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ABSTRACT 

   As people become more aware of environmental protection, the replacement of non-renewable 

fossil fuels is imminent to alleviate the unsustainable consequences. Solar energy is a promising 

candidate as an alternative to meet the increasing energy demand, which can be converted to 

electricity through photovoltaic devices. In 1954, Bell laboratories successfully fabricated 

crystalline silicon (c-Si) solar cells for the first time, and achieved an efficiency of 6%, thus 

opening new horizons for photovoltaic technology to harness solar energy. After the development 

of first- and second-generation solar cells, c-Si solar cells have reached an efficiency of 26% and 

realized commercial and industrial production. However, the complicated manufacturing 

processes of Si and inorganic film solar cells, the high cost of raw materials, and the inherent 

limitations of inorganic materials limit the further use of solar energy. In order to address the above 

issues, third-generation solar cells have been widely developed, with organic solar cells (OSCs) 

being one of the most promising photovoltaic devices due to their significant advantages such as 

low cost, flexibility, lightweight, and simple manufacturing process. The best power conversion 

efficiency (PCE) of single-junction OSCs has now reached over 19% in the laboratory, making 

them more attractive than ever for possible commercial applications. 

  For decades, significant efforts have been made to enhance the photovoltaic performance of 

OSCs through the innovation of the device configuration and the development of materials in 

photoactive layers, interfacial layers, and electrodes. Researchers developed three main 

configurations for the enhancement of photovoltaic performance, including single-layer OSCs, 

bilayer OSCs and bulk heterojunction (BHJ) OSCs. Among them, BHJ-OSCs are considered to be 

the most efficient device structure because of the largely increased contact area between the donor 

and acceptor materials, which favors exciton dissociation and charge transport. Moreover, BHJ-

OSC configurations can be further optimized by employing a ternary blend strategy, which endows 

the photovoltaic efficiency of over 19%. It’s worth noting that the ideal morphology of the BHJ 

blend film with interpenetrating nanostructures, suitable phase separation and proper domain size 

is of vital importance for the achievement of state-of-the-art OSCs. The introduction of the guest 

components in ternary OSCs is a simple and effective approach to yield the desirable morphology. 

However, the ternary blend film with three components usually brings more complex morphology. 

Therefore, the morphology of ternary blend film requires to be characterized in depth, which helps 
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to optimize the device performance. In addition, while breakthroughs in photoactive layer 

materials have led to rapid improvements in device efficiency, the contribution of interface 

materials to device performance cannot be ignored. Appropriate interfacial materials can also 

optimize the surface morphology of the photoactive layer, enhance optical absorption, promote 

Ohmic contact, and tune work functions of electrodes. Accordingly, some researchers have 

dedicated to developing interfacial materials, which further enhance photovoltaic performance. 

Based on the above discussion, the following three parts in this thesis provide meaningful 

explorations. 

   In the first part, in order to achieve the high-efficient OSCs, we integrated highly air-stable 

perylene diimide (PDI) based non-fullerene material (PDI-DPP-PDI) into OSCs as the guest 

acceptor. These three components exhibited cascaded energy band structure and complimentary 

absorption, thus facilitating the increase of photovoltage and photocurrent. Besides, the 

morphology of the ternary blend film was optimized by adjusting the content of the PDI-DPP-PDI. 

The three-dimensional nanoscale morphology was characterized in depth by photo-induced force 

microscopy (PiFM) coupled with infrared laser spectroscopy and energy-filtered transmission 

electron microscopy (EF-TEM), which could qualitatively and quantitatively “view” the surface 

and cross-sectional morphology. The results provided strong evidence that the PDI-DPP-PDI guest 

acceptor could suppress the aggregation of the fullerene molecules and generate the homogenous 

morphology with a higher level of the molecularly mixed phase, thus preventing the charge 

recombination and stabilizing the morphology of the photoactive layer. This work represented very 

promising approaches to deeply explore the morphology of the ternary blend film, which 

contributes to achieving a stable device and simultaneously improved photovoltaic performance. 

   In the second part, we fabricated non-fullerene based ternary OSCs by incorporating the PDI-

EH non-fullerene guest acceptor. The nearly orthogonal structure of the PDI-EH molecule was 

designed to suppress its aggregation. In addition to obtaining broadened spectral absorption and a 

well-matched energy band, the PDI-EH guest acceptor serves to adjust the miscibility of the blend 

film, facilitating the acquisition of ‘ideal’ morphology. Flory-Huggins interaction parameters and 

differential scanning calorimetry (DSC) measurements revealed that the PDI-EH guest acceptor 

was compatible with host donor and acceptor materials so that it could fine-tune the miscibility to 

form an optimally intermixed phase. Selective PiFM imaging of donor and acceptor materials 

suggested the formation of well-mixed films after the incorporation of PDI-EH. In addition, 
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grazing incidence wide-angle X-ray scattering (GIWAXS) measurements demonstrated that the 

PDI-EH could promote favorable molecular ordering, leading to effective charge transport. Lastly, 

the relationship between the optimized morphology and local charge carrier dynamics at the 

nanoscale was explored by a novel transient photo-response atomic force microscopy (TP-AFM) 

technique. The results demonstrated that the ternary blend film containing 10% PDI-EH showed 

reduced charge transport time, increased charge recombination lifetime and extended charge 

diffusion length, thus improving the performance of OSCs under 1-sun, and indoor 2700 K and 

6500 K LED illuminations with efficiencies enhancement of 12%, 14% and 16%, respectively. 

This work offers insights into morphology modulation and the resulting charge carrier dynamics, 

thereby facilitating the development of OSCs. 

   In the third part, to further enhance the photovoltaic performance of non-fullerene-based OSCs 

for their practical applications, integrating plasmonic metallic nanoparticles as interfacial 

modifiers and sunlight concentrators offers an attractive pathway to optimize the surface 

morphology of the photoactive layer to reduce surface defects, improve sunlight capture to 

promote more photon harvesting, and increase interfacial contact to facilitate charge extraction. 

However, at present, this approach has not attracted enough attention in the field of non-fullerene 

OSCs. In this work, the facile polyelectrolyte polystyrene sulfonate (PSS)-coated plasmonic gold 

nanorods (named GNRs@PSS) were synthesized by Dr. Zhonglin Du. I firstly incorporated 

GNRs@PSS into the inverted non-fullerene OSCs as rear interfacial modifiers, which led to nearly 

20% PCE enhancement due to the dramatically increased photocurrent. It was found that GNRs 

could improve sunlight absorption and exciton generation via the near-field plasmonic and back 

scattering effects. The electric field distribution of individual GNRs was measured by PiFM 

measurements under tunable laser irradiation to reveal the surface plasmon resonance (SPR) effect. 

Meanwhile, advanced EF-TEM measurements exhibited that the PSS organic shell was uniformly 

coated on the surface of GNRs with a thickness of ~2.2 nm. This ultrathin surface organic layer 

not only ensured the strong SPR effect but also prevented direct contact between the GNRs and 

the photoactive layer. As a result, the integration of plasmonic GNRs@PSS contributed to sunlight 

absorption, surface morphology optimization, and interfacial contact, leading to an enhancement 

of photovoltaic performance.  
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CHAPTER 1      INTRODUCTION 

1.1 Background of Solar Cells 

   The nuclear fusion process in the sun generates an enormous amount of solar energy, which is 

the most important energy source for the survival of life on earth. With the continuous consumption 

of fossil fuels and the environmental issues caused, solar energy, as sustainable and green energy, 

is a promising candidate to replace non-renewable fossil fuels, e.g., coal, petroleum and natural 

gas, in industrial and commercial applications. The sun radiates energy to the earth's surface in one 

hour, which is enough to meet human needs for a year.1 Therefore, the effective utilization of solar 

energy can not only alleviate the energy crisis but also reduce environmental pollution problems. 

Solar cells can directly convert solar energy into electricity, which is a considerable way to use 

solar energy. 

   Bell laboratories first demonstrated the first generation of solar cells – crystalline silicon (c-Si) 

solar cells in 1954, opening a new era for photoelectric conversion. Since then, researchers have 

made great efforts to fabricate solar cells with low cost, simplified manufacturing process, and 

high photo-conversion efficiency, yielding c-Si solar cells with efficiencies exceeding 26%.2 

However, the production of c-Si solar cells requires large amounts of highly crystalline Si materials 

and the absorption of c-Si solar cells at the long wavelength is weak, which limits the further 

development of Si solar cells.3 In addition, thin-film solar cells as second-generation solar cells, 

including polycrystalline Si, amorphous Si and cadmium telluride (CdTe) solar cells, have 

attracted widespread attention owing to the ease of the large-area fabrication. But the complex 

thin-film growth technologies, e.g., fast thermal chemical vapor deposition method, plasma 

enhanced chemical vapor deposition method, low-pressure chemical vapor deposition method, and 

liquid phase epitaxy growth method, are not conducive to their sustainable development in the 

industry.4  

   In order to obtain highly efficient thin-film solar cells with a simple fabrication process, third-

generation solar cells have been developed. Third-generation solar cells mainly include new high-

efficiency solar cells such as dye-sensitized solar cells, quantum dot solar cells, perovskite solar 

cells, multi-junction solar cells and organic solar cells (OSCs).5 Among them, OSCs exhibit the 

following advantages: low manufacturing cost, lightweight, good processing performance, roll-to-

roll or spray printing technologies, and can be fabricated into flexible devices that are easy to 
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carry.6 Since the first OSC device with a single active layer between two electrodes was fabricated 

and exhibited a low efficiency below 0.1%, tremendous efforts have been made to increase device 

efficiencies, such as the innovation of device architecture, device fabrication engineering, and the 

design of high-efficient materials, thereby obtaining high efficiencies over 19% for single-junction 

OSCs.7-10 Therefore, the high-efficient OSCs have a great potential to be commercialized in 

photovoltaic (PV) markets.  

1.2 Fundamentals of Organic Solar Cells 

1.2.1 Architectures of organic solar cells 

   Generally, the architecture of OSCs consists of an organic photoactive layer sandwiched in two 

electrodes with different work functions (WFs). Indium tin oxide (ITO)-coated glass has been 

widely used as the bottom electrode due to its high electrical conductivity and optical transparency. 

Also, ITO-coated glass has low absorption in the ultraviolet (UV) and visible light regions, which 

allows photons to penetrate the photoactive layer.11 Based on the structure of the photoactive layer, 

the architecture of OSCs can be divided into single-layer device structure, bilayer (or planar 

heterojunction) device structure, and bulk heterojunction (BHJ) device structure. (Figure 1.1) The 

single-layer OSC is composed of a p-type organic layer and two different electrodes. Under 

sunlight illumination, the organic semiconductor material absorbs photons and generates excitons, 

which can be separated into free electrons and holes when they diffuse near the Schottky barrier 

(a Schottky barrier is formed between the low WF electrode and the organic semiconductor). 

However, the short exciton diffusion length of the organic semiconductor limits exciton 

dissociation, thereby leading to poor efficiency. For example, in 1982, Weinberger et al.12 

fabricated a polyacetylene-based single-layer device, which efficiency was only 0.3%, since 

excitons rarely reached the interface between the polyacetylene layer and the metal electrode, and 

separated charge carriers could easily recombine. In bilayer OSCs, a p-type organic layer with the 

electron-donating semiconductor (donor) and an n-type organic layer with the electron-accepting 

semiconductor (acceptor) are stacked into a planar heterojunction, which was first proposed and 

fabricated by Tang et al in 1986.13 Photo-generated excitons can be effectively dissociated to be 

free charge carriers on the donor/acceptor interface. However, the limited contact area of the donor 

and acceptor organic layers limits the number of charge carriers generated, which is detrimental to 

the device efficiency. In 1995, Heeger and Wudl 14 first proposed a new BHJ concept to fabricate 
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the photoactive layer with blended donor and acceptor materials. The interpenetrating network of 

the photoactive layer largely increases the contact area of donor and acceptor materials, beneficial 

to eliminate the effect of short excitons diffusion length. Thus, BHJ-OSCs can favor effective 

exciton dissociation and charge transport to electrodes. 

 

Figure 1.1. The architectures of (a) single-layer OSCs, (b) bilayer OSCs, and (c) BHJ OSCs. 

   In BHJ-OSCs, there are mainly two device structures: the conventional device structure and the 

inverted device structure. (Figure 1.2) In the conventional OSCs with a structure of ITO 

transparent electrode/hole transport layer (HTL)/photoactive layer/electron transport layer 

(ETL)/metal electrode, where the metal electrode with a low WF (e.g., Al) is sensitive to oxygen 

and moisture in the air. In addition, poly (3, 4-ethylene dioxythiophene)-poly (styrene sulfonate) 

(PEDOT: PSS) as the hole-transporting material can easily corrode the ITO glass due to the strong 

acidic nature of PSS, leading to device degradation. Considering the stability of OSCs, the inverted 

OSC has been developed with a structure of ITO transparent electrode/ETL/photoactive 

layer/HTL/metal electrode. Metal electrodes with high WFs (e.g., Ag and Au) can effectively 

avoid the oxidation of electrodes, while introducing metal oxides (e.g., ZnO and TiO2) on the 

surface of ITO as a substitute for PEDOT: PSS can help improve the stability of the device. 

 

(a) (b) (c) 

(a) (b) 
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Figure 1.2 (a) Conventional structure of BHJ-OSCs, and (b) inverted structure of BHJ-OSCs. 

1.2.2 Photovoltaic parameters of organic solar cells 

   The photovoltaic parameters of OSCs are obtained from the current density-voltage (J-V) curve 

under the AM 1.5G simulated illumination, which determines the photovoltaic performance of 

OSCs. (Figure 1.3) The fundamental parameters are as followed: 

 

Figure 1.3 J-V curve of OSCs under the dark and the AM 1.5G simulated illumination. 

   Short-circuit current density (Jsc): When the applied potential is zero under the short circuit 

condition, the measured photocurrent is the short-circuit current. The Jsc is the maximum 

photocurrent density, which represents the number of photo-generated charge carriers and 

collected by respective electrodes.15 

   Open circuit voltage (Voc): When the current is zero under the open circuit condition, the 

measured voltage is the open circuit voltage. Generally, the Voc in BHJ-OSCs is related to the 

energy level difference between the highest occupied molecular orbital (HOMO) of the donor and 

the lowest unoccupied molecular orbital (LUMO) of the acceptor.16 

   Fill factor (FF): The FF is one of the important parameters, which reveals the quality of devices 

and is generally related to the charge carrier mobility and extraction, the morphology of the 

photoactive layer and the contact of the electrode. In Figure 1.3, the blue rectangle represents the 

FF, it indicates how fast or slow photo-generated charge carriers are extracted by respective 

electrodes.15 The FF value can be calculated by the ratio of the product of current (Jmax) and voltage 

(Vmax) corresponding to the maximum output power to the product of Jsc and Voc, and its formula 

is as followed: 
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FF =
Jmax𝑉max

𝐽sc𝑉oc
 

   Power conversion efficiency (PCE): The PCE of the OSC is the efficiency of converting light 

into electricity under sunlight illumination, which is defined as the ratio of the product of the 

current (Imax) and voltage (Vmax) corresponding to the maximum output power (expressed as the 

product of Voc, Jsc and FF) to the incident optical power (Pin), and its formula is as followed: 

PCE =
𝑉max𝐼max

𝑃in
=

𝐽sc𝑉oc𝐹𝐹

𝑃in
 

Therefore, these parameters play key roles in enhancing and optimizing the device performance. 

The Voc, Jsc and FF of OSCs can be enhanced by the design of photoactive layer materials, the 

modulation of the nanoscale morphology, and the optimization of the interface and electrodes, thus 

facilitating the achievement of the best efficiency.  

In addition to the above four parameters, external quantum efficiency (EQE) and internal 

quantum efficiency (IQE) can also characterize the device performance. The EQE is defined as the 

ratio of the number of charge carriers (Nc) collected by a solar cell to the number of incident 

photons (Np), while the IQE is the ratio of the Nc to the number of absorbed photons (Npa) in a solar 

cell.  

1.2.3 Mechanism of organic solar cells 

   The photoelectric conversion mechanisms of OSCs mainly consist of four steps as followed: (1) 

photons absorption and excitons generation; (2) excitons diffusion to the donor/acceptor interface; 

(3) excitons dissociation into free charge carriers; and (4) charge transport and collection by 

respective electrodes.15, 17 

   Photons absorption and excitons generation (Figure 1.4 a): when the sunlight illuminates on the 

OSC, the donor and acceptor in the photoactive layer can absorb photons. Then, electrons are 

excited from the ground state to the excited state, generating electron-hole pairs (i.e., excitons). In 

order to harvest more photons, the absorption spectra of the donor and acceptor materials should 

match the photo flux of the AM 1.5G solar irradiation. In general, materials with a lower band gap 

(< 2.0 eV) are favorable for absorbing more photons, thus increasing the photo-generated charge 

carriers. In addition, the thickness of the photoactive layer is limited to less than 200 nm due to the 
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low charge-carrier mobility of photoactive layer materials, which affects the photon absorption 

density.18 

   Excitons diffusion (Figure 1.4 b): Before excitons dissociate into free charge carriers, excitons 

will diffuse to the interface between the donor and the acceptor by hopping from high excitonic 

energy to low excitonic energy. However, because of the short exciton lifetime and short diffusion 

length (5-20 nm), excitons will decay when they are far from the donor/acceptor interface.19 

   Excitons dissociation (Figure 1.4 c): Excitons can dissociate into free electrons and holes at the 

donor/acceptor interface due to the energetic offset between donor and acceptor materials. The 

free electrons are transferred to the acceptor material through the LUMO energy level, and the 

holes are transferred to the donor material through the HOMO energy level.  

   Charge transport and collection (Figure 1.4 d): When excitons dissociation and charge 

separation occur at the donor/acceptor interface, free electrons and free holes will drift toward the 

cathode and anode, respectively, due to the built-in electric field caused by different work functions 

of electrodes. Finally, the electrons and holes are collected by the respective electrodes to generate 

the current.  

 

Figure 1.4 The photoelectric conversion mechanisms of OSCs, and the process mainly consists of four 

steps: (a) photons absorption and excitons generation, (b) excitons diffusion, (c) excitons dissociation, and 

(d) charge transport and collection. 

1.3 Research Progress on Improving Photovoltaic Performance 

1.3.1 Design and synthesis of acceptors  

   Constructing a BHJ structure in the photoactive layer is a major breakthrough in the research 

field of OSCs. On the basis of the BHJ structure, great efforts have been made to design the high-

(a) (b) (c) (d) 

Excitons generation Excitons diffusion Excitons dissociation Charge transport and collection 
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efficient photoactive layer materials to achieve state-of-the-art efficiency. The development of 

acceptor materials plays a crucial role in modulating the spectral absorption, energy structure and 

nanoscale morphology, resulting in OCSs with excellent efficiencies. Therefore, the OSCs based 

on acceptor materials are classified into fullerene-based solar cells and non-fullerene-based solar 

cells.   

1.3.1.1 Fullerene and its derivatives acceptors 

   In the past decades, the acceptor materials in OSCs are mainly fullerenes and their derivatives 

because of their high charge transfer capability and molar extinction coefficient at short 

wavelengths. In 1992, Sariciftci et al.20 prepared the first fullerene-based bilayer p-n type OSCs 

using MEH-PPV polymer as a p-type material and C60 as an n-type material, which determined 

the photo-induced electron transfer from the polymer to the fullerene. As a result, fullerenes exhibit 

strong electron-accepting properties and have potential as acceptors in the OSC field. However, 

the C60 cage possesses low solubility in organic solvents, limiting the formation of high-

concentrated blend solution. In order to overcome the drawbacks of fullerene cages, a series of 

fullerene functionalized derivatives have been developed by replacing phenyl groups,21-23 

changing the length of alkyl chains,24, 25 modifying terminal ester groups26, 27 and substituting  the 

fullerene cage (e.g., C70),28 which not only improve the solubility but also optimize photophysical 

properties.29 The common fullerene derivatives are PC61BM, PC71BM and ICBA used in OSCs. 

In 1995, Yu et al.14 used a soluble C60 derivative, PC61BM as an acceptor and blended with MEH-

PPV to fabricate the BHJ-OSCs. This device achieved an efficiency of 2.9%. In 2001, a new 

thiophene-based polymer (P3HT) was designed and synthesized by Kowalik et al.,30 which has 

good optical absorption and high hole mobility. Afterward, P3HT: PCBM-based OSCs have led 

to extensive research for decades and achieved remarkable improvements in photovoltaic 

performance.31 According to the device optimization, P3HT: PCBM-based OSCs achieved the 

National renewable energy laboratory (NREL)-certified record PCE of 5.4%.32 Meanwhile, a large 

number of conjugated polymers with alternating donor-acceptor (D-A) backbones have been 

investigated as donor materials in OSCs. The ‘push-pull’ approach in polymers aims to promote 

intermolecular interactions that allows to tune their bandgap, facilitate charge transfer and improve 

light absorption abilities.33, 34 In 2001, Duren et al.35 synthesized a novel low-bandgap conjugated 

polymer (PTPTB) based on the benzothiadiazole (BDT) unit and introduced it as the donor into 

OSCs. It demonstrated for the first time that the photoinduced electron transfer occurred from the 
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D-A conjugated polymer donor to the fullerene acceptor. Since then, BDT-based polymer donors 

have attracted extensive attention. The BDT as an acceptor unit, is often copolymerized with 

thiophene,36-40 benzodithiophene, fluorine, carbazole,41-50 and dithienocyclopentadiene,51-54 the 

resulting polymers have good photovoltaic performance. In 2010, Liang et al.55 successfully 

synthesized an excellent polymer donor, PTB7, which has good solubility and light absorption 

ability. The PTB7: PC71BM-based blend film exhibited an absorption range from 300 nm to 800 

nm, leading to a PCE of over 7%. This paved a new path for the development of future solar cells. 

In 2015, He et al.56 obtained a new polymer PTB7-Th by replacing alkoxy side chains on BDT 

unit with alkylthiophene side chains, which improved the degree of conjugation of the polymer 

and led to a photovoltaic conversion efficiency up to 10.61%. In 2017, Huang et al.57 prepared a 

fullerene-based interfacial modifier (OPCBM) and integrated on the ZnO layer to improve the 

conductivity of interlayer and energetic alignment due to its photoconductive properties, leading 

to a high PCE value of 11.3% for OSCs based on the PTB7-Th: PC71BM photoactive layer. In 

2021, Usmani et al.58 introduced Au nanoparticles into the ZnO ETL in PTB7-Th: PC71BM-based 

OSCs, the plasmonic effect of Au could improve the light absorption and optimize the interface, 

contributing to the efficiency of 11.8%. The chemical structures of the above fullerene and its 

derivatives, and polymer donors were shown in Figure 1.5. 
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Figure 1.5 The chemical structures of fullerene and its derivatives, and polymer donors in fullerene-based 

OSCs. 

1.3.1.2 Non-fullerene acceptors (NFAs) 

   Although great efforts have been made to trigger increasing efficiencies of fullerene-based OSCs, 

the considerable limitations of the chemical modification on the backbone of fullerene derivatives 

hinder the achievement of high-efficient photovoltaic performance, such as weak absorption 

ability in the visible or near-infrared (NIR) light regions and limited energy level tunability, 

resulting in relatively lower photocurrent and photovoltage.59, 60 Moreover, the poor miscibility of 

fullerenes with donor materials enables excessive aggregation behavior, which causes the poor 

efficiency and stability. Compared to fullerene acceptors, the most attractive advantages of NFAs 

are flexible chemical structures and synthetic approaches, which is beneficial to improve the 

solubility, broaden spectral absorption in the visible and NIR light regions, tune energy levels, and 

increase electron mobility. The development and innovation of NFAs in OSCs have made great 

breakthroughs and achievements in device performance owing to these favorable properties, thus 

endowing OSCs with great potential in practical applications.9, 10 To date, several types of NFAs 

have been brought into NFA-based OSCs, mainly including rylene diimide-based NFAs and A-D-

A type NFAs. 

Rylene diimide-based NFAs 

   Rylene diimide is one of the promising n-type organic semiconductors, which mainly involves 

perylene diimide (PDI) and naphthalene diimides (NDI). This class of the NFA exhibits several 

features: 1) feasible chemical structure modification at various positions; 2) large absorption 

coefficient; 3) strong electron affinity because of electron-deficient imide groups; 4) high electron 

mobility due to large conjugated backbones and intermolecular π stacking; and 5) high thermal, 

chemical and photo stability.61, 62 Since Tang et al.13 first used a perylene tetracarboxylic derivative 

(PV) as a NFA acceptor in photovoltaic devices in 1986 and yielded an efficiency close to 1%, the 

best efficiencies of PDI- and NDI-based single-junction OSCs have exceeded 11%,63-65 The 

excellent photovoltaic performance of OSCs based on rylene diimide-based acceptors mainly 

arises from the structural evolution to address their inherent drawbacks such as the strong 

aggregation tendency due to large π-conjugated backbones, resulting in undesirable phase 

separation.  
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   PDI-based acceptors: The structures of PDI-based acceptors are shown in Figure 1.6. The PDI 

molecule has three symmetric reactive positions: bay position, ortho position (α-position) and N 

position. These reactive sites can be modified to form a certain torsion angle in the molecular 

planar structure, thereby improving the solubility, inhibiting aggregation, and adjusting the 

optoelectronic properties. Among them, the modification of the N position by a series of alkyl and 

other groups can improve the solubility to adjust the morphology in the photoactive layer with 

little effect on optoelectronic properties. For example, Rajaram et al.66 synthesized a asymmetric 

perylene with different lengths of alkyl chains on two N positions, which could form a smaller 

domain size in the photoactive layer due to their different degree of solubility. In addition, the α-

position substitution has been regarded as a wide approach to balance the issue between the 

distortion and the coplanarity. Zhao et al.67 synthesized an α-position substituted PDI acceptor 

(αPBDT) with the BDT unit. Compared with the bay position substituted PDI acceptor (βPBDT), 

the αPBDT molecule showed a better planarity and thus facilitated electron mobility. As a result, 

the OSC based on the PTB7-Th: αPBDT photoactive layer achieved a higher PCE value. Wu et 

al.68 reported a PDI tetramer (TPB) by substituting the α-position with a BDT unit. α-substituted 

PDI derivatives showed better planarity so that the TPB molecule has good molecular packing of 

conjugated backbone. Therefore, the device based on the PTB7-Th: TPB photoactive layer 

exhibited a high Jsc value of 18 mA cm-2 and a PCE value of 8.47%. 

The substitution of the bay position is a simple and effective strategy to obtain twisted PDI 

derivatives, which can reduce the intermolecular aggregation, and tune optical and electrical 

properties. The first approach is to introduce alkyl chains or aromatic groups at the bay position of 

the PDI monomer. Sharma et al.69 synthesized a symmetrical PDI-based acceptor (P-A) with tert-

butylphenoxy side groups at the 1, 7-bay position, which exhibited a broad absorption band 

ranging from 450 nm to 620 nm and a high LUMO level. The blend film containing the P-A 

acceptor showed good spectral coverage in the visible and NIR light ranges, yielding an efficiency 

of 2.85%. Kozma et al.70 introduced the bay-position substitution with fused aromatic rings to 

obtain two acceptors, PDI-2 and PDI-3. According to theoretical calculations, these two PDI-based 

acceptors formed dihedral angles between substituted groups and the PDI backbone to hinder the 

intermolecular π-π stacking. In addition to functionalized PDI monomers, one straightforward and 

effective strategy is to link two PDIs together by inserting bonds (e.g., single, double, and triple 

bonds) or aromatic groups (e.g., thiophene, benzene, bithiophene, and spirobifluorene, etc.) to 
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form a twisted PDI dimer. In 2014, Wang’s group71 designed a series of bay-linked PDI acceptors 

that were linked by a single bond (s-diPBI), double bond (d-diPBT) and triple bond (t-diPBI), 

resulting in different optoelectronic properties based on the different degree of distortion between 

two PDIs. In 2015, their group72, 73 modified s-diPBI acceptor by introducing thiophene or 

selenophene units on the PDI core to obtain two novel acceptors, SdiPBI-S and SdiPBI-Se. Due to 

the introduction of aromatic groups, there two acceptors showed more twisted structures and  

higher lying LUMO levels compared to the s-diPBI molecule linked by a single bond, which 

provided high PCEs of 7.16% and 8.42%, respectively. In addition, Yan et al.74 synthesized a series 

of PDI dimers by various aromatic linkers in the bay positions (e.g., para-phenylene, meta-

phenylene, thiophene-2,5-diyl, 2,2’-bithiophene-5,5’-diyl, spirobifluorene-2,2’-diyl, and 

spirobifluorene-2,7-diyl) to form non-planar geometry. These electron-donating linkers could up-

shift energy levels, produce extended conjugation, and broaden the spectral absorption. Moreover, 

these non-planar structures effectively inhibited the aggregation and crystallization of PDI units, 

thus favoring their photovoltaic performance. Among them, PDI-5 and PDI-6 with three-

dimensional (3D) spirobifluorene linkers could form electron-transport networks that leaded to 

high photocurrent. Furthermore, bounding with three or four PDIs by a core has been extensively 

investigated. Lin et al.75 linked three PDIs with a triphenylamine (TPA) core to get a non-planar 

and star-shaped PDI acceptor, S(TPA-PDI), which formed a quasi-3D structure, and thus had weak 

intermolecular interactions and molecular aggregation. Duan et al.76 introduced an electron-

deficient core (1, 3, 5-triazine) to bound three PDIs, thereby reporting a novel PDI trimer acceptor, 

Ta-PDI. According to the density functional theory (DFT) calculation, two PDIs in the Ta-PDI 

molecule showed relatively co-planar geometry with a torsion angle of 19o, while the third PDI 

had large torsion angles (83 o and 74 o) with the other two PDIs. Therefore, Ta-PDI acceptor 

exhibited relatively high crystallinity and electron mobility, leading to a high PCE of 9.15% in the 

OSCs based on PTB7-Th: Ta-PDI photoactive layer. In addition, Lin et al.77 rationally modulated 

the twisting degree of PDI-based acceptors, because the insufficient twisting could cause the 

formation of large domain size, and the excessive twisting could decrease charge mobility. 

Therefore, they synthesized TPPz-PDI4 acceptor with a less crowded tetraphenylpyrazine (TPPz) 

core, which exhibited a smaller torsion angle due to the reduced crowding of four PDIs, leading to 

better charge mobility and higher efficiency of 7.1%. The chemical structures of the above non-

fused PDI-based NFAs are shown in Figure 1.6. 
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Figure 1.6 The chemical structures of non-fused PDI-based acceptors in NFA-based OSCs. 
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ring-fused PDI molecules that possess sufficient torsion and proper extent of ring-fusion, thereby 

enabling appropriate crystallinity and increased charge transport. For example, Zhong et al.78 

synthesized a helical PDI dimer with an ethylene spacer, which contributed to ultrafast electron 

and hole transfer between the polymer donor and the helical PDI acceptor. As a result, helical PDI 

NFA-based OSCs achieved excellent efficiency up to 6.05%. Furthermore, they reported two 

helical PDI acceptors with three PDIs and four PDIs (hPDI3 and hPDI4).
79 The photoactive layer 

based on the PTB7-Th: hPDI3 (hPDI4) presented a mesh-like network, the pores in this network 

showed tens of nanometers in diameter. In addition, holes and electrons transfer at the interface 

between donor and acceptor were found, thus contributing to device efficiencies of 7.9% and 8.3%, 

respectively. Moreover, Zhang et al.64 reported a novel PDI-tetramer acceptor (FTTB-PDI4), 

which linked a tetrathienylbezene (TTB) core with four PDI units via a ring-fusion between the 

thiophene and PDI unit. Compared to non-fused PDI-tetramers, this fused NFA exhibited a 

‘double-decker’ geometry with two pairs of parallel PDI units, thereby offering stronger light 

absorption and intermolecular packing. In addition, the photoactive layer showed a high domain 

purity of the acceptor, which was beneficial to maintain its molecule packing and electron transfer. 

As a result, an excellent efficiency of 10.58% the device was yielded for this device. The chemical 

structures of the above fused PDI-based NFAs are shown in Figure 1.7.  

 

Figure 1.7 The chemical structures of fused PDI-based acceptors in NFA-based OSCs. 

NO O

NO O

N

N

O O

OO

Helical PDI

C5H11 C5H11 C5H11 C5H11

C5H11C5H11C5H11C5H11

NO O

NO O

N

N

OO

OO

NO O

NO O

N

N

OO

OO

NO O

NO O

N

N

OO

OO

NO O

NO O

hPDI3 hPDI4

C5H11 C5H11C5H11 C5H11
C5H11 C5H11 C5H11 C5H11C5H11 C5H11

C5H11 C5H11C5H11 C5H11

C5H11C5H11C5H11C5H11C5H11C5H11C5H11C5H11C5H11C5H11C5H11 C5H11C5H11 C5H11

N

N

O

O

O

R

R

N

N

O

O

O

O

R

R

N

N

O

O

O

O
R

RO

S

S

S

N

N

O

O

O

O

R

R

S

R =

C6H13

C6H13

FTTB-PDI4



 

14 

 

   NDI-based acceptors: In addition to PDI, researchers have done a lot of work in studying its 

homologue molecule NDI and building NDI acceptor-based OSCs. Compared to PDI acceptors, 

NDI acceptors show relatively low light absorption and electron mobility due to their smaller 

conjugated backbones. In addition, the NDI unit has fewer reaction sites, which limits the chemical 

structural diversity of NDI molecules and the adjustment of their optical and electrical properties. 

Therefore, NDI-based small molecules cannot achieve high-efficient photovoltaic performance. 

Accordingly, NDI generally serves as an electron-deficient moiety to synthesize the NDI-based 

polymer acceptors. In 2008, Guo et al.80 pioneered the synthesis of a series of n-type polymers 

based on NDI unit (P1 and P2a-2d), which showed deep-lying LUMO energy levels. According 

to the introduction of different electron-donating moieties, optical energy gaps could be adjusted 

ranging from 1.7 to 1.1 eV. Subsequently, Yan et al. 81 used an electron-transporting polymer, 

P(NDI2OD-T2) (also known as N2200) in organic thin-film transistor (OFET). The N2200 

polymer had a high OFET electron mobility up to 0.85 cm2 V-1 s-1 under ambient conditions, a 

broad spectral absorption from 300 nm to 900 nm, and remarkable stability under humidity 

conditions because of its planar structure and dense molecular packing. To date, the N2200 

polymer is the most widely used polymer acceptor in OSCs and yields excellent efficiencies. In 

2019, Li et al.63 reported an all-polymer solar cell based on the PTzBI-Si: N2200 photoactive layer, 

and yielded a benchmark PCE value of 11.0% through employing a non-chlorinated cyclopentyl 

methyl ether solvent (CPME). The PTzBI-Si: N2200 blend in the CPME solvent exhibited stronger 

aggregation, leading to a higher absorption coefficient, efficient energy transfer and enhanced 

charge mobility. Besides, Zhu et.al65 used the slot die printing to prepare the PTzBI-Si: N2200 

photoactive layer. In this work, the volatile solvent of 2-methyltetrahydrofuran (MTHF) could 

freeze the morphology in a short time, which led to strong intermolecular interaction and the 

formation of more rigid conformations. The limited solubility of PTzBI-Si polymer donor and 

N2200 polymer acceptor in the MTHF solvent could induce the formation of fibril networks in the 

blend film, resulting in a high PCE of 11.76%. The chemical structures of the above NDI-based 

polymer acceptors and polymer donors are shown in Figure 1.8. 
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Figure 1.8 The chemical structures of NDI-based polymer acceptors, and polymer donors in NFA-based 

OSCs.  

A-D-A type NFAs  

   A-D-A type NFAs generally are comprised of the electron-donating core (D) connected two 

electron-withdrawing (A) end-caps to form a ‘push-pull’ structure, which has the following 

attractive features: 1) the ‘push-pull’ effect can promote strong intramolecular interaction and 

intramolecular charge transfer to afford a broaden spectral absorption and a narrow bandgap; 2) 

this rigid and conjugated molecular conformation can facilitate the intermolecular charge transfer 

to adjacent acceptors or donors;82 3) A-D-A type NFA with a good planarity enables high electron 

mobility in the solid film.83 Therefore, A-D-A type NFAs, especially ITIC-series and Y-series, 

have excellent optoelectronic properties, which provides breakthrough photovoltaic efficiencies. 

   ITIC-series NFAs: In 2015, Zhan’s group84 synthesized and reported a novel A-D-A type 

electron acceptor, ITIC, consisting of an indacenodithieno[3,2-b]thiophene (IDTT) core and two 

2-(3-oxo-2,3-dihydroinden-1-ylidene)malononitrile (INCN) end groups. The ITIC NFA possesses 

low LUMO and HOMO energy levels due to INCN electron-withdrawing groups and broad 

absorption range arising from the pull-push structure. The introduction of 4-hexylphenyl groups 

plays a role in suppressing aggregation, leading to good miscibility with PTB7-Th polymer donor. 
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Thus, OSCs based on the PTB7-Th: ITIC blend film yielded a record efficiency of 6.8%. Since 

then, the field of A-D-A type NFAs has become a hot research topic. However, the overlapped 

absorption spectra of PTB7-Th donor and ITIC acceptor limited the improvement of the efficiency. 

Therefore, a series of polymers have been used as donors into ITIC-based OSCs to obtain high-

efficient photovoltaic performance. For example, Zhao et al.85 demonstrated a combination of the 

PBDB-T polymer donor and ITIC acceptor to achieve an outperforming PCE up to 11.21%. The 

PBDB-T and ITIC showed better complementary absorption to support more photons harvesting, 

as well as a well-aligned energy level to reduce the energy loss and increase the photovoltage. In 

addition, Xu et al.86 reported a novel polymer donor (PBDTS-TDZ) with a wide bandgap, and then 

blended with ITIC acceptor with a low bandgap to yield a certified PCE of 13.19% without any 

additives and post-treatment. 

   Besides, a series of ITIC derivatives have been developed by the replacement of side chains, 

terminal groups and conjugated cores to tune their optoelectronic properties, which can match with 

polymer donors and enhance the photovoltaic performance of devices. Lin et al.87 reported a 

promising ITIC derivative, ITIC-Th, via replacing phenyl side chains with thienyl side chains, 

which could downshift the energy level. Compared to phenyl side chains, thienyl side chains were 

able to increase intermolecular interactions, and facilitate molecular π-stacking and charge 

transport due to the easily polarized sulfur atoms and strong sulfur-sulfur interaction. Moreover, 

Li et al.88 introduced a weak and small electron-donating substituent, methyl, on terminal groups 

of the ITIC molecule to obtain an electron acceptor (IT-M), which could lift the energy level 

without inducing steric hindrance for intermolecular packing. The device based on the PBDB-T: 

IT-M photoactive layer demonstrated a high Voc of 0.94 V and a high PCE of 12.05%. Similarly, 

Zhao et al.89 fluorinated the INCN end-groups to synthesize a novel electron acceptor (IT-4F). 

Meanwhile, they reported a newly fluorinated-polymer donor (PBDB-T-SF). The fluorinated 

donor and acceptor displayed high absorption coefficients and low-lying HOMO and LUMO 

energy levels, thereby achieving a record efficiency of 13.1%. Zhang et al.90 introduced the 

chlorine substituents on the INCN end-groups to synthesize the IT-4Cl molecule. The IT-4Cl 

molecule possessed a large dipole-moment of the C-Cl bond to cause the molecular stacking and 

enhanced the intermolecular charge-transfer effect so that the OSC with PBDB-T-SF: IT-4Cl blend 

film achieved an outstanding PCE of 14.2%. In addition, the optimization of the conjugated core 

of the ITIC molecule is also a promising strategy to modulate the optical and physical properties 
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of ITIC-based acceptors. Lin et al.91 reported a novel NFA (IDIC) by substituting phenyl side 

chains on the core of the ITIC molecule with alkyl chains, which showed a narrow bandgap of 1.6 

eV. The IDIC acceptor blended with a medium bandgap FTAZ donor could result in 

complementary absorption from 400 nm to 800 nm. In addition, the FTAZ donor and IDIC 

acceptor had matched energy levels and relatively high hole and electron mobilities, yielding a 

certified PCE of 12.14%. In order to further broaden the spectral absorption, Zhu et al.92 developed 

a fused ring NFA (IOIC3) with an eight-ring fused naphtho[1,2-b:5,6-b’]dithiophene core and 

alkoxy side chains. The extended core and σ-inductive oxygen atoms were able to induce red-

shifted absorption, decrease optical bandgap of 1.45 eV and enhance electron mobility of 1.5 × 10-

3 cm2 V-1 s-1, which facilitated the achievement of a high efficiency of 13.1%. Similarly, Dai et 

al.93 extended the seven-ring fused core of the ITIC molecule to the nine-ring fused core. The 

bandgap of the novel electron acceptor (INIC) and fluorinated-INIC (INIC3) could be reduced to 

1.57 eV and 1.48 eV, respectively, and showed high extinction coefficients of (2.1-2.5) × 105 M-1 

cm-1. The OSCs based on FTAZ: INIC3 exhibited an efficiency as high as 11.5%. The chemical 

structures of the above ITIC-series acceptors and polymer donors are shown in Figure 1.9. 
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Figure 1.9 ITIC-series acceptors and polymer donors in NFA-based OSCs. 

   Y-series NFAs: A new class of the NFA was developed by Zou’s group94, which employed a 

ladder-type core of the dithienothiophen [3.2-b]-pyrrolobenzothiadiazole (TPBT) and 2-(5,6-

difluoro-3-oxo-2,3-dihydro-1H-inden-1-ylidene)ma-lononitrile (2FIC) end groups to construct the 

Y6 acceptor with an A-DAD-A structure. The central fused TPBT core was used to tune electron 

affinity, while 2FIC end groups could contribute to the optical absorption and intermolecular 

interaction by forming noncovalent F-S and F-H bonds, thereby facilitating effective charge 

transport and obtaining a narrow bandgap of 1.33 eV. By blending with a medium bandgap PM6 

polymer donor, the optimized efficiency reached 15.7% with a Jsc value as high as 25.2 mA cm-2, 

breaking the historical efficiency record of single-junction OSCs. This photovoltaic performance 

has made Y6-based NFAs recent research hotspots. Afterward, a series of new donors were 

developed to match with the Y6 acceptor, thereby achieving remarkable device efficiencies. For 

example, Ma et al.95 synthesized a polymer donor (PM7) by the chlorination of the PM6 polymer. 
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The PM7 donor exhibited a deeper HOMO energy level, blending with the Y6 acceptor could offer 

a higher Voc and a breakthrough PCE of 17.04%. Furthermore, Liu et al.96 reported a high-efficient 

copolymer donor, D18, with a fused-ring acceptor unit (dithieno[30, 20: 3, 4; 200, 300: 5, 

6]benzo[1, 2-c][1, 2, 5]thiadiazole, DTBT), which showed a large molecular plane and high hole 

mobility. Thus, the OSC based on the D18: Y6 photoactive layer achieved a record PCE of 18.22%. 

   Moreover, Y6 derivatives have been developed to increase device efficiency through materials 

engineering. Firstly, the modification of the end groups as the flanking unit is beneficial to tune 

energy levels. A major achievement was made by Cui et al.97, who conducted a new Y-series 

acceptor to study the influence of halogen atoms on geometries and electrical properties of 

acceptors. In this work, they replaced fluorine atoms on the Y6 molecule with chlorine atoms to 

generate a new acceptor, BTP-4Cl (Y7), which exhibited a downshifted energy level and a narrow 

optical bandgap. Additionally, the PBDB-TF (PM6): BTP-4Cl-based blend film had a high 

electroluminescence quantum efficiency (EQEEL) of 3.47 × 10-4, indicative of a reduced non-

radiative energy loss. Thus, the devices based on PBDB-TF (PM6): BTP-4Cl blend film exhibited 

an efficiency as high as 16.5%. The modification of the conjugated core is another strategy to 

modulate the optoelectronic properties. For example, Zhang et al.98 reported a new acceptor (Y6Se) 

by introducing a facile method of the selenium substitution on the TPBT core, which could 

effectively reduce the Urbach energy of 20.4 meV to decrease non-radiative energy loss. 

Combining the optimal properties with the strong absorption and high electron mobility, OSCs 

based on the D18: Y6Se active layer recorded a PCE of up to 17.7%.  

   Furthermore, researchers worked to modify the alkyl chain of the Y6 molecule, which helps to 

improve the solubility and control intermolecular stacking. Jiang et al.99 optimized the branched 

alkyl chains on the nitrogen atom of the pyrrole unit of the Y6 molecule to synthesize a new 

acceptor N3 with the 3rd-position branched alkyl chain. The photoactive layer containing the N3 

acceptor exhibited optimal properties associated with appropriate domain size, crystallinity, and 

more dominant face-on orientation, resulting in the best efficiency of 16.0%. In order to increase 

solubility and the processability of the BTP-4Cl molecule, Cui et al.100 optimized alky chains on 

the central core from 2-ethylhexy (EH) to 2-bultyloctyl (BO) to obtain a new acceptor (BTP-4Cl-

12), which had  suitable solubility, and thus generated a high PCE of 17.0% for spin-coated devices 

and 15.5% for blade-coated devices. Furthermore, they reported a BTP-4Cl-12 analog (BTP-eC9) 

by shortening alkyl chains on the edge groups from n-undecyl  (C11) to n-nonyl (C9).101 The BTP-
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eC9 acceptor displayed suitable solubility, decreased Urbach energy, and enhanced electron 

mobility, which led to a maximum PCE of up to 17.8% for the single-junction OSCs based on the 

PBDB-TF: BTP-eC9 blend film. Recently, a breakthrough molecule (L8-BO) was synthesized by 

Sun’s group,102 which substituted the -position of the thiophene unit on the TPBT core of the Y6 

with branched BO alkyl chains. The L8-BO molecule showed better molecular packing behavior, 

leading to improved structural order and charge transport in thin films. In addition, the blue-shifted 

optical absorption and the upshifted LUMO energy level of the L8-BO molecule are better 

matched with the PM6 donor, leading to an unprecedented PCE of 18.32% with an FF of 81.5% 

for single-junction OSCs. Afterward, researchers made efforts to maximize the device efficiency 

through device fabrication engineering. Song et al.103 reported a new strategy by introducing a 

solvent additive (diiodomethane, DIM) to reduce the voltage loss (Vloss), resulting in increased Voc 

of 0.893 V and PCE of 18.60%. Meng et al.104 utilized the cobalt(II) acetate to prepare an efficient 

HTL on the PM6: L8-BO-based OSC, which could enhance the WF and conductivity of HTL and 

promote the improvement of Voc, Jsc, and FF, and then obtain a champion efficiency of 18.77%. 

The chemical structures of the above Y-series acceptors and polymer donors are shown in Figure 

1.10. 
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Figure 1.10 Y-series acceptors and polymer donors in NFA-based OSCs. 

1.3.2 Morphology optimization  

   The OSC progress simultaneously depends on the evolution of materials and the optimization 

of the morphology. Accordingly, an ideal BHJ morphology of the photoactive layer is a 

prerequisite for the achievement of state-of-the-art OSCs. The control of the BHJ morphology 

through processing solvents, post-treatment and ternary blend strategy can facilitate the formation 

of suitable phase separation, proper domain size (10-30 nm), high domain purity, which is of vital 

importance for effective exciton dissociation and charge transport.105  
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1.3.2.1 Processing solvents  

Solvents 

   For solution-processed photoactive layers, the selection of the casting solvent is crucial for the 

formation of the optimal morphology with appropriate phase separation, which should meet some 

requirements: 1) enabling enough solubility of donors and acceptors to process the film from the 

solution, and 2) possessing suitable boiling point and saturation vapor pressure for the formation 

of the crystalline film after spin-casting. In 2001, Shaheen et al.106 for the first time discussed the 

influence of solvents on the morphology of the blend film. They used two solvents, toluene and 

chlorobenzene (CB), to cast the MDMO-PPV: PCBM blend film. According to atomic force 

microscopy (AFM) measurements, the CB-cast film showed a smaller phase-separated size and 

smoother surface morphology compared to the toluene-cast film. It pointed out that the good 

solubility of the PCBM in the CB could provide better morphology of the blend film. Since then, 

choosing the proper casting solvent has attracted more attention for optimizing the morphology. 

Park et al.107 analyzed the effect of chloroform (CF), CB and dichlorobenzene (DCB) as casting 

solvents on the phase separation and percolated networks of the PCDTBT: PC71BM blend film 

with the help of the transmission electron microscopy (TEM) characterization. The results 

demonstrated that the DCB-cast film exhibited smaller nanoscale phase separation and better-

connected percolated networks, resulting in the IQE approaching 100%. Researchers also made 

great efforts to optimize the morphology by using the mixed solvents. Wienk et al.108 used a 

mixture of CF and o-dichlorobenzene (ODCB) (4:1) as the casting solvent to obtain optimized 

morphology with an appropriate domain size of 20-30 nm and phase separation. In this work, the 

mixed solution not only avoided the limited solubility of the pBBTDPP2 donor in the ODCB but 

also facilitated the formation of a semi-crystalline thin film due to the slow evaporation of solvents. 

In addition, different solvent treatments in the Y6 system can have a significant effect on the 

morphology. Zhu et al.109 revealed that the CF-processed Y6 film was preferential to form the 

polymer-like extended crystal transport channels, while CB-processed Y6 film tended to exhibit 

small and discrete oriented crystallites, as confirmed by 2D grazing incidence wide-angle X-ray 

scattering (GIWAXS) measurements (Figure 1.11). 
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Figure 1.11 (a) 2D GIWAXS patterns for pure Y6 processed with CB and CF, and (b) related scattering 

profiles. (c) The arrangement sketch map of molecules in films processed by CB and CF. Reprinted from 

ref. 109. Copyright 2020 Wiley. 

  Halogenated solvents have been widely used to form favorable morphology and enhance 

photovoltaic performance, while they are toxic to harm human health and the environment. 

Halogen-free solvents are more attractive in OSC processing. So far, great progress has been made 

in the development of green solvent processable OSCs. Daynek et al.110 synthesized a twisted PDI 

dimer (tPDI-Hex), which showed good solubility by incorporating alkyl chains on the N-

annulation at the bay position of the PDI chromophore. OSCs based on the PTB7: tPDI-Hex blend 

film could achieve a PCE of 4.8% processed from the 2-methyl-tetrahydrofuran (2Me-THF) or o-

xylene halogen-free solvents. Park et al.111 reported a regionally random 3MT-Th polymer with 

good solubility in the non-halogenated toluene solvent. The 3MT-Th: ITIC blend film from the 

toluene solution demonstrated the finest interpenetrating network with the relatively small 

crystallite domain size, yielding a maximum PCE of 9.73%. Xu et al.86 chose an appropriate green 

solvent (o-xylene) to finely control the morphology of PBDTS-TDZ: ITIC blend film, the resulting 

PCE was up to 13.35% with an extremely low energy loss (Eloss) of 0.48 eV. Recently, Kim et 

al.112 developed three new green-solvent-processable NFAs, YSe-C3, YSe-C6 and YSe-C9. 

Among them, the o-xylene-processed PM6: YSe-C6 blend film exhibited an optimal morphology, 

leading to an excellent PCE of over 16%. However, blend films containing YSe-C3 and YSe-C9 

acceptors formed aggregate-containing morphologies, limiting efficiencies to only 11%-14%. In 

addition, Pang et al.113 incorporated B-N covalent bonds into the polymer donor (PBNT-TzTz) 
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with the aim of using a real green and eco-compatible anisole solvent. The anisole solvent is 

recommended by the “Globally Harmonized System of Classification and Labelling of Chemicals 

(GHS)” of the United Nations as the green solvent. The PBNT-TzTz polymer with B-N bonds 

exhibited a dipole moment of 1.84 Debye to improve the polarity, which could promote the 

solubility of PBNT-TzTz polymer in the anisole solvent and achieved a high PCE of 15.65%. The 

chemical structures of the above polymer donors and acceptors are shown in Figure 1.12. 

 

Figure 1.12 Polymer donors and acceptors in OSCs with processing solvent-induced morphology 

optimization.  

Solvent additives 

   The addition of processing additives to blend solutions is a facial and effective strategy toward 

creating desirable BHJ morphology correlation with high photovoltaic performance. Solvent 

additives have been revealed to affect phase separation, molecular ordering, and crystalline 

nanostructures. In 2007, Heeger’s group114 for the first time reported a meaningful result in the 

effect of the alkanedithiol additive on morphology control, leading to an increased PCE from 2.8% 

to 5.5% without thermal annealing. Later, they clarified the mechanism of the processing additive 
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for morphology optimization.115 Two criteria for the solvent additive have been identified: 1) the 

selective solubility for one of the components in the blend solution; and 2) a higher boiling point 

than the host processing solvent to ensure the interaction of processing additives and one of the 

components. They pointed out that alkanedithiol additives could selectively dissolve PCBM 

acceptors, while polymer donors were insoluble in alkanedithiol additives, resulting in the 

formation of three separate phases in fullerene-based blend films. In addition, they investigated a 

class of 1, 8-di(R)octanes as processing additives, and demonstrated that the 1, 8-diiodooctane 

(DIO) as the solvent additive provided the best efficiency. Since then, the DIO additive has been 

extensively used in fullerene-based OSCs to reduce fullerene aggregation and promote phase 

separation. Apart from the control of phase separation by the DIO additive, Guo et al.116 found the 

influence of the DIO additive on the surface composition of the photoactive layer. The polymer 

donor would be enriched near the top surface, which could facilitate hole transport in the inverted 

device structure. Many successful studies proved that the incorporation of the DIO additive could 

boost the improvement of OSC efficiencies, especially in inverted device structures. However, 

stability studies have revealed that the DIO additive could accelerate the device degradation, since 

the residual DIO additive is difficult to be fully removed due to the high boiling point.117, 118 

Doumon et al.119 investigated the degradation mechanism of OSCs caused by DIO additive. It 

indicated that the DIO additive could result in electron traps by the formation of iodine, dissolved 

hydroiodic acid and carbon-centered radicals under UV irradiation, which was detrimental to the 

device stability. In addition to the DIO additive, some halogenated additives have been reported 

in OSCs to control the morphology and enhance photovoltaic performance. Among them, 1-

chloronaphthalene (1-CN) is one of the most widely used halogenated additives because of its 

selective solubility and high boiling point.120, 121 Schmidt et al.122 proposed the roles of 1-CN 

additive on the BHJ film. It indicated that the 1-CN additive could induce short stiff chain segments 

and short-range ordering in polymer aggregates, resulting in the crystallization of the polymer 

donor. Moreover, the BHJ blend film exhibited fine and intermixed phase-separated networks with 

the addition of the 1-CN, thereby favoring highly efficient OSCs with 1-CN as the solvent additive. 

Song et al.103 employed a solvent additive strategy to reduce the Eloss by introducing diiodomethane 

(DIM) additive instead of DIO additive. DIM-processed PM6:L8-BO blend film possessed good 

morphology and charge transfer ability, leading to an excellent PCE of 18.6%.  
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   Taking consideration of environmentally friendly processing OSCs, non-halogenated additives 

have been developed and chosen for future OSC technologies. Widely used green additives include 

1, 8-octanedithiol (ODT),123-125 1-methylnaphthalene (MN),126 diphenyl ether (DPE),127-129 1-

phenylnaphthalene (PN),128, 130, 131 and 3-methylthiophene (MT)132, 133, etc. The ODT was the first 

reported green additive, which has been used in various systems. Salim et al.123 systematically 

investigated the effect of alkanedithiols additives with different lengths of alkyl chains in the P3HT: 

PC61BM system. It was found that the boiling point and solubility of additives were critical to the 

degree of intermolecular interaction in the blend film. The ODT additive could provide optimized 

morphology and yield the best efficiency. In addition, Zhao et al.134 introduced a novel green PN 

additive with an optimal alkyl chain length, which could drive the donor molecular orientation 

from edge-on to face-on relative to the substrate, and optimize the domain size and domain purity. 

Hence, the device efficiency dramatically increased from 6.4% to 11.7% with the addition of 2.5% 

PN into the blend solution. Xue et al.135 reported a non-halogenated additive (methyl salicylate, 

MeSA) to modulate the morphology of the blend film. The addition of 7% MeSA was favorable 

to increase the crystallinity and form good interpenetrating network, leading to the significant 

improvement of the FF value in the PTB7-Th: PC71BM system from 49.26% to 70.11%. The 

structures of the above halogen and non-halogen solvent additives are shown in Figure 1.13.  

 

Figure 1.13 Halogen and non-halogen solvent additives for morphology optimization. 

1.3.2.2 Post-treatment of the photoactive layer 

Thermal annealing  

   Thermal annealing is a common post-treatment method for morphological rearrangement in BHJ 

photoactive layers, which is performed by heating the photoactive layer at a certain temperature 

for a certain period time after spin-coating the blending solution. This method is more effective 
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for highly crystalline materials to tune the crystallinity, molecular packing and domain size, which 

was for the first time successfully applied in the P3HT: PCBM system.136, 137 After thermal 

annealing, grazing incidence XRD showed a sharp peak at 2θ = 5.4o, revealing increased 

crystallinity of the P3HT. Furthermore, an ordered nanostructure was generated through the 

formation of the P3HT matrix and PCBM clusters, leading to an increase of the optical absorption. 

Moreover, NFA-based systems also need thermal annealing to control the morphology. Take high-

performance NFA systems as examples, Li et al.138 found that thermal annealing could control the 

vertical phase separation and increase the crystallinity of the PBDB-T: IT-M system. The PBDB-

T would be rich on the top of the blend film at an annealing temperature of 80 oC, while the PBDB-

T-rich on the top would be inhibited at an annealing temperature of 160 oC. Also, the crystallinity 

of the PBDB-T: ITIC system was increased after conducting thermal annealing, which thus 

achieved an excellent PCE exceeded 10%.139, 140 Köntges et al.140 found that the semi-crystalline 

ITIC acceptor could be formed from the polymorph in the photoactive layer due to the strong π-π 

interaction of electron-withdrawing groups during thermal annealing, which facilitated the 

formation of charge transport paths. In addition, Zhu et al.141 investigated the influence of thermal 

annealing on the PM6: Y6 BHJ system through a series of characterization techniques. It was 

revealed that thermal annealing had a negligible effect on the molecular orientation, crystallinity, 

domain size and purities, while it forced Y6 vertical migration to the top surface of the blend film 

and changed the vertical phase separation of the PM6: Y6 blend film. As a result, the device 

showed increased charge mobility.  

Solvent vapor annealing (SVA) 

   The SVA treatment is another effective method to control morphology and molecular 

rearrangement at room temperature, which is performed by placing the sample in a covered petri 

dish with a small amount of solvent after spin-coating. Because of the different solubility of donor 

and acceptor materials, their crystallinity and aggregation can be individually controlled by the 

SVA treatment. In 2005, Yang’s group136 employed this cost-effective SVA method to slow down 

the growth rate of the P3HT: PCBM photoactive layer for the first time, which facilitated the 

formation of a self-organized ordered structure, and thus achieved increased hole mobility and 

balanced charge transport. From then on, different solvents were chosen to anneal P3HT: PCBM 

blend films, which enabled increased molecular ordering and crystallinity of the P3HT.142-144 The 

SVA post-treatment is also important for D-A polymer-based systems to optimize morphology 
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and improve photovoltaic performance. Chen et al.145 reported that the solubility of the PCPDTBT 

donor and ICBA fullerene acceptor in annealing solvents played a significant role in the 

morphology of the blend film. The bromobenzene as an annealing solvent showed preferential 

solubility for the PCPDTBT donor, resulting in forming a non-uniform distribution of the ICBA, 

and thus deteriorating the device performance. However, the PCDTBT donor and ICBA acceptor 

had similar solubility in the DCB annealing solvent. After conducting the DCB solvent annealing, 

the blend film exhibited a better molecular ordering of the polymer and phase separation of the 

fullerene so as to obtain increased charge transport and enhanced device efficiency. In addition, 

Zheng et al.146 systematically investigated the influence of the SVA treatment with different polar 

solvents (methanol, ethanol, dimethylsulfoxide, acetone and isopropanol) on the morphology of 

PTB7: PC71BM blend film. These polar solvents had different degrees of solubility and viscosity 

for the PTB7 donor and PC71BM acceptor. Among them, the methanol had high solubility and low 

viscosity so that the methanol SVA treatment could promote the formation of crystalline of PTB7: 

PC71BM blend and the properly aggregated PC71BM. As a result, the device efficiency could be 

increased from 6.55% to 8.13%. According to the development of the SVA technology, researchers 

proposed an upside-down SVA (UD-SVA) technique to further optimize the morphology of the 

blend film and boost the device efficiency.147 Jiao et al148 applied the UD-SVA treatment on the 

NFA-based system with the PM7: IT-4Cl blend film (Figure 1.14). Four solvents, including 

dichloromethane (CH2Cl2), chloroform (CHCl3), tetrahydrofuran (THF) and carbon disulfide 

(CS2), were selected for the UD-SVA treatment. Among them, the OSC with the CS2 UD-SVA 

treatment exhibited a well-developed morphology, which could promote efficient exciton 

dissociation and charge transport. Accordingly, the PCE of the PM7: IT-4Cl-based OSC could be 

up to 13.76%, which was more than 15% improvement in comparison with the as-cast OSC.    

 

Figure 1.14 Schematic illustration of the photoactive layer fabrication with the UD-SVA treatment. 

Reprinted from ref. 148. Copyright 2020 Wiley.   
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1.3.2.3 Ternary blend strategy  

   The ternary blend strategy is a promising and extensive approach to optimize optoelectronic 

properties and morphology for achieving state-of-the-art photovoltaic performance, which consists 

of three components (D1: D2: A or D: A1: A2) in the photoactive layer. In particular, the third 

component can play a considerable role in modulating the crystallinity and miscibility of the 

photoactive layer and facilitating molecular stacking and phase separation. So far, the ternary blend 

strategy made great progress in morphology optimization, leading to a breakthrough efficiency of 

single-junction OSC over 19%.9 

Crystallinity  

   In BHJ OSCs, the crystallinity of donor and acceptor materials is desirable to facilitate charge 

transport and increase charge mobility. However, excessive or poor crystallinity is not conducive 

to form appropriate domain size, which can induce charge recombination because of the short 

exciton lifetimes and diffusion length.149 The crystallinity of host materials in the photoactive layer 

can be regulated by the ternary blend strategy. For instance, introducing a high crystalline 

component (the guest donor or acceptor) into the amorphous/relatively low crystalline host blend 

film can promote the molecular arrangement, thus improving the crystallinity and facilitating the 

charge mobility. For some conjugated polymers, their crystallinity is usually low owing to the high 

molecular weight.150 For example, PTB7 and its derivative (PTB7-Th) have poor crystallinity, 

which leads to low hole mobility of OSCs based on PTB7: PC71BM. Zhao et al.151 incorporated a 

high crystalline PffBT4T-2OD polymer as the guest donor to increase the crystallinity of PTB7-

Th: PC71BM blend film and optimize the morphology. 2D-GIWAXS measurements showed that 

introducing more content of the PffBT4T-2OD in the blend film could increase the crystallinity of 

the blend film. (Figure 1.15) The ternary film containing 15% PffBT4T-2OD exhibited 

appropriate domain size (25 nm) and domain purity, which was favorable to increase hole mobility 

and inhibit charge recombination, and thus afford a high Jsc value of 19.02 mA cm-2 and an FF 

value of 72.62%. Zhang et al.152 introduced a high crystalline small molecule (p-DTS(FBTTH2)2) 

as the guest donor into the PTB7:PC71BM blend film, which increased the crystallinity and formed 

the face-on orientation without causing the change of the domain size. As a result, the hole mobility 

and the FF value in the ternary system were significantly increased. In contrast, poorly crystalline 

or amorphous guest components can interfere with the π-π stacking of host materials that show 
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high crystallinity, thus helping to alleviate too high crystallinity of the host blend film and form a 

homogeneous morphology with appropriate phase separation behavior. Xie et al.153 introduced an 

amorphous fullerene acceptor (ICBA) as the guest acceptor into the PBT1-C: ITIC-2Cl blend film. 

It was found that the addition of the ICBA guest acceptor could decrease intermolecular π-π 

interactions of the crystalline ITIC-2Cl acceptor, which was beneficial for the film morphology, 

and efficient exciton dissociation and charge mobility. This ternary system containing 20% ICBA 

acceptor yielded a high PCE of 13.4% and FF of 76.8%.  

 

Figure 1.15 The chemical structure of the PffBT4T-2OD polymer. (a-f) 2D GIWAXS patterns of blend 

films with different weight ratio of the PffBT4T-2OD guest donor. Reprinted from ref. 151. Copyright 2017 

Wiley.   

Miscibility  

   The appropriate miscibility of photoactive layer materials is of vital importance for phase 

separation in BHJ photoactive layers. Excessively miscible materials tend to form small and 

impure phase domains in BHJ thin films, while immiscible materials favor high domain purity 
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with very large phase separation.154 Herein, significant efforts have been made to increase or 

reduce the miscibility of materials by the introduction of guest components so as to achieve a near-

ideal morphology. Thompson proposed the concept of an alloy model in BHJ blend films, in which 

the host component and the guest component are properly mixed to form alloy-like domains with 

a small Flory-Huggins interatcion.155 Introducing guest component that has good compatibility 

with the host materials supports to form the alloy-like model in BHJ blend films, thus contributing 

to the formation of the desirable film morphology. Gao et al.156 fabricated a highly efficient ternary 

OSCs with the host donor/acceptor materials (PM6 and BTP-4F-12) and the guest acceptor (IT-

M). Due to good compatibility of BTP-4F-12 and IT-M acceptors, they could form an alloy-like 

state in the blend film. Thus, the IT-M guest acceptor could effectively regulate molecular 

arrangement and phase separation, which yielded a high-efficient thick-film OSC with an excellent 

PCE of 15.34%. Moreover, An et al.157 synthesized a new polymer donor S3 that could form an 

alloy-like state with the PM6 donor due to their good compatibility, as confirmed by the small 

interfacial tension of these two donors in contact angle measurements. Thus, the morphology of 

the ternary blend film was optimized to form a more ordered molecular packing of the donors, 

which supported the increase of hole mobility. Besides, an effective strategy for the rational 

selection of guest components in the ternary system is proposed, i.e., the introduction of a guest 

component with similar chemical structures to the host material is beneficial to improve the 

miscibility. Li et al158 replied on this strategy to select the BTP-F molecule as the guest acceptor 

that has the same central unit as the host BTP-eC9 acceptor, resulting in good compatibility 

between two acceptors. The 2D GIWAXS measurements indicated that the introduction of the 

BTP-F guest acceptor facilitated the formation of a more orderly molecular packing, yielding an 

impressive efficiency of 18.45%. Similarly, Cai et al.159 reported highly efficient ternary OSCs by 

incorporating a novel guest acceptor, L8-BO-F, into the PM6: BTP-eC9 blend film. Two acceptors 

exhibited high miscibility due to their very similar chemical structures, which led to forming a 

homogenous mixed-phase and improve molecular ordering. As a result, a record efficiency of 

18.66% was achieved in this best-performing ternary system. The chemical structures of the above 

acceptors and donors in ternary OSCs are shown in Figure 1.16. 
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Figure 1.16 The chemical structures of acceptors and donors in ternary OSCs. 

1.3.3 Interfacial modification  

   The contribution of interfacial layers to the OSC performance cannot be ignored. Interfacial 

layers  have the inevitable potential to form Ohmic contacts between electrodes and the photoactive 

layer, tune the WFs of electrodes, optimize the surface morphology of the photoactive layer, 

modulate the light absorption of the photoactive layer by introducing nanomaterials with the 

plasmonic effect, and improve the device stability.160 Herein, an appropriate interfacial layer is of 

vital importance for charge extraction and transport, and boost the device performance. There are 

two interfacial layers (i.e., HTL and ETL) in the OSC configuration that build bridges to transport 

electrons to the cathode and holes to the anode. In the past decade, researchers have made dramatic 

progress in the development of hole- and electron-transporting materials, which have helped to 

make a huge breakthrough in photovoltaic performance. 

   Generally, the HTL should meet some requirements: 1) the WF of the HTL is required to match 

the energy level of the donor material for hole transport; 2) the HTL has good compatibility with 

the photoactive layer and electrode to avoid surface defects; and 3) in an inverted device structure, 

the HTL should be highly transparent to transmit sunlight. Among the family of hole-transporting 

materials, PEDOT: PSS is a representative conducting polymer as the HTL in the conventional 

device structure due to its proper WF (~5.1 eV), high conductivity, ease of the solution processing 

and good transparency, which thus provided one of the best device efficiencies.160, 161 In addition, 

vacuum-deposited metal oxides (e.g., MoOx) are widely used as hole-transporting materials in an 
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inverted device structure owing to the high WF and excellent environmental stability.162 Similar 

to properties of hole-transporting materials, electron-transporting materials should have low WF 

to match the energy level of the acceptor material for electron extraction or hole blocking, and 

good compatibility with the photoactive layer and the electrode. To date, a great number of 

polymers/organic small molecules, metal oxides, and hybrids/composites, have been widely used 

as electron-transporting materials. For example, metal oxides are currently predominant electron-

transporting materials in the inverted OSC structure due to their high transparency, well-matched 

energy levels, and good ambient stability, such as ZnO, TiO2, SnOx and their doped composites. 

ZnO is the most representative metal oxide in the ETL, which is prepared by a sol-gel strategy 

using zinc salts as the precursor.160 Very recently, Li et al.161 fabricated an inverted OSC with the 

sol-gel-derived ZnO film as the ETL to achieve a high efficiency of over 16%. Furthermore, they 

introduced a 2-(3-(dimeth-ylamino) propyl)-1,3-dioxo-2,3-dihydro-1H-benzo[de]-isoquinoline-

6,7-dicarboxylicacid (NMA) as the ZnO-modified material to address the photo-induced catalysis 

issue of the ZnO film. It was found that the hybrid ZnO/NMA film showed largely fewer oxygen 

defects, resulting in an increased PCE of 18.20% and enhanced device stability. (Figure 1.17 a 

and b) In the conventional OSC structure, PDI-based electron-transporting materials (PDINN and 

PDINO) exhibits promising performances, since they have high conductivity, thickness-

insensitive property, ability to downshift WFs of the metal electrodes, and good interfacial 

compatibility. (Figure 1.17 c and d)163, 164 With the help of PDI-based ETLs, the single-junction 

OSCs achieved the efficiency breakthrough.165 
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Figure 1.17 (a) The inverted device structure and chemical structure of NMA, and (b) photo-stability of 

devices based on ZnO and ZnO/NMA ETLs under light illumination. Reprinted from ref. 161. Copyright 

2022 Wiley. (c) The conventional device structure, and (d) the synthetic route of the PDINN along with the 

chemical structures of PDINN and PDINO. Reprinted from ref. 164. Copyright 2020 Nature. 

1.4 Research Objectives and Organization 

1.4.1 Research objectives  

   With the aims of enhancement of photovoltaic performance through various approaches, such as 

ternary blend strategy, morphology optimization and interfacial modification, three research parts 

in the thesis were carried out as following:  

Part I: Investigating photovoltaic performance enhancement of ternary solar cells via in-

depth understanding the 3D morphology of ternary blend film  

   As all know, the introduction of a guest component with complementary absorption and well-

matched energy level is a promising strategy to improve device efficiency. In addition, the 

desirable morphology of the photoactive layer with suitable phase separation and domain size can 

be achieved by adjusting the content of the guest component. However, it is still challenging to 

visualize 3D morphology of the blend film through traditional characterization techniques, such 

as AFM, TEM and scanning electron microscopy (SEM), especially for complex ternary blend 

morphology. The photoinduced force microscopy (PiFM) combining a high-resolution AFM with 

(b) (a) 

(c) (d) 
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infrared (IR) laser spectroscopy can characterize the surface morphology and the distribution of 

components in the photoactive layer by chemical identification. Moreover, the energy-filtered 

transmission electron microscopy (EF-TEM) with electron energy loss spectra (EELS) can probe 

the cross-sectional morphology of OSCs. Herein, the combination of these two advanced 

characterization techniques for 3D morphology characterization can gain insight into the role of 

the PDI-DPP-PDI acceptor in the morphological optimization of ternary blend films, thus helping 

to achieve highly efficient and stable OSCs.  

Part II: Miscibility-driven morphological optimization enabling a high-efficient ternary 

solar cells via integrating non-fullerene guest acceptor (PDI-EH)  

   The BHJ morphological optimization in the photoactive layer is crucial and cannot be neglected, 

since the device performance is directly correlated with interpenetrating nanostructures, phase 

separation, domain size and domain purity. In most BHJ-OSCs, the crystallinity of donor and 

acceptor materials usually affects their miscibility and thus the phase separation. Too low or too 

high miscibility of donor and acceptor materials lead to the formation of large-scale or fully mixed 

phases, which can deteriorate device performance. Up to now, owing to the lack of quantitative 

information on the miscibility for achieving the optimal morphology, empirically fine-tuning the 

miscibility is also of vital importance. In ternary OSCs, the selection of a suitable guest molecule 

can fine-tune the miscibility of host donor and acceptor materials, and thus facilitate effective 

photo-generated charge carrier dynamic. Herein, in collaboration with Prof. Gregory C. Welch, a 

non-fullerene guest acceptor (PDI-EH) was rationally designed and synthesized to tune the 

miscibility of host donor and acceptor materials. In addition, in-depth understanding of the 

relationship between the optimal morphology and the resulting local charge carrier dynamic could 

facilitate the achievement of the desirable morphology. 

Part III: Synergistic effect of polyelectrolyte PSS-coated plasmonic gold nanorods 

(GNRs@PSS) as rear interfacial modifiers on efficiency enhancement of non-fullerene-based 

solar cells 

   The photovoltaic performance of non-fullerene OSCs has made considerable progress. However, 

their efficiencies still lag behind the Si or perovskite solar cells, mainly because of the limited 

thickness of the photoactive layer (< 200 nm).166 The strategy to enhance sunlight absorption 

without increasing the film thickness is critical to harvest more photons and thus increase 
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photovoltaic performance. In addition, the interfacial modification in OSCs is also beneficial for 

device efficiency improvement by optimizing the surface morphology and promoting interfacial 

contact. Integrating plasmonic metallic nanoparticles on the photoactive layer as sunlight 

concentrators and interfacial modifiers is an attractive way to simultaneously meet the above 

requirements, which can effectively increase sunlight absorption, promote charge transport and 

reduce charge recombination between the photoactive layer and electrode. Herein, by collaborating 

with Dr. Zhonglin Du, I investigated the structural features of the QDs synthesized by him through 

using advanced characterization techniques. I further introduced GNRs@PSS as rear interfacial 

modifiers into non-fullerene-based OSCs to pursue high photovoltaic performance.  

1.4.2 Thesis organization  

The thesis is divided into three chapters which are organized as follows:  

Chapter 1 Introduction: This chapter describes the basic background and working mechanisms 

of organic photovoltaic devices, and research progress on improving photovoltaic performance. 

Meanwhile, the objectives are presented here.  

Chapter 2 Experimental and Characterization: This section describes the information on 

chemicals and materials, solution preparation (ZnO precursor solution and photoactive layer 

solutions), materials synthesis (PDI-EH molecule and GNRs@PSS nanomaterials), and devices 

fabrication (PTB7: PC61BM-based binary and ternary devices, PBDB-T: ITIC-4F-based binary 

and ternary devices, and GNRs@PSS integrated devices). Moreover, the main characterization 

techniques of photoactive layers and devices are presented.  

Chapter 3 Research Results: This chapter is divided into three parts. 

Parts I: Fabricating ternary solar cells containing the PDI-DPP-PDI non-fullerene guest acceptor, 

and 3D-nanoscale morphology characterization. The related publication is shown: 

Ting Yu, Wanting He, Jafari Maziar, Tugrul Guner, Pandeng Li, Mohamed Siaj, Ricardo Izquierdo, 

Baoquan Sun, Gregory C. Welch, Aycan Yurtsever and Dongling Ma, Three-dimensional 

nanoscale morphology characterization of ternary organic solar cells, Small Methods, 2022, 6, 

2100916. 
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Part II: Miscibility-driven morphological optimization by introducing the PDI-EH non-fullerene 

guest acceptor into the photoactive layer and in-depth understanding of relationship between 

morphology and performance variation. The related publication is shown: 

Ting Yu, Francesco Tintori, Yuchen Zhang, Wanting He, Edward Cieplechowicz, Raja Sekhar 

Bobba, Poojan Indrajeet Kaswekar, Maziar Jafari, Yuxuan Che, Yong Wang, Mohamed Siaj, 

Ricardo Izquierdo, Dmytro F. Perepichka, Quinn Qiao, Gregory C. Welch and Dongling Ma, 

Miscibility driven morphology modulation in ternary solar cells, J. Mater. Chem. A, 2023, 11, 

5037-5047. 

Part III: Fabricating highly efficient non-fullerene solar cells by integrating GNRs@PSS 

plasmonic nanoparticles as interfacial modifiers. The related publication is shown:  

Zhonglin Du1, Ting Yu1, Wanting He, Aycan Yurtsever, Ricardo Izquierdo, Maziar Jafari, 

Mohamed Siaj and Dongling Ma, Enhancing efficiency of non-fullerene organic solar cells via 

using polyelectrolyte-coated plasmonic gold nanorods as rear interfacial modifiers, ACS Appl. 

Mater. Interfaces 2022, 14, 16185-16196. 
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CHAPTER 2      EXPERIMENTAL AND CHARACTERIZATION 

   In this chapter, experimental details of materials, solution preparation, photovoltaic device 

fabrication, and related characterization are described. Firstly, information on chemicals and 

materials is briefly presented. Next, the solution preparation of photoactive layers is depicted. Then, 

fabrication processes of ternary devices with PTB7: PC61BM: PDI-DPP-PDI and PBDB-T: ITIC-

4F: PDI-EH photoactive layers, and PBDB-T: ITIC-4F-based binary device with interfacial 

modification are described in detail. Finally, performance characterizations on blend films and 

devices are presented.  

2.1 Chemicals and Materials 

  Polymer donors (PTB7 and PBDB-T), acceptors (PC61BM and ITIC-4F/ITIC-2F), and 1, 8-

diiodooctane (DIO) additive were purchased from the 1-Material company (Canada). Patterned 

ITO-coated glass substrates (Rs ≤ 10 Ω square-1, Tr ≥ 83%) were purchased from Shenzhen Huayu 

Union Technology Co., Ltd. (China). In addition, zinc acetate dihydrate (Zn (CH3COO)2·2H2O, 

99.9%), ethanolamine (NH2CH2CH2OH, 99.5%), 2-methoxyethanol (CH3OCH2CH2OH, 99.8%), 

chlorobenzene (CB), lithium fluoride (LiF), and molybdenum trioxide (MoO3) were obtained from 

Sigma-Aldrich without further purification. Poly (3, 4-ethylene dioxythiophene)-poly (styrene 

sulfonate) (PEDOT: PSS, Clevios™ P VP AI 4083) was obtained from Heraeus. PDI-DPP-PDI 

and PDI-EH were synthesized by collaborator - Prof. Gregory C. Welch’s group. GNRs@PSS 

nanorods were synthesized by collaborator - Prof. Zhonglin Du.  

2.2 Solutions Preparation  

2.2.1 Preparation of the ZnO precursor solution 

   The ZnO precursor solution was prepared according to a reported procedure.160 Briefly, 

Zn(CH3COO)2·2H2O, (1 g) was dissolved in the CH3OCH2CH2OH solution (10 mL) followed by 

the addition of the NH2CH2CH2OH (0.28 g) under vigorous stirring overnight in ambient 

conditions. Then the resulting ZnO precursor solution was filtered with the PTFE filter (0.45 μm) 

before use.  
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2.2.2 Preparation of binary and ternary blend solutions 

   The PTB7: PC61BM-based binary blend solution was prepared by dissolving the PTB7 polymer 

and PC61BM in the CB solvent with a weight ratio of 1: 1.5 and a concentration of 25 mg mL-1. 

Then, the resulting solution was stirred and heated at 60 oC overnight. Before casting the solution 

on the substrate, 3 % volume ratio of the DIO additive was added and stirred for 30 min. The PTB7: 

PC61BM-based ternary blend solution was prepared in the same way as the binary solution, but 

with different contents of the PDI-DPP-PDI guest molecule introduced (10%, 20% and 30%).  

   The PBDB-T: ITIC-4F-based binary blend solution was prepared by dissolving the PBDB-T 

polymer and ITIC-4F in the CB solvent with a weight ratio of 1: 1 and a concentration of 20 mg 

mL-1. Then, the resulting solution was stirred and heated at 90 oC overnight. Before casting the 

solution on the substrate, 0.5 % volume ratio of the DIO additive was added and stirred for 30 min. 

The PBDB-T: ITIC-4F-based ternary blend solution was prepared in the same way as the binary 

solution, but with different contents of the PDI-EH guest molecule introduced (10%, 20% and 

50%).  

2.3 Synthesis of Materials 

2.3.1 Synthesis of PDI-EH molecule 

   In a 20 mL microwave vial 2,5-bis(1-octyl)-3,6-di(thiophen-2-yl)diketopyrrolopyrrole (76 mg, 

1 eq.), 11-bromo-5-ethylhexyl-2,8-bis(1-ethylpropyl)perylene diimide (234 mg, 2.2 eq.), 

SiliaCat® DPP-Pd (29 mg, 5 mol %), pivalic acid (5 mg, 30 mol %) and cesium carbonate (120 

mg, 2.5 eq.) were added with a stir bar and sealed with a crimp sealed septa cap. The contents were 

purged with N2 gas followed by the addition of degassed anhydrous N, N’-dimethylacetamide (5.3 

mL) via syringe. The reaction mixture was heated at 100 °C in a LabArmor® beads bath for 24 

hours. After 24 hours the reaction mixture was poured into acetone and allowed to stir for one hour. 

The precipitated product was collected by filtration and the filtrate was discarded. The solid 

product was subsequently washed with dichloromethane to solubilize and isolate it from the 

insoluble silica-supported catalyst using a silica gel plug. The filtrate was concentrated by rotary 

evaporation and solubilized in a minimal amount of CHCl3. Ethyl acetate was added dropwise over 

several hours to the CHCl3 solution and allowed to stir overnight. The precipitated product was 

isolated by filtration. This yielded a dark solid product (186 mg, 70 % yield). The synthetic route 

of PDI-EH molecule was shown in Figure 2.1. 
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Figure 2.1 The synthetic route of PDI-EH molecule. 

2.3.2 Synthesis of GNRs@PSS nanomaterials 

   Synthesis of cetrimonium bromide (CTAB)-stabilized GNRs: The CTAB-stabilized GNRs were 

prepared through a seed-mediated growth method in an aqueous solution. Briefly, the fresh seed 

solution was prepared by the addition of ice-cold NaBH4 solution (0.6 mL, 0.01 M) into a mixture 

containing HAuCl4 (0.25 mL, 0.01 M) and CTAB (9.75 mL, 0.1 M), and kept at room temperature 

for 2 h before use. The growth solution was prepared by the sequential addition of HAuCl4 (2 mL, 

0.01 M), AgNO3 (0.4 mL, 0.01 M), HCl (0.8 mL, 1.0 M) and ascorbic acid (0.32 mL, 0.1 M) into 

CTAB (40 mL, 0.1 M). The growth solution was stirred for 30 s and then, the seed solution (0.1 

mL) was rapidly added for growing the GNRs. The reaction solution was well mixed by upside-

down inversions several times, then kept at 30 oC overnight. After centrifugation, the obtained 

pellet was redispersed in deionized water.    

   Synthesis of GNRs@PSS: The GNRs@PSS nanostructures were prepared using the seed-

mediated growth method followed by the electrostatic adsorption of PSS.167 The resulting CTAB-

stabilized GNRs (∼0.2 mL) were subsequently added into 10 mL of aqueous PSS solution (2 g L-

1, containing 6 mM NaCl), and the mixture was stirred at room temperature for 6 h. Then, the PSS-

encapsulated GNRs were purified by repeating the centrifugation/re-dispersion process three times 

and finally dispersed into methanol (∼1.0 mL) for further use. 

2.4 Device Fabrication 

   First, the patterned ITO glass was washed sequentially in an ultrasonic bath with deionized water, 

acetone and isopropyl alcohol, and treated in an ultraviolet-ozone chamber for 10 min. Then, the 

cleaned ITO glass was spin-coated with a ZnO precursor solution at 4500 rpm for 60 s and sintered 

at 200 °C for 1 h in air. Subsequently, photoactive layers consisting of PBDB-T: ITIC-4F-based 

binary and ternary blend solutions were spin-coated on the surface of the ZnO layer at 3000 rpm 
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for 1 min in the glovebox (PTB7: PC61BM-based binary and ternary blend solutions were spin-

coated on the surface of the ZnO layer at 2000 rpm for 2 min in the glovebox). For the GNRs@PSS 

integrated OSCs, the moderate GNRs@PSS methanol solution was spin-coated on the PBDB-T: 

ITIC-4F-based photoactive layer at 3000 rpm for 1 min. Finally, the MoO3 layer (ca. 25 nm) and 

Ag electrode (ca. 100 nm) were slowly evaporated onto the surface of the photoactive layer in a 

vacuum chamber.  

2.5 Characterizations 

2.5.1 Characterization of photovoltaic performance 

   The J-V curves of OSCs were measured by a Keithley 2400 source meter illuminated under AM 

1.5G spectrum from a solar simulator (Oriel, Model No. 94022A). Light intensity was calibrated 

to be 100 mW cm-2 by using an NREL Si solar reference cell. The external quantum efficiency 

(EQE) measurements were carried out on a Keithley 2000 multimeter under an illumination of 300 

W tungsten lamp with a Spectral DK240 monochromator. Raman characterization was performed 

on a micro-Raman spectrometer (InVia; Renishaw UK) with charge-coupled device detectors. The 

electron and hole mobility were measured by using the method of space-charge limited current 

(SCLC) for electron-only devices with the configuration of ITO/ZnO/photoactive layer/LiF/Al and 

hole-only devices with the configuration of ITO/PEDOT: PSS/photoactive layer/MoO3/Ag. The 

charge carrier mobility was determined by fitting the dark current to the model of a single carrier 

SCLC according to the equation: J = 9ε0εrμV2/8d3, where J is the current density, d is the film 

thickness of the active layer, μ is the charge carrier mobility, εr is the relative dielectric constant 

of the transport medium, and ε0 is the permittivity of free space. V = Vapp -Vbi, where Vapp is the 

applied voltage, Vbi is the offset voltage. The carrier mobility can be calculated from the slope of 

the J0.5 ~ V curves. 

2.5.2 Microscopies and spectroscopies 

   The transmission electron microscopy (TEM) measurements were performed with accelerating 

voltage of 200 keV on a JEM-2100PLUS (JEOL) transmission electron microscope. A series of 

energy-filtered transmission electron microscopy (EF-TEM) images were collected at different 

central energy of filter with energy slit 4 eV in the range of 16 eV-36 eV. The absorption spectra 

were measured on a Cary 5000 UV-vis-NIR spectrophotometer (Varian). Atomic force 
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microscopy (AFM) was conducted to obtain the topography images of active layers on Bruker 

MultiMode  AFM in the ScanAsyst mode.   

   The photoinduced force microscopy (PiFM) data were acquired on a VistaScope-infrared (IR) 

microscope from Molecular Vista, Inc, using PtIr-coated silicon cantilevers (PtIr-NCHR) from 

Nanosensors. The microscope was operated in dynamic mode using the first mechanical mode of 

the cantilever to detect the PiFM and the second mechanical mode to detect the topography of the 

sample. The IR source used to excite the sample was manufactured from Block Engineering at the 

tunable range of 770 cm-1 to 1950 cm-1. Spectral acquisition time was 30 seconds for the presented 

spectra.  All spectra have been normalized against the power profile of the laser. Python 

programming, a major tool for image processing, was applied here in order to get quantitative 

information on domain size distribution and composition. We first developed our own Python 

script, and 99.8% Gaussian distribution of contrast was chosen, showing the values of µ-3σ to 

µ+3σ (99.8%, µ = mean, σ = standard deviation) in original data of PTB7-based and PC61BM-

based PiFM images. We then normalized the contrasted PiFM images using the min-max 

normalization approach before image analysis. Then, the normalized PiFM images were integrated 

through manual thresholding, resulting in the segmentation of domains in the integrated PiFM 

image well matched with original, superimposed PiFM image.  The percentages of three regions, 

mixed, PTB7-rich and PC61BM-rich, were accordingly extracted. From these processed images, 

the size distribution of the aggregated PC61BM domain was further acquired by conducting a 

contour detection algorithm, which permits the detection and size calculation of the object of 

interest. 

   Transient photo-response atomic force microscopy (TP-AFM) mounted on the conductive AFM 

(Agilent 5500) was conducted to measure local transient photovoltage (TPV) and transient 

photocurrent (TPC) decays at different locations on the donor-acceptor blend by using the contact 

mode. The green laser (MGL-I-532 DPSS; 532 nm) was illuminated from the bottom of ITO glass. 

A budget sensor (platinum/ chromium coated silicon conductive tip) was used in this measurement. 

A breakout box (Agilent N9447A) was connected to the oscilloscope (Agilent MSOX4154A) to 

receive the transient signal from the AFM. 

   Grazing-incidence X-ray diffraction (GIXRD) measurement was carried out at the BL14B1 

beamline of the Shanghai Synchrotron Radiation Facility using incident X-ray with a wavelength 
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of 1.24 Å. The 2D-GIXRD pattern, out-of-plane (OOP) and in plane (IP) curves were analyzed by 

using the Fit 2D software. Differential scanning calorimetry (DSC) measurements were carried 

out in the temperature range from 30 oC to 350 oC under the nitrogen stream with a heating rate of 

10 oC /min. Baseline and temperature were calibrated with Indium and Zinc. Photoluminescence 

(PL) spectra were acquired on a Fluorolog-3 system (Horiba Jobin Yvon) using an excitation 

wavelength of 500 nm. Photoluminescence (PL) spectra were acquired on a Fluorolog®-3 system 

(Horiba Jobin Yvon) using an excitation wavelength of 500 nm.  

2.5.3 Contact angle measurements 

   Contact angle measurements were performed on a contact angle analyzer equiped with an 

AM211 Dino-Lite camera under the ambient temperature. A deionized water and ethylene glycol 

droplet of 6 µL volume was placed on the dry surface. The surface tension values of films were 

calculated using the Owens-Wendt model:  

γ
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d γ

L
d +2√γ

s
p γ

L

p
 

where γ
s
d and γ

L
d  refer to dispersion tension of plane surface and liquid, γ

s
p and γ

L

p
 refer to polar 

components of the surface energy of plane surface and liquid, while γ
L
refers to total tension of 

liquid. 

2.5.4 Cyclic voltammetry measurement 

   The instrument used for the electrochemical measurements was a CH instrument 620E 

potentiostate. The instrument used a standard three-electrode configuration: Ag wire pseudo-

reference electrode, Pt wire counter electrode, and glassy carbon working electrode. Experiments 

were performed in anhydrous dichloromethane (CH2Cl2), which was further degassed with a N2 

gas spurge for 10 minutes. Tetrabutylammonium hexafluorophosphate (TBAPF6) was used as the 

supporting electrolyte. CV sample concentration was ~0.4 mg/mL. The ionization potentials (IP) 

and electron affinities (EA) were estimated by correlating the onsets of ferrocene (Fc)/Fc+ redox 

couple (Eox 
Fc/Fc+, Ered 

Fc/Fc+) to the normal hydrogen electrode (NHE), assuming the IP of Fc/Fc+ 

redox couple to be 4.80 eV.  

E(IP) = (Eox+4.80), E(EA) = (Ered+4.80) 
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CHAPTER 3      RESEARCH RESULTS 

3.1 3D Nanoscale Morphology Characterization of Ternary Organic Solar Cells 

Ting Yu, Wanting He, Maziar Jafari, Tugrul Guner, Pandeng Li, Mohamed Siaj, Ricardo Izquierdo, 

Baoquan Sun, Gregory C. Welch, Aycan Yurtsever, and Dongling Ma 

Small Methods, 2022, 6, 2100916. 

 

   As introduced in Chapter 1, organic solar cells (OSCs) are considered to be one of the promising 

photovoltaic devices because of their low cost, lightweight, good processability, and ease of 

fabrication into large-area devices. However, the efficiency and stability of OSCs are still 

important factors limiting their practical application. Constructing ternary OSCs with 

complementary absorption spectra and well-matched energy structure of three components in the 

photoactive layer is an efficient method to enhance the photocurrent and photovoltage of single-

junction devices while remaining a simple fabrication process. Meanwhile, the morphology of the 

photoactive layer can be finely optimized by selecting a suitable guest component and thus 

improve the performance of ternary OSCs. More importantly, the development of advanced 

characterization techniques can resolve the complex morphology of the ternary blend film, which 

provides an effective guidance for device optimization.    

   In this work, we integrated highly air-stable perylene diimide (PDI)-based non-fullerene acceptor 

(PDI-DPP-PDI) into PTB7: PC61BM-based OSCs as the third component to fabricate ternary 

OSCs. This cascade band structure showed a better energy level alignment and complementary 
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absorption, thus demonstrating increased efficiency of ternary devices. Besides, the three-

dimensional (3D) nanoscale morphology of ternary blend films was characterized in depth by 

photo-induced force microscopy (PiFM) coupled with infrared (IR) laser spectroscopy and energy-

filtered transmission electron microscopy (EF-TEM), which could qualitatively and quantitatively 

“view” the surface and cross-sectional morphology. The results provided strong evidence that the 

PDI-DPP-PDI guest acceptor could suppress the aggregation of the fullerene molecules and 

generate the homogenous morphology with a higher-level of the molecularly mixed phase, thereby 

inhibiting charge recombination and stabilizing the morphology of the photoactive layer. Our work 

represents the first exploration of morphology characterization in a real device setting using 

advanced characterization techniques and provides a very promising approach to achieve highly 

stable devices and simultaneously improve photovoltaic performance.  
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3.2 Miscibility Driven Morphology Modulation in Ternary Solar Cells 

Ting Yu, Francesco Tintori, Yuchen Zhang, Wanting He, Edward Cieplechowicz, Raja Sekhar 

Bobba, Poojan Indrajeet Kaswekar, Maziar Jafari, Yuxuan Che, Yong Wang, Mohamed Siaj, 

Ricardo Izquierdo, Dmytro F. Perepichka, Quinn Qiao, Gregory C. Welch and Dongling Ma 

J. Mater. Chem. A, 2023, 11, 5037-5047. 

 

 
 

   Non-fullerene-based OSCs have made great progress in device performance due to the 

significant advantages of non-fullerene acceptors (NFAs), such as the wide tunability of chemical 

structures and properties compared to fullerene acceptors. Therefore, incorporating NFA as an 

additional component to construct the non-fullerene-based ternary OSC is a convenient and 

effective strategy to broaden spectral absorption, form charge cascades, and optimize morphology, 

thereby increasing photon absorption and charge transport as well as reducing charge 

recombination. Specifically, a judicious selection of the NFA guest material can fine-tune the 

miscibility of the components, which is highly correlated with the morphology of the photoactive 

layer. Because of the lack of the quantitative information on the tunability of the miscibility, 

empirical fine-tuning of the miscibility remains critical for achieving the optimal morphology and 

device performance of OSCs based on given host donor and acceptor materials. 
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   In this work, a nearly orthogonal structure of PDI-based non-fullerene acceptor, PDI-EH, was 

designed and synthesized to suppress its aggregation and then integrated into ternary OSCs. It 

revealed that the PDI-EH could fine-tune the miscibility of host donor and acceptor materials to 

form an optimally intermixed phase with short-range molecular order by Flory-Huggins interaction 

parameters and differential scanning calorimetry (DSC) measurements. Selective PiFM imaging 

of donor and acceptor materials exhibited the formation of well-mixed films after the PDI-EH 

incorporation. Additionally, the relationship between the optimized morphology and charge carrier 

dynamics at the nanoscale was explored by a novel transient photo-response atomic force 

microscopy (TP-AFM) technique. The results revealed a desirable charge carrier dynamic 

behavior with reduced charge transport time, increased charge recombination lifetime and 

extended charge diffusion length. As a result, the introduction of the PDI-EH led to improved 

performance of OSCs under 1-sun, and indoor 2700 K and 6500 K LED illuminations with 

efficiency enhancement of 12%, 14% and 16%, respectively. This work offers insights into 

morphology modulation and the resulting local charge carrier dynamic, thereby facilitating the 

future development of OSCs. 
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3.3 Enhancing Efficiency of Nonfullerene Organic Solar Cells via Using 

Polyelectrolyte-Coated Plasmonic Gold Nanorods as Rear Interfacial Modifiers 

Zhonglin Du1, Ting Yu1(co-first author), Wanting He, Aycan Yurtsever, Ricardo Izquierdo, 

Maziar Jafari, Mohamed Siaj, and Dongling Ma 

ACS Appl. Mater. Interfaces 2022, 14, 16185−16196 

 

 

 
 

   NFA-based OSCs have recently emerged as cost-effective and energy-efficient candidates for 

green energy resources. Further improvement in power conversion efficiency (PCE) is still 

required for their practical application. Compared to inorganic solar cells, the thickness of organic 

absorbers in NFA-based OSCs is usually much thinner (< 200 nm), which results in the inadequate 

absorption of the incident sunlight. Therefore, it is an urgent task to effectively improve sunlight 

capture and reduce energy loss. To solve this critical issue, utilizing plasmonic metallic 

nanoparticles as sunlight concentrators offers the most attractive pathway. However, at present, 

this approach has not attracted enough attention in the field of NFA-based OSCs. 

   In this work, Dr. Zhonglin Du synthesized the polyelectrolyte polystyrene sulfonate (PSS)-

coated plasmonic gold nanorods (named GNRs@PSS) in a facile way and investigated their 

structural features by EF-TEM measurements. It revealed that PSS organic layers are uniformly 

coated on the surface of GNRs with a thickness of ~2.2 nm. Then, I firstly incorporated 

GNRs@PSS into inverted NFA-based OSCs as rear interfacial modifiers, which resulted in nearly 

20% PCE enhancement compared to control devices. This enhancement mainly originated from 

the improved short-circuit current density (Jsc). GNRs could improve the sunlight absorption and 

exciton generation of NFA-based OSCs via the near-field plasmonic and backscattering effects, 

arising from their unique surface plasmon resonance (SPR). The SPR effect was revealed by the 

electrical field distribution of individual GNRs under the irradiation of a tunable laser at different 
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wavelengths. Likewise, Raman mapping also demonstrated the SPR effect of the GNRs. 

Meanwhile, the negatively charged PSS shell could ensure the uniform dispersion of GNRS on the 

surface of the photoactive layer, which thus could improve the interfacial contact and promote hole 

extraction, leading to enhanced charge mobility. Therefore, this ultrathin PSS organic layer not 

only guaranteed the strong SPR effect but also prevented direct contact between GNRs and the 

photoactive layer. Experimental results exhibited that the enhancement of Jsc (and thereby PCE) 

was mainly due to the synergistic effect of plasmonic GNRs and the surface PSS shell. 
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CHAPTER 4      CONCLUSIONS AND PERSPECTIVES 

4.1 Conclusions 

   To date, significant progress has been made in the field of OSCs in terms of photovoltaic 

performance, but further enhancement of device efficiency remains a major research topic. The 

ternary blend strategy, especially the introduction of non-fullerene guest acceptors, is an effective 

way to enhance sunlight absorption, match charge cascades and optimize morphology, so it needs 

to be carefully studied. In particular, in-depth understanding the complex morphology of ternary 

blend films through advanced characterization techniques can provide guidance for achieving the 

optimal morphology, which can help exciton dissociation and charge transport. Additionally, the 

characterization of the local charge carrier dynamic can aid in morphological modulation, thus 

leading to high-efficient device performance. Lastly, to overcome the issue of sunlight absorption 

limited by the thin photoactive layer in OSCs, integrating a sunlight concentrator on the 

photoactive layer can effectively enhance photon harvesting. Meanwhile, this sunlight 

concentrator can act as an interfacial modifier to optimize surface morphology and improve 

interfacial contact, thus improving charge transport and reducing charge recombination on the 

surface of the photoactive layer. Accordingly, this thesis mainly focuses on ternary blend strategy, 

morphology optimization, and interfacial modification to increase device performance, and the 

results of this thesis are divided into three parts.  

   In the first part, the highly air-stable PDI-DPP-PDI non-fullerene guest acceptor was 

incorporated into PTB7: PC61BM-based OSCs, which could extend the spectral absorption, form 

charge cascaded structure and control the nanoscale morphology. Combined advanced PiFM and 

EF-TEM characterization, the 3D morphology of the blend film could be visualized in the 

configuration of real devices. It was found that the introduction of an appropriate content of the 

PDI-DPP-PDI was able to suppress the aggregation of host donor and acceptor materials as well 

as form a higher level of the molecularly mixed phase. As a result, the ternary blend film with an 

optimized morphology had balanced charge mobility and reduced charge recombination, resulting 

in higher Jsc and FF. Meanwhile, the incorporation of the highly stable PDI-DPP-PDI guest 

acceptor and optimized morphology facilitated the achievement of better air stability, humidity 

resistance and photostability of ternary OSCs. 
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   In the second part, the PBDB-T: ITIC-4F-based ternary OSCs with a highly twisted PDI-EH 

non-fullerene guest acceptor were applied in versatile photovoltaic applications under 1-sun and 

indoor LED illuminations, and achieved high device efficiencies. The host donor and acceptor 

materials showed low miscibility, which led to undesirable exciton dissociation and charge 

transport. Adjusting the content of the PDI-EH guest acceptor could effectively improve the 

miscibility, since PDI-EH had good compatibility with the host donor and acceptor, as supported 

by Flory-Huggins interaction parameters and DSC measurements. It was found that moderate 

miscibility of the donor and acceptors promoted the formation of an appropriately mixed phase 

with local short-range ordered molecular packing, resulting in effective charge carrier dynamics. 

In addition, TP-AFM nanoscale mappings demonstrated reduced charge transport lifetime, 

increased charge recombination lifetime and extended charge diffusion length for the ternary blend 

film with moderate miscibility, suggesting a promising approach to understanding the relationship 

between the optimized morphology and the resulting local charge carrier dynamic. Finally, the 

synergistic effects of ternary OSCs with enhanced photon absorption, well-matched energy level 

alignment and optimized morphology are beneficial for the improvement of photovoltaic 

performance.  

   In the third part, the polyelectrolyte PSS-coated plasmonic GNRs nanoparticles were designed 

and synthesized by Dr. Zhonglin Du, to be integrated on the surface of the photoactive layer as 

rear interfacial modifiers in non-fullerene OSCs, which could promote the enhancement of 

photovoltaic performance. PiFM measurements were performed to visualize the near-field SPR 

effect of plasmonic GNRs on the photoactive layer under the tunable laser illumination. Moreover, 

Raman measurements and 3D finite-difference time-domain (FDTD) calculation revealed the field 

enhancement due to the SPR effect and back scattering effect of plasmonic GNRs, resulting in 

increased sunlight absorption and exciton generation. In addition, EF-TEM measurements were 

conducted to probe the thickness of an ultrathin PSS organic shell, which could improve the 

interface contact without affecting the plasmonic effects of GNRs. Therefore, the integration of 

GNRs@PSS on the photoactive layer could not only promote exciton generation and dissociation, 

but also increase charge transport and reduce charge recombination between the photoactive layer 

and HTL, leading to an enhancement of nearly 20% in GNRs@PSS integrated devices relative to 

control devices. 
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4.2 Perspectives 

   Although many strategies have been adopted to improve device efficiency, such as high-efficient 

donor and acceptor materials design in ternary OSCs, morphology control, and interface 

engineering, future research still faces significant challenges for the practical application of OSC 

technologies. Therefore, some perspectives are proposed for advancing the future development of 

organic photovoltaics. 

4.2.1 The visualization of complex morphology by advanced characterization techniques 

   As we introduced in part , advanced characterization techniques are essential to visualize the 

3D morphology of real devices, laying the foundation of nanoscale morphology optimization. 

Firstly, EF-TEM is an advanced electron imaging technique that uses inelastically scattered 

electrons to obtain enhanced contrast images and resolve the distribution of components in the 

photoactive layer by adjusting the central energy of the filter and energy slit. Compared to the 

traditional TEM, EF-TEM is able to generate distinct-contrast images of the cross-section of the 

real device. In addition, the application of PiFM coupling the AFM with a wavelength-tunable 

laser enables the chemical imaging of three components in the ternary blend film at a high spatial 

resolution (~ 10 nm). Combined with algorithm-driven analysis in PiFM images, the donor- and 

acceptor-rich domain sizes in the blend film could be calculated and their compatibility was 

quantitatively assessed. Therefore, advanced characterization techniques combined with 

algorithm-driven data analysis can qualitatively and quantitatively ‘view’  surface and cross-

sectional morphology, thus providing a deeper understanding of morphology modulation in OSCs. 

4.2.2 Creative design of advanced functional materials  

   In the third part, plasmonic metallic nanoparticles as sunlight concentrators were integrated in 

non-fullerene OSCs, which provide an attractive way to enhance sunlight absorption without 

increasing the thickness of the photoactive layer. Additionally, the introduction of the organic shell 

on metallic nanoparticles can reduce charge recombination on the surface of metallic nanoparticles 

and increase the compatibility with the organic photoactive layer, leading to better interfacial 

contact for effective charge transport. Therefore, the creative design of advanced functional 

nanomaterials can further contribute the photovoltaic performance. For example, like the design 

of GNRs@PSS, other plasmonic nanomaterials can be rationally designed to improve light 
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absorption in OSCs due to their SPR effect by tuning their nanostructure size, shape, metal types 

and surrounding dielectric environments.168 In addition, Type-II heterojunction nanomaterials 

have provoked a surge of research in photovoltaics because of the efficient spatial separation of 

electrons and holes at the junction interface.169 The integration of rationally designed Type-II 

heterojunction nanomaterials into OSCs can broaden the spectral absorption of the photoactive 

layer and promote spatial charge separation, enabling the construction of high-efficient OSCs.   

4.2.3 The applications of organic photovoltaics 

   Recently, researchers made numerous efforts to improve device stability and extend device 

versatile applications. In the first part, we introduced the PDI-DPP-PDI guest acceptor into OSCs 

to control morphology and suppress the aggregation of polymer donor and fullerene acceptor. PDI-

DPP-PDI acts as structural and morphological ‘stabilizer’ to help achieve stable photovoltaic 

devices under ambient atmosphere, high humidity, and light illumination. In the second part, the 

PDI-EH molecule was synthesized and introduced into non-fullerene OSCs to modulate the 

miscibility of materials in the photoactive layer to form an optimal morphology. Therefore, the 

optimized morphology could reduce the trap-assisted charge recombination, leading to achieving 

high-efficient indoor OSCs under LED illumination. Accordingly, selecting an appropriate guest 

component for morphology optimization in ternary OSCs is a promising approach to improve the 

OSC applications, facilitating the future development of OSC technologies. 
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RÉSUMÉ 

L’introduction 

   À mesure que les gens prennent conscience de la protection de l’environnement, le remplacement 

des combustibles fossiles non renouvelables est imminent pour atténuer les conséquences non 

durables. L’énergie solaire est une alternative prometteuse pour répondre à la demande croissante 

d’énergie, qui peut être convertie en électricité grâce à des dispositifs photovoltaïques. En 1954, 

les laboratoires Bell ont réussi à fabriquer pour la première fois des cellules solaires C-Si et ont 

obtenu une efficacité de 6 %, ouvrant ainsi de nouveaux horizons à la technologie photovoltaïque 

pour exploiter l’énergie solaire. Après le développement de première et deuxième génération de 

cellules solaires, c-Si cellules solaires ont atteint une efficacité de 26% et réalisé la production 

commerciale et industrielle. Cependant, les processus de fabrication compliqués des cellules 

solaires à film de Si et inorganique, le coût élevé des matières premières et les limites inhérentes 

aux matières inorganiques limitent l’utilisation de l’énergie solaire. Afin de résoudre les problèmes 

ci-dessus, les cellules solaires de troisième génération ont été largement développées, les cellules 

solaires organiques (OSC) étant l’un des dispositifs photovoltaïques les plus prometteurs en raison 

de leurs avantages importants tels que le faible coût, la flexibilité, la légèreté, et processus de 

fabrication simple. Le meilleur rendement de conversion de puissance (PCE) des OSC à jonction 

unique a maintenant atteint plus de 19 % en laboratoire, ce qui les rend plus attractifs que jamais 

pour d’éventuelles applications commerciales. 

  Depuis des décennies, des efforts importants sont déployés pour améliorer les performances 

photovoltaïques des OSC grâce à l’innovation de la configuration du dispositif et au 

développement de matériaux en couches photoactivés, couches interfaciales et électrodes. Les 

chercheurs ont développé trois configurations principales pour l’amélioration de la performance 

photovoltaïque, y compris les OSC monocouche, les OSC balayeurs et les OSC d’hétérojonction 

en vrac (BHJ). Parmi eux, les BHJ-OSCs sont considérés comme la structure de dispositif la plus 

efficace en raison de la zone de contact largement accrue entre le donneur et les matériaux 

accepteur, qui favorise la dissociation de l’exciton et le transport de charge. De plus, les 

configurations BHJ-OSC sont optimisées en utilisant une stratégie de mélange ternaire, qui confère 

une efficacité photovoltaïque de plus de 19%. Il est à noter que la morphologie idéale du film de 

mélange BHJ avec les nanostructures interpénétratrices, la séparation de phase appropriée et la 
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taille de domaine appropriée est d’une importance vitale pour la réalisation des OSC de pointe. 

L’introduction des composants invités dans les OSC ternaires est une approche simple et efficace 

pour obtenir la morphologie souhaitée. Cependant, le film de mélange ternaire avec les trois 

composants apporte généralement une morphologie plus compliquée. Par conséquent, la 

morphologie du film de mélange ternaire doit être caractérisée en profondeur, ce qui aide à obtenir 

des informations sur l’optimisation des performances. En outre, la percée dans les accepteurs non 

cylindriques a conduit à une augmentation rapide de l’efficacité des appareils. Les contributions 

des matériaux d’interface aux performances des appareils sont également essentielles. 

Objectif de la thèse 

   Dans le but d’améliorer la performance photovoltaïque grâce à diverses approches, telles que la 

stratégie de mélange ternaire, la modification interfaciale et la caractérisation de la relation entre 

les matériaux et la variation de performance, trois parties de la thèse ont été réalisées comme suit : 

Partie I: Étude de l’amélioration des performances photovoltaïques des cellules solaires ternaires 

grâce à une compréhension approfondie de la morphologie 3D des films de mélange ternaires 

   Comme tout le monde le sait, l’introduction d’un composant invité avec absorption 

complémentaire et niveau d’énergie bien adapté est une stratégie prometteuse pour améliorer 

l’efficacité de l’appareil. En outre, la morphologie souhaitable de la couche active avec une 

séparation de phase appropriée et un réseau d’interpénétration peut être atteint en ajustant le 

contenu du composant invité. Jusqu’à présent, il est difficile de visualiser la morphologie 3D du 

film de mélange grâce à des techniques de caractérisation traditionnelles, telles que l’AFM, la 

MET et la MEB. La microscopie à force photoinduite (PiFM) combinant AFM avec spectroscopie 

laser infrarouge peut caractériser la distribution des composants dans la couche active par 

identification chimique, qui peut être utilisé pour étudier la morphologie de la surface. De plus, la 

microscopie électronique à transmission à filtration d’énergie (EFTEM) avec spectres de perte 

d’énergie électronique peut sonder la morphologie transversale des OSC. Ici, en combinant ces 

deux techniques de caractérisation avancées pour la caractérisation morphologique 3D, le rôle de 

l’accepteur PDI-DPP-PDI dans l’optimisation morphologique du mélange actif peut être exploré 

en profondeur, contribuant ainsi à atteindre des OSC très efficaces et stables. 
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Partie II: Optimisation morphologique par miscibilité permettant une haute performance de 

l’appareil grâce à l’intégration d’un accepteur invité non cylindrique (PDI-EH) avec une structure 

presque orthogonale 

   L’optimisation morphologique BHJ dans la couche active est cruciale et ne peut être négligée, 

car les performances du dispositif sont directement corrélées avec l’interpénétration des 

nanostructures, la séparation de phase, la taille et la pureté du domaine. Dans la plupart des BSO-

BHJ, la cristallinité du matériel donneur et accepteur influence habituellement leur miscibilité du 

donneur et de l’accepteur et donc la séparation de phase. Une miscibilité trop faible ou trop élevée 

des matériaux donneurs et accepteurs peut détériorer les performances de l’appareil en formant 

des phases à grande échelle ou entièrement mixtes. Jusqu’à présent, en raison du manque 

d’informations quantitatives sur la miscibilité pour obtenir une morphologie optimale, le réglage 

empirique de la miscibilité est également d’une importance vitale. Dans les OSC ternaires, la 

sélection d’une molécule hôte appropriée permet de régler efficacement la miscibilité des 

matériaux hôtes, ce qui facilite ainsi la dynamique des vecteurs de charge photo-générés. Ici, pour 

collaborer avec le Prof. Gregory C. Welch, un accepteur invité non final (PDI-EH) a été 

rationnellement conçu et synthétisé pour affiner la miscibilité des matériaux du donneur hôte et de 

l’accepteur. En outre, une compréhension approfondie de la relation entre la morphologie optimale 

et la dynamique locale du porteur de charge qui en résulte peut faciliter le développement futur 

des OSC. 

Partie III: Effet synergique de la plasmonique GNRs@PSS en tant que modificateurs interfaciaux 

arrière sur l’amélioration de l’efficacité des cellules solaires non cylindriques 

   Les performances photovoltaïques des OSC non cylindriques ont beaucoup progressé. 

Cependant, leur efficacité est encore inférieure à celle des cellules solaires Si ou pérovskite, 

principalement en raison de l’épaisseur limitée de la couche active (< 200 nm). La stratégie visant 

à améliorer l’absorption de la lumière solaire sans augmenter l’épaisseur du film est essentielle 

pour augmenter davantage les performances photovoltaïques. En outre, la modification interfaciale 

de la couche active est également cruciale pour optimiser la morphologie de la surface et favoriser 

le contact interfacial. L’intégration de nanoparticules métalliques plasmoniques sur la couche 

active en tant que concentrateurs de lumière solaire et modificateurs interfaciaux est un moyen 

attrayant de répondre simultanément aux exigences ci-dessus, ce qui peut augmenter efficacement 
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l’absorption de lumière solaire, promouvoir le transport de la charge et réduire la recombinaison 

de la charge entre la couche active et l’électrode. Ici, en collaboration avec le Prof. Zhonglin Du, 

les GNR plasmoniques recouverts de polyélectrolyte PSS ont été synthétisés et introduits comme 

modificateurs interfaciaux arrière dans des OSC non basés sur des cellules afin de poursuivre des 

performances photovoltaïques élevées. 

Résultats 

   Dans la première partie, un accepteur invité PDI-DPP-PDI non atmosphérique hautement stable 

a été incorporé dans OSCS basés sur PTB7: PC61BM, ce qui pourrait étendre l’absorption spectrale, 

former une structure en cascade de charge et contrôler la morphologie du donneur/accepteur, 

comme la montre la Figure R1. La combinaison de la caractérisation avancée PiFM et 

EFTEM/EELS pourrait visualiser la morphologie 3D du film de mélange dans la configuration du 

dispositif réel. Il a été constaté que l’introduction d’un contenu approprié de la PDI-DPP-PDI était 

en mesure de supprimer l’agrégation du donneur et de l’accepteur ainsi que de former un niveau 

plus élevé de la phase mixte moléculaire, comme la montre la Figure R2 et R3. En conséquence, 

le film de mélange ternaire avec une morphologie optimisée avait une mobilité de charge équilibrée 

et de réduire la recombinaison de charge, résultant en Jsc, FF et PCE plus élevés. Les paramètres 

photovoltaïques des appareils sont indiqués dans le Tableau R1. Parallèlement, l’intégration de 

l’accepteur invité PDI-DPP-PDI hautement stable et une morphologie optimisée ont facilité 

l’obtention d’une meilleure stabilité de l’air, résistance à l’humidité et photo stabilité des OSC 

ternaires, comme la montre la Figure R4. 
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Figure R1 (a) Schéma de la structure chimique des matériaux dans la couche active et de la structure du 

dispositif. (b) Diagramme du niveau d’énergie des OSC. (c) Spectres d’absorption UV vis normalisés des 

films PTB7, PC61BM et PDI-DPP-PDI. 

 

Figure R2 (a, b) Images PiFM de film PTB7: PC61BM sans additif DIO, mettant en évidence le donneur 

PTB7 (1370 cm-1), l’accepteur PC61BM (1730 cm-1), et (c) l’image PiFM combinée basée sur (a) et (b). (e, 

f) Images PiFM de film PTB7:PC61BM avec 10 % de PDI-DPP-PDI mais sans additif DIO, mettant en 

évidence le donneur PTB7 (1370 cm-1), l’accepteur PC61BM (1730 cm-1), et (g) l’image PiFM combinée 

basée sur (e) et (f). (i, j) Images PiFM de film PTB7:PC61BM avec PDI-DPP-PDI à 10 % et additif DIO à 
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3 %, mettant en évidence le donneur PTB7 (1370 cm-1), l’accepteur PC61BM (1730 cm-1) et (k) l’image 

PiFM combinée basée sur (i) et (j). (d, h, l) Images PiFM intégrées et post-traitées basées sur des images 

PiFM basées sur PTB7 et PC61BM utilisant du script Python maison, ce qui a permis la segmentation de 

différentes régions et les calculs de pourcentage correspondants. Taille de l’image PiFM: 1 µm × 1 µm. 

 

Figure R3 (a) Une image MET typique de la section transversale du dispositif photovoltaïque PTB7: 

PC61BM (la couche active ne montre aucune morphologie de contraste). (b) Les spectres EELS de PTB7, 

PDI-DPP-PDI et PC61BM en couches minces, et les pics de plasmons massifs de référence de PTB7, PDI-

DPP-PDI et PC61BM à 21, 23 et 24 eV, respectivement, sont indiqués dans l’encadré. (c, d) Images EFTEM 

transversales d’un dispositif PTB7:PC61BM sans traitement DIO (l’épaisseur de lamelle TEM est de 100 

nm). La fente a été insérée avec l’énergie centrale réglée à 16.5 et 28.5 eV et la largeur d’énergie à 4 eV 

pour l’acquisition de ces images, avec deux fenêtres d’énergie mises en évidence par les rectangles colorés 

coupe de valeur de perte d’énergie en (b) par imagerie spectrale des électrons, et sa largeur d’énergie a été 

réglée à 4 eV. (e) Images EFTEM de la section transversale du dispositif PTB7: PC61BM (avec le traitement 

DIO) et (f) du dispositif PTB7: PC61BM:10 % PDI-DPP-PDI (avec le traitement DIO). Les images 

normalisées et d’arrière-plan supprimées ont été acquises avec un filtre de 4 eV de large centré à 28.5 eV. 

Tableau S1. Paramètres photovoltaïques des cellules solaires inversées binaires et ternaires sous AM 

1.5G, 100 mW cm-2 
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Active layer Voc  

[V] 

Jsc  

[mA cm-2] 

FF  

[%] 

PCE max (ave)  

[%]a 

PTB7: PC61BM 0.74 15.51 66.80 7.60 (7.45±0.20) 

10% PDI-DPP-PDI 0.78 15.95 70.02 8.71 (8.60±0.19) 

20% PDI-DPP-PDI 0.80 13.33 64.59 6.85 (6.61±0.22) 

30% PDI-DPP-PDI 0.78 12.40 61.52 5.97 (5.55±0.27) 
a) Les valeurs moyennes et les valeurs d'écart type sont obtenues à partir de dix appareils. 

 

Figure R4 Stabilité des dispositifs encapsulés pour film de mélange binaire et films de mélange ternaire 

avec différents contenus de PDI-DPP-PDI (10%, 20% et 30%) a) dans l’air, (b) sous humidité de 70%, (c) 

sous éclairage continu dans l’air. Les paramètres photovoltaïques normalisés et les barres d’erreur ont été 

obtenus à partir de dix appareils. 

Les résultats correspondants dans cette section sont publiés dans l’article suivante: 

Ting Yu, Wanting He, Jafari Maziar, Tugrul Guner, Pandeng Li, Mohamed Siaj, Ricardo Izquierdo, 

Baoquan Sun, Gregory C. Welch, Aycan Yurtsever and Dongling Ma, Three-dimensional 

nanoscale morphology characterization of ternary organic solar cells, Small Methods, 2022, 6, 

2100916. 

   Dans la deuxième partie, des OSC ternaires basés sur PBDB-T: ITIC-4F avec un accepteur invité 

non-fullerène PDI-EH à haute torsion ont été appliqués dans des applications photovoltaïques 

polyvalentes sous des éclairages LED 1 soleil et intérieurs et ont atteint des rendements élevés, 

comme la montre la Figure R5. Le matériel du donneur hôte et de l’accepteur a montré une faible 

miscibilité, ce qui entraîne une dissociation et un transport de charge indésirables. L’ajustement 

du contenu de l’accepteur invité PDI-EH pourrait améliorer efficacement la miscibilité, puisque 

PDI-EH a une bonne compatibilité avec le donneur hôte et l’accepteur pris en charge par les 

paramètres d’interaction Flory-Huggins et les mesures DSC. On a constaté qu’une miscibilité 
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modérée du donneur et des accepteurs favorisait la formation d’une phase convenablement 

mélangée avec un remplissage moléculaire local à courte portée, ce qui résultait en une dynamique 

porteuse de charge efficace, comme la montre la Figure R6 et le Tableau R1. En outre, les 

cartographies nanométriques TP-AFM ont révélé une diminution de la durée de transport de la 

charge et une augmentation de la durée de vie de la recombinaison de charge et de la durée de 

diffusion de la charge pour le film de mélange ternaire avec une miscibilité modérée, qui présentait 

une approche prometteuse pour comprendre la relation entre la morphologie optimisée et la 

dynamique du porteur de charge local qui en résultait, comme la montre la Figure R7. Enfin, les 

effets synergiques des OSC ternaires avec une absorption accrue des photons, un alignement du 

niveau d’énergie bien adapté et une morphologie optimisée sont bénéfiques pour la performance 

photovoltaïque. 

 

Figure R5 (a) Structures moléculaires de PBDB-T, PDI-EH et ITIC-4F, (b) géométries moléculaires 

optimisées et niveau HOMO/LUMO de PDI-EH calculé avec DFT au niveau de théorie B3LYP/6-31G(d). 



 

173 

 

Toutes les chaînes latérales alkyles ont été remplacées par des groupes méthyliques, (c) les caractéristiques 

J-V des dispositifs binaires et ternaires PBDB-T: ITIC-4F sous éclairage 1-soleil, et (d) les spectres EQE 

des dispositifs binaires et ternaires PBDB-T: ITIC-4F. Caractéristiques J-V des dispositifs binaires et 

ternaires PBDB-T: ITIC-4F (e) sous l’éclairage LED 2700 K et (f) sous l’éclairage LED 6500 K. 

 

Figure R6. (a) Angles de contact eau et éthylène glycol (EG) sur les films PBDB-T, ITIC-4F, PDI-EH et 

ITIC-4F: PDI-EH. (b) Les premiers profils chauffants DSC de 50 oC à 360 oC de matériaux vierges, de 

mélange PBDB-T: ITIC-4F et de mélanges ternaires contenant 10 %, 20 % et 50 % de PDI-EH (matériaux 

vierges, mélanges binaires et ternaires ont été obtenus par coulée en solution de chlorobenzène). Schémas 

2D-GIWAXS du film de mélange binaire PBDB-T: ITIC-4F (c), films de mélange ternaire contenant 10 % 

de PDI-EH (d), 20 % de PDI-EH (e) et 50 % de PDI-EH (f). 

Tableau R1 Angles de contact de l’eau et de l’EG sur les films vierges, et paramètres d’énergie de surface 

connexes 

 

Films θwater (o) θEG  (o) 𝜸 (mN m-1)a ꭓD-Ab 

PBDB-T 96 74 21.1  

ITIC-4F 86 57 32.3 1.21 

PDI-EH 

ITIC-4F:PDI-EH 

82 

84 

61 

56 

26.6 

31.5 

0.31 

1.02 
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a. γ représente les énergies de surface via les données d’angles de contact de l’eau et de l’EG sur ces films. 

b. Les paramètres d’interaction Flory-Huggins entre le donneur (PBDB-T) et les accepteurs (ITIC-4F et PDI-EH) ont 

été calculés selon la formule :   (√𝛾𝐷 − √𝛾𝐴 )2. 

 

Figure R7 Cartographie TP-AFM à résolution spatiale de la durée de vie de la recombinaison du support 

de charge pour le film binaire (a) et le film de mélange ternaire contenant 10 % de PDI-EH (d), le temps de 

transport du support de charge pour le film binaire (b) et le film de mélange ternaire contenant 10 % de 

PDI-EH (e), et la longueur de diffusion porteuse de la charge pour le film binaire (c) et le film de mélange 

ternaire contenant 10 % de PDI-EH (f). 

Les résultats correspondants dans cette section sont publiés dans l’article suivante: 

Ting Yu, Francesco Tintori, Yuchen Zhang, Wanting He, Edward Cieplechowicz, Raja Sekhar 

Bobba, Poojan Indrajeet Kaswekar, Maziar Jafari, Yuxuan Che, Yong Wang, Mohamed Siaj, 
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Ricardo Izquierdo, Dmytro F. Perepichka, Quinn Qiao, Gregory C. Welch and Dongling Ma, 

Miscibility driven morphology modulation in ternary solar cells, J. Mater. Chem. A, 2023, 11, 

5037-5047. 

   Dans la troisième partie, les nanoparticules métalliques, les GNN plasmoniques revêtues de 

polyélectrolyte PSS, ont été conçues et synthétisées, qui ont été intégrées sur la couche active 

comme modificateurs interfaciaux arrière dans les OSC non tubulaires pour améliorer les 

performances photovoltaïques. Comme la montre la Figure R8, des mesures EFTEM ont été 

effectuées pour sonder l’épaisseur d’une enveloppe organique PSS ultramince, ce qui pourrait 

améliorer le contact interface sans affecter les effets plasmoniques des RNG. En outre, la mesure 

PiFM a été effectuée pour visualiser l’effet SPR en champ proche des RGN plasmoniques sur la 

couche active sous un éclairage laser accordable, comme la montre la Figure R9. En outre, comme 

la montre la Figure R10, différences finies en 3D FDTD ont révélé l’amélioration du champ en 

raison de l’effet SPR et de l’effet de rétrodiffusion des GNR plasmoniques, ce qui a entraîné une 

augmentation de l’absorption de la lumière solaire et de la production d’exciton, comme soutenu 

par le Jsc augmenté, comme la montre la Figure R10. Par conséquent, l’intégration de GNRs@PSS 

sur la couche active pourrait non seulement favoriser la génération et la dissociation d’excitons, 

mais aussi augmenter le transport de charge et réduire la recombinaison de charge entre la couche 

active et HTL, conduisant à une amélioration de près de 20% des dispositifs intégrés GNRs@PSS 

par rapport au dispositif de contrôle, comme la montre le Tableau R2. 

 

Figure R8 (a) la structure des dispositifs à cellules solaires et la structure moléculaire des matières 

organiques dans la couche photoactivé. b) Image MET de la synthèse GNRs@PSS. (c) Image EF-TEM du 
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pic de plasmon en vrac de carbone sur l’unique GNR@PSS, centrée à 25 eV avec une fente d’énergie 10 

eV (encart : image EF-TEM grise du même GNR@PSS). (d) Profil des comptages d’électrons normalisés 

le long des cadres rouge et cyan indiqués en (c), respectivement, indiquant que l’épaisseur uniforme de la 

coquille de revêtement organique est de ~2.2 (± 0.3) nm. (e) Spectres d’absorption normalisés de PBDB-T 

(ligne noire) et ITIC-2F (ligne bleue) et spectres d’extinction de GNRs@PSS (ligne rouge), respectivement. 

(f) Image TEM à champ lumineux de la section transversale du dispositif photovoltaïque, représentant la 

structure en couches du dispositif de la cellule solaire et des GNR (indiqués par des cercles) à l’interface. 

 

Figure R9 (a) Schéma de la configuration PiFM avec un laser à longueur d’onde réglable en super 

continuum (450-900 nm). Topographie et (c) images PiFM du GNRs@PSS à la surface de la couche 

photoactivé sous l’excitation de 532 nm. La topographie et la taille des images PiFM: 10 μm × 10 μm. (d) 

Topographie agrandie du GNRs@PSS sur la surface de la couche photoactivé avec la taille de la région de 

1.0 μm × 1.0 μm. Images PiFM correspondantes sous l’excitation du laser accordable à (e) 532 nm et (f) 

740 nm. 
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Figure R10 (a, b) Structures du dispositif et (c–h) distribution spatiale normalisée de l’intensité du champ 

électrique à trois longueurs d’onde différentes (530, 660 et 740 nm) avec et sans intégration GNRs@PSS 

par simulations FDTD (plan XZ, Y = 0). 

Tableau R2 Effets du GNRs@PSS sur les paramètres de performance photovoltaïque extraits des 

balayages J-V dans des conditions standard AM 1.5 G 100 mW cm-2. 

 

aLes valeurs moyennes (entre parenthèses) ont été obtenues à partir de 10 dispositifs. 

Les résultats correspondants dans cette section sont publiés dans l’article suivante: 

Zhonglin Du1, Ting Yu1(co-first author), Wanting He, Aycan Yurtsever, Ricardo Izquierdo, 

Maziar Jafari, Mohamed Siaj and Dongling Ma, Enhancing efficiency of non-fullerene organic 

solar cells via using polyelectrolyte-coated plasmonic gold nanorods as rear interfacial modifiers, 

ACS Appl. Mater. Interfaces 2022, 14, 16185-16196. 

 

 

Configuration 
Jsc 

(mA·cm-2)a 

Voc 

(V)a 

FF 

(%)a 

PCE 

(%)a 

w/o 

GNRs@PSS 

19.13 

(18.54±0.36) 

0.686 

(0.682±0.005) 

64.26 

(63.89±0.83) 

8.47 

(8.33±0.49) 

with 

GNRs@PSS 

21.34 

(21.08±0.42) 

0.702 

(0.696±0.004) 

67.50 

(67.11±0.68) 

10.11 

(10.02±0.54) 

 


