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ABSTRACT 

Performance Evolution of Organic Solar Cells Using Nonfullerene 

Fused-Ring Electron Acceptors 

Xin Song 

As one of the most promising solar cell technologies, organic solar cells have unique superiorities 

distinct from inorganic counterparts, such as semitransparency, flexibility and solution-

processability, as well as tunable photophysical properties, which originate from the structural 

verstailities of organic semiconductors. A major breakthrough in OSCs was the exploration of 

novel non-fullerene electron acceptor (NFAs): In comparison with traditional fullerene derivative 

acceptors, NFA possesses several advantages, such as low synthesis cost, tunable absorption 

range and adjustable energetic level, which effectively provides a wide light-harvesting window 

with low energetic loss. In recent decades, fused-ring electron acceptors (FREAs) have obtained 

an irreplaceable status in the development of OSCs. However, there are still initial drawbacks to 

FREA-based devices including: 1: the degree of molecular packing and the corresponding impact 

on device performance, which has not been studied in depth; 2: the feasibility of approaches for 

controlling the bulk heterojunction morphology of the film, which also has not been systemic 

researched; 3: the presence of bulk (geminate and non-geminate) and surface recombination 

which significantly affects the efficiency and stability of working devices.  

In this thesis, I took the above three issues as my main doctoral research subjects. In the first part 

of the thesis, I shine light onto the strength of π-conjugated backbones in FREA molecular 

structures, which strongly affect the intramolecular interaction. Herein, two FREA with different 
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conjugated framework (IDT core vs IDTT core) are synthesized and employed as electron 

acceptors in OSCs. A significantly enhanced power conversion efficiency of 11.2% is obtained 

from IDTTIC-based devices in comparison with that of IDTIC-based devices (5.6%). After 

considering the electron-donating part in FREA molecules, I also study the effect of the terminal 

unit, which has a strong relationship with the intramolecular charge transfer effect and 

intermolecular interactions. Solvent additives are another powerful strategy to further improve 

the photovoltaic efficiency. 1-chloronaphthalene (CN) was found to be useful in the PTB7-

Th:IEICO-4F system, which show a PCE improvement from 9.5%  to 12.8%. Furthermore, by 

utilizing a small molecule donor, BIT-4F-T, as a third component, an optimum PCE of 14.0% is 

achieved in the devices based on PTB7-Th:IEICO-4F.  
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Chapter 1    Introduction 

With the vigorous development of modern industry, global energy consumption has grown 

substantially in the past decade, comprising primarily of fossil fuel, coal and natural gas.1,2 This 

phenomenon will become more and more serious in the future: (i) There is increasing demand 

especially for long periods into the future, as some scholars estimate that in 2040, the global 

population will exceed 9 billion.3,4 On the other hand, in many countries, the living standard is 

growing quickly, which further increases the energy demand.5 Thus, as reported by the BP Energy 

Outlook 2035, the global energy consumption is expected to rise by 37% between 2013 and 2035 

in comparison with the year before 2013.6  (ii) The second problem facing humanity is that the 

current energy type is mainly not a sustainable source, such as oil, coal and natural gas. 7 More 

seriously, the depletion speed of these fossil fuels source is much faster than the regeneration 

rate.8,9 In other words, the more we consume, the less resources we will have available in the 

future. (iii) By burning these fossil fuels, the so-called “greenhouse gases”, i.e., carbon dioxide 

(CO2), are emitted into the atmosphere, which will result in global warming and climate 

change.10–12 An alternative approach to electricity production is nuclear energy, which is a much 

cleaner energy type in comparison to fossil fuels.13,14 Despite this, nuclear fuel cannot be 

naturally regenerated in useful time. Therefore, we should develop clean and renewable energy 

sources, which can be provided by natural and recyclable processes.  

Among the family of renewable energy sources (such as solar, wind, geothermal, hydroelectric 

and biomass),15–19 from Figure 1.1, solar energy, harvested by photovoltaic technologies, is one 

of the most useful forms of renewable energy. Contributing to the continuous supply from the 
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sun irradiation, a large amount of sun-light energy (ca. 86,000 TW) can be radiated to the earth, 

only a small part of the energy can be used by the earth due to the barrier of the atmosphere. 

Even so, more than 10000 TW of solar energy can be potentially exploited and further used. 20 

 

Figure 1.1 Global availability of selected renewable energy resources. 

1.1 An introduction to photovoltaic Technology 

Having discussed energy consumption, we need to have a deep understanding of photovoltaic 

technology. We first need to introduce the photovoltaic effect, the foundation of photovoltaic 

technology.21,22 The energy of a photon is given by: 

                                                                       𝐸 = ℎ𝜈                                                                               (1.1) 

Where h is Planck’s constant and 𝛎 is the frequency of the light. 

The current solar cell technologies can be divided into the three types. The first type is solar cells 

based on crystalline-silicon material,23–25 which is one of the most-commercially used and 
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available semiconductors. Silicon solar cells accounts for ~ 94% of the entire photovoltaic market 

currently.26 The second type consists of other thin-film semiconductors, such as cadmium-

telluride (CdTe), copper-indium-gallium-selenide (GIGS) or copper-zinc-tin-selenide (CZTS) 

semiconductors.27–29 These technologies have also received huge attention because the easily-

tunable optical bandgap, which is beneficial for the multiple junction tandem architecture to 

harvest more photons.30,31 However, these thin-film deposition processes require high-

temperature and vacuum condition, which strongly rely on high voltage, high temperature, 

chemical vapor deposition or plasma deposition techniques.32 Moreover, the preparation of 

these thin-film solar cells causes serious environmental pollution, such as the leakage of toxic 

elements (Cd, Se, etc).33–35 

From 1990s, scientists and researchers have shined light on the so-called “third generation” type 

of photovoltaic technology, which is based on solution-processable semiconductors (such as 

organic and organic/inorganic hybrid perovskite semiconductors).36–40 The main representatives 

are organic, dye-sensitized and organic-inorganic hybrid perovskite solar cells. With the 

advantages including low-cost, non-toxicity and light-weight nature, organic solar cells (OSCs) 

exhibit a bright prospect for a promising candidate of solution-processable solar cells.41,42 More 

interestingly, some low-temperature solution-casting technologies (< 150 oC), such as spin-

coating, roll-to-roll, doctor-blading, ink-jet and slot-die printing, widen the compatibility with 

flexible substrates and thus maximize the applicability for large-scale fabrication.43–45 In the 

future, OSC modules can have a potential to be widely used in commercial applications, such as 

building-integrated photovoltaics, greenhouses and automotive-integrated photovoltaics.32 

Recent progress in power conversion efficiencies (PCEs) has pushed this start-of-the-art field 
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from lab-scale to feasible commercialization. For example, as shown in Figure 1.2 of certified 

best-research performance of organic solar cells, with the development of new electronic 

acceptor materials, the PCE has grown from 10% in 2015, to 16.5% in 2019.46  

 

 

Figure 1.2 The PCE evolution of organic solar cells in single junction architecture from 2003 to 

2019 (data extracted from National Renewable Energy Lab website, 

http://www.nrel.gov/pv/cell-efficiency.html). 

  

1.2 The background knowledge of solar cells 

The working mechanism of solar cells can be divided into three basic processes: 

1: By the photovoltaic effect, photo-generated carriers are generated after semiconductor 

materials with the formation of a junction structure. 
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2: The generated carriers are separated and transport in the heterojunction structure.  

3: The transport carriers would be collected with the electrical contacts. 

There are four main parameters that can be used to characterize the quality of a solar cell: The 

maximum power Pmax, the short-circuit current density Jsc, the open circuit voltage Voc, and the 

fill factor FF are expressed in Figure 1.3. 

 

Figure 1.3 J-V characteristic of a solar cell (black curve) and power curve (red curve). 

 

In order to reliably measure J-V characteristics, it is important to test the characteristics of solar 

cells under standard test conditions, which is AM 1.5 G spectral matching and irradiance at 100 

mW/cm2 (Figure 1.4). Moreover, the operating temperature of the solar cell must be constant at 

25 degree. 
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Figure 1.4 AM 1.5 G standard spectra for solar panels. (data extracted from National Renewable 

Energy Lab website, http://www.nrel.gov/pv/cell-efficiency.html). 

When a load is connected between the electrodes of the illuminated p-n junction, only a fraction 

of the photogenerated current will flow through the external circuit, which is shown in Figure 1.5. 

47,48 Therefore, we can describe the behavior of the junction under applied voltage with the 

equation below: 

                                                     𝐼 = 𝐼𝑜(𝑒𝑥𝑝 (
𝑞𝑣

𝑘𝑇
− 1)) − 𝐼𝑔𝑒𝑛 − 𝐼𝑝ℎ                                                                             (1.2)                                                                                                                
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Where Io is the dark saturation current, V is the diode voltage, n is the diode ideality factor, k is 

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

the thermal-generation current and photogenerated current Iph.  

Figure 1.5 The schematic diagram of the working principle of solar cells. 

It should be emphasized that I represents the current, we need to divide this value by the cell 

area to obtain the current density J. So Jsc represents the short-circuited current density, which 

is shown in Figure 1.3.  

The open circuit voltage is the voltage at which no current flows through the external circuit 

(open-circuit condition). 49,50 The Voc depends on the photogenerated and dark saturation current 

density and can be calculated from equation 1.3 

                                                            𝑉𝑜𝑐 =
𝑘𝑇

𝑞
𝑙𝑛 (

𝐽𝑝ℎ

𝐽𝑜
+ 1)                                                                                                      (1.3) 

Where the approximation can be justified because Jph ≥ Jo, we can simplify the equation 1.2. 

                                                                𝑉𝑜𝑐 =
𝑘𝑇

𝑞
𝑙𝑛 (

𝐽𝑝ℎ

𝐽𝑜
)                                                                             (1.4) 
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While Jph typically has a little change once the heterojunction structure has been established, the 

real key effect on the Voc is the saturation current Jo as this value may change by orders of 

magnitude due to the different recombination process.  

The fill factor is claimed as the following equation: 

                                                            𝐹𝐹 =
𝐽𝑚𝑝𝑝  × 𝑉𝑚𝑝𝑝  

𝐽𝑠𝑐  × 𝑉𝑜𝑐  
                                                                     (1.5) 

Where the Jmpp and Vmpp are the current and voltage values at the maximum power point, 

respectively. Supposing that the solar cell works like an ideal diode, the fill factor can be 

expressed as a function of open-circuit voltage Voc. 

                                                       𝐹𝐹 =
𝜈𝑜𝑐 −ln (𝜈𝑜𝑐+0.72)

𝜈𝑜𝑐 +1
                                                                     (1.6) 

Where 

                                                                   𝜈𝑜𝑐 = 𝑉𝑜𝑐
𝑞

𝑘𝑇
                                                                        (1.7) 

𝜈𝑜𝑐 is defined as the normalized voltage. However, in the real operational condition of solar cells, 

the equation 1.1 does not follow the Boltzmann approximation perfectively. The non-ideal diode 

is approximated by introducing an identify factor n, into the Boltzmann factor  𝑒𝑥𝑝
𝑞𝑉

𝑛𝑘𝑇
 in 

equation 1.1. So the equation 1.7 is needed to modify to  

                                                                    𝜈𝑜𝑐 = 𝑉𝑜𝑐
𝑞

𝑛𝑘𝑇
                                                                     (1.8) 

For an ideal junction, n is equal to one. However, when a recombination potential occurs, the 

value of n will increase. The high n value would induce low FF and Voc. 
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Power conversion efficiency (PCE) can be calculated from the J-V curves with the equation below:  

                                                     𝑃𝐶𝐸 =
𝐽𝑠𝑐  × 𝑉𝑜𝑐  ×𝐹𝐹

𝑃𝑖𝑛
                                                                  (1.9) 

 

Where Pin is the incoming light power. Normally, we set this value to 100 mW/cm2. 

External quantum efficiency (EQE) is defined as the ratio of the number of electron-hole pairs 

collected to the photons incident on the solar cell. 

The EQE value can be defined as:    

                                                             𝐸𝑄𝐸(𝜆) =
𝐼𝑝ℎ(𝜆)

𝑞𝜓𝑝ℎ,𝜆
                                                                      (1.10) 

Where q is the elementary charge and 𝜓𝑝ℎ,𝜆 is the spectral photon flow incident on the solar cell, 

which is actuated as: 

                                                              𝜓𝑝ℎ,𝜆 =
𝐼𝑝ℎ

𝑟𝑒𝑓
(𝜆)

𝑞𝐸𝑄𝐸𝑟𝑒𝑓(𝜆)
                                                                   (1.11) 

Where the  𝐼𝑝ℎ
𝑟𝑒𝑓

(𝜆)  and 𝐸𝑄𝐸𝑟𝑒𝑓(𝜆)  are the fixed current and EQE value as a function of 

wavelength, which has been checked by a calibrated photodetector.  

If the EQE is measured as a function of spectral response under the short-circuit conditions, we 

summarize the photon flux and EQE value at the certain wavelength together, Jsc can be obtained 

by the equation 1.12, 

                                        𝐽𝑠𝑐 = −𝑞 ∫ 𝐸𝑄𝐸(𝜆)𝛷𝑝ℎ,𝜆
𝐴𝑀 1.5 𝐺𝑑𝜆

𝜆2

𝜆1
                                                            (1.12)                     
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Where 𝛷𝑝ℎ,𝜆
𝐴𝑀 1.5 𝐺 is the standard spectral photon flux, as shown in Figure 1.2. 

A closely related measure to EQE is internal quantum efficiency (IQE), which is defined as the 

numerical ratio of collected electron-pair pairs to photons absorbed by the active layer.51,52 In 

this IQE measurement, we neglect the influence of the parasitic absorption of interfacial layer 

and the reflection of every layer in the devices. By evaluating the value of IQE, we can find the 

difference of absorption of active layer and inner recombination. 

1.3 An introduction to organic semiconductors 

In the case of inorganic semiconductors, atoms are covalently or ionically bonded in three-

dimension directions.53 Different from the inorganic counterparts, organic materials are 

individual molecular semiconductors, which cannot link the molecules in three-dimensions. And 

normally the semiconductors possess weak supramolecular interactions between discrete 

molecules.41,54,55 Moreover, as shown in Figure 1.6, the pz frontier orbitals from carbon atoms 

(also for N, O, S etc.) are overlapped or integrated, thereby forming the π-conjugation electron 

clouds.56 Thus, the energy difference between the highest occupied molecular orbital (HOMO) or 

bond- orbitals and the lowest unoccupied molecular orbital (LUMO) or anti-bond levels 

determine the bandgap of the organic material. It is worth to mention that organic materials with 

relatively high-lying HOMO level (compare to work function) exhibit hole transporting properties, 

which are termed as p-type or electron donor, while materials with low-lying LUMO level 

(compare to work function) and electron-transporting behavior are called n-type or electron 

acceptor. 57 
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Figure 1.6 The scheme diagram of π-electron in the pz –orbital to form a HOMO energy band and 

a LUMO energy band with anti-binding character. 

From an electrical point of view, there are two main differences between organic and inorganic 

semiconductor materials. (i) Firstly, since inorganic semiconductors have a crystal structure, 

electrons can be transported in parallel and perpendicular directions, but organic 

semiconductors are in individual form, in other words, they are unlikely to form a lattice in the 

3D direction, thus resulting in the hopping transport pathways. Furthermore, the length scale of 

the delocalization for carrier intermolecular transport is on the single molecular level (Å). 

Subsequently, the initial mobility of organic semiconductors is significantly lower than that of 

inorganic ones, i.e., in six or seven magnitude (~ 10-5-10-4 versus 102 cm2V-1s-1). 58-60 (ii) Another 

property for organic semiconductors is that the exciton type for organic semiconductor is tightly 

bound Frenkel exciton (electron-hole pair), which results from the low dielectric constant (εr~ 2-

4) of organic semiconductors.61,62 In contrast, the exciton type of inorganic material is Wannier 

exciton with dielectric constant (εr) above 100. Thus, the binding energy of the Frenkel exciton is 

in the range of 0.3-1 eV, significantly higher than thermal energy, whereas the binding energy for 
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inorganic material is about 20-30 meV (the excitons are easily separated to carriers at room 

temperature).63 Therefore, an organic heterojunction consisting of two distinct organic 

semiconductors (n-type and p-type, respectively) with a sufficient energy band offset is necessary 

to separate the tightly bound exciton efficiently (also discussed in OSC working principle part).    

Based on this donor/acceptor blend concept, Tang et al performed early investigations on organic 

solar cells, where a bilayer structure (Figure 1.7a) of a small molecule donor and small molecule 

acceptor were evaporated sequentially to form the active layer. However, the PCE was only 1% 

due to the low potential for the efficient exciton generation and separation.64 Considering the 

low efficiency, a novel approach termed “bulk heterojunction” (BHJ) (Figure 1.7b) was invented 

in order to compensate for the short exciton diffusion length in organic materials.65 Later, it was 

realized that the crystallinity of donor and acceptor can be further tuned by several optimization 

strategies (such as annealing, additive). 

 

Figure 1.7 The structure of active layer can be (a) bilayer and (b) bulk heterojunction. In the 

scheme: the purple area represents the donor; the blue are represents the acceptor. 
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1.4 Basic working principle of organic solar cells 

An organic solar cell is composed of a stack of layers, starting with the transparent indium-doped 

tin oxide (ITO) on top of a glass substrate.  A hole transporting layer (HTL) is covered to extract 

the holes from the active layer, which is the blend of electron donor and acceptor. Afterwards, 

the electron-transporting layer is deposited on top of the active layer. Finally, a metal (aluminum, 

silver) is evaporated to collect the charges. 66,67 The solution-coated blend film with nanoscale 

and interpenetrating phase-separated D-A network is the most vital layer in the solar cell.68  We 

can use the following five steps to describe how organic solar cells work, which is also described 

in Figure 1.8:  

(1) The organic semiconductors (either donor or acceptor) absorb the light and the excitons are 

generated;  

(2) The excitons diffuse to the donor/acceptor interface; 

(3) Excitons (electron pairs) dissociate into free carriers at the interface because the energy 

conversion between the LUMO and HOMO levels of the donor and acceptor is different;  

(4) The charge carriers transport through the interpenetrating network with the assist of built-in 

potential;  

(5) The charge carriers are collected at each electrode.  
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Figure 1.8 The working mechanism of BHJ-organic solar cells. 

1.4.1 Charge generation 

Photoexcited excitons in organic semiconductors are so tightly bound that they are not easily 

separated into free electrons and holes at room temperature, as discussed in Section 1.3. When 

a photon is absorbed by an organic semiconductor, an exciton is generated. Excitons must diffuse 

to the donor and acceptor interfaces in picoseconds.69,70 If the dmain size is too large, the 

excitons have a large potential for exciton decay or radiation recombination.71,72 These charge 

carrier pairs are named as polaron or  geminate pair (Part 1.3), which are still Coulomb bound, 

but the binding energy is less than that of exciton but higher than kT.73,74 So some important 

scientific questions concerning the charge transfer state are still not clear. 75 Another ambiguous 
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question is the approach of charge transfer state, by exciton diffusion or by energy transfer? 

These two issues are still in dispute and in the deeply research.  

Once excitons are separated to electron-hole pairs, the built-in potential assists to move the 

carriers towards their respective electrodes via the percolation pathway in the bicontinuous 

interpenetrating network.76 For a comparison, as discussed below, the inorganic crystalline 

semiconductors possess the 3D lattice crystal via covalent or ionic bond, which ensures a high 

mobility (102-103 cm2V-1s-1). By contrast, in organic semiconductors, the weak electronic 

couplings (intermolecular interaction), large electron-vibration and electron-phonons couplings 

and the molecular disorder significantly affect the charge transport and result in the modest 

mobilities as compared with inorganic counterparts.77 Therefore, the values of mobility can vary 

within different order of the magnitude going from amorphous to highly-crystalline materials (~ 

10-6 to 10-3 cm2V-1s-1).78  

1.4.2 Charge Recombination 

Carrier recombination exists throughout the all operation process of solar cell devices, which is 

one of the primary reasons for low device performance. We can simply separate the 

recombination to geminate, non-geminate and surface recombination in the time scale (Figure 

1.9). 
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Figure 1.9 The type of recombination presenting in organic solar cells as a function of time. 

1.4.2.1 Geminate recombination 

Interfacial CT state will still not generate free carriers, and most of them will form tightly bound 

electron-hole pairs. In this state, the two different electrical charges are not completely 

separated from the original Coulombic interaction. Such electron-hole pair can be defined as the 

geminate pairs or polaron pairs (GPs). In such a way, the geminate pairs separated to free carriers 

are needed to overcome the Coulomb force, otherwise, the GP will recombine, referred to as 

geminate recombination. As shown in Figure 1.10, this recombination includes two parts: the 

first is the loss of excitons, which are relaxed to the exciton decay to the ground state.  The second 

aspect of geminate recombination is that once GPs are formed and then dissociated into 

separated charge (CS) state, which is in competition with geminate recombination with electron-

hole pairs occur directly to the ground state or a triplet state. As the triplet state is sufficiently 

lower than that of the CT state, this process is not energetically favorable. In 1984, Braun 

modified the Onsager theory and stated a model for geminate recombination. They featured that 
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three dynamic process in the geminate pair process: Polaron bound pair can either recombine to 

ground state or be dissociated into free carriers, and also, the free carriers can meet each other 

and form back to polaron pair again with a rate constant.79 

 

Figure 1.10 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.  KTR: Trap-assisted recombination ktriplet: Recombination via a 

triplet state. Figure are extracted from the literature by Durrant et al 80 
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1.4.2.2 Non-Geminate recombination 

When free carriers are generated from a geminate-pair, the built-in electric field of the solar cell 

device destroys the electrons and/or moves toward the electrodes. However, the driving force 

for charge extraction decreases as a forward bias is applied. Thus, unlike the geminate 

recombination that can be completely suppressed, all devices are subject to the recombination 

of free carriers at the lowest internal fields (i.e. close to Voc).81 The recombination mentioned 

above is known as non-geminate recombination. The recombination originating from these non-

geminate charge carriers can be further divided into two main categories: trap-assisted 

(monomolecular) and bimolecular recombination.82  

As organic semiconductors are disordered materials with localized carriers, recombination will 

depend on the charge carrier transport properties. It has been demonstrated that the net amount 

of bimolecular recombination decreases due to the fact that overall charge density decreases 

because of efficient carrier sweep-out, whereas carriers will accumulate and the potential of 

bimolecular recombination will increase if the carrier mobilities are too low.83-85 Normally, the 

rate of bimolecular recombination in OSC devices is proportional to the carrier mobility, which 

can be described by Langevin expression86  

                                                                                         (1.13) 

RL is the Langevin recombination rate, q is the elementary charge, ε is the dielectric constant, µn 

is the electron-mobility, µp is the hole-mobility, n is electron charge density and p is hole charge 

density and ni is the intrinsic carrier concentration. Further examining the equation of Langevin 
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expression, we find that the higher the carrier mobility, the higher the recombination rate. 

However, this assumption must be corrected because high carrier mobility will induce the 

improved charge extraction and lower carrier density, so the net bimolecular recombination will 

show a decreasing trend.  

Futhermore, we also need to further correct the Langevin formula by introducing the new term 

ζ, commonly referred to as the Langevin-reduction factor in expression 1.4 because the degree 

of bimolecular recombination in OSC devices is observed to be lower than the Langevin 

expression. Most system has the values ζ between 0.01 and 1.87 Normally, if the inherent phase 

separation is pronounced (bigger domain size), the potential of reduced Langevin recombination 

thereby ζ value, becomes increasing. After the observation of phase separation, the ζ value is also 

limited by the factor of presence of unbalanced hole/electron mobility and further unmatched 

spatial variation of carrier density. 

Trap-assisted recombination is another important recombination channel.88 Despite the non-

geminate recombination involving two carriers, trap-assisted recombination is still considered as 

monomolecular recombination as the recombination rate is proportional to the carrier 

concentration. Trap-assisted recombination can be described by two steps: One carrier is first 

captured by the deep-localized state to form trap states. Second, the opposite electrical carrier 

must find the trapped carrier. So according to these two factors, we can determine the trap-

assisted recombination rate by 1: The amount of trap states; 2: The probability of free carriers 

finding trap-states. As in organic semiconductors, William B. Shockley, William T. Read and 

Robert N. Hall published the theory about this recombination mechanism which, in reverence, 
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was termed “Shockley-Read-Hall” (SRH) recombination.89 We also utilize this theory to explain 

trap-assisted recombination in organic systems. The SRH recombination process is normally 

facilitated by an impurity atom or lattice defects, which is located in the forbidden gap as trap-

states. The majority of efficient OSCs systems appear to be limited by trap-assisted 

recombination because of the impurity in organic materials, especially polymers (due to the 

catalyst residue and different molecular weight distribution). The other one is the intrinsic phase 

separation with low domain purity.  

1.4.3 Charge extraction 

Charge carriers extracted by each electrode is the last step for the current generation. Due to the 

unmatched energetic level between the active layer and electrode, we need to add hole or 

electron-blocking layers to counter the opposite carrier type in each electrode. 90,91 

To defeat this accumulation, successful interface layers should provide several important 

functionalities: i): To supply a large enough built-in potential for exciton dissociation; ii) To 

suppress surface charge recombination; iii) To inhibit water and oxygen atoms’ diffusion into the 

BHJ films.92,93  

In the last few years, there have been materials developed (organic or inorganic semiconductors) 

exclusively for OSCs application at interfacial layers. For the hole-transporting layer (HTL) 

between the anode and photoactive layer, the most utilized one is 

poly(3,4ethylenedioxythiophene):poly(styrenesulfonate (PEDOT:PSS).38 Although PEDOT:PSS has 

a good compatibility with most amount of the organic bulk heterojunction system, the acidic 

characteristic of PEDOT:PSS yields a negative effect on the device stability, which is not 
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acceptable for future practical applications. As alternatives, MoOx or NiO nanoparticles have 

been developed to replace the PEDOT:PSS.94 For electron-transporting materials (ETL), n-type 

metal oxides (e.g, ZnO, SnO or TiOx) have been developed due to the superior electron 

conductivity and optimal energy level with BHJ active layer.95,96 In addition to metal oxides, 

conjugated polyelectrolytes (CPEs) also exhibited excellent charge extraction capabilities.  Among 

them, one of the most representative material is PFN and its derivatives.  

1.5.  Organic materials of organic solar cells  

Polymer donor materials for efficient NFA-OSCs can be divided into the following categories: 1) 

Polythiophene derivatives; copolymer based on copolymers based on benzo-[1,2-b:4,5-

b’]dithiophene (BDT) and thieno[3,4-b]thiophene (TT); 2) Copolymers based on benzo-[1,2-c:4,5-

c’]dithiophene-4,8-dione (BDD); 3) Copolymers based on 2,1,3-benzothiadiazole (BT); 4) 

copolymers based on benzo[d][1,2,3]triazoles (BTz); 5) Copolymers based on 

diketopyrrolopyrrole (DPP). 97 

1.5.1 Donors for NFA-organic solar cells 

1.5.1.1 Polythiophene Derivatives (PTs)  

Contributing to the simple structure and easy-synthesis, PTs were the earliest developed and 

studied polymer donor materials. Among the family of PTs, the regioregular poly(3-

hexylthiophene) (P3HT) (Figure 1.11) played an important role in the early research of organic 

solar cells due to its low-cost synthesis. However, energy levels of P3HT are around -3.0 eV 

(electronic affinity, EA) and -5.0 eV (ionized potential, IP), respectively, and the average PCEs of 

P3HT: PC61BM ([6,6]-phenyl-C61-butyric acid methyl ester) based OSCs lie in the range of 3-4%.98 
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One disadvantage of P3HT is that its absorption range is relatively narrow (in the range from 300 

nm to 600 nm), which overlaps with the absorption range of PC61BM. Encouragingly, most of the 

NFA materials currently being developed absorb more than 600 nm, and some even exceed 1000 

nm, which is spectrally complementary to the PT donor materials.  For instance, McCulloch et al. 

synthesized a FREA materials, named O-IDTBR, which possess a wide absorption response from 

300 nm to 800 nm. 99 When P3HT is paired with O-IDTBR to form a bulk heterojunction active 

layer, the spectral response of the organic photovoltaic device starts from 300 nm to 800 nm, the 

Jsc is 13.9 mA/cm2, and the maximum PCE is 6.4%, which is higher than that based on PCBM.100 

Another flaw in P3HT is its relatively higher-lying energetic level, inducing the low Voc value. In 

2014, Hou et al found that the insertion of a strong electron-withdrawing carboxylate unit into 

the conjugated backbone is a useful strategy to down-shift the energy level. So the polymer 

PDCBT was synthesized, which possesses a significant lower IP level of 5.4 eV compared with 

P3HT counterparts.101 With the use of ITIC as acceptor, corresponding devices yielded the 

champion PCE of 10.16% with Voc over 0.9 eV, much higher than that of P3HT:ITIC (1.25%) with 

Voc of 0.7 eV. 
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Figure 1.11 Schematic diagram of the PT donor material. 

1.5.1.2 Copolymers based on BDT and TT (PTB polymers)  

Polymer materials combined with electron-withdrawing and electron-donating units are 

currently the most attractive and efficient materials for OSC applications, mainly due to their use 

of push-pull action of electron clouds to achieve spectral and energy level regulation. In 2009, for 

the first time, Yu et al. used BDT as an electron-donating unit and TT with an ester group 

substitute as the electron-withdrawing unit to realize the synthesis of a series of polymer 

materials.102 Since then, through subsequent endeavors of scientists, the performance of devices 

based on PTB-family polymer materials has continued to improve. For example, with sidechain 

modification in the BDT framework, PTB7-Th and PBDT-TS1 (Figure 1.12), were developed, which 

possess a narrow bandgap of around 1.6 eV and a deep IP level (for PTB7-Th: ~ 5.26 eV, for PBDT-

TS1: ~ 5.30 eV).103 Fortunately, these polymers have been confirmed to be well-matched with 

various types of NFAs. Interestingly, these narrow bandgap polymers have applications in 

semitransparent devices when coupling with some ultra-low bandgap NFA materials.  
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Figure 1.12 The chemical structure of PTB7-Th and PBDT-TS1. 

1.5.1.3 Copolymers based on BDD 

In contrast to the TT unit, the BDD unit has a planar planar structure that facilitates electron 

delocalization and enhances intramolecular interactions between polymer chains.104 

In 2015, Hou et al integrated BDT and BDD units together to synthesis the middle-bandgap 

polymer PBDB-T (as shown in Figure 1.13). PCBM was selected as acceptor, and a moderate PCE 

of 6.67% was obtained. Surprisingly, when paired with ITIC, an impressive PCE of 11.2% was 

delivered with excellent thermal stability.105 Recently, functional-group modulations have been 

applied to further enhance device performance, such as fluorination and chlorination. 

Introducing these strong electron-withdrawing atoms (F, Cl) on the thiophene-conjugated side-

chain not only down-shifts the IP level but also slightly red-shifts the absorption peak and 

pronounces the lamellar packing. For instance, the PBDB-T derivative, PBDB-T-2Cl, can obtain 

PCEs over 14%, whereas the PBDB-T-based devices can only yield PCEs of 10% when IT-4F was 

applied as electron acceptor.59,106,107  
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Figure 1.13 The chemical structure of PBDB-T, PBDB-T-2F and PBDB-T-2Cl. 

1.5.1.4 Copolymers based on BT and BTz 

BT is another impressive unit due to its strong electron-withdrawing property. Its electrical 

properties can be changed with other atoms (oxygen, nitrogen) or incorporation with fluorine 

atoms. The representative system include the copolymer PffBT4T-2DT (Figure 1.14), which is 

based on difluorobenzothiadiazole (ffBT) as the electron-withdrawing unit and oligothiophene as 

electron-donating unit.108  

 

Figure 1.14 The chemical structure of PffBT4T-2DT. 

Replacing the sulfur atom at the top of the BT unit with a nitrogen atom would lead to a novel 

acceptor unit BTz. Intriguingly, due to the presence of a sidechain position on the nitrogen atom, 
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the polymer based on BTz block is greatly improved in comparison with that with BT block. 109 

Moreover, the nitrogen atoms show a stronger electron-withdrawing property than that of the 

sulfur atom. Consequently, polymers with BTz block normally feature a larger bandgap than the 

polymer with BT unit, which supply a complementary absorption spectrum with low-bandgap 

NFAs. For example, in 2011, a polymer donor named FTAZ (Figure 1.15) with a bandgap of 

approximately 2.0 eV was developed by You et al with BDT donor unit and a difluorinated BTz 

(FBTz) unit.42 Recently, the potential of this polymer has been well exploited. A notably high PCE 

of 12.5% was obtained when FTAZ was paired with IDIC.110 Li  et al changed the donor unit from 

BDT to BDTT with 2- dimensional thiophene sidechain and synthesized a novel donor with the 

name of J51, which delivered a moderate PCE of 6.0% after blending with PC71BM.111 Markedly, 

a significantly enhanced PCE of 9.26% was obtained when J51 is combined with ITIC. Due to the 

successful experience of J51, a systematic sidechain modification of the polymers has been 

developed, yielding some interesting polymers such as J61, J71 and J91. In combination with 

optimal NFAs, devices based on these polymers have exhibited PCEs over 11%.112  
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Figure 1.15 The chemical structure of J51, J61, J71, J91 and FTAZ. 

1.5.1.5 Copolymers based on DPP 

Since sunlight covers a broad spectrum from 300 nm to 1000 nm and beyond, it is important to 

develop FREA-based solar cells with a photo-response in this region, which is mainly due to the 

limited materials selection of the ultra-low bandgap polymers. DPP is an interesting block with 

advantages of low synthesis cost and high crystallinity.113–115 However, due to the poor miscibility 

between polymer and FREA, the photoresponse is low with the high energetic loss over 0.6 eV. 

Recently, Li et al reported that DPP-based polymer, PDPP5T, as an electron donor (Figure 1.16), 

with the mixture of ITIC (electron acceptor) obtaining an efficiency of 4.1%.116 They speculated 

that the PDPP5T:ITIC blend has a poor phase separation with large domain size and severe non-

geminate recombination. 
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Figure 1.16 The schematic structure of PDPP5T. 

1.5.2 Acceptors for NFA-organic solar cells 

PCBM was first synthesized by Wudl et al. in the 1990s. Furthermore, Heeger et al. discovered an 

ultra-fast charge transfer process (~50 fs) occurring between polymer donor and fullerene 

derivatives. Since then, in order to overcome the short exciton lifetime and thus exciton diffusion 

length (~ 10 nm) in organic semiconductors, the bulk heterojunction structure (the 

donor:acceptor mixture) was proposed. Encouraged by this, there has been a rapid development 

on the design and synthesis of novel polymer donors. The main electron-acceptor is still PCBM 

and its derivatives, which is due to its two dominant advantages: High electron mobility and 

nearly three-dimensional (3D) charge-transporting network in blends. However, the weak light 

absorption strength, small absorption range and low photostability constrained further 

improvement of photovoltaic performance.117 NFA materials have a great chance of solving the 

above deficiencies from fullerene derivatives since the molecular structure and energetic level 

can be subtlety modified.118 

Among the family of NFA materials, researchers initially focused on molecules with perylene 

diimide (PDI) and naphthalene diimide (NDI) building blocks because of their high planarity. 119,120 

However, the π-electron delocalization is uneven due to the anisotropic molecular orientation, 
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which is unfavorable for vertical charge transport.121 In the following five years, scientists have 

developed fused ring electron acceptors (FREAs) that have excellent transfer capabilities and 

excellent device efficiency. In this paper, we will focus on these FREA materials. 122 Consisting of 

two π-electron absorption ends, these π-electron absorption ends are connected by a planar π 

bridge consisting of a fused ring substituted by an alkyl or aryl side chain (ADA structure).123,124 

Next, I divided the FREA materials into three parts, according to the core, endgroup and sidechain 

(shown in Figure 1.17).  

 

Figure 1.17 The schematic structure of FREA molecules. 

1.5.2.1 The design of core unit 

Indacenodithiophene (IDT) is the most commonly applied core in FREA molecules, which is shown 

in Figure 1.12.125 Moreover, to improve device performance, the expanded core size of FREA can 

increase the capture of light (smaller optical bandgap and higher extinction coefficient). For 

instance, as shown in Figure 1.18.126,127 This trend enhances intramolecular charge transfer with 

two strong electron-withdrawing endgroups. Another strategy is to replace the original benzene 

ring with thienothiophene, so a novel acceptor with the name of 4TIC was synthesized.128 This 
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material features a significantly red-shifted absorption range and higher electron mobility 

compared to the property from IDTIC.  

 

Figure 1.18 The chemical structure of fused-ring electron acceptor with the selection of core 

block. 

1.5.2.2 The effect of endgroup 

The choice of the electron-acceptor moieties typically includes 

1,1‑dicyanomethylene‑3‑indanone (IC) and benzothiadiazole–rhodanine (BR)derivatives (Figure 

1.19). In comparison with IC moiety, the BR block has a much less planar π system than that of 

IC.84 Moreover, BR endgroup has a smaller estimated electron affinity than IC analogue.99  

As the benzene ring in the IC endgroup can be modified by other functional group, we can make 

the variation of small molecule acceptor. For example, mono-methylation and bi-methylation of 

the endgroup can build the molecules IT-M and IT-DM, which has the function of slightly 
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decreasing electron affinity, resulting in the increase Voc of OSCs (Figure 1.20).129 The IC block can 

be further modified by replacing benzene ring with thiophene or naphthalene.130,131 

 

Figure 1.19 The schematic structure of IDIC and IDTBR. 
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Figure 1.20 The chemical structure of fused-ring electron acceptor with the selection of terminal 

block. 

1.5.2.3 The effect of the side chain 

Despite the aryl or alkyl side chain having a minor influence on the electron properties, the alkyl 

side chain can produce the significantly notable intermolecular interaction than that of aryl chain, 

which is attributed to the suppression of aggregation in the large coplanar π-system. One 

functionalization strategy for aryl side chains is to change the position of alkyl chain in benzene 

rings. For example, in m-ITIC (an isomer of ITIC) the only difference is the meta-hexylphenyl 

rather than para-hexylphenyl in the sidechain of IDTT core (Figure 1.21). Interestingly, this subtle 

change leads m-ITIC to a more pronounced “face-on” orientation.132 

Unlike the alkylphenyl substituents, flexible but straight alkyl side-chain substituents shorten the 

distance between two molecules, thereby enhancing π electron cloud delocalization. Replacing 

of the aryl group with n-hexyl chains, IDIC molecule was synthesized with pronounced 



 53  
 

crystallinity.133 Another example of a linear alkyl sidechain is IDTBR, which can obtain over 6% 

with IDTBR and over 10% with PTB7-Th. Notably, the solubility of alkyl substituents is less than 

that of alkylphenyl ones, which constraints the further improvement of alkyl- side chain based 

FREAs.134 

 

Figure 1.21 The schematic structure of fused-ring electron acceptor with the selection of 

sidechain. 
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Chapter 2 Approaches of performance evolution in FREA-based solar cells 

2.1 Device optimization strategy 

2.1.1 Rational molecule design and selection  

In FREA-based solar cells, we can synthesis the different polymer donors and small molecule 

acceptors with the rational design strategy. For example, Hou et al attached fluorine or chlorine 

atoms on the thiophene sidechains in PBDB-T donor, which would significantly down-shift the IP 

energy level and increase the Voc. Previous studies also confirmed that the modification of core 

block (IDT, IDTT, INP, BDT, etc..) or atomic substitution (i.e., O, Si, S, Se, etc…) of the FREA 

molecule structure, while shifting/maintaining the optical bandgap, energetic level, are beneficial 

in adjusting the solubility, mobility and molecular packing. Another strategy is to incorporate the 

halogen atoms (F, Cl, Br and I) on the terminal block, which would downshift the EA level and 

redshift the absorption range. Molecular design and optimization have already introduced in 

detail in the 1.5 part. 

2.1.2 Solvent additive 

Undisputedly, the optimal blend morphology with interpenetrating network, small domain size 

and suitable phase separation is one of the key prerequisites for high-performance solar cells.135 

If excessively mixed (low domain purity), or poorly phase-separated (big domain size) blends are 

produced, serious geminate and nongeminate recombination have been appeared in solar 

cells.136,137  
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One of the most useful strategies for obtaining optimal blend morphology is the application of 

solvent additive.138 The function of solvent additive can be mainly summarized into two parts: 1): 

Regulation of drying speed of blend film because of the higher boiling point of additive in 

comparison with pristine solvent; 2) Controlling the crystallinity of donor/acceptor due to the 

difference between the solubility of donor and acceptor.139,140 As a consequence of these two 

functions, blend system need to tune the phase separation and molecular crystallinity. 141   

2.1.3 Thermal annealing 

Once the film has been deposited on the substrate, another approach to tune the blend 

morphology is thermal annealing.142 There are several advantages of thermal annealing 

treatments: 1): The molecular packing is enhanced, which is beneficial for the charge carrier 

transport; 2): The domain purity of blend film was increased with evident phase segregation.  

2.1.4 Incorporation of the third component 

In addition to the above treatments, we can further control the morphology of the film by 

introducing a third component into the two-component film.142,143 It is worth mentioning that 

the third-component can be a second donor or acceptor.144 The domain size of the blend film can 

be controlled to ensure charge separation within the third component, which is functionalized as 

a "processed solids aid".145,146 Moreover, the crystallinity of either donor or acceptor can be 

enhanced due to the strong interaction between the donor/acceptor and the third component, 

which is beneficial for the charge transport.147  Other than this, the third component can also 

complement the original absorption range, called a “sensitizer”.148 Therefore, the incorporation 
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of crystalline molecules into the bulk binary blend is an effective strategy for regulating domain 

size, molecular packing and absorption range. 

2.2 Device fabrication and optimization details 

2.2.1 Device fabrication procedure 

For inverted structure (Figure 2.1), an electron-transporting layer ZnO was spin-casted on top of 

the UV-treatment ITO substrates with a thickness of approximately 30 nm. The films were then 

dried on a hot-plate at 200 oC for 10 minutes to form the compact ZnO layer, then transferred 

into the nitrogen-filled glove box (< 3 ppm H2O and O2).  

The blended solutions were prepared by dissolving the donors and acceptors with different 

weight ratio. The solvents we employed are chlorobenzene (CB) and chloroform (CF). Another 

variable we can change is the concentration of the solution to obtain a range of active layer 

thicknesses. After the materials were totally dissolved in the solvent, the solution was drop-

casted (spin-coat normally) at the desired speed (500 rpm to 3000 rpm) for 30 seconds. Next, the 

films were transferred into a thermal evaporation chamber with the pressure under 2×10-6 Torr. 

7-nm molybdenum oxide with the deposition speed of 0.2 Å s−1 and 100 nm silver electrode with 

the deposition speed of 2.5 Å s−1 were sequential evaporated on top of the active layer film.  
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Figure 2.1 The device configuration of inverted structure. 

For normal structure (Figure 2.2), PEDOT:PSS (Heraus Al 4083) was spin-coated with 4000 rpm 

on top of UV-treated ITO substrates. The PEDOT:PSS film was thermal annealing with 150 oC for 

10 min. Then the substrates was transferred to glovebox, then the donor:acceptor blend solution  

and phenNa-DPO (electron extraction layer) was in sequence spin-coated on top of PEDOT:PSS 

layer. Next, the films were transferred into a thermal evaporation chamber with the pressure 

under 2x 10-6 Torr. 100 nm silver electrode with the deposition speed of 2.5 Å s−1 was evaporated 

on top of the active layer film.  
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Figure 2.2 The device configuration of normal structure, where ETL is PhenNa-DPO. 

Six cells were fabricated on one substrate with an effective are of 0.1 cm2 with the use of a 

shadow mask. After finishing the electrode deposition, we carried out J-V measurements to 

obtain the photovoltaic efficiency. 

2.2.2 Optimization details 

We first control the film thickness by adjusting the concentration of the solution and the speed 

at which it is applied. The second way is to screen different solvents, which assist in obtaining a 

more suitable film morphology. A molecular additive, such as DIO, CN and DPE, was also selected 

and included during the solution preparation. As one of the most promising approaches for the 
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enhancement of device performance, thermal annealing treatment was always applied to 

improve the photovoltaic efficiency. In details, samples were put on the hotplate with the 

variation of the temperature between 80 oC and 160 oC for 5-10 minutes.  

2.3 Experimental Setups 

2.3.1 Solar Simulator  

All current density-voltage (J−V) characteristics were tested in nitrogen atmosphere and carried 

out via a Class AAA solar simulator (Oriel Sol3A) along with AM 1.5G single-spectra whose 

intensity was calibrated by the certified standard silicon solar cell (Newport Inc) at 100 mW cm−2. 

2.3.2 EQE measurement 

In our measurement, the EQE measurements were performed at zero bias by illuminating the 

solar cell devices with monochromator. EQE data were obtained using a solar cell spectral 

response measurement system (QER3011, Enli Technology Co. Ltd). A calibrated silicon detector 

was used to determine the absolute photo sensitivity at different wavelengths.  

2.3.3 ultraviolet-visible (UV-Vis) absorption spectrum measurements 

The UV-visible spectrophotometer we used in this thesis is Agilent 4000 spectrophotometer, 

which consists of five parts: light source, monochromator, absorption cell, detector and signal 

display system (shown in Figure 2.3). 
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Figure 2.3 Simplified schematic of a double beam UV–visible spectrophotometer. 

Light source: It is a device that provides incident light that meets the requirements, and has two 

types of heat radiation source and gas discharge source. The heat radiation source is used in the 

visible light region, generally a tungsten lamp, and the wavelength range is 350 to 1000 nm; the 

gas discharge source is used in the ultraviolet region, generally a hydrogen lamp and a xenon 

lamp, and the continuous wavelength range is 180 to 360 nm. 

Monochromator: The function is to decompose the composite light produced by the light source 

into monochromatic light and to separate the desired monochromatic beam, which is the heart 

of the spectrophotometer. 

Absorption tank: also known as cuvette, for the measurement of absorbance for the test solution, 

the bottom and sides are frosted glass, the other two sides are optical translucent surface. 

According to the material, it can be divided into glass pool and quartz pool. The former is used 

for the visible light region and the latter is used for the ultraviolet region. 

Detector: A device that converts an optical signal into an electrical signal. When measuring the 

absorbance, it does not directly measure the light intensity transmitted through the absorption 

cell, but converts the light intensity into a current signal for testing. This photoelectric conversion 

device is called a detector.  

Signal display system: it is to enlarge the signal output by the detector and display it. 
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2.3.4 Fluorescence spectrum measurements 

After the molecules of the substance absorb the energy of the illuminating light, the molecules 

at the lowest level of the ground state are excited to the respective vibrational levels of the 

excited state of the electron (Figure 2.4). The excited molecule collides with the surrounding 

molecules and transmits part of the energy to the surrounding molecules in the form of thermal 

energy, and drops to the lowest vibrational level. Then, the lowest vibrational energy level 

transitions to the respective vibrational levels of the ground state, while releasing its energy in 

the form of luminescence. This light is fluorescence. In some cases, an electron in a singlet excited 

is transferred to a triplet excited state, which is called phosphorescence (Figure 2.4). 

 

Figure 2.4 The electron configuration for the fluorescence and phosphorescence. 1: vibration 

relaxation; 2: internal conversion; 3: quenching; 4: inter-system crossing. 
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Normally, we use two beamline for fluorometer. The first beamline is passed through a 

monchrometer and then through the samples. The second beamline is passed through an 

attenuator and fit the fluorescence from the sample (as shown in Figure 2.5).  

 

Figure 2.5 Schematic diagram for fluorescence spectrometer. 
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2.3.5 Transient electrical measurements 

Electrical and optoelectronic transient testing strongly relies on current dynamics. For example, 

transient photocurrent (TPC), transient photovoltage (TPV), photoinduced charge extraction by 

linearly increasing the voltage (photo-CELIV) provide a series of information about charge carrier 

dynamics. In this section, the experimental details of these transient measurements are clearly 

stated below: 

2.3.5.1 Transient photovoltage (TPV) 

TPV is based on the attenuation of the photovoltage when monitoring small optical perturbations 

under various constant biased light conditions. In order to achieve a quasi-open state, the solar 

cell is connected to a high impedance through an impedance (~1M) to ensure an open state 

and no external current flows. A simple schematic illustration is shown in Figure 2.6. 

 

Figure 2.6 The experimental setup for TPV and TPC test. For TPV, the terminal resistance from 

resistor is 1M, whereas for TPC, the value is 50 . 

In order to achieve close to the same light intensity conditions on different devices, we need to 

define the source current ILED equal to the light intensity of one sun. A laser (Nd:YAG, 532 nm 

externally modulated CW laser) pulse produces excess impurities, resulting in an increase in 
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wavelength. Voltage (ΔVoc).149 The subsequent voltage decay directly monitors the 

recombination of charges and enables the determination of the charge carrier lifetime 𝜏. It is 

worth to mention that △Voc is much lower than Voc to ensure the quasi-equilibrium. Within the 

small-perturbation regime, the photovoltage transient can be fitted by the single exponential 

decay, which can be descripted by the equation below：                                                                                                                           

                                                 𝑉𝑜𝑐(𝑡) = 𝑉𝑜𝑐 + ∆𝑉𝑜𝑐exp (−
𝑡

𝜏
)                                                        (2.1) 

2.3.5.2 Charge Extraction (CE) 

Charge extraction techniques are applied to solar cells to study the carrier density at a given 

illumination at any desired voltage. 

When t < 0, the LED provides a constant biased light while the device remains open externally, 

which results in a fairly flat frequency band and the resulting carriers are completely recombined 

with a total current density of zero. At t = 0s, when a short circuit occurs in the device (resistance 

is 50), the LED goes out, so we can track the transient current. In order to correctly determine Q 

(charge amount), the CE signal is measured under dark or low polarized illumination to minimize 

recombination losses. By the change in the background illuminance, the offset voltage Voc and 

the voltage change ΔVoc at the time of laser excitation are changed, so the dependence of C on 

Voc becomes conspicuous. Integrating the capacitance with respect to the voltage produces the 

required charge carrier density n (Voc) under open conditions: 

                                                                𝑛 =
1

𝐴𝑞𝑑
∫ 𝐶(𝑉𝑜𝑐

𝑉𝑜𝑐

−∞
)𝑑𝑉                                                              (2.2) 

Where A: device area, d: the active layer thickness, q: elementary charge. 
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2.3.5.3 Transient Photocurrent (TPC) measurement 

Different with CE characterization, TPC technique is applied to solar cells to investigate the charge 

density n under a certain illumination at any desired voltage. And the devices was in short-

circuited condition, then the LED light is switched-on. The externally applied voltage is supplied 

to the solar cell by a Keithley 2602 in combination with a fast digital/analog switch. In the next 

step, the LED bias light is switched off after a setting time. The charge carrier density ntotal is 

obtained from extracted charge Qtotal defined by the integration of the current transient with 

respect to the time.150 

                                                      𝑛 =
1

𝐴𝑞𝑑
∫ 𝐼(𝑡

𝑡𝑠𝑡𝑜𝑝

𝑡=0
)𝑑𝑡                                                                         (2.3) 

2.3.5.4 Photo-induced charge carrier extraction by linearly increasing voltage (Photo-CELIV) 

measurements 

Photo-CELIV measurement is applied to measure the charge carrier mobility and also the carrier 

concentration of devices under the light irradiance. Normally, As shown in Figure 2.7, the photo-

CELIV extraction voltage is outputted from a function generator, which is triggered by the 

synchronization pulse of the pulsed laser (Nd:YAG) after a controllable delay time set by the delay 

generator.  
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Figure 2.7 The layout of a representative Photo-CELIV setup. 

During the experiment, balanced carriers are extracted from the device by a linear reverse bias 

voltage ramp (slope A = dU/dt=Umax/tpulse). From the Figure 2.7 c, by calculating the maximum 

current time (tmax) of the guassian shaped bump, we can finally deliver the mobility by the 

corrected equation below: 

                                                            μ =
2𝑑2

3𝐴𝑡max  
2 [1+0.36

∆𝑗

𝑗𝑜
]
                          if    ∆j ≤ 𝑗0                       (2.4) 

This equation dictates that with a constant and confirmed film thickness d, and pre-set extraction 

voltage with a fixed slope A, the mobility μ  can be directly calculated from the maximum current 

time tmax under the condition when ∆j ≤ 𝑗0, 𝑗0= CA= 𝐴𝜀𝑜𝜀/𝑑, c is the capacitance of the cell, A 

is the slope.151  
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2.3.6 Space-Charge limited current measurements 

Mott and Gurneys proposed the theory that the metal insulator barrier height is reduced and 

demonstrates a lower metal insulator barrier height compared to the metal work function, which 

results in a space charge limited current in the insulating material. The polymer's current limit 

can be divided into (i) injection limiting current or (ii) volume limiting current. For injection 

limitations, the current limit through the polymer is applied by the non-ohmic metal-polymer 

interface; for volume limitations, this limitation is imposed by the bulk properties of the 

polymer.152 If the conductive polymer is sandwiched between two electrodes, and the barrier 

height of any one of the electrodes to the polymer-metal interface is low (~ohmic response), the 

carriers injected from the electrodes will form a carrier current injected by a large amount. Space 

charge region.153 Since the mobility of carriers is very small, more and more charges are injected 

before the injected carriers move from one electrode to the other, and the flow of the current is 

called a space charge limiting current. 

Mott-Gurney proposed a space charge limiting current equation for a polymer diode based on 

the following assumptions.154 (i) The active layer is trap free and can inject charge; (ii) the 

diffusion of the carrier in the active layer is negligible; (iii) the electric field at the implanted 

electrode is zero. In general, it is assumed that 2 and 3 are still valid for most organic/polymer 

semiconductors. But for assumption1, SCLC need to be modified with new version as trapped 

SCLC model. Then we can fit the pure SCLC without any traps by the equation below: 

                                                                  J =
9

8
𝜀𝜀𝑜𝜇

𝑉2

𝐿3                                                                            (2.5) 
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Typically, an intermediate region is observed between the ohmic to SCLC regions, which is 

referred to as the trap space charge region, as shown in Figure 2.8. The charge transport of the 

polymer in this region is controlled by the capture and decapture of the carriers in energy and 

position. The local state captures free carriers, avoiding the effects of free carriers on the charge 

transfer process.  

 

Figure 2.8 Typical SCLC curve for organic semiconductors. Three charge-transport regions are 

clearly visible (i) ohmic region (J∝ 𝜇𝑉); (ii) trap-filled region (J∝ 𝜇𝑉3); (iii) SCLC region (J∝ 𝜇𝑉2). 

As we discussed earlier, when the current density passes through the organic material, its length 

(L) is under the influence of the applied voltage (V). Traps are both energy- and position-

distributed in the energy bandgap and capture free carriers and provide a certain energy barrier 

to release them. The SCLC model assumes that the barrier height of the trap remains constant 

over the entire operating electric field of the device, which is not the case for some reported 
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experimental results. In fact, a higher electric field will lower the barrier height, which will result 

in an increase in the emission rate of the trap. The lowering of trap barrier height at high electric 

field is conformed as Poole-Frenkel effect.  Then we can modify the equation 2.7: 

                                          J =
9

8
𝜀𝜀𝑜𝜇𝑜

𝑉2

𝐿3 exp (0.89β√
𝑉−𝑉𝑏𝑖

𝐿
)                                                              (2.8) 

 

Hole-only diodes were configured as follows: Glass/ITO/PEDOT:PSS/BHJ blend/MoOx/Ag. We 

firstly spin-coated a PEODT:PSS solution on top of ITO substrates. After thermal annealing 

PEDOT:PSS at 150 °C for 10 min, we spin-coated the blend donor/acceptor solution on top of the 

PEDOT:PSS substrates with different spin speed to obtain the variation of thickness. Then 7 nm 

MoOx and 100 nm Ag were deposited via thermal evaporation in the vacuum chamber at a 

standard pressure of (2X10-6 Torr) through a shadow mask with the definition of active area (0.1 

cm2). 

Electron-only diode configuration: Glass/ITO/ZnO/BHJ blend/PFN-Br/Al. The ZnO precursor 

solution was spin-coated onto the ITO substrate and baked in air with temperature of 200 °C for 

10 min. The blend solution and PFN-Br was spin-coated on top of the ZnO film. Then we 
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transferred the device into the vacuum chamber to thermal evaporate Al (100 nm) as the 

electrode. 

2.3.7 Jsc and Voc light intensity test 

For an ideal solar cell, the pre-photocurrent current density Jph is independent of voltage, which 

means Jph = Jsc at any bias voltage. Moreover, the current produced by light is proportional to the 

intensity of the light, so Jsc exhibits a power-law behavior with respect to light intensity, thus  

                                                                    𝐽𝑠𝑐 ∝  𝐼𝑎                                                                                  (2.9) 

Where a is 0.75< a<1.155 The exponent a depends on the mobility of electrons and holes, and also 

on the strength of the charge carrier recombination (especially bimolecular recombination). 

When electron and hole have similar order and suppressed bimolecular recombination, the a 

value would be close to unity.156   

At the open-circuited condition, Voc is limited by the amount of recombination according to the 

equation 1.3. In the absence of traps, where Langevin recombination is the dominant 

recombination process, Voc can be expressed by an equation by Koster et al below157: 

                                               V𝑜𝑐 =
𝐸𝑜𝑝𝑡

𝑞
−

𝑛𝑘𝑇

𝑞
ln (

(1−𝑃)𝑘𝐵𝑅𝑁2

𝑃𝐺
)                                                            (2.10) 

Where P is the dissociation probability of electron-hole pairs, Egap is the energy gap between the 

HOMO of donor and LUMO of acceptor, kBR is the bimolecular recombination coefficient, N is the 

effective density of states, and G is the generation rate of bound electron-hole pairs. 

The G is normal positive relationship to the light intensity, which directly links Voc with respect to 

the light intensity. 
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We can use the slope of the Voc with ln (I) curve to distinguish bimolecular and trap-assisted 

recombination. A slope of ~ kT/q means only bimolecular recombination and a slope > kT/q 

indicates that the dominant recombination mechanism is trap-assisted recombination. 

2.3.8 Morphological Characterization 

Transmission electron microscopy (TEM) measurement: Since organic materials are difficult to 

deposit on copper grids, we use some unconventional, special methods. In detail, we first spin-

coated the BHJ film on the PEDOT:PSS-coated glass substrates with the condition consistent with 

the one for device fabrication. Films were floated off the substrates on the deionized water 

solution and collected on lacey carbon-coated copper grids. TEM images were acquired in bright-

field mode with a microscope operating at 120 keV (FEI). 

Atomic force microscopy (AFM) measurement: The active layer was spin-coated on PEDOT:PSS-

coated glass substrates. An 5400 Agilent atomic force microscope (AFM) was used to image the 

active layers in tapping mode.   

Grazing incidence wide angle x-ray scattering (GIWAXS) measurement: GIWAXS is a powerful and 

important technique for organic thin-films, which obtain useful information of nanostructured 

and molecular packing in the inner property of thin films. In our experiments, x-rays scatter on 

the sample with a grazing-angle α and scattering information can be recorded with CCD signal. 

Silicon substrates were cleaned by the surface cleaner, acetone and isopropanol, respectively for 

15 min. The substrates were then UV-Ozone treated for 15 min. The bottom PEDOT:PSS layers 

was spin-coated on top of the ITO substrates with thermal-annealing treatment with 
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temperature of 150 °C. After 10 min of thermal-annealing treatment, the active layer was then 

spin-coated on the PEDOT:PSS layer.  

2.4 Motivations of this dissertation 

The motivation for this Dissertation was to find the existing obstacles to the improvement of 

device performance, break through the existing FREA device efficiency bottlenecks and provide 

the practical experience required to improve the PCE. In chapter 2, we summarized the current 

characterization methods and tools for organic solar cells. In chapters 3-6, several efficient 

approaches (small molecule design, solvent additive and third component incorporation) were 

employed to improve the performance on fused-ring electron acceptor-based solar cells through 

device engineering. In chapter 7, we summarized our work from chapter 3 to chapter 6, and 

propose the future work about performance evolution. 
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Chapter 3 

The impact of extended conjugated donor unit in fused-ring electron acceptor 

sequences on molecular property and photovoltaic performance 

 

N-type organic small molecules are attracting much attention in the organic electronic field, due 

to their easy purification procedures with high yield. In this chapter, the influence of conjugated 

core donor block on the molecular property (such as optoelectronic property, energy level and 

molecular packing) has been systemically investigated. Furthermore, we construct the organic 

electric devices (organic solar cells and organic field-effect transistors) to further evaluate the 

effect of extended conjugated backbone on the device performance. The details of material 

synthesis, molecule characterization and device fabrication can be found in the following 

published article: Xin Song, Nicola Gasparini, Masrur Morshed Nahid, Hu Chen, Sky Marie 

Macphee, Weimin Zhang, Victoria Norman, Chenhui Zhu, Daniel Bryant, Harald Ade, Iain 

McCulloch, Derya Baran, “Highly Crystalline Fused-Ring n-Type Small Molecule for Non-Fullerene 

Acceptor Based Organic Solar Cells and Field-Effect Transistors”, Advanced Functional Materials, 

2018, 28 (35), 1802895, Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with 

permission. The permission of the article used in this thesis can be found in Appendix A. 

3.1 Research Motivation 
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In the past years, n-type polymers have found widespread use in various organic optoelectronic 

applications, especially organic field-effect transistors (OFETs) and organic solar cells 

(OSCs).41,54,55,158,159 However, some common drawbacks of polymers semiconductors, such as: 

complex purification procedures, the residue of catalysts and batch-to-batch variability, suppress 

the improvement and repeatability of device performances. N-type small molecules can 

overcome these drawbacks as the synthesis routes for small molecules eliminate batch to batch 

variability and the compounds are more easily purified.126 The most well-known n-type small 

molecule electron acceptor in OSCs is fullerene and its derivatives, phenyl-C61-butyric acid methyl 

ester (PC61BM) and its C71 analogue (PC71BM).111,117 Yet, weak absorption of fullerenes in the 

visible region, limited variability of energy levels and instability under light illumination cannot 

be easily resolved through structure modifications.160–162 Driven by the need to find alternatives 

to fullerene, non-fullerene based n-type small molecules such as: naphthodithiophene (NDI), 

perylene diimide (PDI), dipyrrolopyrroledione (DPP), are considered as promising materials owing 

to their tunable molecular structures and energy levels.119,163–165 Among the families of non-

fullerene n-type small molecules, the fused-ring electron acceptors (FREAs) have shown rapid 

progress. This is evident in OSC applications, where the photovoltaic performance of FREA-based 

solar cells has reached over 16% in single cells and tandem architecture. 

Most of the reported FREAs are based on acceptor (electron-withdrawing)-donor (electron-

donating)-acceptor (A-D-A) systems. The most prevalent central electron-donating block is a 

fused-ring conjugated unit composed of: indacenodithiophene (IDT), indacenodithieno[3,2-

b]thiophene (IDTT), benzo[1,2-b:4,5-b]dithiophene (BDT) or thiophene-thieno[3,2-b]thiophene-

thiophene (4T), where the side chain of these core units mainly consist of alkyl, alkylphenyl or 
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alkylthienyl.117,128,166 The most widely used electron-withdrawing blocks are based on either: 3-

(dicyanomethylidene)-indan-1-one (IC) or rhodanine units.84,105,121 While a large number of 

examples of FREAs adopted in OSCs can be found in the literature, the development of high-

performance n-type FREAs-based OFETs still lags far behind. One of the reasons is that the alkyl 

side-chain containing aromatic groups cause steric hindrance and less ordered molecular packing; 

which has a negative influence of intramolecular hopping, and consequently the performance of 

OFETs. Previous studies have shown that replacing the side chain containing aromatic groups to 

linear alkyl chains is a promising way to improve the molecular packing. Following this strategy, 

Zhan and coworkers reported that IDTIC (also called IDIC), an indacenodithiophene (IDT, five 

aromatic rings) based small molecule with liner alkyl chain, facilitates strong crystallinity and high 

electron mobility.167 Another method to enhance the performance of n-type OFETs is to extend 

the π-conjugated backbone.168 This can be achieved by introducing more aromatic rings to 

enhance the intramolecular interaction and therefore extend the planarity of FREAs. 

In this study, we combine the strategies of sidechain and backbone modification, reporting the 

synthesis and characterization of a seven aromatic ring IDTTIC, indacenodithieno[3,2-

b]thiophene (IDTT) monomer with linear side chain (C16) coupled with 3-(dicyanomethylidene)-

indan-1-one (IC) (terminal unit). We demonstrate photovoltaic device efficiencies of 11.2%, 

without any post-treatment, when IDTTIC is blended with the polymer donor (PBDB-T). 

Furthermore, we achieve an electron mobility of 0.5 cm2V-1s-1 in n-type top gate bottom contact 

transistors. These results are compared with IDTIC as an exemplary state-of-the-art FREA, 

highlighting the importance of extending the conjugated backbone. 
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3.2 Results and Discussion 

3.2.1 Materials Synthesis and Properties of NFAs 

The structures of IDTIC and IDTTIC are shown in Figure 3.1a. Synthesis routes of C16-IDTTIC are 

shown in Scheme 3.1. The starting material 1 was prepared according to the literature.31 C16-

IDTT-dicarbaldehyde 2 was obtained by the Vilsmeier-Haack reaction of 1 in 81% yield. The target 

acceptor C16-IDTTIC was synthesized by the Knoevenagel condensation reaction of 2 and 3-

dihydro-1H-inden-1-ylidene)malononitrile in 23 % yield.  

 

Scheme 3.1. Synthesis of C16-IDTTIC. a. POCl3, DMF, CHCl3, 81%; b. (3-dihydro-1H-inden-1-

ylidene)malononitrile, pyridine, CHCl3, 23%. 

IDTTIC shows good solubility in common organic solvents, such as dichloromethane (DCM), 

chloroform (CF), chlorobenzene (CB) and dichlorobenzene (DCB). The solution and solid state 

absorption spectra of IDTIC and IDTTIC are depicted in Figure 3.1b and 1c, respectively. In solution, 

IDTIC and IDTTIC exhibit a band onset of ~ 700 nm and ~750 nm, respectively. The solid state 

absorption onset of IDTTIC further bathochromically shifts to ~ 820 nm (70 nm red-shift) 
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corresponding to an optical bandgap of 1.51 eV; whereas the band edge of IDTIC is about 740 nm 

(40 nm red-shift) with an optical bandgap of 1.68 eV.169  

 

Figure 3.1 a) Chemical structures of PBDB-T, IDTIC and IDTTIC. b) and c) Normalized UV-Vis-NIR 

absorption spectra of IDTIC and IDTTIC in chloroform and of thin film. d) Normalized thin-film 

absorption curves of PBDB-T, IDTIC and IDTTIC. 
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Figure 3.2 The absorption spectra of IDTTIC and IDTIC in solution-state. 

Furthermore, the extinction coefficient increases for IDTTIC in comparison with IDTIC (1.50×105 

cm−1 for IDTIC and 2.49×105 cm−1 for IDTTIC, shown in Figure 3.2), which is due to the stronger 

intramolecular effect.170 By comparison, the normalized absorption spectrum of PBDB-T is shown 

in Figure 1d, demonstrating good spectral complementarity. IDTTIC presents excellent thermal 

stability (Figure 3.3a) with decomposition temperature (Td) (5% weight loss) of 349 oC via 

thermogravimetric analysis (TGA), allowing for high temperature thermal annealing in the OFET 

fabrication process. The obvious two endothermal peaks were observed from 50 oC to 250 oC in 

differential scanning calorimetry (DSC) curve (Figure 3.3b), showing a strong crystallinity of 

IDTTIC. 
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Figure 3.3 The weight loss curve (TGA) and DSC curves of IDTTIC. 

The electrochemical properties of IDTIC and IDTTIC are elucidated by cyclic voltammetry (CV). 

The ionization potential (IP) and electron affinity (EA) of the acceptors energy levels are 

calculated to be -3.89 eV and -5.85 eV for IDTIC and -3.84 eV and -5.68 eV for IDTTIC by the onset 

potential of the first oxidative and reductive wave, respectively (CV curves shown in Figure 3.4).  

 

Figure 3.4 The CV curves of standard material Fc, IDTTIC and IDTIC, respectively. The 

electrochemical cyclic voltammetry was conducted on a CHI650D electrochemical workstation 

which using glassy-carbon, platinum-wire and Ag/Ag+ electrode as working electrode, counter 

electrode, and reference electrode, respectively. 0.1 M tetrabutylammonium 

hexafluorophosphate (Bu4NPF6) acetonitrile solution was utilized as the electrolyte. After testing 
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all the materials, ferrocene was further measured as an internal standard (absolute energy level 

of 4.8 eV below vacuum). (HOMO/LUMO = −(4.8 + 𝐸ox/red − 𝐸(Fc/Fc+))) eV). 

To verify the origin of the significant upshift in EA level for IDTTIC, we performed calculation using 

density functional theory (DFT) (Gaussian, wb97xd /6-31G*). For fused-ring small molecules, the 

electron densities of the highest occupied molecular orbitals (HOMO) are predominantly 

localized at the central units, whereas the lowest unoccupied molecular orbital (LUMO) are 

mainly distributed along the quinoidal conjugation to the terminal acceptor unit.57 As shown in 

Figure 3.5, electron densities of HOMO represent a more delocalized distribution in IDTTIC than 

that in IDTIC, which is due to the higher concentration of electron-donating thiophene units 

within the core. This demonstrates that as comparison with that of IDTIC, a higher-lying HOMO 

level for IDTTIC is formed, which is consistent with the results from CV measurement.  It has been 

shown that the planarity of FREAs has an impact on the charge transport and molecular packing. 

The IDTTIC exhibits a flat, planar structure with a dihedral angle between IC and IDTT of ≈ 0o. In 

comparison, IDTIC presents a slightly more twisted structure with the dihedral angle between IC 

and IDT of ≈4 o.  
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Figure 3.5 The dihedral angel, HOMO and LUMO electron cloud distribution from density 

functional theory calculation (Gaussian 09 program) at B3LYP/6-31G(d,p) level for IDTIC and 

IDTTIC. 

3.2.2. Device Characterization and Performance Analysis of NFA-OSCs 

The effectiveness of IDTIC and IDTTIC as acceptor materials in organic bulk-heterojunction (BHJ) 

solar cells was then explored. Inverted OSC devices were fabricated with the architecture: indium 

tin oxide (ITO)/ZnO(~40 nm)/PFN-Br(~10 nm)/Active layer (~150 nm)/MoOx(~7 nm)/Ag (100 nm). 

We selected PBDB-T (Figure 3.1) as a donor polymer because of its complementary absorption 

and well matched energy levels with IDTIC and IDTTIC. The optimization details, including 

thickness, donor/acceptor ratio, and interfacial modification, are presented in the Supporting 

Information. The characteristic current density-voltage (J-V) curves under illumination AM 1.5 G 

at 100 mW cm-2 of the champion devices (PBDB-T:IDTIC and PBDB-T:IDTTIC) are presented in 

Figure 3.6b, and corresponding device parameters are summarized in Table 1. As shown, the 

short-circuit current density (Jsc), open-circuit voltage (Voc) and fill factor (FF) of IDTTIC based 

devices were significantly higher than that of IDTIC based devices - in line with the higher 
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absorption strength and higher lying LUMO level discussed earlier. External quantum efficiencies 

(EQE) measurements were conducted by the IDTIC and IDTTIC based devices and the data are 

shown in Figure 3.6c. The integrated Jsc values are well matched with the data from solar 

simulation with the error smaller than 5% (Table 1). Due to the wider absorption range (Figure 

3.6d) of PBDB-T: IDTTIC blend, the corresponding devices showed a broader light response than 

that of IDTIC devices, which is consistent with the EQE curves. In detail, the OSC device based on 

PBDB-T:IDTTIC exhibits a broad photon response extending to 820 nm with EQE values (over 70%), 

while PBDB-T:IDTIC-based OSC shows a limited absorption range from (300 nm to 750 nm) and 

much lower EQE (values lower 65%) in the whole absorption spectrum, proving in part that the 

higher current density obtained from IDTTIC based devices is due to the broader absorption range 

(can be seen in Table 1, extrapolated current density). 
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Figure 3.6 a) Energy levels of PBDB-T, IDTTIC and IDTIC. b) J-V curves of the best performing 

devices. c) EQE curves of the corresponding devices (left side) and integrated current densities 

(right side). d) Absorption coefficients of blend film (PBDB-T:IDTTIC, PBDB-T:IDTIC). 

 

Table 3.1. Photovoltaic parameter of OSCs and carrier mobility based on PBDB-T:IDTTIC and 

PBDB-T:IDTIC blends. 

Blend Film Jsc Integrated Jsc Voc FF PCE Ave PCE 
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(mA/cm2) (mA/cm2) (mV) (%) (%) (%)a 

PBDB-T:IDTIC 12.7 12.4 840 56.3 5.67 5.34 

PBDB-T:IDTTIC 17.3 16.9 919 70.4 11.2 10.7 

a Average PCE values obtained from 10 devices.  

By analyzing photocurrent density (Jph) as a function of effective voltage (Veff), we can evaluate 

charge generation and transport loss, which has a strong relationship with the Jsc and FF. In detail, 

Jph is equal to Jl – Jd, where Jl and Jd are the current density under illumination at 100 mW cm-2 

and in the dark, respectively. Veff is given by Veff = V0 – V, where V0 is the compensation voltage 

defined as Jph (V0)=0, and V is the applied voltage.171 As shown in Figure 3.7a, the current-voltage 

plots indicate that for PBDB-T:IDTTIC devices, Jph quickly saturates for Veff below 0.5 V, whereas 

PBDB-T:IDTIC devices depicts a strong dependence of Jph with Veff. In saturation condition, we can 

estimate the maximum generation rate of free charge carriers Gmax according to the equation: 

Jsat=qGmaxL, where q is the electronic charge and L is the active layer thickness. In agreement with 

the Jsc values obtained at 1 sun illumination, we calculate Gmax values of 7.11x1021 and 1.21x1022 

cm-3s-1 for IDTIC and IDTTIC -based devices, respectively, confirming the better photon-to-current 

conversion for PBDB-T:IDTTIC solar cells. By following the charge generation at the voltage VMPP 

(MPP: maximum power point of J-V curve) and under short-circuit conditions (V=0), we observe 

the stark contrast between these acceptors. At V=0, the charge generation and collection rate 

achieve values of 59% and 90% of Gmax for IDTIC and IDTTIC based devices, respectively. Similarly, 

at V= VMPP, we obtain Gmpp values of 38%, and 88% of G for PBDB-T:IDTIC and PBDB-T:IDTTIC solar 
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cells, respectively. The huge difference in G values in the two NFA-based solar cells reflects the 

FF and Jsc limitation of IDTIC compared to IDTTIC blends. 

To further investigate the charge recombination mechanism, we carried out light intensity 

current-voltage measurements to study the evolution of Jsc and Voc for a wide range of light levels. 

Jsc generally follows a power law dependence on light intensity according to 𝐽𝑠𝑐 ∝ 𝑃𝑖𝑛
𝑆 , where S is 

a power law exponent and Pin is the light intensity. In general, a linear dependence, i.e. S=1 is 

observed for solar cells not limited by bimolecular recombination, whereas S<1 suggests 

bimolecular recombination.172 Figure 3.7b shows the relationship of the Jsc vs light intensity for 

PBDB-T:IDTIC and PBDB-T:IDTTIC devices. We calculate S of 0.95 and 1.00 for IDTIC and IDTTIC-

based devices, respectively, suggesting higher bimolecular recombination in PBDB-T:IDTIC; 

leading to low carrier extraction and consequentially lower Jsc compared to PBDB-T:IDTTIC solar 

cells. Light-induced Voc losses are thought to be attributed to trap assisted recombination. The 

signature of trap-assisted recombination or monomolecular recombination depicts a slope of 2 

kT/q (thermal voltage at 300 K) in the plot of Voc versus the natural logarithm of the light intensity. 

Conversely, bimolecular recombination is reflected in a slope of kT/q. As observed in Figure 3.7c, 

the slopes of Voc vs light intensity plots for PBDB-T:IDTIC and PBDB-T:IDTTIC devices are 1.32 and 

1.05 kT/q respectively, indicating that trap states in IDTIC-based devices have a detrimental effect 

on the transport properties of the devices, in agreement with the lower FF value obtained 

compared to IDTTIC-based solar cells.173 Consequently, we conclude that charge extraction in 

PBDB-T:IDTIC is limited by trap-assisted recombination, whereas IDTTIC-based devices do not 

suffer from this limitation. 
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Figure 3.7 a): Photocurrent density as a function of the effective voltage at 100 mW/cm2 

illumination. Short-circuit current density (b) and open-circuit voltage (c) under different light 

intensity of PBDB-T:IDTTIC and PBDB-T:IDTIC devices. d) Charge carrier density as a function of 

delay time (td) extracted from photo-CELIV measurements. The fitting curves are according to 

equation 3.1. 

We now turn our focus on the transport properties of PBDB-T:IDTIC and PBDB-T:IDTTIC blends. 

The charge carrier mobility (space-charge limited current method, SCLC) of the blends is 
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calculated by fitting the J-Vs from corresponding electron-only and hole-only devices in the dark 

condition (Figure 3.8). According to the SCLC model, we obtained electron mobility of 5.51 x10-5 

cm2V-1s-1 and 1.15 x10-4 cm2V-1s-1 for PBDB-T:IDTIC and PBDB-T:IDTTIC blends, whereas similar 

hole mobility (2-3 x 10-4 cm2V-1s-1) was obtained for the two blends (Table 3.2). PBDB-T:IDTTIC 

blend presents improved and more balanced hole/electron mobilities than that of PBDB-T:IDTIC, 

which is partly due to the more ordered molecular packing (discussed in GIWAXS part).174 

 

Figure 3.8 The hole (a) and electron (b) mobility of PBDB-T:IDTTIC and PBDB-T:IDTIC. 

 

Table 3.2. Carrier mobility based on PBDB-T:IDTTIC and PBDB-T:IDTIC blends. 

μh
 

(cm2V-1s-1) 

μe
 

(cm2V-1s-1) 

μe/μh 

ratio 

2.56×10-4 5.51×10-5 0.21 

3.38×10-4 1.15×10-4 0.34 
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Figure 3.9 The photoCELIV curves of PBDB-T: IDTIC and PBDB-T: IDTTIC. 

To further check recombination kinetics of the two blends, we used transient measurements and 

in particular photo-induced charge carrier extraction by linearly increasing voltage (Photo-CELIV) 

measurements. Notably, this method is widely used for measuring the charge carrier mobility (μ) 

as well as charge recombination rates, with the advantage of the measurements being carried 

out on the same devices used for J-V and EQE, making the data directly comparable. Figure 3.9 

shows the Photo-CELIV traces of IDTIC and IDTTIC-based devices as a function of the delay time 

(td), with the carrier mobility of 1.5x10-4 cm2V-1s-1 (PBDB-T:IDTIC) and 2.6x10-4 cm2V-1s-1 (PBDB-

T:IDTTIC) , respectively. Calculating Photo-CELIV as a function of the delay time td allows insight 

into the recombination kinetics of charge carriers and the calculation of the bimolecular 

recombination coefficient (β) according to equation: 

                                                                  𝑛(𝑡) =
𝑛0

1+𝑛0𝛽𝑡
                                                         (3.1) 
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where n(t) is the charge density at time t and n0 is the initial charge density.  By fitting n vs td from 

equation 3.1, we calculate β of 2.3x10-10 cm3s-1 and 4.5x10-11 cm3s-1 for PBDB-T:IDTIC and PBDB-

T:IDTTIC devices, respectively. Moreover, according to the Langevin model, the recombination 

rate of electron and a hole can be described with the Langevin recombination coefficient by 𝛽𝐿 =

𝑞∗(𝜇ℎ+𝜇𝑒)

𝜀0∗𝜀
, where μh and μe are the effective charge carrier mobility of holes and electrons, 

respectively, ε0 is the vacuum and ε the relative permittivity. Due to the intrinsic lower mobility 

of organic semiconductors compared to the inorganic counterparts the bimolecular 

recombination rate of holes and electrons, usually referred to as Langevin recombination, and is 

typically considered an important loss mechanism.143 Differently, 
β

𝛽𝐿
< 1 indicates reduced 

Langevin recombination, i.e. the bimolecular recombination is not instant as they meet and an 

electron hole pair has a significant chance to split again. We calculated 𝛽𝐿=1.88x10-10 cm3s-1 and 

2.73x10-10 cm3s-1 for PBDB-T:IDTIC and PBDB-T:IDTTIC, which is in agreement with values 

reported for other organic photovoltaics (Figure 3.7d).175 The resulting ratio 
β

𝛽𝐿
 for PBDB-T:IDTIC 

and PBDB-T:IDTTIC blends of 1.22 and 0.16, respectively, confirm the lower recombination losses 

in IDTTIC based devices as being the origin of the higher FF and overall higher PCE over IDTIC-

based blends. 

In bulk heterojunction solar cells, morphology and molecule orientation critically impact the 

carrier generation and transport, which has a significant influence on the efficiency. Utilizing a 

combination of grazing-incidence wide-angle X ray scattering (GIWAXS) and resonant soft X-ray 

scattering (R-SoXS) experiments, to study the influence of backbone substitutes on the molecule 

packing and morphological properties of the blends, is well understood.176 Figure 3.11a and b 
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show 2D GIWAXS patterns of NFA neat films of IDTIC and IDTTIC, respectively, where very highly 

ordered packing motifs are readily evident. Figure 3.9c and d present the GIWAXS patterns of 

PBDB-T:IDTIC and PBDB-T:IDTTIC blend films. Notably, the highly ordered IDTIC and IDTTIC 

crystallites were largely suppressed when they are blended with PBDB-T. While this suppressed 

scattering remains obvious, both of the blends showed sufficient scattering profiles, especially in 

the OOP direction that allowed further analysis (ca. Table 3.3).  Figure 3.11e shows OOP (and IP) 

1D GIWAXS profiles of these blends (along with the PBDB-T neat film) where several orders of 

alkyl stacking peaks are seen. Interestingly however, a stark contrast is observed in the OOP π-π 

stacking peaks that are assigned to the NFAs in the blend films; see Figure 3.12 for details. In 

particular, PBDB-T:IDTIC film shows π-π stacking coherence length of ~1.3 nm; in sharp contrast, 

PBDB-T:IDTTIC exhibits 3.5-times larger coherence length (4.60 nm). As previously shown by Ade 

and coworkers,174 the π-π coherence length may have a positive correlation with the FF in a 

monotonic trend. In our case, IDTTIC blend film shows a pronounced longer coherence lengths 

than that from IDTIC blend, which is in good agreement higher FF obtained in IDTTIC devices. 
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Table 3.3. GIWAXS and R-SoXS parameters of PBDB-T:IDTIC and PBDB-T:IDTTIC blend films. 

Sample 

GIWAXS 

NFAs OOP π-π stacking 
d-spacing (nm) 

NFAs OOP π-π 
stacking  coherence 

Length (nm) 

 

PBDB-T: 
IDTIC 

0.392 1.35 (±0.02)  

PBDB-T: 
IDTTIC 

0.389 4.60 (± 0.11)   
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Figure 3.10 GIWAXS patterns of (a) neat IDTIC and (b) IDTTIC, and blend (c) PBDB-T:IDTIC and (d) 

PBDB-T:IDTTIC films.  (e) GIWAXS 1D out of plane (OOP) profiles and (f) contrast and thickness 

normalized Lorentz corrected R-SoXS profiles of  the blend films based on  PBDB-T:IDTIC and 

PBDB-T:IDTTIC. 

 

Figure 3.11 A series of Lorentzian peak fitted to the out of plane (OOP) 1D GIWAXS data of (a) 

PBDB-T neat film, and (b) PBDB-T: IDTIC and (c) PBDB-T: IDTTIC blends. 

The morphology and length scale of blend films are also characterized by R-SoXS measurements. 

Figure 3.11f shows the Lorentz-corrected R-SoXS profiles of both the blends; the profiles of PBDB-

T:IDTIC blend features the predominant peaks location at q ~0.07 nm-1 which corresponds to a 

length scale (center-to-center spacing) of ca. 80 nm. The length scale of PBDB-T:IDTTIC blend is 

found to be similar (~84 nm). Interestingly however, the mean-square composition variations, 

which relates to domain purity and serves as a fundamental metric of exciton generation and 

charge transport of the corresponding blend films, is found to be more than 2-times higher in 

IDTTIC blend film when compared to IDTIC based film.177  The morphological features of blend 

films were also characterized via atomic force microscopy (AFM). As shown in Figure 3.12, 

considering the high crystallinity of IDTIC and IDTTIC, both of PBDB-T:IDTIC and PBDB-T:IDTTIC  

show clear phase separation with small root-mean-square (RMS) roughness of 3.68 nm and 2.92 

nm, respectively. This finding of larger coherence length (from GIWAXS) and higher (relative) 
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domain purity (from R-SoXS) directly corroborates to the improved Jsc and FF in the IDTTIC based 

devices.142 

 

Figure 3.12 The AFM image of the PBDB-T:IDTIC and PBDB-T:IDTTIC blends, respectively. 

3.2.3. Transistors performance of NFAs 

Following the highly-order GIWAXS patterns of IDTIC and IDTTIC (strong crystallinity), we further 

investigated a broader application of these two materials in field-effect transistor devices. Top-

gate, bottom-contact OFET devices were fabricated to investigate the semiconducting properties 

of IDTTIC and IDTIC. Experimental details are shown in Supporting Information. IDTIC and IDTTIC 

thin films were annealed at either 80, 100, 130 and 150 oC. Significantly, all devices exhibited n-

channel characteristics, with well-defined saturation regimes (Figure 3.13 and Figure 3.14). The 

optimized performance of IDTIC was obtained at 100 oC, showing a high threshold voltage of 45.3 

V with a linear and saturation mobility of 0.12 and 0.15 cm2V-1s-1, respectively (Figure 3.13 a,c). 

In contrast, IDTTIC based devices delivered an improved mobility (linear mobility: 0.45 cm2V-1s-1 

and saturation mobility: 0.5 cm2V-1s-1) and lower threshold voltage of 21 V in the optimized 

conditions (130 oC annealing for 5 min), as depicted in Figure 5 b,d. These results indicate that 
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the conjugated core unit has a crucial influence on the carrier transport property of FREA-type 

semiconductors.  

 

Figure 3.13 Output (a) and transfer (b) characteristics of IDTIC top-gate, bottom-contact 

transistor device annealed at 100 °C for 5 minutes, yield µsat = 0.15 cm2/Vs and Vth = 45.3 V. 

Output (c) and transfer (d) characteristics of IDTTIC top-gate, bottom-contact transistor device 

annealed at 130 °C for 5 minutes, yields, µsat = 0.50 cm2/Vs and Vth = 21.0 V. Note. All devices 

used a channel L = 50 μm and a W = 1000 μm.  
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Figure 3.14 Transfer characteristics of a) IDTIC and b) IDTTIC OFET devices in the linear and 

saturation regimes. L = 50µm D = 1000µm. 

3.3 Conclusion 

In conclusion, we have successfully synthesized a new n-type small molecule semiconductor 

IDTTIC and incorporated it as an electron acceptor in OSCs and n-type top gate bottom contact 

OFETs. When blended with PBDB-T to form the photoactive layer, IDTTIC-based solar cells 

delivered a power conversion efficiency of 11.2% without any post-annealing treatment; in 

contrast to 5.67% PBDB-T:IDTIC devices. The low performance obtained in IDTIC solar cells was 

attributed to reduced charge generation and transport properties due to trap-assisted 

recombination that limits both FF and Jsc values. Morphological characterizations revealed that 

both of these FREA materials present high order of crystallinity. However, extending the small 

molecule core in the SM lead to an increase in both the coherence length and the domain purity 

in PBDB-T: IDTTIC blends, which was beneficial for the improved carrier generation and transport. 

In comparison with IDTIC, the extended core of IDTTIC resulted in a higher electron mobility (0.50 
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cm2V-1s-1) compared to IDTIC (0.15 cm2V-1s-1) in OFET devices. Our results demonstrate that the 

extended π-conjugation of backbone with more thiophene rings can be a beneficial strategy to 

improve the power conversion efficiency of OSC and the charge mobility of OFET devices. 
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Chapter 4 

Efficient DPP donor and non-fullerene acceptor organic solar cells with high 

photon-to-current ratio and low energetic loss  

 

The high crystallinity and ability to harvest near-infrared (NIR) photons made 

diketopyrrolopyrrole (DPP)-based polymers one of the most promising donor for high performing 

organic solar cells (OSC). However, DPP-based OSC devices still suffer from the trade-off between 

energetic loss (Eloss) and maximum external quantum efficiency (EQEmax), which significantly 

hinders their potential. Thus far, the replacement of fullerenes with small molecule acceptors did 

not wisdom the performance development of DPP donor based solar cells due to severe charge 

recombination issues. In this work, we report efficient DPP-based solar cells using low band gap 

fused ring electron acceptor, IEICO-4F. PBDTT-DPP:IEICO-4F OSC devices delivered a champion 

power conversion efficiency of 9.66% with successful interface engineering along with low Eloss 

of 0.57 eV and a high EQEmax (>70%). The details of molecule characterization, device fabrication 

and supporting information can be found in the following published article: Xin Song, Nicola 

Gasparini, Masrur Morshed Nahid, Sri Harish Kumar Paleti, Cheng Li, Weiwei Li, Harald Ade, Derya 

Baran, “Efficient DPP donor and non-fullerene acceptor organic solar cells with high photon-to-

current ratio and low energetic loss”, Advanced Functional Materials, 2019, 29, 1902441, 

Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission. The permission of 

the article used in this thesis can be found in Appendix A. 
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4.1 Research Motivation 

Over the past few decades, bulk heterojunction (BHJ) organic solar cells (OSCs) have attracted 

great interest because of their unique properties, such as semi-transparency and ease of 

solution-processability for large-scale fabrication.178 For many years, OSC research and progress 

have been dominated by active layers comprised of blend of a fullerene derivate ([6,6]-phenyl-

C61 butyric acid methyl ester (PC61BM) and its C71 analogue) as the electron acceptor and a 

conjugated polymer (or small molecule) as the electron donor.179 Among the high-performing 

polymer donors, diketopyrrolopyrrole (DPP) building block is considered as one of the most 

promising structural motif because of its strong electron-withdrawing property and large π-

conjugated backbone along with relatively easy functionalization on the nitrogen atom of the 

pyrrole unit.113,180,181 In fact, when copolymerized with electron-donating building blocks to form 

an electron push-pull material, DPP-based polymers feature a broad absorption range and a low 

band gap (Eg). These characteristics are beneficial for high light-harvesting capability, in some 

cases extending absorption up to 1000 nm, and  improving transport properties, leading to high 

short-circuit current densities (Jsc) exceeding 20 mA cm-2 and mobilities over 12 cm2 V-1s-1. 

115,182,183However, one of the main limitations that hinders the power conversion efficiency (PCE) 

of DPP-based OSCs is the relatively low open-circuit voltage (Voc), which can be ascribed to high-

lying ionization potential (IP) (vs. vacuum) of DPP derivatives as well as the fixed electron affinity 

(EA) of fullerenes derivatives.184 To overcome this drawback, two simple energetic strategies can 

be considered: i) decrease the IP of the DPP donor or ii) increase the EA of the acceptor material. 

The first approach has been successfully investigated where a series of DPP-based polymers were 

designed with an introduction of a thiazole group (strong electronegativity nitrogen atoms in the 
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building block), and thus, decreasing the IP level of the polymer (PDPP2Tz2T). The corresponding 

devices delivered a high Voc of 0.92 V with a low Eloss (Eloss = Eg - qVoc) of 0.55 eV, where PC71BM 

was used as electron acceptor.185 However, the devices were still limited by low Jsc and photon-

to-current ratio, (i.e. external quantum efficiency) (EQE) below 40% due to the trade-off between 

voltage and photocurrent.186 On the other hand, recently emerged non-fullerene acceptors (NFAs) 

provide tunable optical bandgap, adjustable energy level as well as controllable crystallinity 

through molecular design, which is superior over fullerene derivatives.187122 Thus, several 

acceptor molecules such as ITIC, SdiPBI small molecules and N2200 polymer were used in 

combination with DPP-thiophene based polymer donors for OSCs.184,188,189 These devices, 

however, delivered low efficiencies (less than 5%) due to the limited fill factor (FF) and Jsc. 

Although the blend of  NFA materials with commonly known donor molecules such as PTB7-Th 

and PBDB-T achieved up to 14% single junction solar cells, highly efficient NFA-OSCs in terms of 

photon-to-current conversion with decent photo-voltages using commercially viable and stable 

DPP polymers does not yet exist in literature.118,190  

Herein, we show for the first time highly efficient DPP:NFA BHJ solar cells with power conversion 

efficiency (PCE) of 9.66%, where PBDTT-DPP polymer donor  is blended with the low bandgap 

IEICO-4F NFA molecule (1.24 eV) (Figure 4.1a). PBDTT-DPP (DPP- benzodithiophene with 

alkylthiophene substituted groups (BDTT)) was selected as donor material for two reasons: i) 

BDTT block features a stronger intermolecular π-π interaction than thiophene units by extending 

the conjugation in the backbone and thus, facilitates better charge transport;191 and ii) BDTT is a 

weak electron-donating unit as compared to the thiophene units, which is a potential strategy to 

increase the Voc with lowering the IP level of donor.112,192 Indeed, PBDTT-DPP:IEICO-4F devices 
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without interface engineering delivered a PCE of 8.14% with a Jsc of 18.5 mA cm-2 and Voc of 0.68 

V with a small Eloss of 0.57 eV. We investigated the origin of the efficient devices in terms of 

optoelectronic measurements and nanomorphology, and compared the photovoltaic 

performance and electronic properties of devices fabricated with ITIC analogues (one of most 

commonly used state-of-the-art NFA) (Figure 4.1a). In fact, we observe that the molecular 

properties of NFAs have strong influence on molecular ordering, charge generation, transport 

and recombination in combination with DPP donor-based blends. As a result, due to the stronger 

intramolecular effect and crystallinity of IEICO-4F than that of ITIC, the corresponding devices 

possess efficient charge generation and low charge recombination compared to ITIC based 

devices. More interestingly, using a combination of PEDOT:PSS:WOx layer and aluminium doped 

zinc oxide (AZO) nanoparticle/Phen-NaDPO bilayer as hole-transporting and electron- 

transporting layers, respectively, boosted the charge extraction capabilities of the respective 

devices delivering a champion PCE of 9.66%, which is the highest for DPP donor:NFA solar cells 

and one the highest among all DPP polymer donors.  



 102  
 

 

Figure 4.1  a) The molecular structure; b) normalized absorbance spectra (neat films) and c) 

energy level diagram of donor PBDTT-DPP and acceptors IEICO-4F and ITIC. 

 

4.2 Results and Discussion 

The thin-film ultraviolet-visible (UV-Vis) absorbance spectra of PBDTT-DPP, ITIC, and IEICO-4F are 

shown in Figure 4.1b, showing the absorbance onset of IEICO-4F (Eg:1.24 eV) is 200 nm redshifted 

than that of ITIC (absorption onset of 800 nm).193 The absorption range of PBDTT-DPP:ITIC blend 

is limited to ca. 850 nm (Figure 4.2) whereas PBDTT-DPP:IEICO-4F blend film features a broad 
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absorption range (from 300 nm to 1000 nm), suggesting better photon harvesting capability over 

the solar spectrum.  

 

Figure 4.2 The thin-film absorption spectra of blend films: PBDTT-DPP:ITIC and PBDTT-DPP:IEICO-

4F. 

To compare the two NFA based devices on their respective device performances, we fabricated 

devices using PBDTT-DPP donor with ITIC and IEICO-4F and tested under the AM 1.5 G 

illumination at 100 mW cm-2. Device fabrication conditions, such as device structure, 

donor:acceptor (D:A) weight ratio, solvent additives and active layer thickness are varied to 

obtain the optimized conditions. The devices are constructed in a conventional configuration 

varying hole transport layers (HTL) using PEDOT:PSS and PEDOT:PSS:WOx and electron transport 

layer (ETL) such as Calcium (Ca) and aluminium doped zinc oxide (AZO) nanoparticle/Phen-NaDPO 

bilayer. The active layer consist of a 1:1.5 weight ratio of D:A dissolved in a 99:1 v/v 

chlorobenzene (CB) with:1-chloronaphthalene (CN) solution. The summary of photovoltaic 

parameters and the corresponding J-V curves of PBDTT-DPP:ITIC and PBDTT-DPP:IEICO-4F using 

PEDOT:PSS/active layer/Ca/Al architecture are depicted in Figure 4.3 and summarized in Table 
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4.1. The IEICO-4F based device yields a Jsc = 18.5 mA cm-2   Voc = 679 mV and FF = 64.8% whereas 

ITIC-based device shows only Jsc of 7.4 mA cm-2, Voc of 844 mV and FF of 59.2 %, yielding a PCE of 

3.70%.  As a comparison, we also fabricated PBDTT-DPP:PC71BM based devices, and, similar to 

previously reported results, we obtained PCE of 6.97% (Figure 4.4a). The external quantum 

efficiency (EQE) spectra of corresponding devices are presented in Figure 4.3b. The integrated 

current density values extracted from EQE spectra matches well with the data from the J-V curves 

(with a mismatch less than 5%). In particular, IEICO-4F based device shows a higher and broader 

EQE (with the maximum value of 70% at 830 nm) from 300 nm to 1000 nm, significantly 

outperforming the one extracted from ITIC devices (EQE less than 30%) and PC71BM devices 

(lower than 60%, Figure 4.3b).  

 

Figure 4.3 a) J-V curves, and b) EQE curves with integrated Jsc of the PBDTT-DPP:ITIC and PBDTT-

DPP:IEICO-4F devices.  
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Figure 4.4 The J-V and EQE curves of PBDTT-DPP:PC71BM. 

Table 4.1. Photovoltaic parameter of OSCs based on PBDTT-DPP:ITIC and PBDTT-DPP:IEICO-4F 

blends. 

Blend Film 
Jsc 

(mA/cm2) 

Integrated Jsc 

(mA/cm2) 

Voc 

(mV) 

FF 

(%) 

PCE 

(%) 

Ave PCE 

(%)a 

PBDTT-
DPP:ITIC 

7.4 7.0 844 59.2 3.70 3.52 

PBDTT-
DPP:IEICO-4F 

18.5 18.2 679 64.8 8.14 8.00 

a:  the average PCE values obtained from 10 devices. 

As discussed above, another critical parameter for DPP based devices is the energetic loss, Eloss. 

In our case, fluorination in terminal block in the IEICO-4F induces a narrower bandgap and lower-

lying EA level, which reduces the Voc  compared to the ITIC-based solar cells. On the other hand, 

benefiting from the low optical bandgap and better spectral match of IEICO-4F, PBDTT-

DPP:IEICO-4F devices exhibits a lower Eloss ca. 0.57 eV, calculated from the band edge from EQE 
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(at 1.30 eV), whereas the  Eloss for ITIC devices is 0.61 eV (considering to the lower bandgap of 

PBDTT-DPP, 1.51 eV). For comparison, the Eloss is 0.70 eV for the PC71BM-based OSCs, 

demonstrating not only the superiority of IEICO-4F over ITIC but also the significant advantage of 

mixing low bandgap NFAs with PBDTT-DPP over fullerene derivatives. We further demonstrate 

the advantages of IEICO-4F by compiling a number of previously reported results on the DPP 

polymers with both PC71BM and different NFAs. Here, EQEmax vs. Eloss are plotted from literature 

reports (PC71BM devices, black color and different NFA-based devices, red color) along with our 

results of PBDTT-DPP:IEICO-4F (blue color), showing the smallest Eloss with the highest EQEmax for 

DPP systems. Furthermore, we summarized the Eloss and EQEmax values for other high-efficiency 

polymer donor:NFA systems (Figure S8). EQEmax values (higher than 80%) of polymer:NFA blends 

show Eloss of about 0.50-0.60 eV. Thus, our work suggests that the DPP-based solar cells with 

optimal NFA materials have the potential to boost further the photovoltaic performances. In 

order to understand the lower energetic loss in PBDTT-DPP:IEICO-4F system, we calculate the 

energy of the charge-transfer (ECT) state by using equation 4.1:  

                                   𝐸𝑄𝐸𝑃𝑉(𝐸)(𝐸) =
𝑓

𝐸√4𝜋𝜆𝑘𝑇
exp (

−(𝐸𝐶𝑇+𝜆−𝐸)

4𝜆𝑘𝑇
)                                                     (4.1) 

where k is the Boltzmann‘s constant, T is the absolute temperature, f is the absorption strength 

of the charge-transfer state, E represents the photon energy, and 𝝺 is the reorganized energy of 

the charge-transfer states. As shown in Figure 4.5, the extracted value of ECT for PBDTT-DPP:ITIC 

is 1.40 eV, whereas the ECT for PBDTT-DPP:IEICO-4F is 1.24 eV. More importantly, the energetic 

loss of the PBDTT-DPP:ITIC and PBDTT-DPP:IEICO-4F-based devices suffering from the CT state 

are 0.11 eV and 0.06 eV, respectively, as calculated by Eg- ECT.  
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Figure 4.5 The FTPS spectra of PBDTT-DPP:ITIC and PBDTT-DPP:IEICO-4F. The solid curves are the 

fitting curves from Equation 1 to obtain the values for ECT. 

We proceed to understand the photo-physics of these two devices. Figure 4.6a shows the charge 

generation and collection efficiencies by plotting the photocurrent density (Jph) as a function of 

effective voltage (Veff) under the illumination at 100 mW cm-2. Jph is equal to Jl – Jd, where Jl and 

Jd are the current density under illumination at 100 mW cm-2 and in the dark, respectively. Veff is 

equal to V0 – V; V0 is the compensation voltage defined Jph (V0) = 0, and V is the applied voltage.194 

As illustrated in Figure 4.6a with the Jph - Veff   plots, Jph quickly saturates when Veff is below 1 V in 

the case of IEICO-4F devices, whereas ITIC devices present a strong dependence of Jph with Veff, 

suggesting that generated electron-hole pairs are not efficiently dissociated and collected at the 

electrodes. In saturation condition, the maximum generation rate of free carriers, Gmax, is 

calculated according to Jsat = qGmaxL, where q is the electron charge and L is the photoactive layer 

thickness. Following this equation, the Gmax values obtained for IEICO-4F and ITIC -based devices 

are 9.25× 1021 and 6.04 × 1021 cm-3 s-1, respectively, in line with the higher Jsc delivered in PBDTT-
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DPP:IEICO-4F devices. Moreover, we extract G values in the maximum power point Gmpp (MPP: 

maximum power point of J-V curves) and under short-circuit conditions Gsc (V=0). In details, the 

Gsc values for ITIC and IEICO-4F devices are 64% and 81% of Gmax, respectively, while the Gmpp 

values for ITIC and IEICO-4F devices are 41% and 68% of Gmax, respectively. The substantial 

difference in G values demonstrates the limitation of charge dissociation and extraction, and thus, 

lower Jsc and FF in the ITIC devices. We performed the additional measurement of the exciton 

dissociation by measuring the time-resolved photoluminescence (TR-PL) in Figure 4.7, which 

shows the PL decay dynamics of neat PBDTT-DPP and the blends with ITIC and IEICO-4F, 

respectively.195,196 It is clear that both ITIC and IEICO-4F blends exhibit a bi-exponential decay 

function where the two lifetime parameters t1 and t2 are reduced compared to neat PBDTT-DPP 

indicating efficient exciton dissociation (Table 4.2).197 In comparison, IEICO-4F blends shows a 

much faster decay rate compared to ITIC blend, indicating shorter exciton diffusion to quenching 

sites which is also in line with our intermixed homogeneous patterns from TEM images for PBDTT-

DPP:IEICO-4F blend. 
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Figure 4.6 a): Photocurrent density as a function of the effective voltage at 100 mW/cm2 

illumination. Short-circuit current density (b) and open-circuit voltage (c) under different light 

intensities of PBDTT-DPP:ITIC and PBDTT-DPP:IEICO-4F devices. d) TPV plots of PBDTT-DPP:ITIC 

and PBDTT-DPP:IEICO-4F devices. 
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Figure 4.7 PL decay dynamics of a neat PBDTT-DPP film and the NFA materials blended with 

PBDTT-DPP. The decay dynamics were fitted with a bi-exponential equation (solid lines). All films 

were excited into the ground state absorption of PBDTT-DPP at 700 nm. 

Table 4.2. TRPL fit parameters (bi-exponential decay function) of the PBDTT-DPP polymers 

blended with ITIC and IEICO-4F, respectively. Average lifetime (tav) is calculated by the equation:    

 

Sample A1 t1 (ps) A2 t2 (ps) tave (ps) 

PBDTT-DPP 0.43 34.12 0.24 210.28 83.50 

PBDTT-DPP:ITIC 1.04 20.31 0.20 98.43 39.82 

PBDTT-DPP 0.42 34.12 0.25 253.16 99.18 

PBDTT-

DPP:IEICO-4F 

1.34 14.42 0.18 88.99 29.88 
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We further focus on the recombination mechanisms to fully understand the improved FF of 

IEICO-4F-based devices. By plotting J-V curves as a function of illumination intensity, a power-law 

dependence of Jsc on light intensity (P) was observed and was described as Jsc ∝ Pin
S , (Pin is the 

light intensity and s is the power law exponent), whereby s = 1 suggests that all dissociated 

carriers are swept-out before the recombination process takes place, while s < 1 implies a 

bimolecular recombination (i.e. some carriers are recombined during the extraction process).198 

As shown in Figure 4.6b, the slopes (s) fitted from Jsc vs light intensity plots are 0.85 and 0.99 for 

PBDTT-DPP:ITIC and PBDTT-DPP:IEICO-4F devices, respectively; this points to higher bimolecular 

recombination in ITIC devices, whereas IEICO-4F does not show limitation on the bimolecular 

recombination. Then, we turn our attention into the trap-assisted recombination, which can be 

observed with the dependence of the open-circuit voltage vs. the light intensity.199 Generally, a 

slope of kT/q (where k is defined as Boltzmann’s constant, T is the Kelvin temperature and q is 

the elementary charge) in the plot of Voc vs the natural logarithm of the light intensity is expected 

as pure bimolecular recombination (i.e. absence of trap assisted recombination), whereas a slope 

of 2kT/q implies that the trap-assisted recombination is a significant channel for carrier 

recombination.86 As depicted in Figure 4.6c, the slopes of 1.36 kT/q and 1.13 kT/q are obtained 

for PBDTT-DPP:ITIC and PBDTT-DPP:IEICO-4F devices, respectively; this demonstrates that the 

trap-assisted recombination is weaker in IEICO-4F devices, whereas ITIC-based devices are 

limited by trap formation. In light of the Voc vs light intensity measurements, we employ transient 

photo-voltage (TPV) method to better understand the recombination process, especially the 

carrier lifetimes (τ) (at open-circuit condition),150 as shown in Figure 4.6d. The carrier lifetimes of 

the devices were extracted from the exponential fitting on the decay of the transient photo-
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voltage.99,200 As depicted in Figure 4.6d μs) 

due to a trap-released process. Differently, IEICO-4F based devices exhibit a lifetime twice as 

short (7.7 μ s) than that of ITIC. This result is in agreement with the higher trap assisted 

recombination observed in the plot of Voc vs light intensity, which further confirm the relatively 

lower FF values in ITIC devices. Besides charge recombination, charge transport is another crucial 

process for efficient organic photovoltaics.201 For this purpose, we measured the carrier mobility 

(μ) by employing the technique of photo-induced charge carrier extraction by linearly increasing 

voltage (Photo-CELIV) (Figure 4.8). The higher carrier mobility (μ) EICO-4F device (7.21×10-4 

cm2 V-1 s-1) indicates a better charge transport than that of ITIC-based devices (5.32×10-4 cm2 V-1 

s-1), which is consistent with higher FF observed in IEICO-4F devices.139 

 

Figure 4.8 The photo-CELIV curves of PBDTT-DPP:ITIC and PBDTT-DPP:IEICO-4F. 
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 The photo-physics of BHJ OSC are often associated with the blend microstructure. For this reason, 

we studied molecular orientation of the donor and acceptor materials at nanoscale by using 

grazing incidence wide-angle X-ray scattering (GIWAXS), see Figure 4.9. Along with the 2D 

GIWAXS patterns of two neat NFA materials (Figure 4.9a,b), blend films with PBDTT-DPP (Figure 

4.9c,d), and their corresponding sector averaged (± 7.5º) profiles in the In Plane (IP) and Out Of 

Plane (OOP) directions are shown (Figure 4.9e). 202 

 

Figure 4.9 2D GIWAXS patterns of (a) ITIC, (b) IEICO-4F, (c) PBDTT-DPP:ITIC and (d) PBDTT-

DPP:IEICO-4F, and (e) 1D in-plane (IP) and Out OF Plane (OOP) sector profiles of the blends. 
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Figure 4.10 The 2D GIWAXS pattern (a) and 1D sector averaged (± 7.5º) profiles in the In Plane 

(IP) and Out Of Plane (OOP) directions of PBDTT-DPP (b). 

 

Figure 4.11 The 2D GIWAXS pattern (a) and 1D sector averaged (± 7.5º) profiles in the IP and 

OOP directions of ITIC (b). 
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Figure 4.12 The 2D GIWAXS pattern (a) and 1D sector averaged (± 7.5º) profiles in the IP and 

OOP directions of IEICO-4F (b). 

Firstly, the neat ITIC acceptor film (Figure 4.9a and 4.11) presents only a broad lamella stacking 

diffraction arc with an indistinct π- π stacking signature (d-spacing ~ 4.1 Å). In contrast, with 

higher order lamellar stacking peaks both in the OOP and IP directions, IEICO-4F exhibits (Figure 

4.9b and 4.12) an intense π- π stacking peak in the OOP direction with a shorter d-spacing ~ 3.7 

Å, illustrating a typical face-on molecular orientation.203 This finding corroborates to the previous 

reports, where fluorination increased the intermolecular interaction. Finally, we investigate the 

blend films (Figure 4.9c and d), and observe that both the blends still remain largely face-on with 

π- π stacking peak in the OOP direction.204 Interestingly however, similar to their neat 

counterparts, differences in the π- π stacking peak are also evident between these two blends. 

As can be seen in the sector averaged (± 7.5 º) OOP profile in Figure 4.9e, IEICO-4F blend (blue 

solid line) exhibits a sharp π- π stacking peak with smaller full width half maximum compared to 

a broad and indistinct peak in the ITIC blend (red solid line). As a result, the d-spacing calculated 
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from these peaks is found to be higher in the IEICO-4F blend (~ 3.3 Å) than ITIC counterparts (~ 

3.7 Å). Taken altogether, GIWAXS reveals better texture and molecular packing in the IEICO-4F 

blends which likely contributes to the charge transport, and thus, to its superior device 

performance as compared to the ITIC based devices.  

To gain further insights into the nanomorphology of PBDTT-DPP:NFA blends, and to make a 

comparison with fullerene based counterparts, transmission electron microscopy (TEM) and 

atomic force microscopy (AFM) characterizations were employed.114 In earlier reports, DPP based 

polymers show a substantial molecular self-aggregation (strong intermolecular interaction), 

which would easily induce the “nanofiber” blend networks in DPP polymer:fullerene blends. As 

shown in Figure 4.13 a and b, IEICO-4F-based blend film exhibits a homogenous intermixed 

morphology in TEM images, while ITIC-based films displays relatively dispersed domains.59 AFM 

images (Figure 4.13 c and d) show that the PBDTT-DPP:IEICO-4F blend features a smooth surface 

(root-mean square (RMS): 3.47 nm), whereas the ITIC based film exhibits a rougher surface with 

RMS exceeding 5 nm.  

 

Figure 4.13 The TEM images of blend films: PBDTT-DPP:ITIC (a) and PBDTT-DPP:IEICO-4F (b); The 

AFM images of blend films: PBDTT-DPP:ITIC (c) and PBDTT-DPP:IEICO-4F (d). 
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To further improve the potential of our PBDTT-DPP:IEICO-4F devices which was limited by fill 

factor, we modified the HTL and ETL by using a hybrid organic material and inorganic metal oxide, 

respectively, to improve the charge extraction capabilities, which has been proposed recently by 

Zhou et al. Figure 4.14 a and b depict the J-V characteristics and EQE curves for the resulting DPP 

devices with the modified HTL and ETL.205 As illustrated from Figure 4.14 a and Table 4.3, the FF 

is improved from 64.8% to 68.2% after the WOx incorporation into PEDOT:PSS at 1:1 volume ratio. 

The superior charge extraction of this hybrid HTL is reflected in the enhanced EQE in the 400-600 

nm spectral region compared to PEDOT-based devices (Figure 4.2b). The high conductivity AZO 

nanoparticles were spin-coated on top of active layer, then a thin organic Phen-NaDPO layer was 

casted on the AZO layer.206 Interestingly, all photovoltaic parameters show the enhancement 

with the hybrid AZO/ Phen-NaDPO ETL modification, delivering a champion PCE of 9.66% for 

PBDTT-DPP:IEICO-4F solar cells, which is the highest for DPP-based NFA solar cells.  

 

Figure 4.14 J–V characteristics (a) and spectrally resolved EQEs (b) of modified HTL and ETL 

interface layer of PBDTT-DPP:IEICO-4F system. HTL modification: PEDOT ： PSS:WOX 
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nanoparticles, HTL& ETL modification: HTL: PEDOT：PSS:WOX nanoparticles; ETL: Al doped ZnO 

nanoparticle (AZO) /Phen-NaDPO bilayer. 

Table 4.3. Photovoltaic parameters of the PBDTT-DPP:IEICO-4F devices with the modified HTL 

and ETL layer.  

Device Architeture 
Jsc 

(mA/cm2) 

Integrated Jsc 

(mA/cm2) 

Voc 

(mV) 

FF 

(%) 

PCE 

(%) 

Ave PCE 

(%)a 

ITO/PEDOT:WOX/Active 
layer/PhenNa-DPO/Al 

19.2 18.6 690 68.7 9.10 8.81 

ITO/PEDOT:WOX/Active 
layer/AZO/PhenNa-

DPO/Al 

19.8 19.0 695 70.2 9.66 9.26 

a: the average device performance is from 10 devices 

To better correlate the photovoltaic performance improvement and charge extraction process 

with HTL and ETL modification, transient photocurrent (TPC) technique was applied to measure 

the charge extraction process.207 Figure 4.15 examines the turn-on and turn-off dynamics of 

devices with HTL and ETL modification using long light pulse excitations (50 us), allowing the 

current density to reach the steady-state conditions. For devices with the modified HTL and ETL, 

the current density was faster to reach Jsc condition compared to control and HTL modification-

only devices. More interestingly, the HTL&ETL modification devices show a faster charge 

extraction than control and HTL modification-only devices. These two observations are in line 

with the higher FF in the optimized devices. 
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Figure 4.15 Transient photocurrent in response to a 50 µs pulse for reference, HTL modification-

only and HTL&ETL modification devices. 

4.3 Conclusion 

In conclusion, by combining a low-lying ionization potential DPP polymer donor (PBDTT-DPP) and 

low band gap IEICO-4F as electron-acceptor, we obtained the best PCE of 9.66% with interface 

engineering. When compared with ITIC blend (PCE=3.70 %), an optimal blend morphology with 

stronger molecular packing, enhanced charge generation and suppressed recombination allows 

efficient charge transport in the PBDTT-DPP:IEICO-4F based devices. Moreover, a low Eloss of 0.57 
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eV along with high EQEmax (>70%) is achieved with PBDTT-DPP:IEICO-4F system for the first time 

using DPP-donor based devices. Our results demonstrate the potential of high efficiency DPP 

polymer donor:non-fullerene acceptor OSC devices, and provide guideline for future molecular 

design of NFAs for DPP-based polymer donors.  
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Chapter 5  

Controlling Blend Morphology for Ultra-High Current Density in Non-Fullerene 

Acceptor Based Organic Solar Cells 

 

In this report, we highlight a system with a well-known polymer donor (PTB7-Th) blended with a 

narrow bandgap non-fullerene acceptor (IEICO-4F) as active layer and 1-chloronaphthalene (CN) 

as the solvent additive. The optimization of the photoactive layer nanomorphology yields short-

circuit current density value of 27.3 mA/cm2, one of the highest value in organic solar cells 

reported to date, which competes with other types of solution processed solar cells such as 

perovskite or quantum dot devices. Along with decent open-circuit voltage (0.71V) and fill factor 

values (66%), a power conversion efficiency of 12.8% is achieved for the champion devices. 

Morphology characterizations elucidate that the origin of this high photocurrent is mainly due to 

increased π-π coherence length of the acceptor, the domain spacing as well as the mean-square 

composition variation of the blend. Optoelectronic measurements confirm a balanced hole and 

electron mobility and reduced trap-assisted recombination for the best devices.  Further details, 

such as molecule charazation and supporting information, can be found in the article: “X. Song, 

N. Gasparini, L. Ye, H. Yao, J. Hou, H. Ade, D. Baran, Controlling blend morphology for ultrahigh 

current density in nonfullerene acceptor-based organic solar cells, ACS Energy Letters 2018, 3 , 

669-676.” And Reproduced (or 'Reproduced in part') with permission from ACS Energy Letters, 

Copyright [2018] American Chemical Society. The permission of the article used in this thesis can 

be found in Appendix B. 
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5.1 Research Motivation 

High photo-current density (Jsc) along with high open-circuit voltages (Voc) is a sine-qua-non for 

champion efficiency organic solar cells (OSC). In the case of OSCs, band gap engineering can be 

utilized to lower the band gap of materials (usually donor) for efficient photon harvesting and 

higher Jsc; however, some of the achievable Voc would be lost in the meantime due to decreased 

effective energy gap between donor and acceptor (usually fullerene derivative, i.e. PC61BM or 

PC71BM). 208–210 For example, diketopyrrolopyrolle (DPP) derivatives possessed remarkably high 

Jsc but suffered from low Voc due to low lying lowest unoccupied molecular orbital (LUMO) of 

fullerene derivatives.113 The low absorption profile of PC61BM or PC71BM in the visible and near-

infrared (NIR) region also limited the photon capture ability of these devices. In the last decade, 

the urge for fullerene replacements for higher Voc whilst maintaining high Jsc has been of 

significant interest to synthesis groups in the field of OSCs.161 Recently, small molecule non-

fullerene acceptors (NFA) emerged as superior alternatives to fullerene derivatives. These 

materials provide strong absorption coefficient along with energy level tunability that can 

maximize the Voc and Jsc when low band gap derivatives are used to harvest photons matching 

the solar flux in NIR region.  

Recent report shows that the Jsc obtained in  NFA-based OSCs  can reach values over 25 mA/cm2 

(Figure 1a, the photocurrent values as a function of band gap for photovoltaics and SQ limit), 

which is comparable with other state-of-the-art technologies (perovskites, quantum dots).108,211–

213 However, low FF of these devices limit the PCE to 10%. Amorphous or less-crystalline high 

efficiency donor polymers such as PTB7-Th allows rapid polaron conversion and intermixed nano-

morphology but the devices suffer from the FF for thick active layers which is necessary for scale-
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up procedures. Therefore, these devices are optimized for ~100nm thick active layer which is not 

optimal for roll-to-roll applications and thick active layers using these donors would be desirable. 

Controlling the nano-morphology by  improving the face-on orientation in the active layer and 

reduced recombination losses would improve the photo-to-current conversion along with FF. 

Combining with device engineering,  the performance can be improved to close the gap to SQ 

limit, which would further bring OPVs competitive with other solution processable photovoltaic 

solar cells.37,214,215  

In this work, we report an ultra-high photo-current along with a decent FF obtained from a 

medium band gap polymer donor PTB7-Th and a low band gap NFA (IEICO-4F) system by 

controlling the morphology evaluation with solvent additive treatment. In the optimal conditions 

(4% 1-chloronaphthalene (CN) v/v), we achieve a current density of up to 27.3 mA/cm2 (26.5 

mA/cm2 average) and a PCE of 12.8% without further post-annealing treatment or interfacial 

modifications. We determine that a sufficient amount of CN plays a crucial role to simultaneously 

increase the face-on orientation, NFA crystallization and coherence length as demonstrated by 

grazing incidence wide-angle X-ray scattering (GIWAXS), as well as improving the average domain 

purity as shown with R-SoXS, thus contributing to the improvement of Jsc and FF. Besides, we 

elucidate the origin of high photocurrent by understanding the photo-physics of the champion 

devices varying the amount of CN. We conclude that PTB7-Th:IEICO-4F devices with 4% CN exhibit 

lower trap-assisted recombination and balanced hole/electron mobility, leading to one of the 

highest photo-current polymer:NFA solar cell devices reported so far. 
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5.2 Results and Discussion 

The chemical structures of PTB7-Th and IEICO-4F are shown in Figure 5.1b. Normalized 

absorbance spectra and absorption coefficient of neat films are shown in Figure 5.1c. As 

previously reported, IEICO-4F is an ultra-narrow bandgap NFA material with an absorption 

window in the range from 600 nm to 1000 nm.216 In order to obtain reproducible device 

performance and stability, we utilize inverted device configuration (ITO/ZnO(~35 nm)/Active 

layer(~150 nm)/MoOx(~5 nm)/Ag(~100 nm)) with a fixed donor:acceptor ratio (1:1.5, w:w) and 

host solvent (CB). All parameters of energy levels in the device configuration are obtained from 

the literature (shown in Figure 1d). 
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Figure 5.1 a) The map of bandgap vs Current Density with the lines of SQ limit; b) Chemical 

structures of PTB7-Th and IEICO-4F; c) Normalized thin film absorbance of PTB7-Th and IEICO-4F; 

d) the energy alignment of the materials used in the inverted solar cell. 

Figure 5.2a and Table 5.1 describe the current density (J)- voltage (V) curves and photovoltaic 

parameters of PTB7-Th:IEICO-4F devices under 100 mW/cm2 light illumination. Interestingly, the 

addition of 4% CN improves Jsc from 23.7 mA/cm2 to 27.3 mA/cm2 and FF from 53.6% to 65.6%. 

The improvement of these two parameters pushes the PCE from 9.23% to 12.8%, an 

enhancement of 38.7%. However, further addition of CN (7% v/v) decreases the current density 

(24.5 mA/cm2), whilst maintaining the FF. In addition, we obtain a PCE of 12.1% with a thickness 

~200 nm, which is promising for roll-to-roll or sheet-to-sheet coating processing for commercial 

applications. In order to ensure the reproducibility of the device results, we constructed more 

than 40 cells and made the corresponding current density distribution histogram, with an average 

Jsc of 26.5 mA/cm2 (Figure 5.2b). To further confirm the Jsc values, we carry out external quantum 

efficiency (EQE) measurements. As shown in Figure 5.2c, all EQE curves have a broad wavelength 

response (ranging from 400 nm to 1000 nm). Notably, the calculated Jsc values integrated from 

EQE data is less than 5% mismatch as compared to the values extracted from the J-V 

characteristics. In detail, 0% CN devices exhibit EQE values lower than 80% between 600-900 nm, 

while flat EQE curve with values up to 90% in the same region is presented in 4% CN cells. In 

contrast, 7% CN devices show lower EQE values in comparison with that of 4% CN devices, 

especially in the range of 700 nm to 900 nm (corresponding to IEICO-4F), suggesting that  an 

excessive amount of CN has a negative effect on the current generation.217 The high EQE values 

obtained for 4% CN devices should lead to an internal quantum efficiency close to unity. Thus, 
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we performed ellipsometry measurements to calculate the n, k values of PTB7-Th:IEICO-4F blend 

(Figure 5.3e).  According to the method proposed by McGehee group,218 we calculated for this 

blend an internal quantum efficiency (IQE) of over 90% in the range of 600 nm to 850 nm (Figure 

5.4f), suggesting an efficient photon-to-charge carriers conversion and carriers collection at the 

electrodes for 4% CN devices. 

 

Figure 5.2 a) Current-Voltage characteristics (J-V) of PTB7-Th:IEICO-4F with different content of 

CN under 100 mWcm-2 light illumination; b) The current density distribution histogram; c) 

External quantum efficiency (EQE) (left side) and corresponding integrated current density of the 



 127  
 

devices (right side); d) Absorption coefficient spectra of thin films of PTB7-Th:IEICO-4F blends 

with different content of CN.  

 

Table 5.1. Photovoltaic performances and hole, electron mobility of solar devices based on 

PTB7-Th:IEICO-4F blend film with 0% CN, 1% CN, 4% CN and 7% CN, respectively. 

Blend 
Film 

Jsc  
(mA/cm2) 

Integrated Jsc 
(mA/cm2) 

Voc 
(mV) 

FF 
(%) 

PCE 
(%) 

Ave 
PCE 
(%)a 

0% CN 23.7 23.1 736 53.6 9.41 9.23 

1% CN 24.1 23.9 734 56.3 9.97 9.72 

4% CN 27.3 26.8 712 65.7 12.8 12.1 

7% CN 24.5 24.3 699 65.5 11.2 10.7 

a: the average device performance is from 10 devices. 
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Figure 5.3 The detailed device performance (a:current density; b:voltage; c:fill factor; d: power 

conversion efficiency) of different amount of CN additives ; e) the n,k values and f) calculated IQE 

(red line) of the champion cells assuming EQE=IQE/absorbance using ellipsometry measurement.  

Photoluminescence (PL) quenching is also an excellent complementary tool to infer details about 

exciton dissociation which is often correlated to Jsc.219 The PL quenching of PTB7-Th in PTB7-

Th:IEICO-4F blends (Figure 5.4) shows interesting trends when excited at 682 nm and the results 

are summarized in Table 1. Notably, the emission peak of pure PTB7-Th (centered at 775 nm) is 

quenched by 87% and upon addition of IEICO-4F suggesting efficient exciton dissociation in the 

blend. The PL quenching yield increases up to 96% until 4% CN based blends suggesting an 
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optimal morphology for efficient photoinduced charge transfer and thus a higher Jsc of the 

corresponding devices. However, higher loading of CN (7%) lead to 87% exciton quenching for 

the PTB7-Th emission peak compared to 4% CN blend, which is due to reduced exciton 

dissociation in this blend, contributing to yielding slightly lower Jsc in the 7% CN devices compared 

to 4% CN cells.  

 

Figure 5.4 The PL quench curves from PTB7-Th (excited at 682 nm) from the blend film with 0% 

CN, 1% CN, 4% CN and 7% CN. 

In general, the ability to convert light into current is often related to the absorption strength of 

the active layer. Thus, we investigate the absorption coefficient of PTB7-Th:IEICO-4F active layers 

with different CN ratio (Figure 5.2d). Although the donor:acceptor weight ratio is kept at 1:1.5 in 

the film without CN, the peak coefficient ratio between the donor and the acceptor without CN 

is less than 1 because of the different absorption coefficients of PTB7-Th and IEICO-4F (Figure 

5.5). On the contrary, the peak ratios of blends with 1% CN and 4% CN are greater than and near 

1, respectively, which is attributed to the NFA aggregation (discuss later in the GIWAXS part). This 
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tendency is consistent with the increase in EQE between 700-900 nm. It is worth mentioning that 

blend films with 4% CN depict the highest absorption coefficient with a balanced contribution 

from donor and acceptor materials, which is in agreement with the highest Jsc and EQE values.  

 

Figure 5.5 (a) The thin film absorption coefficient curves of pristine PTB7-Th and IEICO-4F and (b) 

normalized absorbance curves of blend films with different amount of CN. 

 

To check the impact of CN on the molecular packing and texture, we characterize the PTB7-

Th:IEICO-4F films by 2-dimensional grazing incidence wide X-ray scattering (GIWAXS).220 2D 

GIWAXS patterns and 1D out-of-plane (OOP) and in-plan (IP) line-cuts of pristine PTB7-Th and 

IEICO-4F films are illustrated in Figure S6. For the polymer:NFA blends, the 2D GIWAXS patterns 

(Figure 5.6 a-d) and pole Figures (Figure 5.6f), exhibit a preferable face-on orientation ascribed 

to the strong (010) reflection of π-π stacking in the OOP direction (Figure 5.6e) observed for all 

samples.221 The IP line-cuts of these blend films are depicted in Figure S7. Overall, the absence of 

strong higher order (h00) peaks indicates paracrystalline disorder and a low degree of crystallinity. 
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The coherence lengths (CL) calculated from the full-width at half maximum (FWHM) of OOP π-π 

stacking peaks (Figure 5.6e) via Scherrer equation are summarized in Table 5.2. With the addition 

of CN, modest changes of the CL in polymers are observed. Whereas, in the acceptor IEICO-4F 

part, the CL significantly changes from 2.8 nm to 4.0 nm when CN is introduced, indicating that 

CN mainly affects the molecular aggregation of IEICO-4F, with the highest impact for 1% CN 

loading, which is consistent with the absorption spectra and atomic force microscopy (Figure 5.7).  

 

Figure 5.6 GIWAXS 2D patterns of PTB7-Th:IEICO-4F blend film with a) 0% CN, b) 1% CN, c) 4% CN 

and d) 7% CN respectively; e) GIWAXS out-of-plane (OOP) profiles of the blends with different 

amounts of CN; f) Corrected pole Figure of (100) peaks of the blend films with different amounts 

of CN; g) Face-on-to edge-on ratio as a function of CN amount used; h) Lorentz corrected R-SoXS 

profiles of PTB7-Th:IEICO-4F blend films with different amount of CN.  
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Figure 5.7 AFM topography (a,b,c,d) and phase images (e,f,g,h) of PTB7-Th:IEICO-4F blend film 

with 0% CN, 1% CN, 4% CN and 7% CN, respectively. The RMS of blend film is 0.91 nm (0% CN), 

6.02 nm (1% CN), 3.22 nm (4% CN) and 2.75 nm (7% CN), respectively. 

From our solubility test, the NFA solubility limit is about 25 mg/ml and PTB7-Th is nearly 10 mg/ml 

in CN solvent, respectively. Furthermore, the boiling point of CB is nearly 120 oC, which is 

significantly lower that of CN (~269 oC). It is reported in literature that the addition of high boiling 

point additives (such as CN) increase the molecular packing of both the donor and acceptor 

molecules. We believe that the different drying speed of the mixed solvent with high boiling point 

additive and different donor and acceptor solubility are the driving force for such increased CL. 

Additionally, the face-on to edge-on ratios (Figure 5.6g)  can be extracted from pole Figures of 

the (100) peak.83 Our results indicate 4% CN blends show a face-on to edge-on ratio of ~4.3, which 

is much higher than other three blends (~3.7). Quantification of OOP π-π stacking intensity via 

the integration of NFA peak yields a similar trend, and the highest intensity is achieved in 4% CN 

films, indicating a more ordered packing of NFA. Face-on orientation is widely observed in high-
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performance organic solar cells and considered as a favorable texture for intermolecular charge 

transport. It is thus not surprising that the best Jsc of the 4% CN devices corresponds to the highest 

face on/edge on ratio.  

To understand the mesoscale morphology of these blends, we employ resonant soft X-ray 

scattering (R-SoXS) to compare their compositional domain characteristics following our 

previously established protocols.177 The R-SoXS profiles (Figure 5.6h) are acquired at the resonant 

energy (~283 eV) to get high scattering contrast for these NFA blends. By increasing the CN 

amount, the long period (center-to-center domain spacing) slightly increases from 30.0 nm, 31.4 

nm and 33.0 nm, with 1%, 4% and 7% CN, respectively. We note the q-range of our R-SoXS data 

is not wide enough to detect all the length scales, however, it will likely not affect the trend of 

our analysis as the high-q peaks (10-50 nm) are more closely related to the device performance 

compared to the low-q peaks. The integrated scattering intensity (ISI), a measure proportional to 

the mean-square variations (i.e. variance) of the composition, is widely used to quantify the 

relative average domain purity across samples. Higher ISI indicates purer domain and is often 

associated with reduced bimolecular recombination. The ISI of the 4% CN film is set to 1 as a 

reference (see Table 5.2), and the relative ISI for 0% CN, 1% CN and 4% CN are measured as 0.50, 

0.63, 1.00, respectively, in good agreement with increased FF. On the contrary, an excess amount 

of CN (7%) reduces the relative ISI to 0.59. It is worth noting that a closer inspection of the R-

SoXS profile for 7% CN reveals a second peak located at ca. 0.1 nm-1 absent from the other devices, 

which corresponds to a much larger spacing of ~60 nm. This larger length of phase separation 

may belong to a liquid-liquid phase separation, which is due to the slower drying process in the 

7% CN film.136 Despite lower scattering intensity for 7% CN film, the PTB7-Th:IEICO-4F devices 
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exhibit decent fill factor values (65%) likely due in part to the balanced charge carrier mobility of 

this device system (Table 5.3), which still allows efficient charge extraction. We will discuss 

further details of this special case below. 

Table 5.2. The GIWAXS and R-SoXS parameters of PTB7-Th:IEICO-4F blend films with 0% CN, 1% 

CN, 4% CN and 7% CN, respectively. 

Blend Film 
Peaks 
(Å-1) 

Polymer, NFA 

FWHM 
Polymer, 

NFA 

OOP π-π 
Coherence 

Length (nm) 
Polymer, NFA 

NFA 
intensity 

Long 
Period 
(nm) 

ISI 

0% CN 1.64, 1.78 0.48, 0.20 1.2, 2.8 0.71 30.1 0.50 

1% CN 1.68, 1.81 0.48, 0.14 1.2, 4.0 0.62 30.0 0.63 

4% CN 1.66, 1.80 0.54, 0.14 1.1, 4.0 1.00 31.4 1.00 

7% CN 1.66, 1.81 0.51, 0.14 1.1, 4.0 0.90 33.0 0.59 

 

One common method to elucidate recombination is to investigate the J-V characteristics under 

different light intensity (P).173 The relationship between Jsc and P can be described as Jsc ∝Pα, 

where α represents a power-law exponent. A linear relationship indicates a negligible effect of 

bimolecular recombination to the extracted current, whereas, α<1 suggests that bimolecular 

recombination become a limiting factor to the device performance. As shown in Figure 5.8a, the 

α values of 0%, 1%, 4% and 7% CN cells, are determined to be 0.971, 0.975, 0.986 and 0.973, 

respectively, showing that the addition of CN suppresses bimolecular recombination initially, 

which then improves Jsc and FF. Again, the trend is broken between the 4% and 7% devices. 

Moreover, the dependency of Voc vs P gives information about trap state formation. In particular, 
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by following theoretical considerations, Voc linearly depends on the light intensity with a slope of 

nkT/q (1<n<2), where k is Boltzmann’s constant, q is elementary charge, n is scaling factor, and T 

is Kelvin temperature.88 Trap-assisted recombination is identified with a strong dependence of 

Voc on light intensity with a slope of 2 kT/q (at 300 K), while a slope of kT/q is a signature of purely 

bimolecular recombination or surface recombination. From Figure 5.8b, it is clear that the devices 

with 4% CN have the lowest trap-assisted recombination (1.42 kT/q). Further increasing the 

amount of CN to 7% causes stronger trap-assisted recombination (1.60 kT/q), due to the lower 

domain purity compared to 4% CN based devices.  

Table 5.3. Hole, electron mobility of solar devices based on PTB7-Th:IEICO-4F blend film with 

0% CN, 1% CN, 4% CN and 7% CN, respectively. 

Blend Film 
μh 

(cm2V-1s-1) 
μe 

(cm2V-1s-1) 
μe/μh 
ratio 

0% CN 9.35×10-5 4.56×10-5 0.49 

1% CN 1.26×10-4 9.47×10-5 0.75 

4% CN 1.42×10-4 1.48×10-4 1.04 

7% CN 1.56×10-4 1.72×10-4 1.10 
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Figure 5.8 a,b) The Jsc and Voc versus light intensity based on devices with different amount of CN; 

c) Comparison of hole and electron mobility of PTB7-Th:IEICO-4F blend film with 0% CN, 1% CN, 

4% CN and 7% CN, respectively; d) Open-circuit voltage as a function of charge density of PTB7-

Th:IEICO-4F blend film with 0% CN, 1% CN, 4% CN and 7% CN, respectively.  

To better understand the charge transport as a function of solvent additive, we measure 

hole/electron mobility by space charge limited current (SCLC) method. As shown in Figure 5.8c, 

Table 1 and Figure 5.9, the values of hole and electron mobilities are enhanced with increasing 

the CN content in the blend (hole: 9.35×10-5 cm2V-1s-1  to  1.56×10-4 cm2V-1s-1 electron: 4.56×10-5 

cm2V-1s-1  to  1.72×10-4 cm2V-1s-1 , respectively).222 This is partly due to the more ordered molecule 
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packing, which can assist the charge transport in the D/A networks. It is reported in literature 

that unbalanced μe/μh ratio (more than an order of magnitude) can affect the FF values.223 In our 

case, there is an improvement in the both hole and electron mobilities upon CN addition (Figure 

5.8c) but not much difference in the μe/μh was observable which is not the sole reason for 

improved FF values in solar cell devices.223 

 

Figure 5.9 Experimental dark current densities as a function of effective voltage for a) hole-only 

diodes and b) electron only diodes prepared of PTB7-Th:IEICO-4F blend film with 0% CN, 1% CN, 

4% CN and 7% CN, respectively. 

To make a deeper investigation of the origin of reduced Voc after the addition of CN, we calculate 

the charge-carrier density (n) using charge extraction (CE) technique. Figure 5.8 d depicts the 

measured average n as a function of Voc. It is apparent that, at equivalent charge densities 

(shaded region), corresponding to 1 sun irradiation, pristine devices show the highest Voc. The 

addition of 1%, 4% and 7% CN blends exhibit 20 mV, 34 mV and 30 mV lower open-circuit voltages 

compared to pristine devices, respectively. As reported earlier by Holliday et al., this reduced Voc 
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can be explained by the more ordered microstructure (confirmed by GIWAXS measurements) 

and reduced electronic bandgap in the BHJ blends. 

Many of the measurements performed showed a distinct break in the trends once the CN 

concentration was increased from 4% to 7%: The PTB7-Th PL quenching showed maximum 

quenching at 4%, the R-SoXS exhibited maximum purity at 4% and a more complex two-length 

scale morphology for 7%, bimolecular recombination was minimized at 4%, packing (coherence 

length, face-on texture) was optimized at 4%.176 Not all of these observations are readily 

understood within a paradigm of a uniform 3D morphology. The relative composition variations 

do not correlate completely with FF across all devices. We note though that the edge-on/face-on 

orientation populations including the large disordered fractions not observable with WAXS would 

change the R-SoXS materials contrast, necessitating a complex analysis and normalization that 

we did not perform and that is, along with details about the morphology formation kinetics, 

outside the scope of this initial report. Furthermore, vertical stratification can occur, which would 

lower the scattering intensity, but might aid FF. Neither of these possible subtleties of the 

morphologies are central to the main observations and achievements presented.224  

5.3 Conclusion 

In conclusion, we achieved ultra-high photocurrent of 27 mA/cm2 in PTB7-Th:IEICO-4F blend, by 

fine-tuning the active layer morphology, which is comparable with competing photovoltaic 

technologies based on perovskites and quantum dots. The optimal dosage of CN (4%, v/v) yields 

larger π-π coherence length and face-on/edge-on ratio. Optical and electronic measurements 

confirm the increased charge transport and reduced recombination for optimal devices with 4% 
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CN additive which then result in 12.8%. A high performance of 12% is achieved with active layer 

thicknesses close to 200 nm which is very unusual and unique with an amorphous polymer PTB7-

Th. We envision that designing novel ultra-low band gap materials with controlled molecule 

packing, nanomorphology and charge recombination is a promising route for future OPV 

applications with high efficiencies. 
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Chapter 6  

Dual Sensitizer and Processing-aid Behavior of Donor Enables Efficient Ternary 

Organic Solar Cells 

 

Herein, we report ternary organic solar cells with a power conversion efficiency (PCE) of 14.0%. 

By incorporating 10 wt% of BIT-4F-T in the PTB7-Th:IEICO-4F blend, we obtain an enhancement 

of all photovoltaic parameters compared to the binary devices leading to a 15% performance 

improvement in ternary blend. The high photocurrent in 10% BIT-4F-T blend, partially results 

from a complementary absorption profile of donor components and a hole transfer from BIT-4F-

T to PTB7-Th. In depth morphological and device characterizations reveal that the addition of 

10% BIT-4F-T acts not only as a sensitizer but also as a solid processing-aid, which is beneficial for 

both the charge generation and transport. The ability of the third component to enhance the 

performance of binary blends is observed in other polymer blend systems, including non-

fullerene and fullerene OSCs. Our study demonstrates that careful selection of a third 

component, such as BIT-4F-T where dual sensitizing and processing-aid effects are observed, can 

be a design strategy to achieve a concomitant improvement in all the photovoltaic parameters 

in ternary devices. Further details, such as molecule charazation and supporting information, can 

be found in the article: “Dual Sensitizer and Processing-Aid Behavior of Donor Enables Efficient 

Ternary Organic Solar Cells, Joule 2019, 3, 846-857, X. Song, N .Gasparini, M. M. Nahid, SHK, 

Paleti, JL. Wang, H. Ade, D. Baran,.” And Reproduced with permission from Joule,  Copyright 

Elsevier (2019). The permission of the article used in this thesis can be found in Appendix A. 
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6.1 Research Motivation 

The development of bulk-heterojunction (BHJ) organic solar cells (OSCs) has set a new horizon 

with newly emerged small molecule acceptors (SMAs) that are not fullerene derivatives. SMAs  

based solar cells have been proven to outperform devices based on fullerene derivatives (such 

as PC61BM, PC71BM or ICBA), owing to the tunable absorption range of SMAs with band gap 

engineering and low non-radiative recombination.179,225 Along with interface engineering where 

fill factor (FF) values reached up to 80%, record power conversion efficiencies (PCEs) exceeding 

14% have been achieved in single junction binary BHJ devices.106,205 Recently, a low band gap 

small molecule acceptor consisting of indacenodithiophene (IDT) core flanked with fluorinated 

2-(3-oxo-2,3-dihydroinden-1-ylidene)malononitrile, IEICO-4F (1.25 eV), has shown a short-circuit 

current (Jsc) of up to 27 mA cm-2 in OSCs with commonly known donor PTB7-Th.226 This shows the 

potential of SMAs to achieve an ultra-high photocurrent and thus, it motivates the OPV field to 

improve the remaining photovoltaic parameters to further boost their performance.  

Between the strategies to further improve the PCE of BHJ-OSCs, e. g. tandem architectures, the 

addition of a third component is proven to be a promising method because of the easy fabrication 

in a single junction architecture.147,175 The third component (i.e. either a second donor D2, or a 

second acceptor A2) is used in minority amounts compared to the existing binary donor:acceptor 

(D1:A1) materials to form a ternary mixture.  Depending on the photon harvesting capabilities, 

this third component (can be a small molecule or polymer) can sensitize a different part of the 

solar spectrum compared to the binary D1:A1, which then contributes to the photocurrent, or can 

be energetically aligned to improve the open-circuit voltage (Voc) in the ternary devices.193,227 

Carefully selecting and incorporating a third component can also improve the solid-state 
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morphology of the binary components, and thus, act as a processing-aid; this strategy has been 

shown in previous reports to benefit FF.146 Although it is relatively easy to select a third 

component which satisfies one of these two criteria; the formation of optimal nano-morphology 

and subsequent improvement of all photovoltaic parameters is non-trivial.  

In this work, we report a general design strategy for ternary solar cells where the third 

component simultaneously improves all the photovoltaic parameters as compared to their binary 

counterparts. A small molecule donor consisting of IDT core coupled with thiophene and 

difluorobenzothiadiazole, BIT-4F-T, has been carefully chosen as a third component into PTB7-Th 

binary blends with numerous acceptors with a number of reasons: 1) BIT-4F-T has a deeper 

ionization potential (IP)  level than that of PTB7-Th (used as donor in this study for binary devices), 

allowing Voc modulation;170 2) in fullerene binary solar cells, using BIT-4F-T has shown to suppress 

geminate recombination; and 3) it possesses a semi-crystalline nature compared to PTB7-Th, 

which is proven to be useful in improving the molecular packing of the donor PTB7-Th in the 

ternary system and thus, BIT-4F-T aids the processing for an optimal nanomorphology. Indeed, 

grazing incidence wide-angle x-ray scattering (GIWAXS) patterns show that the optimal content 

of BIT-4F-T (10 wt%) in PTB7-Th:IEICO-4F binary blend acts as a solid processing-aid that not only 

decreases the π-π stacking distance of PTB7-Th, but also increases the alkyl stacking coherence 

length of PTB7-Th when compared to its binary counterpart and thus, improves the overall  

nanoscale morphology.228 Furthermore, adding 10 wt% BIT-4F-T sensitizes photons in the range 

of 400 nm to 600 nm, facilitates more efficient charge generation and extraction, and reduces 

both the geminate and non-geminate recombination.145,229,230 Finally, Voc of the ternary devices 

improved gradually upon addition of BIT-4F-T due to an IP shift in the blend films. All these 
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improvements yield a Jsc of 27.3 mA cm-2, FF of 70.9 % and a Voc of 723 mV in the best devices 

with a power conversion efficiency (PCE) of 14.0 %, where concomitant improvement in 

photovoltaic parameters is observed compared to its binary counterparts. A series of ternary 

devices with BIT-4F-T were also fabricated with different SMAs including IEICO-4Cl, IEICO and 

fullerene derivative PC71BM showed a similar trend, suggesting a good generality with this third 

component for efficient ternary devices. 

6.2 Results and Discussion 

To investigate the photovoltaic performance of the ternary blends, the OSC devices are 

constructed in inverted architecture with ITO/ZnO(~35 nm)/Active Layer (~150 

nm)/MoOx(~7nm)/Ag(~100 nm) (Figure 6.1a). Figure 6.1b and c show the chemical structures of 

the materials and their respective normalized absorbance profiles. As depicted from Figure 6.1c, 

BIT-4F-T, PTB7-Th and IEICO-4F has an absorption range from 350 nm to 1000 nm, demonstrating 

the potential for harvesting more photons compared with PTB7-Th:IEICO-4F binary films. 

Moreover, the optimized ternary blend films exhibit a higher absorption strength than that of 

the binary system, suggesting improved nanoscale morphology which can be translated as 

photocurrent (Figure 6.2a).  
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Figure 6.1 a) Schematic of the inverted solar cell architecture used in this study. b) Chemical 

structures of the components forming the photoactive layer. c) Normalized absorbance profiles 

of the components depicted in (b). 
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Table 6.1. Key photovoltaic parameters of binary PTB7-Th:IEICO-4F (0% BIT-4F-T) and ternary 

PTB7-Th:BIT-4F-T:IEICO-4F (0.9:0.1:1, 10% BIT-4F-T) and PTB7-Th:BIT-4F-T:IEICO-4F (20% BIT-4F-

T), extracted from the J-V curves at 100 mW cm-2 illumination. 

Blend Film 
Jsc 

(mA cm-2) 
Voc 

(mV) 
FF 
(%) 

PCE 
(%) 

Ave PCE 
(%)a 

0% BIT-4F-T 26.7 713 65.1 12.4 11.8 

10% BIT-4F-T 27.4 720 69.2 13.7 13.2 

10% BIT-4F-Tb 27.3 723 70.9 14.0 13.6 

20% BIT-4F-T 24.1 728 64.7 11.4 10.7 

a: Average values obtained from 30 devices. b: using conventional architecture with the layer 

stack of ITO/PEDOT:PSS:WOx/Active layer/Phen-NaDPO/Ag. 

Figure 6.2b depicts the current density-voltage (J-V) characteristics of PTB7-Th:IEICO-4F and 

PTB7-Th:BIT-4F-T:IEICO-4F devices under simulated AM 1.5G solar irradiance (100 mW cm-2) and 

Table 6.1 summarizes the key photovoltaic parameters of the corresponding photovoltaic devices. 

Binary PTB7-Th:IEICO-4F (called 0% BIT-4F-T in this work) devices yield a PCE of 12.4% with the 

Jsc of 26.7 mA cm-2, Voc of 713 mV and FF of 65.1% , similar to the previously reported 

performance.226 Interestingly, the PTB7-Th:BIT-4F-T: IEICO-4F (0.9:0.1:1, called 10% BIT-4F-T in 

this work)  ternary device exhibits the champion performance with concomitant increase in all 

the PV parameters up to 27.4 mA cm-2 Jsc, 720 mV Voc and a FF of 69.2 % with efficiency of 13.7%. 

However, further increasing the amount of the third component (0.8:0.2:1, called 20% BIT-4F-T 

in this work), in fact, results in a decrease of Jsc and FF, while Voc is slightly increased. In order to 

explain the increase in Voc as a function of BIT-4F-T addition, we carried out photoelectron 

spectroscopy in air (PESA) measurements, where the IP of the two donor mixtures were tracked 
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(Figure 6.3). We observed that the IP of the donor blend is shifted to a higher energy values 

(shifted down), which is in line with the increasing Voc in ternary devices upon BIT-4F-T addition.  

 

Figure 6.2 a) Absorption coefficient for binary PTB7-Th:IEICO-4F and ternary PTB7-Th:BIT-4F-

T:IEICO-4F blends with 10% and 20% BIT-4F-T addition b) Current density – voltage (J-V) 

characteristics at 1 sun equivalent illumination of the devices, c) External quantum efficiency 

(EQE) and integrated photocurrent measured for the corresponding devices in (b) an

for 10% and 20% BIT-4F-T ternary blends with respect to the binary PTB7-Th:IEICO-4F device. 
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Figure 6.3 Photoelectron spectroscopy measurements for pristine PTB7-Th, BIT and IEICO-4F and 

different D1:D2 blends. 
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Figure 6.4 The current density – voltage (J-V) characteristics at 1 sun equivalent illumination of 

the devices (a): The binary and ternary of PTB7-Th:IEICO-4F with different HTL. 

Table 6.2. Key photovoltaic parameters of conventional binary PTB7-Th:IEICO-4F and ternary 

PTB7-Th:BIT-4F-T:IEICO-4F (0.9:0.1:1, 10% BIT-4F-T) devices with PEDOT:PSS HTL and hybrid 

PEDOT:PSS:WOx HTL, extracted from the J-V curves at 100 mW cm-2 illumination. 

PTB7-Th:IEICO-4F HTL 
Jsc 

(mA cm-2) 
Voc 

 (mV) 
FF 
(%) 

PCE 
(%) 

Ave PCE 
(%)a 

Binary  
PEDOT:PSS 

25.2 708 61.2 10.9 10.5 

Ternary 
PEDOT:PSS 

26.8 723 68.5 13.3 12.9 

Binary 
PEDOT:PSS:WOx 

26.2 708 65.3 12.1 11.6 

Ternary 
PEDOT:PSS:WOx 

27.3 723 70.9 14.0 13.6 

a: Average values obtained from 30 devices. 
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Recently, Zhou and co-workers reported that mixing tungsten oxide (WOx) nanoparticles with 

PEDOT:PSS emulsion as a hybrid hole-transporting layer (HTL) is an efficient strategy to 

significantly improve the FF in organic solar cells.205 To further enhance our ternary device 

performance, we utilized this hybrid HTL composites (PEDOT:PSS:WOx, 1:1 volume ratio) to 

construct the normal device configuration of ITO/HTL (~40 nm)/Active layer(~150 nm)/ phenyl(2- 

naphthyl)diphenylphosphine oxide (DPO) (~5 nm)/Ag(~100 nm), where DPO is the cathode 

modification layer.231207 As shown in Figure 6.4 and Table 6.2, benefiting from the advantages of 

PEDOT:PSS:WOx HTL, the best PCE of 10% BIT-4F-T ternary blend devices is up to 14.0% with the 

modified HTL, along with a 27.3 mA cm-2 Jsc, 723 mV Voc and 70.9% FF, an enhancement of 15% in 

comparison with the binary blend counterpart (12.1%). The PCE distribution from 30 devices 

(from different fabrication batches) for binary and ternary devices is represented in Figure 6.5, 

represents a good reproducibility of this ternary system.  

 

Figure 6.5 The 30 devices’ performance distribution of binary and ternary devices with 

PEDOT:PSS:WOx HTL. 
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The external quantum efficiency (EQE) measurements are performed to study the light-to-

current conversion of binary and ternary devices. The integrated Jsc values from the EQE traces 

matches the current densities extracted from the J-V curves with a margin of less than 10%. As 

shown in Figure 6.2c, 10% BIT-4F-T ternary devices depict slightly higher EQE compared to the 

binary devices, whereas higher loading of BIT-4F-T decreases the photocurrent. To verify our high 

photocurrent, we calculated the internal quantum efficiency (IQE) for binary and ternary 

blends.232 A maximum IQE value of over 90% was observed between 600−620 nm in both the 

binary and ternary systems. (Figure 6.6b). We clearly observe that IQE is higher in the ternary 

system, especially in the spectral region where IEICO-4F absorbs, demonstrating that the 

orientation/nanostructure of IEICO-4F is also improved upon addition of BIT-4F-T. These findings 

are consistent with the results from the GIWAXS characterization (discussed below), suggesting 

more efficient photon-to-charge carrier conversion and carrier collection at the electrodes for 

the ternary devices.  
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Figure 6.6 (a) The n,k values and (b) calculated IQE (red line) of the champion cells assuming 

IQE=EQE/1-R-PA, where R and PA are the reflection and the parasitic absorption, respectively, 

using ellipsometry measurements and transfer matrix. 

The different light-to-photon conversion capabilities of ternary devices are displayed in Figure 

6.2d, by tak ternary – EQEbinary), into account. 233 In this representation, 

we can clearly see the contribution of 10% BIT-4F-T to current generation at ~ 400 nm and 

between 500-600 nm, which is due to the charge transfer from BIT-4F-T to PTB7-Th. To verify this 

hole transfer, we fabricated hole-only bilayer devices with a configuration of ITO/PEDOT/BIT-4F-

T/PTB7-Th/MoOx/Ag (Figure 6.7a). This method has proven particularly useful for revealing the 

electronic processes in ternary blends, without the need of ultra-fast techniques, such as 

transient absorption spectroscopy. The asymmetric behaviour of the corresponding J-V curve 

demonstrates a hole transfer occurs from BIT-4F-T to PTB7-Th, which is in line with the energetic 

levels where the IP of BIT-4F-T lies lower than that of PTB7-Th (Figure 6.3), with the enhanced 

light to current conversion in the 500-600 nm range. However, this process would not be the sole 

reason for the increase in EQE over the whole region as shown in Figure 6.2d. BIT-4F-T also 

facilitates an optimal nanoscale morphology, which is in agreement with the absorbance profiles 

and the enhanced EQE in the 650-1000 nm (discussed in the following section).  
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Figure 6.7 a) Current density-voltage (J-V) characteristics of the bilayer hole-only device based 

on ITO/PEDOT/BIT-4F-T/PTB7-Th/MoOx/Ag; b) Open circuit voltage as a function of light intensity 

for the binary PTB7-Th:IEICO-4F, PTB7-Th:BIT-4F-T:IEICO-4F (10% BIT-4F-T) and PTB7-Th:BIT-4F-

T:IEICO-4F (10% BIT-4F-T) devices; c) Photocurrent density vs effective voltage for the same 

devices depicted in b); d) charge extraction measurements for binary and ternary devices. 
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Figure 6.8 Energy diagram schematic of the materials composing the photoactive layer and 

representation of the charge/energy transfer processes. 

To get a deeper insight into the recombination and transport processes in binary and ternary 

devices, we investigate the J-V curves as a function of light intensity to obtain initial information 

on the non-geminate recombination (bimolecular and trap-assisted recombination). In general, 

a slope of kT/q is expected for bimolecular recombination (where k  is Boltzmann constant, q is 

elementary charge and T is temperature) in the plot of Voc versus the natural logarithm of the 

light intensity.157,226 Differently, a signature of trap assisted recombination is pronounced by an 

enhanced dependence of Voc with light intensity (2 kT/q). As shown in Figure 6.7b, PTB7-Th:IEICO-

4F binary device (0% of BIT-4F-T) delivers a slope of 1.26 kT/q, suggesting a deviation from the 

linearity originated from traps.226 The trap assisted recombination is drastically reduced upon 

addition of 10% of BIT-4F-T (slope 1.09 kT/q), in agreement with the higher FF and better 
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performance obtained in the ternary device. On the other hand, higher loading of BIT-4F-T (more 

than 10%) have a detrimental effect on charge recombination, depicted by a higher deviation 

from the linearity (slope 1.30 kT/q). 172 Reduced trap-assisted recombination in 10% BIT-4F-T 

devices should facilitate the charge dynamics of the binary system. To demonstrate that, the 

photocurrent density (Jph) as a function of the effective voltage (Veff) are plotted in Figure 6.7c. In 

this Figure, Jph is defined as Jph =JL-JD, where JL and JD are the current density measured in the light 

and in the dark, respectively, whereas Veff is given by Veff =V0-V, where V0 and V are the 

displacement and applied voltage, respectively. In 10% ternary device, Jph quickly saturates 

around Veff ~ 0.3V, whereas both binary and 20% ternary devices depict a stronger field-

dependent extraction. It is worth to mention that in the extraction condition, in which we assume 

that all the photo-generated hole-electron pairs are dissociated into free charges and collected 

in their respective electrodes, the saturation current density (Jsat) is only limited by the absorbed 

photons. Therefore, calculating Jsat allows the estimation of the maximum rate of free charge 

carrier generation (Gmax) according to the equation: Jsat = GmaxqL , where q and L are the 

elementary charge and active layer thickness, respectively. We find Gmax values of 1.58x1022 cm-

3 s-1, 1.83x1022 cm-3 s-1 and 1.29x1022 cm-3 s-1 for 0% (binary), 10% and 20% ternary devices, 

respectively; in line with the trend of Jsc values calculated.109,129 A similar trend is also observed 

when considering charge generation at maximum power point of the J–V curves (Gmpp) and in 

short-circuit condition (Gsc). The 10% BIT-4F-T ternary device enhances both Gmpp (72%) and Gsc 

(91%) compared to that of binary (Gmpp =62% and Gsc =89%) and 20% ternary devices (Gmpp =60% 

and Gsc =85%). These results further confirm that addition of 10% of the third component 
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facilitates charge dissociation and extraction, leading to enhanced FF and Jsc for ternary solar 

cells.234 

In parallel, we perform charge extraction (CE) measurements to understand the recombination 

mechanisms.173 This technique allows the calculation of the charge carrier density (n) by 

monitoring the evolution of charges from Voc to Jsc conditions. As presented in Figure 6.8d, 10% 

ternary device exhibits the highest charge density (n=2.09x1016 cm-3) compared to binary 

(n=1.69x1016 cm-3) and 20% ternary (n=1.22x1016 cm-3) devices. The improved n in 10% ternary 

based devices well corroborates with the increased light to current conversion of the ternary 

devices, whereas trap assisted recombination observed for 0% BIT-4F-T and 20% BIT-4F-T blends 

results in a reduced charge extraction. In order to quantify the transport behaviours of the binary 

and ternary devices, we investigate the charge carrier mobility by photo-induced charge carrier 

extraction by linearly increasing voltage (photo-CELIV). Photo-CELIV traces of binary and ternary 

solar cells (Figure 6.9) shows similar charge carrier mobilities in the range of 4-5 x10-4 cm2V-1s-1, 

however, PTB7-Th:IEICO-4F displays a broader extraction peak compared to 10% ternary, 

suggesting a more dispersive transport behaviour.   
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Figure 6.9 Photo-CELIV traces of binary and ternary devises measured at a delay time of 100 us 

for binary PTB7-Th:IEICO-4F and ternary PTB7-Th:BIT:IEICO-4F (0.9:0.1:1, 10% BIT-4F-T) and 

PTB7-Th:BIT:IEICO-4F (0.8:0.2:1, 20% BIT-4F-T). 

So far, we provide evidence of different non-geminate recombination in binary and ternary 

devices, we now focus on geminate recombination to understand how charge photogeneration 

is influenced in the ternary devices resulting in high Jsc values. To understand this, we employ 

time delayed collection field (TDCF) technique to calculate the total extracted charge (Qtot) at 

different pre-biased voltages.235 TDCF measurements reveal that the total extracted charges for 

10% BIT-4F-T ternary device are field-independent whereas in binary blends Qtot depicts a field-

dependent behaviour (Figure 6.10). These results suggest that introducing only a low amount of 

BIT-4F-T not only improves the charge transport, but also reduces the geminate recombination 

of PTB7-Th:IEICO-4F system, yielding a Jsc of 27.3 mA cm-2 and a FF of 70% in the best devices. 
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Figure 6.10 Time-delayed collection field (TDCF) traces for binary PTB7-Th:IEICO-4F (0% BIT-4F-T) 

and ternary PTB7-Th:BIT:IEICO-4F (0.9:0.1:1, 10% BIT-4F-T). 

To fully understand the role of this third component (BIT-4F-T) on the performance improvement, 

we studied the active layer microstructure by probing the crystallinity and molecular packing 

using grazing-incident wide-angle X-ray scattering (GIWAXS) measurements.204 Firstly, as shown 

in Figure 6.11a-c, with the binary and both the ternary samples exhibiting π-π stacking peaks in 

the out of plane (OOP) direction, the molecular packing of both the donor moieties remain 

predominantly face-on oriented with respect to the substrate surface. Next, in order to 

understand the BIT-4F-T as a processing aid in details, we thoroughly analysed the GIWAXS data, 

and discerned the impact of individual component on the overall morphology. This was done by 

taking line-cuts from the GIWAXS patterns in the OOP direction (Figure 6.11d) and by assigning 

OOP peaks to individual components, see the supporting information for the details of the peak 

fit analysis.236 This comprehensive analysis enabled us to separate the scattering intensity of the 

BIT-4F-T peak in the ternary systems, and thus, to measure the impact of BIT-4F-T on the packing 
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motif of the donor PTB7-Th. Remarkably, we found that not only the d-spacing of PTB7-Th (π-π 

stacking) decreases (Figure 6.11e) but also its coherence length increases (Figure 6.11f) when 10% 

BIT-4F-T was loaded to the binary system.86,237 However, in the 20% BIT-4F-T sample, the d-

spacing increases slightly with a slight decrease in the coherence length, showing that the 

addition of BIT-4F-T is optimal in the 10%-BIT-4F-T sample. Furthermore, in order to establish a 

correlation between this change in the PTB7-Th π-π stacking d-spacing (and coherence length), 

the respective device PCEs of the binary and ternary samples are also plotted in Figure 6.11e, f, 

showing an excellent agreement.238 We also plotted BIT-4F-T scattering intensity versus sample 

(Figure 6.12), normalised to the binary system where the scattering intensity of the BIT-4F-T was 

taken to be zero. While in general all the samples exhibit mostly an amorphous nature in solid 

film morphology, and also comparing scattering from a three-component ternary system to a 

two-component binary system is not straightforward, this plot nonetheless shows that the 10% 

BIT-4F-T sample exhibits slightly higher scattering intensity than its 20% counterpart, revealing 

that 10% sample indeed offers an locally optimized para-crystalline morphology that results in 

the highest PCE.239 This is further evaluated with the analysis of the effect of BIT-4F-T loading on 

the IEICO-4F molecular packing. Similar to the effect of BIT-4F-T on PTB7-Th, addition of 10% BIT-

4F-T decreases the π-π stacking of IEICO-4F and increases the coherence length, followed by an 

increase of the π-π stacking and a small decrease of the coherence length with further loading of 

BIT-4F-T to 20% (Figure 6.13).  
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Figure 6.11 a-c) 2D Grazing incident wide-angle X-ray scattering, GIWAXS patterns of the 0, 10 

and 20% BIT-4F-T samples, respectively; d) 1D GIWAXS line-cuts of the samples in the out of plane 

(OOP) direction (graphs are offset for clarity); e) OOP π-π stacking d-spacing and f) coherence 

length of PTB7-Th versus samples along with their respective device PCEs (blue spheres), showing 

an excellent agreement between the increased ordering and their PV performances. 
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Figure 6.12 BIT-4F-T OOP peak area, normalised to the neat BIT-4F-T sample where the binary 

sample is taken to be ‘0%’ since no BIT-4F-T is present in the binary sample. 

 

Figure 6.13 (a) OOP π-π stacking d-spacing and (b) coherence length of IEICO-4F with different 

amount of BIT-4F-T addition. 
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Taken together, the GIWAXS data demonstrates that BIT-4F-T acts as a solid processing-aid in the 

optimal blend, facilitating an increased ordering of the donor polymer and acceptor in the ternary 

morphology. The morphological features of blend films were also characterized via transmission 

electron microscopy (TEM) and atomic force microscopy (AFM) (Figure 6.14). The TEM images of 

the optimal ternary blend is featureless, suggesting a mixed phase in micro-scale and smooth 

with the root-mean-square (RMS) of 2.12 nm from AFM. 

 

Figure 6.14 TEM images of 0% BIT-4F-T (a),10% BIT-4F-T (b) and 20% BIT-4F-T (c) blend films; AFM 

surface morphology images of 0% BIT-4F-T (d),10% BIT-4F-T (e) and 20% BIT-4F-T (f). 

Until now, we have shown the concomitant improvement in ternary devices using a third 

component, BIT-4F-T, in PTB7-Th:IEICO-4F system. Encouraged by this, we incorporated BIT-4F-T 

(10 wt%) into various binary blends using different acceptors, namely PTB7-Th:PC71BM, PTB7-
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Th:IEICO, PTB7-Th:IEICO-4Cl. The molecular structures of the acceptors are depicted in Figure 

6.15-6.17. As shown in Figure 6.18 and Table 6.3 to 6.5, the PCE of all ternary blends were 

improved from 9.09% to 10.3%, 5.58% to 6.58% and from 10.2% to 11.7% in PTB7-Th:PC71BM, 

PTB7-Th:IEICO, PTB7-Th:IEICO-4Cl, respectively.240 These improvements are consistent with the 

ones observed in PTB7-Th:IEICO-4F blend, strongly supporting the general applicability of BIT-4F-

T serving as an efficient third component to  improve the photovoltaic performance, including 

fullerene and non-fullerene OSCs.  

 

Figure 6.15 The molecule structure of PC71BM. 

Table 6.3. Photovoltaic parameters of binary PTB7-Th:PC71BM (0% BIT-4F-T) and ternary PTB7-

Th:BIT-4F-T: PC71BM (0.9:0.1:1, 10% BIT-4F-T), extracted from the J-V curves at 100 mW cm-2 

illumination. 

 
Jsc 

(mA cm-2) 

Voc 

(mV) 

FF 

(%) 

PCE 

(%) 

Ave PCE 

(%)a 



 163  
 

Binary 16.7 781 69.9 9.09 8.92 

Ternary 17.6 805 72.6 10.3 10.0 

a : average values from 10 devices 

 

 

Figure 6.16 The molecule structure of IEICO. 

Table 6.4. Photovoltaic parameters of binary PTB7-Th:IEICO (0% BIT-4F-T) and ternary PTB7-

Th:BIT-4F-T:IEICO (0.9:0.1:1, 10% BIT-4F-T), extracted from the J-V curves at 100 mW cm-2 

illumination. 

 
Jsc 

(mA cm-2) 

Voc 

(mV) 

FF 

(%) 

PCE 

(%) 

Ave PCE 

(%)a 

Binary 14.3 875 44.6 5.58 5.34 

Ternary  15.8 885 47.1 6.58 6.32 

a : average values from 10 devices. 
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Figure 6.17 The molecule structure of IEICO-4Cl. 

Table 6.5. Photovoltaic parameters of binary PTB7-Th:IEICO-4Cl (0% BIT-4F-T) and ternary PTB7-

Th:BIT-4F-T:IEICO-4Cl (0.9:0.1:1, 10% BIT-4F-T), extracted from the J-V curves at 100 mW cm-2 

illumination. 

 

Jsc 

(mA cm-2) 

Voc 

(mV) 

FF 

(%) 

PCE 

(%) 

Ave PCE 

(%)a 

Binary 25.2 682 59.5 10.2 9.78 

Ternary 25.4 698 66.0 11.7 11.5 

a : average values from 10 devices 
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Figure 6.18 The binary and ternary devices of PTB7-Th: PC71BM system (b); the binary and ternary 

devices of PTB7-Th:IEICO system (c); the binary and ternary devices of PTB7-Th: IEICO-4Cl system 

(d). 

 

To move the organic photovoltaics field forward, highly efficient devices should retain their 

performances when different stress tests are applied. For this reason, we tested the photovoltaic 

performance of the best ternary blends with respect to their binary counterparts as a function of 

time under light (1 sun illumination, N2), thermal stress (80 degrees oC, N2) and shelf-life in 

nitrogen conditions (Figure 6.19 a-c). We exposed the binary and ternary devices at operating 

condition (AM1.5 radiation to illumination 100 mW cm−2) for more than 500 hours (Figure 6.19a 

and 6.20).  A severe burn-in, referred to large PCE drop in the first 50 hours of light exposure, is 

observed. After, ternary devices retained over 60% of their initial performance for 500 hours. In 

contrast, the binary devices performance is reduce to 50% of their initial values. In addition, we 

also tested the shelf-lifetime (dark, room temperature, nitrogen atmosphere) and thermal-

stability (dark, 80 oC, nitrogen atmosphere) for more than 20 days. As presented in Figure 6.19b 

and c, Figure 6.21 and 6.22, after 480 hours, the ternary devices retain 85% of their initial 
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performance, whereas binary devices performances retain < 80% of their initial value.  These 

stability measurements suggest that the addition of BIT-4F-T to PTB7-Th:IEICO-4F blend not only 

improves photovoltaic performance but also has a synergistic benefit on both storage lifetime 

and photo-stabiltiy, which demonstrates a significant advantage for practical applications of our 

ternary system. 

 

 

Figure 6.19 Stability of 0% BIT-4F-T (binary) and 10% BIT-4F-T (ternary) devices. a, Photo-stability 

of binary and ternary solar cells (nitrogen atmosphere, under constant AM1.5G illumination at 1 

sun, room temperature) for 500 hours. b, Shelf storage lifetime (dark, nitrogen atmosphere, 

room temperature) comparison of binary and ternary system for 20 days. c, Shelf storage lifetime 

(dark, 80 oC, nitrogen atmosphere) comparison of binary and ternary system for 20 days. 
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Figure 6.20 Photo-stability of 0% BIT-4F-T (binary) and 10% BIT-4F-T (Ternary) device (under 

AM1.5 illumination at 1 sun) for 500h. 
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Figure 6.21 Thermal-stability of 0% BIT-4F-T (binary) and 10% BIT-4F-T (Ternary) device for 20 

days (under dark condition, 80 oC). 
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Figure 6.22 Shelf-lifetime stability of 0% BIT-4F-T (binary) and 10% BIT-4F-T (Ternary) devices for 

20 days (under dark condition, room temperature). 

 

6.3 Conclusion 

 In conclusion, a general design strategy for efficient ternary solar cells is highlighted using a dual 

acting third component small molecule donor BIT-4F-T. We find that adding 10% BIT-4F-T 

increases the absorption window of the photoactive layers due to its complementary absorption. 

Hole only devices exhibit that BIT-4F-T contributes to the photocurrent via hole transfer to PTB7-

Th. Moreover, BIT-4F-T also functions as a processing-aid in the ternary systems, increasing the 
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overall volume fraction of the highly ordered region, and thus, improves the charge generation 

and transport.  This dual sensitizer and processing aid character of BIT-4F-T along with interface 

engineering yields 14% ternary PTB7-Th:BIT-4F-T:IEICO-4F devices with Jsc of 27.3 mA cm-2 and FF 

of 70.9%. The unique behaviour of BIT-4F-T is also proven with other SMA ternary solar cells as 

well as fullerene based devices, which demonstrates the novelty of this small molecule donor to 

realize high efficiency ternary solar cells. Overall, our results reveal a guideline for a D2 moiety 

that can be used for improving all the photovoltaic parameters simultaneously in ternary devices. 

This strategy would pave a way to develop device architectures for commercially viable organic 

photovoltaics. 
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Chapter 7 Conclusion and Outlook 

 

7.1 Conclusion 

 

In this dissertation, we focused on the fused-ring electron acceptor, a new emerging material for 

the high-performance solar cells. Rapid advances have recently been achieved in the design of 

novel FREA materials as the active layer. Compared to the fullerene counterparts, the FREA 

examined to obtain redshifted absorption range with higher absorption strength. Normally, to 

realize complementary absorption range, FREA are more suitable for pairing with wide-bandgap 

polymers. More importantly, depending on the function of different part of FREA molecule, the 

core unit, sidechain, and endgroup can be subtlely modified to tune the absorption range and 

energy levels, and thus improve the Jsc, Voc and FF. We need to mention that in this thesis, the 

FREA materials we used are based on the indacenodithiophene (IDT) building block as the core 

unit, so we can make a clear comparison between the manipulation of different parts in the FREA 

molecule structures. 

In details, in chapter 3, a pair of strong crystalline FREA small molecules, IDTIC and IDTTIC, were 

synthesized for systematic investigation of the influence of extended conjugated backbone by 

the carefully synthesis route. Compared to IDTIC, IDTTIC demonstrates the importance of 

properly optimizing molecular architecture to control the molecular properties and device 

efficiency. The more planar conformation of IDTTIC molecule indeed has a significant impact on 

the intra- and intermolecular interactions in terms of optic-physicial and electrochemical 
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properties as well as charge-transporting behaviours (in the application of organic field-effect 

transistors). Moreover, due to the enhanced π-π coherence length and pronounced domain 

purity, IDTTIC-based organic solar cell device shows a better performance of 11.2% in comparison 

with that of IDTIC-based devices (maximum PCE: 5.6%) with the supressed trap-assisted and 

bimolecular recombination and improved electron mobility. Our work indicates that the enlarged 

conjugated framework is an efficient strategy to obtain high-performance in organic electronic 

devices. 

In addition to modifying the core unit, the end groups also play a crucial role in molecular 

properties such as absorption range, energy level and molecular packing. In Chapter 4, in order 

to study the effect of fluorination on the terminal groups, two IEICO-4Fs were selected to have a 

broad absorption range from 400 nm to 1000 nm, while ITIC small molecules have ADAP from 

400 nm to 800 nm. . The limited absorption range of nm. More interestingly, when fluorine atoms 

are incorporated into the IEICO-4F molecule, although the π-π stacking and crystallinity are 

significantly increased, the energy level of the FREA material is significantly reduced, but still 

results, based on PBDTT- DPP: The OSC of IEICO-4F has achieved a significant improvement. 8.14% 

of the champion PCE, which is significantly higher than the OSC based on PBDTT-DPP:ITIC (best 

efficiency: 3.70%). Thus, in the case of PBDTT-DPP: IEICO-4F, a reduced energy consumption of 

0f 0.57 eV and a higher maximum EQE (> 70%) are achieved. Our work demonstrates the 

importance of low bandgap FREA in achieving high Jsc and FF in the field of DPP-based polymer 

solar cells. End group adjustment provides further guidance for further molecular design to 

match DPP-based polymer donors. 
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Fine-tuning the nanoscale bulk heterojunction morphology of the active layer in organic solar 

cells through various techniques plays a crucial role in improving photovoltaic performance. After 

considering the rational molecule design, another approach for performance evolution in organic 

solar cells is to incorporate solvent additive into the blend film. However, for emerging FREA 

materials, the morphology optimization of the active layer empirically follows the conclusion 

from fullerene-based system. In this work, one solvent additive (1-chloronaphthalene, CN) is 

applied to manipulate the blend nanomorphology and investigate the impact on the device 

performance. Due to the selectively solubility of CN to PTB7-Th (<10 mg/ml) and IEICO-4F (~ 25 

mg/ml) and high boiling point of CN (269 oC), the devices processed with optimal amount of CN 

(4%, v/v) towards the main solvent (CB) exhibited the best PCE of 12.8%, with an improvement 

of 38% in comparison with that of control devices (9.41%). Through a series of detailed 

morphological analyses, it is found that the CN additive is beneficial for the enhancement 

molecular packing of the electron acceptors, while the impact on the donor can be neglected. 

More importantly, thanks to the higher domain purity of blend film with 4% CN, the bimolecular 

recombination has been significantly suppressed. Our work clearly delineate the feasibility of 

applying CN in the PTB7-Th:IEICO-4F system and provide deep understanding into the working 

mechanism of additive in the FREA-based system, which establish important guidelines for 

further device optimization. 

The ternary hybrid strategy has the potential to increase the PCE of organic solar cells by 

expanding the coverage and morphological evolution of the solar spectrum. Volume, 

complementary to the potential of the regenerative potential, and the third component in the 

bulk heterojunction blend film. In Chapter 6, we constructed a series of ternary OSC devices that 
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combine two donors (PTB7 -Th and BIT-4F-T). By optimizing the PTB7-Th:BIT-4F-T ratio, the Jsc of 

the ternary OSC is 27.3 mA / cm2, the Voc is 0.72 V, and the FF is 70.9%, resulting in an optimal 

PCE of 14.0%. Based on the binary PTB7-Th: IEICO-4F hybrid control device index, Jsc, Voc and FF 

all show slight improvements. The detailed features show that adding the optimal amount of BIT-

4F-T assist to the nanomorphology of the blend. And it is also possible to improve the efficiency 

of exciton dissociation and accumulation. More interestingly, we have demonstrated that the 

small molecule donor BIT-4F-T is compatible with other donors: acceptor system (for example, 

PTB7-Th: PC71BM, PTB7-Th: IEICO, PTB7-Th: IEICO-4Cl).  

7.2 Outlook for the future work 

Except the efficiency of organic solar cells, there are still several critical problems existing in the 

FREA-based solar cells, which must be taken into the consideration to make OSC real-

commercialization. Firstly, the synthesis costs for most of high-efficiency polymer donor and 

FREA material are very high because of their complex molecular structure modification and thus 

complicated synthesis route and purification process. In order to reduce the cost of donors and 

acceptors, we need to develop materials that have simple synthesis methods and are compatible 

with high-throughput production techniques. Second, the morphology of the blend is still the 

most important factor and requires a deeper understanding of the fine operation to achieve the 

best phase separation. Third, organic materials are required to have sufficient solubility in green 

solvents. Typically, most high efficiency non-fullerene units are processed by toxic halogenated 

solvents such as chloroform and chlorobenzene. 
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