3.2. 

Table 6.5. Summary of SCLC mobilities 2F-DRCN5T:PC71BM active layers subjected to 

various post-treatment 

Condition 
Electron mobility Hole mobility  µe/µh FF 

[cm2V-1s-1] [cm2V-1s-1]  [%] 



164 
 
 

As cast (1.17±0.01) x 10-4 (1.30±0.55) x 10-5 9 48 
TA (1.38±0.05) x 10-4 (3.03±0.97) x 10-5 4.5 56 
SVA (1.29±0.08) x 10-4 (5.06±1.10) x 10-5 2.5 63 

 

Changes in morphology and crystallinity often correlate with change in carrier transport 

properties. We used SCLC mobilities to look at the carrier transport values. For the as-

cast, thermal annealed and solvent annealed devices, the electron mobility show similar 

values of 1.2, 1.4 and 1.3 x 10-4 cm2V-1s-1, respectively. The electron mobility, driven by 

the fullerene molecules is high and is not affected by the post-treatments. Turning to the 

hole mobility, a different picture emerges. For the as-cast devices the hole mobility is the 

lowest and measured to be 1.3 x 10-5 cm2V-1s-1. After thermal annealing the mobility 

increases up to 3.0 x 10-5 cm2V-1s-1 and after solvent annealing the mobility reaches 5.1 x 

10-5 cm2V-1s-1. The ratio µe/µh decreases from 9 to 2.3 going from as-cast to solvent 

annealing treatment. The increase of hole mobility can explain the increase of fill factor 

observed in the device. It is well established that high and balanced mobilities are a key 

factor to achieving good fill factor in OPVs.[82] Furthermore, the mobilities are in 

agreement with the TEM images where the small crystallite formed after SVA are 

expected to have the best mobilities.  
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6.4.5 Charge transfer state 

 

Figure 6.12 Reduced sensitive-EQE for different device conditions.   

We intend to fit the sensitive-EQE data for the 3 conditions with Equation 3.3 that we 

recall here: 

𝜎𝜎(𝑃𝑃)𝑃𝑃 =  
𝑓𝑓

√4𝜋𝜋𝜋𝜋𝑛𝑛𝑛𝑛
𝑒𝑒𝑥𝑥𝑒𝑒 �

−(𝑃𝑃𝐶𝐶𝐶𝐶 + 𝜋𝜋 − 𝑃𝑃)2

4𝜋𝜋𝑛𝑛𝑛𝑛
� (3.3) 

In this equation, k is Boltzmann’s constant; T, temperature and E, photon energy. ECT, the 

energy of the CT state, λ (reorganization energy) and f, parameter directly proportional 

to the number of the CT complexes are the fit parameters. 

 

Empirically it has been shown that the Voc is related to the energy of the charge transfer 

state ECT by the relation qVoc ≈ ECT – 0.6 eV.[204] it is also known that change in morphology 
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can impact the CTS energy.[205-206] To understand the influence of morphology on the Voc 

we turn to the sensitive-EQE measurement. The spectra of all three devices (depicted in 

Figure 6.12) overlap and consist of sharp absorption tails below 1.8 eV. The absence of a 

pronounced CTS absorption feature in the sub-bandgap region implies that CTS is high in 

energy which alters the credibility of fitting the data with Equation 6.1. These results 

suggest that post-treatment keeps the CT energy unchanged and close to the energy of 

the singlet state of the donor in the range of 1.60-1.70 eV. 

6.5 Discussion 

 

Figure 6.13 (a) Plot of Voc vs PCE(%) and (d) Energy loss vs optical band gap for previously 

reported small molecule donors combined with fullerene acceptors. 

Finally, the high Voc and low Voltage Loss were compared with other SM donors reported 

in the last years. Figure 6.13a shows the Voc versus the device efficiency for SM:PCBM 

devices. As stated in the introduction Voc of more than 1.00V were achieved in the past 
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years but with the price of a low PCE (2-4%) making these systems of limited interest. 

Most reported systems with similar efficiencies have a Voc between 0.85-0.95V. Figure 

6.13b shows the relation between the optical band gap Eg of the donors and the Voltage 

loss (Eg- eVoc) measured in solar cells devices. Small molecules reported with similar band 

gap (~1.70eV) typically shows 0.10 to 0.25 eV higher voltage loss than our molecule. Only 

few SM reported so far have lower voltage loss and it is mostly due to their small band 

gap.[28, 207-209] 

6.6 Conclusion 

A new molecular donor was synthetized with a deep HOMO energy level. Blended with 

PC71BM the Voc of the solar cell reaches values up to 1.10V. Morphology tuning by TA or 

SVA is used to increase the device efficiency without losing the voltage. While the as-cast 

devices have a highly intermixed phases, post-treatments increase the domains size as 

well as the crystallinity. The optimized devices have PCE of more than 7% and exhibit a 

low voltage loss, 0.1-0.2 eV lower than molecules with the same bandgap. We found that 

the energy of the CT state is high and independent of the morphology.  
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Chapter 7  

Conclusion and future work 

7.1 Summary 

In chapter 4, we found that the processing additive DIO acts as a plasticiser that increases 

the size of the domains, as well as the aggregation of the SM donors and fullerene 

acceptor across the active layers. As DIO concentrations are increased, local ordering 

gives way to large-scale crystallization, which –while aiding charge transport– also 

severely reduces exciton harvesting, ultrafast charge generation, and connectivity for 

charge extraction. Prior to crystallization, the morphology appears to arrive at a 

compositional equilibrium where in one system (SM1) a low miscibility results in large 

pure phases, while the higher miscibility of the other (SM2) yields smaller mixed-phase 

domains. While pure phases are found to hinder charge generation and increase charge 

trapping, the mixed-phase system exhibits excellent charge generation and transport. Our 

findings point to the idea that mixed phase SM systems (i.e., systems with high miscibility) 

could be a target for high efficiency in contrast with polymer-fullerene BHJ solar cells, 

where the presence pure domains are important. This goal can be realized through a 

mitigation of the packing propensity of the SM systems via –for example here– the 

incorporation of (non-coplanar) ring-substituents in places along the SM backbone, which 

facilitates the miscibility with fullerenes (at the expense of SM crystallization). 
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In chapter 5, our examinations of the time-dependence of solvent vapor annealing (SVA) 

on SM donor-fullerene BHJ solar cell efficiency via a combination of direct morphology 

imaging and spectroscopy techniques establish a fundamental understanding of this 

important device optimization protocol. As SVA treatments induce a reorganization of the 

BHJ morphology from a highly intermixed blend with a limited structural order to a 

structurally ordered, co-continuous network, with crystalline domains sizes of 15-20 nm, 

charge generation, and collection patterns dramatically improve. However, our analyses 

indicate that extended SVA times (>60s) can promote excess crystallization and 

undermine device performance, as significant impediments arise from larger domain 

sizes: specifically, increased exciton quenching and detrimental extent of phase 

segregation between SM donor and fullerene acceptor. Since SVA treatments tend to 

reduce the density of mixed phase across the active layer, our findings show that it is 

critically important to control SVA exposure times. Overall, SVA protocols represent a 

particularly useful tool in the optimization of SM donor-fullerene BHJ solar cells, but our 

study also shows that there are efficient methods to examine morphology-charge 

dynamics relationships in BHJ solar cells in general independently of intrinsic molecular 

characteristics when comparing two or more molecules. 

In chapter 6, we have shown that a small molecule blended with PC71BM can reach Voc of 

up to 1.10V with PCE over 7%. The as-cast devices have a highly intermixed phases as a 

consequence of the vitrification process. The PC71BM prevents the small molecule donor 

to crystallize and the as-cast blend is too mixed and lacks crystallinity. Post-treatments 
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such as thermal annealing and solvent vapor annealing increase the domains size as well 

as the crystallinity. Morphology and crystallinity analyses show clear aggregation of the 

donor and phase separation induced by the post-treatments. As a result, the hole mobility 

increase and the charge extraction is better. The treated devices have PCEs of more than 

7% and exhibit a low voltage loss, 0.1-0.2 eV lower than molecules with the same 

bandgap. The Voc is close to the fundamental limit using fullerene acceptors. The high 

energy of the CT state, independent of the morphology account for the high voltage. 

7.2 Future work 

7.2.1 Non-Fullerene Acceptors 

In this thesis, we have focused our work on different SM donors using PC71BM as an 

acceptor. In 2014, achieving high efficiencies using acceptors that are not fullerene-

derivative was a challenging target with at that time only modest but encouraging 

results.[210] in January 2015 Lin et al. published the paper “An electron acceptor 

challenging fullerenes for efficient polymer solar cells”[211] where the acceptor ITIC is 

combined with the donor PCE10 and show a performance close to the one achieved with 

fullerenes. In the next two years, several efficient acceptors were reported[29-30, 212] 

including from our group[213-214] making the area of NFAs the hottest topic in OPV. Due to 

the contribution of the light absorption and a control of the LUMO energy level, devices 

using NFAs have the potential to have higher current[215] and higher Voc[199] than the 

fullerene-based devices leading to higher PCEs as high as 13%.[32]  
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The history repeats itself and most of the reports were focused on polymer donors 

combined with NFAs while studies based on the blend “Non-Fullerene All Small Molecule” 

were more rare. In 2015, using all-SM blend the highest PCE reported was 5.44%[216]. The 

maximum PCE increased over the years, 7.09% in 2016[217] and 10.1% in 2017[218]. 

However, the reason is more the result of the number of combination tested rather than 

new fundamental knowledge. 

As a future work, we proposed to study the morphologies of the blend using SM donors 

with NFAs and understand what the new guidelines are in a PCBM-free world. 

7.2.2 Stability of organic solar cells 

It is clear that the success or the failure of OPV as a commercial product will also depend 

on the stability of the devices. A system performance includes both conversion efficiency 

and system degradation and is an important parameter looking at the Levelized Cost Of 

Electricity (LCOE), the price at which the electricity must be sold in order to break-

even.[219] OPV suffers the comparison from the good numbers of the silicon-based 

modules that typically show a low degradation rate between 0.5% and 1% per year[220] 

when most of the manufacturer's guaranty 90% of the initial performance after 15 years.  

Looking at organic materials, stability has been discussed the last years but has never 

been the priority of the community.[221-223] It is, however, a critical parameter and has 

been recently taken into account in the industrial Figure-of-Merit (i-FoM)[224], a number 

that also includes the synthesis complexity of the material. Now that devices with PCEs of 
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more than 10% can be routinely achieved in laboratories with commercial compounds, it 

is time to tackle the problem of the degradation of OSCs. 

Several studies point out the culpability of the fullerene molecules in degradation of 

device performance. Fullerene segregation,[225] dimerization[226] and photo-oxidation[227] 

are the main mechanisms that lead to a fast decrease of PCE over time. These intrinsic 

properties of fullerenes can be a barrier for future commercialization. In parallel with 

higher efficiencies, using NFAs, the stability in the dark and under illumination has been 

improved.[29, 212, 228] These results are promising but a lot of effort needs to be done to 

have systems that maintain 90% of the initial performance for few years in operational 

condition. 

As a future work, we proposed to study the degradation of fullerene-free devices with the 

goal of understanding the degradation mechanisms that occurs in order to prevent them.  
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