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Abstract 
 

 Developing advanced organic materials for solution-processed bulk-heterojunction 

(BHJ) organic solar cells has been attracting much attention in the past few decades, 

exhibiting power conversion efficiencies (PCEs) of the resulting devices exceeding 

10%. Until now, such material developments have focused mostly on the high-

performance donor materials because fullerene-based PC61BM/PC71BM have been 

exploited almost exclusively as the acceptor in BHJ devices. Although the conventional 

PC61BM and PC71BM acceptors have outstanding electron accepting/transporting 

abilities and favorable compatibility with a large number of the donor materials, 

fullerene derivatives have some drawbacks of weak visible light absorption and 

difficulty of energy level control, limiting the further improvement of the device 

efficiency. Accordingly, nonfullerene electron acceptors are emerging as promising 

acceptor alternatives to overcome the difficulties of fullerene derivatives in tuning 

optical and electronic properties. Through the innovative molecular designs, 

nonfullerene acceptors could have enhanced light harvesting abilities and finely tuned 

frontier molecular orbital energy levels, providing possibilities of enhanced device 

efficiencies, especially with increased open circuit voltage (Voc). To date, a variety of 

nonfullerene small molecule/polymeric acceptors have been reported in combination 

with several high-performance donor materials to have PCEs over 8%. 

 This research focuses on the development and application of novel nonfullerene 
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acceptor materials for BHJ organic solar cells. The main structure of the new acceptors 

used in this work is a dicyanodistyrylbenzene moiety because its derivatives have 

exhibited outstanding electron transporting properties in various optoelectronic 

applications. However, their too strong self-assembly power to form meso or micro 

scale structures have limited their use for BHJ solar cells. Therefore, as a specific 

method for modulating self-assembly tendency, a bulky naphthalimide moiety, another 

typical electron-withdrawing unit, was incorporated at the terminal position of the 

molecule (DCS-NI acceptor). The resulting compounds, NIDCS, NIDCS-MO, and 

NIDCS-HO, showed uniform film formation behavior attributed to twisted molecular 

conformation by steric hindrance between the two moieties. Furthermore, by 

synergistic effect of both moieties on electron accepting and transporting abilities, 

optical, electrochemical, and electrical characteristics of the DCS-NI acceptors were 

demonstrated to be suitable as the acceptor for organic solar cells. The solar cells using 

a prototype p-type polymer P3HT as the donor exhibited reasonable PCEs of a 

maximum 2.7% that come close to that of PC61BM-based devices. They also showed 

different device characteristics with different alkoxy substituents on a core phenyl unit 

of the DCS-NI acceptor. (Chapter 2) 

 Next, to realize high-performance devices, further nonfullerene organic solar cells 

using other high performance donor materials with the DCS-NI acceptors were 

fabricated. By comprehensive investigations of diverse donor–acceptor combinations, a 

small molecule donor p-DTS(FBTTh2)2 with the NIDCS-MO acceptor and a polymer 
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donor PPDT2FBT with the NIDCS-HO acceptor combinations were selected, showing 

remarkable solar cell PCEs of 5.4% and 7.6%, respectively. In addition, exceptionally 

high Voc of 1.03 V was also attained in the latter system. In both combinations, by 

thermal annealing, nanoscale structures and morphologies were successfully modulated 

with forming favorable nanoscale phase separation toward efficient charge generation 

and transport. Furthermore, complementary absorption, a high and balanced charge 

transport property, and minimized charge recombination processes all helped to 

improve the device performances. (Chapter 3) 

 Lastly, a new structure of the DCS-NI acceptor, NIDCSN, having better 

processability in various organic solvents was designed and synthesized. Compared to 

the previous acceptors which have been optimized only in CF solvent processing, 

NIDCSN showed uniform film formation characteristics even in other solvents like CB, 

THF, toluene, and o-xylene. The resulting nonfullerene all-small-molecule solar cells 

comprising p-DTS(FBTTh2)2 as the donor exhibited a maximum power conversion 

efficiency of 3.5% with a remarkable Voc of 1.04 V in the chloroform solvent condition. 

Besides, the solar cells also showed similar device performances when fabricated in 

five different solvents including environmentally benign ones. (Chapter 4) 

 

Keyword : organic solar cells, fullerene-free devices, nonfullerene acceptors, thermal 

annealing, crystalline organizations, environmentally benign processing 

Student Number : 2007-22946 
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 Chapter 1. Introduction 
 

1.1. Organic solar cells 
 

1.1.1. Overview 
 

 Energy is among the most important issues of the 21th century. The depletion risk and 

environmental pollution problem of fossil fuels is posing the challenges of next-

generation energy alternatives for our society. In this sense, utilization of renewable 

sources provides cost-effective, environmentally-friendly, and long-term solutions to 

the global energy crisis (Figure 1.1).[1–3] Among them, the sun is the most abundant 

energy source on earth, and thus, photovoltaics which convert sunlight into electricity 

become one of the most important research topics in recent years. Thus far, crystalline 

Si devices in laboratory reached over 25% efficiency and other inorganic thin film 

devices yielded unprecedented 38% efficiency.[4] 

 Organic solar cells based on π-conjugated organic semiconducting materials have also 

been extensively studied in the past two decades.[5–9] π-Conjugated organic 

molecular/polymeric materials have distinct advantages of light weight, structurally 

and electronically tunability, and strong absorption in visible light, providing great 

opportunities for low-cost solar energy conversion. However, due to strongly bounded 

excitons (electron–hole pairs) occurred by light absorptions, single-layer devices in 
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Figure 1.1. Global primary energy demand by type in the Intended Nationally Determined 

Contribution (INDC) Scenario. Adapted from ref. [3]. 
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early researches had shown rather low efficiencies.[10] In 1986, Tang reported the first 

demonstration of a two-layer organic solar cell containing a copper phthalocyanine as 

an electron donor and a perylene tetracarboxylic derivative as an electron acceptor with 

a 1% efficiency, showing efficient exciton dissociation at the interface of the two 

molecules.[11] Since then, bulk heterojunction (BHJ) type organic solar cells in which 

two organic donor and acceptor components are mixed with forming high interfacial 

area were demonstrated to overcome the efficiency limiting issue caused by short 

exciton diffusion length characteristic of organic materials (Figure 1.2).[12,13] To date, 

BHJ type devices have universally used as the standard structure in organic solar cell 

researches. 

 BHJ organic solar cells have made great leap forward with the development of 

efficient organic materials as donor,[14,15] acceptor,[16] and interfacial materials,[17] 

currently exhibiting power conversion efficiencies (PCEs) exceeding 10%.[18,19] 

According to the development of various new materials, it becomes more significant 

challenge to find optimal material compositions in devices. Simultaneously, 

comprehensive and fundamental studies, such as morphology,[20] charge generation, 

and transport,[21] have also been studied deeply. In particular, morphology controls in 

BHJ films have been the key process for device optimizations because the length scale 

of the phase-separated nano-domains of the components must be within exciton 

diffusion length ranges of order 10–20 nm as discussed above. Therefore, various 

morphology control methods suitable for each material property, such as additives 
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Figure 1.2. Schematic architecture of the BHJ organic solar cell. (D = donor, A = acceptor) 
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addition or thermal/solvent annealing, have been widely utilized for high-performance 

devices. In addition to the significant efforts in the laboratory scale, large-scale roll-to-

roll processing is also attracting attention for practical industrial manufacturing.[22] 

 

 

1.1.2. Device characterization 
 

 A typical current density–voltage (J–V) curve for the organic solar cell is shown in 

Figure 1.3.[7,8] The PCE of the device at a maximum power point is determined by the 

parameters, open-circuit voltage (Voc), short-circuit current density (Jsc), and fill factor 

(FF), as the following formula: 

PCE =  
𝑉𝑜𝑐 × 𝐽𝑠𝑐 × 𝐹𝐹

𝑃𝑖𝑛
 

FF =
𝐽𝑚𝑎𝑥 × 𝑉𝑚𝑎𝑥
𝐽𝑠𝑐 × 𝑉𝑜𝑐

 

where Pin is the incident light power density, and Jmax and Vmax are the current density 

and voltage at the maximum power point, respectively. The incident light is 

standardized to the AM 1.5 solar spectrum with the intensity of 100 mW cm−2. 

 The Voc is the maximum voltage delivered when the current is zero. It has been well 

known that the Voc is linearly dependent on the difference between a highest occupied 

molecular orbital (HOMO) level of the donor and a lowest unoccupied molecular 

orbital (LUMO) level of the acceptor.[23] In other studies, it has been also found that the 
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Figure 1.3. Schematic J–V characteristic of the organic solar cell. 
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Voc is highly related to the energy of the charge-transfer (CT) state (ECT): the relation 

indicates as qVoc ≈ ECT − 0.5 eV.[21,24] According to these studies, the photon energy 

loss in organic solar cells (minimum 0.6 eV, usually 0.7–0.8 eV) is much larger than 

those in inorganic devices (0.34−0.48 eV) or perovskite devices (~0.5 eV). Therefore, 

increasing the Voc is the key issue for high efficiency solar cells. 

 The Jsc is the current density that flows when the voltage across the device is zero. In 

organic solar cells, the simplified Shockley equation describes the net current density 

(J) as a function of volatage (V):[25,26] 

𝐽 = 𝐽0 �𝑒𝑥𝑝 �
𝑞𝑉
𝑛𝑘𝑇

� − 1� − 𝐽𝑠𝑐 

where J0 is the saturation dark current density, q is the elementary charge, n is the 

diode ideality factor, k is the Boltzmann constant, and T is the temperature. The upper 

limit of a Jsc value when all incident light are converted to electricity can be calculated 

by the integral of the AM 1.5 curve up to the bandgap of active materials in a BHJ 

layer as shown in Figure 1.4. Therefore, using low-bandgap materials is advantageous 

in obtaining high Jsc. 

 The FF represents the extent of extracted photogenerated carriers out of the device. 

Thus, the FF is determined by the competition between carrier extraction and 

recombination. This indicates that a high and balanced mobility of the devices is very 

important for high FF. In addition, choosing proper buffer layers and electrodes that 

can minimize the contact resistance also helps to improve the FF.[27] 
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Figure 1.4. Solar spectrum (AM 1.5G, 1 sun) and maximum available photocurrent. 
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1.1.3. Charge transfer 
 

 The generation, transport, and collection of charge carriers are the most important 

processes in solar cells. In a crystalline inorganic solar cell, optical excitation of active 

materials creates free carriers because exciton binding energies in these materials are 

lower than thermal energy at room temperature due to the high dielectric constant and 

electronic delocalization. In an organic solar cell, however, photoexcitation creates 

exciton with higher binding energy than thermal energy at room temperature.[25,26] 

Therefore, understanding the mechanism of operation in the organic system is 

significant for high-performance BHJ organic solar cells. 

 In 1992, Sariciftci and co-workers first reported photoinduced electron transfer 

process from a conducting polymer to buckminsterfullerene.[28] And by subsequent 

ultrafast pump–probe experiments, it was discovered that this photoinduced electron 

transfer occurred in very fast time scale of ~45 fs, which was orders of magnitude 

faster than other competing process.[29] These results demonstrated that photoinduced 

charge transfer in organic devices occurs efficiently between two materials with 

different electron affinities and ionization potentials larger than the exciton binding 

energy. 

 The charge photogeneration process in organic solar cells involves exciton generation, 

exciton diffusion, CT exciton formation, and charge separation.[30] Figure 1.5 

illustrates the detailed processes in the case of a donor. First, an exciton is made by 
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Figure 1.5. Energy level diagram of charge photogeneration process. (ET = electron transfer) 
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photon absorption, and then diffuses inside the donor material. Once the exciton meets 

a donor/acceptor interface, the CT exciton, where the hole in the donor and the electron 

in the acceptor are bounded by the Coulomb interaction, is formed with forming the 

CT state. This CT exciton finally dissociates into mobile free carriers. After exciton 

dissociation, separated charges move towards the respective electrodes, resulting in 

photocurrent. 

 

 

1.1.4. Recombination 
 

In the above mentioned charge transfer processes, recombination of excitons or 

charge carriers can take place, reducing solar cell performances (Figure 1.6). Therefore, 

understanding and analyzing of recombination mechanisms has been also the key issue 

in organic solar cells. The recombination processes are divided into two major 

categories: geminate and non-geminate recombination.[31] 

 The geminate recombination is the recombination of a geminate pair, the bounded 

electron–hole pair (i.e. exciton), originated from a single photon. For example, the 

geminate recombination can occur when a photogenerated exciton diffuses in a single 

domain before reaching the donor/acceptor interface. Therefore, if the domain sizes are 

larger than the exciton diffusion length ranges of around 10–20 nm, the recombination 

probability increases. Typically, the extent of this geminate recombination is gauged 
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Figure 1.6. Schematic recombination mechanisms. (a,b) Geminate recombination: 

recombination (a) before and (b) after forming the CT exciton; (c,d) Non-geminate 

recombination: (c) trap-assisted monomolecular recombination and (d) bimolecular 

recombination. 
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experimentally by measuring photoluminescence quenching because the excitons that 

do not reach the interface can recombine radiatively with some probability. Another 

case of the geminate recombination is the recombination that occurs after forming the 

CT exciton at the CT interface. In this case, it has been observed that most of the CT 

excitons can dissociate at sufficiently high internal electric field. Thus, by comparing 

the current at zero bias to the saturated current at high reverse bias, the charge 

separation efficiency can be measured. 

 The non-geminate recombination is the recombination that occurs during the 

separated free carriers move towards the electrodes. Therefore, this non-geminate 

recombination occurs between any free carriers that are not formed from a single 

photon. Typically, there are two mechanisms: trap-assisted monomolecular and 

bimolecular recombination. 

 The trap-assisted monomolecular recombination is a first order process in which one 

hole and one electron recombine at a localized deep trap. In this case, because the 

recombination can take place only after one carrier is already trapped, it involves one 

carrier at a time. This recombination have been analyzed by a Shockley–Read–Hall 

model which was first established for inorganic semiconductors as follows:[32] 

𝑅𝑆𝑅𝐻 =
𝐶𝑛𝐶𝑝𝑁𝑡𝑟�𝑛𝑝 − 𝑛𝑖2�

�𝐶𝑛(𝑛 + 𝑛1)𝐶𝑝(𝑝 − 𝑝1)�
 

where Cn is the probability per unit time that a free electron will be captured for the 

case in which the traps are all empty, Cp is the probability per unit time that a free hole 
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will be captured when the traps are filled with electrons, Ntr is the density of electron 

traps, n and p are the electron and hole concentrations, ni is the intrinsic carrier 

concentration, and n1p1 = ni
2. In addition, the trap-assisted recombination has also been 

studied by measuring the Voc dependence on incident light intensity. For an ideal trap-

free condition, the Voc is given by: 

𝑉𝑜𝑐 =
𝐸𝑔,𝐷𝐴

𝑞
−
𝑘𝑇
𝑞
𝑙𝑛 �

𝑁𝑐𝑣2

𝑛𝑒𝑛𝑝
� 

where Eg,DA is the effective energy gap between the HOMO of the donor and the 

LUMO of the acceptor, Ncv is the effective density of states in the donor and acceptor, 

and ne and np are the electron and hole densities, respectively. Because the ne and nk 

vary with the applied light intensity, the Voc is demonstrated to have a kT/q dependence 

on light intensity in this condition. However, if trap is involved, the Voc–light intensity 

curve shows a higher kT/q slope. 

 The bimolecular recombination is a second order recombination of a free electron 

with a free hole. This recombination has been usually described by the Langevin model 

as follows: 

𝑅𝐿 =
𝑞
𝜀
�𝜇𝑒 + 𝜇𝑝��𝑛𝑝 − 𝑛𝑖2� 

where ε is the dielectric constant, and μe and μp are the electron and hole mobilities, 

respectively. In this relation, faster charge mobilities may causes higher recombination 

rates because charge carriers can easily find each other. However, because increased 
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mobility also reduces the carrier density, numerous experimental results have shown 

that the bimolecular recombination rate decreases with increasing mobility. Moreover, 

the actual recombination rates measured in many reports were much smaller than the 

rate calculated from the Langevin expression. Therefore, another term, the Langevin-

reduction factor ζ, has been added for the net bimolecular recombination rate. 

Generally, the BHJ organic devices have demonstrated to have a ζ between 10−3 and 1. 

 

 

1.2. Fullerene-based acceptors 
 

 To date, fullerenes and their derivatives have been demonstrated to be the best 

acceptor candidates for organic solar cells (Figure 1.7). The advantages of fullerene 

derivatives as the acceptor are their high electron affinity, high electron mobility in 

three dimensions, and the existence of electronically low-lying anion excited states. In 

addition, ability to form favorable nanoscale phase separation in BHJ film is also the 

important characteristic.[33] 

 Although C60/C70 is still utilized in vacuum-deposited small molecular solar cells, the 

significant advances in organic solar cells could be reached mainly by the invention of 

soluble fullerene derivatives, exactly [6,6]-phenyl-C61-butyric acid methyl ester 

(PC61BM), by Wudl and co-workers in 1995.[34] Since then, PC61BM has been widely 

exploited in a large number of the BHJ solar cells, and furthermore, [6,6]-phenyl-C71- 
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Figure 1.7. Molecular structures of C60, C70, PC61BM, and PC71BM. 
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butyric acid methyl ester (PC71BM), which has the more absorption characteristic than 

PC61BM,[35] has also been utilized successfully in solar cell devices. Unfortunately, 

however, further efforts to modify the fullerene structures over PC61BM or PC71BM for 

improving device efficiencies have been unsuccessful up to now due to the inflexibility 

in molecular design, difficult purification, poor morphological stability, and 

incompatibility with various donor materials.[36,37] 

 

 

1.3. Nonfullerene acceptors 
 

 In contrast to the broad range of donor materials,[14,15] the acceptor materials in most 

of high-performance organic solar cells have been limited to the fullerene derivatives 

due to their outstanding electron accepting/transporting abilities and favorable 

compatibility with a large number of the donor materials as discussed in the previous 

section. While these PCBM-based devices have shown successful results, some 

drawbacks of the PCBM, such as weak visible light absorption and difficulty of energy 

level control, limit the further improvement of the device efficiency. 
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 In this respect, nonfullerene electron acceptors are considered potential alternatives to 

the conventional fullerene-based acceptor in recent years.[38–43] The most significant 

advantages of the nonfullerene acceptors are their strong absorption in the visible 

region and easily adjustable energy levels that are strongly related to the Voc of the 

fabricated solar cells. As a result, current PCE levels of nonfullerene-based BHJ 

organic solar cells have increased sharply to over 8% (Figure 1.8).[44] Examples of the 

state-of-the-art nonfullerene acceptors are summarized in Table 1.1 and 1.2.[45–54] 

 
Figure 1.8. Organic solar cells efficiency chart. Fullerene-based chart was extracted from 

NREL research cell efficiency records.[44] Fullerene-free chart was drawn up on the basis of 

paper publication date on web. 
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Table 1.1. State-of-the-art small molecule nonfullerene acceptors and their solar cell 

performances. 

Acceptor Structure Voc [V] PCE [%] Ref. 

DBFI-EDOT 

 

0.91 8.5 [45] 

hPDI4 

 

0.80 8.3 

[46] 

hPDI3 

 

0.81 7.9 

NIDCS-HO 
 

1.03 7.6a) [47] 

IEIC 

 

1.00 7.3 [48] 

SdiPBI-S 

 

0.90 7.2 [49] 
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Acceptor Structure Voc [V] PCE [%] Ref. 

ITIC 

 

0.81 6.8 [50] 

SubPc, SubNc 

 

0.96 8.4b) [51] 

a) This work. 
b) Three-layer device fabricated by vacuum evaporation of two acceptors. 

 
Table 1.2. State-of-the-art polymer nonfullerene acceptors and their solar cell performances. 

Acceptor Structure Voc [V] PCE [%] Ref. 

PNDIS-HD 

 

0.81 7.7 [52] 

P(NDI2DT-FT2) 

 

0.81 6.7 [53] 

P(NDI2HD-T) 

 

0.81 6.6 [54] 
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 Typically, some excellent electron-withdrawing groups with high electron affinity 

have been used as important elements of the acceptor materials. For example, the 

nonfullerene acceptors based on perylene diimides,[46,49] naphthalene mono-/di-

imides,[45,47,52–54] or other electron deficient dyes[48,50,51] have shown remarkable device 

performances with higher Voc values than those of PCBM-based ones. Another 

significant design strategy for the high-performance acceptor is to induce nonplanar 

and/or twisted conformations in the compound. This twisted conformation can reduce 

self-aggregation, and thus, form favorable nanoscale phase separation in BHJ films. 

Indeed, most of efficient nonfullerene acceptors have shown twisted conformations in 

their theoretical calculations.[45–50] Therefore, for further high-performance devices, 

well-designed nonfullerene acceptors with appropriate energy level and optimized 

phase separation behavior are in demand. 

 

 

1.4. π-Conjugated cyano-substituted stilbenic materials 
 

 π-Conjugated cyano (CN)-substituted stilbenic materials have been intensively 

studied in the past decade.[55] The CN group-induced “twist elasticity” characteristics, 

which lead to a large torsional or conformational change in response to molecular 

interactions, have provided versatile formations of self-assembled nanostructures, and 

thus, enabled various optoelectronic applications. In particular, highly ordered 
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Figure 1.9. Molecular structures of CN-TFMBE, SS-TFMBE, THIO-Y, and Hex-4-TFPTA. 
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crystalline natures of these compounds promoted effective charge transport, exhibiting 

remarkable electrical properties. 

 Figure 1.9 shows molecular structures of the CN-substituted stilbenic materials with 

electrical performances. The initial investigation into the charge transport properties 

began with examining conductivity in patterned organic nanowire devices.[56] The 

directionally aligned CN-TFMBE nanowires were prepared by using micromolding in 

capillaries technique. Consequently, the measured conductivity was 4.9 × 10−6 S cm−1, 

which was as high as those of other semiconducting materials. Next, the SCLC 

mobility of a SS-TFMBE drop-cast film was also measured, giving an effective 

mobility of 3.1 cm2 V−1s−1.[57] 

 Recently, organic field-effect transistors with various electron transporting molecules 

have been fabricated to measure charge mobilities. The electron mobility of a 

distyrylthiophene-type THIO-Y crystal was first measured to be 0.16 cm2 V−1s−1.[58] By 

simple modification of the THIO-Y molecule, a higher-performance semiconducting 

compound Hex-4-TFPTA was then synthesized. As a result, evaporated thin films of 

Hex-4-TFPTA containing preferentially oriented crystalline structures exhibited a 

maximum electron mobility of 2.14 cm2 V−1s−1 and on/off current ratios of over 106.[59] 

This mobility was further increased up to 2.57 cm2 V−1s−1 by introducing pentacene 

doping layer on top of the Hex-4-TFPTA film.[60] 
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1.5. Research objectives 
 

 The effective design strategy for a novel nonfullerene acceptor is to utilize distinct 

electron-withdrawing moieties that have high electron affinity with favorable electron 

transport. In this respect, the CN-substituted stilbenic structure that has outstanding 

electron transport characteristics is capable of being a promising acceptor material for 

organic solar cell. Simultaneously, however, suppressing their strong self-assembly 

power was the most significant task for obtaining high efficiency devices as mentioned 

above. Consequently, this work stems from the challenge for a new class of 

dicyanodistyrylbenzene-based nonfullerene acceptors with optimized aggregation 

behavior. 

 Figure 1.10 illustrates the research objective of this work. First, elaborate molecular 

design and subsequent extensive characterizations, such as optical, electrochemical, 

morphological, and electrical investigations, have provided efficient nonfullerene 

acceptor materials to be used in this research. Next, suitable donor material selection 

and proper device processing through device characterizations have been significantly 

progressed for practical solar cell applications. Ultimately, the main goal of this work 

is to realize high-performance organic solar cells using newly designed nonfullerene 

acceptors. 
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Figure 1.10. Research objective of this work. 
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The next three chapters consist of following contents: 

 

Chapter 2. Novel nonfullerene acceptors based on dicyanodistyrylbenzene and 

naphthalimide units with optimized aggregation behavior 

Chapter 3. High efficiency nonfullerene solar cells with proper blend combinations 

Chapter 4. Versatile processability in various organic solvents 
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 Chapter 2. Novel nonfullerene acceptors based on 

dicyanodistyrylbenzene and naphthalimide units with 

optimized aggregation behavior 
 

2.1. Introduction 
 

 Since the first introduction of BHJ organic solar cells,[1,2] many studies have 

attempted to develop solution-processable low-bandgap molecules and polymers for 

use in high-performance devices.[3,4] Thus far, such efforts toward developing new 

materials have mainly focused on electron donors that work with fullerene derivatives 

as electron acceptors, which yield PCEs exceeding 10%.[5,6] 

 The most widely studied electron acceptors are PC61BM[7] and PC71BM[8] due to their 

excellent characteristics including high electron affinity, good electron transport in 

three dimensions, and favorable nanoscale phase separation. However, 

PC61BM/PC71BM is unfortunately limited by a weak absorption in the visible region 

and a relatively low-lying LUMO level which restricts the design of new donor 

materials by giving a rather low Voc.[9–11] In recent years, researchers have attempted to 

overcome the drawbacks of PC61BM/PC71BM by developing new nonfullerene electron 

acceptors. 

 Until now, a variety of nonfullerene acceptor structures with specific electron-

withdrawing groups have been shown to improve the device efficiency. Among these 
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structures, the cyano (–CN) substituted structures, which have been widely used in 

optoelectronic devices,[12–14] offer an attractive option for electron acceptors and 

provide good solar cell performances.[15–21] The –CN substituent, an electron-

withdrawing moiety, can increase the electron affinity and simultaneously promote the 

formation of crystalline structures by secondary interactions and/or local dipole 

alignments that favor efficient charge transport. Because these strong self-organization 

properties could induce large-scale phase separation in a blend system,[22] a balance 

had to be struck between promoting aggregation and producing favorable phase 

separation during the fabrication of devices based on CN-substituted pentacene,[15] 

quinacridone,[16] vinazene,[17] fluoranthene-fused imide,[18] or benzothiadiazole 

derivative acceptors.[19] 

 Meanwhile, CN-substituted stilbenic structures have provided various optoelectronics 

applications with versatile formations of self-assembled nanostructures.[23–30] In 

particular, efforts toward obtaining good electron transporting materials successfully 

attained maximum organic field-effect transistor electron mobilities of 2.14 cm2 

V−1s−1.[24] Blend systems, such as coaxial nanocables,[25] stimuli-responsive mixed 

assemblies,[26,27] and donor–acceptor charge-transfer complexes,[28,29] in combination 

with other π-conjugated materials were also extensively investigated in an effort to 

capitalize on the electron-accepting and self-assembly characteristics of these 

compounds. However, their too strong self-assembly power that promoted the 

formation of meso or micro scale structures over exciton diffusion length scales[31] also 
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limited their use for BHJ solar cell applications. Therefore, realizing balanced 

aggregation with efficient charge transport in CN-substituted stilbenic structures 

remained challenging. 

 This chapter focused on developing novel dicyanodistyrylbenzene (DCS)-based 

nonfullerene acceptors with high electron affinities and good solution processability. A 

specific method for modulating the self-assembly tendencies was implemented by 

incorporating a naphthalimide (NI) moiety into the terminal position of the molecules. 

The three newly designed compounds, NIDCS, NIDCS-MO, and NIDCS-HO, are 

illustrated in Figure 2.1. The bulkiness of the NI substituent weakened the 

intermolecular interactions, so that the balanced aggregation characteristics could be 

induced. Indeed, aggregate formation in the spin-coated film was dramatically 

suppressed, in contrast with the structures observed among other cyanostilbene thin 

films. Furthermore, the outstanding electron-transporting properties of the NI unit[32–37] 

synergistically affected the electron acceptor properties, and the material solubilities 

were also notably increased by introducing branched alkyl chains at the N-position of 

the NI moiety. The photovoltaic properties of these molecules were investigated using 

regioregular poly(3-hexylthiophene) (P3HT) as the donor. The device performances 

could be tuned by applying a thermal annealing treatment, and optimized devices were 

obtained with a PCE of as high as 2.71%, which comes close to that of PC61BM 

acceptor devices. 
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Figure 2.1. Molecular structures of NIDCS, NIDCS-MO, and NIDCS-HO. 
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2.2. Result and Discussion 
 

2.2.1. Material design and characterizations 
 

 The three compounds were synthesized using the Knoevenagel condensation reaction 

and were purified by flash column chromatography and recrystallization (Figure 2.2). 

The compounds included different substituents on the core phenyl unit, hydrogen, 

methoxy, and hexyloxy. All three were well soluble in common organic solvents, such 

as tetrahydrofuran (THF), chloroform (CF), and chlorobenzene (CB). These 

compounds exhibited good thermal stability, with decomposition temperature (5% 

weight loss) of ca. 360°C (Figure 2.3). Some important characteristic data of the 

compounds are listed in Table 2.1. 

 The molecular geometry and electronic properties of the compounds in the isolated 

state were predicted by carrying out theoretical molecular orbital calculations based on 

density functional theory (DFT) and time-dependent DFT (TDDFT) using the B3LYP 

functional and the 6-31G** basis set (Figure 2.4). In the calculations, all alkyl chains 

were replaced with a methyl unit because these groups did not significantly influence 

the results in the isolated state. The models of NIDCS-MO and NIDCS-HO, therefore, 

were identical in atomic and electronic structure. The molecular geometries of these 

molecules featured a planar conformation between two thiophenes and a twisted 

conformation between the thiophene and NI moiety with a dihedral angle of 
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Figure 2.2. Synthetic routes to NIDCS, NIDCS-MO, and NIDCS-HO. 
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Figure 2.3. TGA curves of (a) NIDCS, (b) NIDCS-MO, and (c) NIDCS-HO. 
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Table 2.1. Thermal, electrochemical, and optical properties of NIDCS, NIDCS-MO, and 

NIDCS-HO. 

Acceptor 
Td 

[°C] 

Tm 

[°C] 

ELUMO
a) 

[eV] 

EHOMO
a) 

[eV] 

λmax (ε) sol. 

[nm (M−1 cm−1)] 

λmax (ε) film 

[nm (cm−1)] 

Eg sol. 

[eV] 

Eg film 

[eV] 

NIDCS 361.8 225.0 3.42 5.90 430 (5.9 × 104) 453 (4.6 × 104) 2.46 2.22 

NIDCS-MO 361.1 214.7 3.66 5.75 476 (4.6 × 104) 498 (5.6 × 104) 2.23 2.01 

NIDCS-HO 359.3 228.9 3.41 5.79 476 (4.6 × 104) 517 (4.7 × 104) 2.23 2.04 

a) Energy levels measured from dichloromethane solutions. 
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Figure 2.4. The calculated optimized geometry (top, all protons are omitted), and frontier 

molecular orbitals (bottom) of (a) NIDCS and (b) NIDCS-MO (NIDCS-HO) structures using 

DFT (B3LYP/6-31G**) implemented in the Gaussian 09 software. 
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approximately 44°. The twisted structure is expected to increase the material’s 

solubility, but it could weaken the π–π interactions if the geometry were preserved in 

the condensed state. A previous report also described the DCS-based structure as a 

twisted geometry in the isolated state; however, the structure turned into a quasi-planar 

molecular conformation in the condensed crystal state, which favored charge transport 

via strong π–π stacking interactions.[30] Therefore, appropriate conformational changes 

in the condensed state were important for the production of high-performance devices 

using our materials. 

 The electrochemical properties of the three compounds were investigated by cyclic 

voltammetry (CV) in dichloromethane (Figure 2.5). All three compounds exhibited 

three or more reduction waves. The presence of multiple electron-accepting reactions, 

similar to those observed in PC61BM,[7] is one of the most important properties of an 

electron acceptor. The energy levels of the HOMO and LUMO were estimated based 

on the onset oxidation/reduction potentials. These values were found to be −5.90/−3.42, 

−5.75/−3.66, and −5.79/−3.41 eV for NIDCS, NIDCS-MO, and NIDCS-HO, 

respectively. These LUMO levels were higher than the corresponding value of PC61BM 

estimated to −3.83 eV under the same measurement conditions, indicating that Voc in 

devices prepared using the three compounds was expected to exceed that of PC61BM-

acceptor devices. To investigate the effects of DCS and NI moieties on the electronic 

properties of the final molecules, both parts were individually synthesized and their CV 

curves were also measured in dichloromethane. The LUMO level of the DCS (−3.26 
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Figure 2.5. Cyclic voltammograms of (a) NIDCS, NIDCS-MO, NIDCS-HO, (b) DCS, and (c) 

NIEH in CH2Cl2 / 0.1 M Bu4NBF4, obtained with a scan rate of 100 mV s−1. 
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eV) was only 0.2 eV lower than that of the NIEH. Since these values are slightly higher 

(0.15–0.40 eV) than those of the final molecules, it is rationalized that the DCS and NI 

groups are synergistically contributing to the electron-accepting properties of the final 

molecules. This is further supported by the partial overlaps of LUMO orbitals on the 

NI units (Figure 2.4). 

 Figure 2.6 shows the absorption spectra of the three compounds in dilute THF 

solutions or in thin films. NIDCS-MO and NIDCS-HO exhibited very similar 

absorption spectra in the solution state, and the maximum absorption peaks of the two 

acceptors were red-shifted by 46 nm compared to NIDCS due to the presence of the 

electron-donating alkoxy substituents. The energy bandgaps of the three compounds 

estimated based on the absorption onsets (Eg (sol.) = 2.46 eV for NIDCS, Eg (sol.) = 

2.23 eV for NIDCS-MO and NIDCS-HO) were consistent with the calculated results. 

By contrast, the absorption spectra of the spin-coated NIDCS-MO and NIDCS-HO 

films exhibited separated absorptions, indicating that the substituted alkoxy chains 

gave rise to different intermolecular interactions in the condensed state. The optical 

bandgaps of NIDCS, NIDCS-MO, and NIDCS-HO in the film state were 2.22, 2.01, 

and 2.04 eV, respectively. 

 Thermal annealing treatments also significantly influenced the absorption maxima 

and the absorption coefficients in thin films (Figure 2.7). Each of the three compounds 

displayed distinct absorption characteristics; for example, a large blue shift in the 

absorption spectrum was observed at 115°C for NIDCS and 150°C for NIDCS-MO 
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Figure 2.6. UV-Vis absorption spectra of NIDCS, NIDCS-MO, NIDCS-HO (a) in THF (1 × 

10−5 M) and (b) in the spin-coated films prepared from a 1 wt% chloroform solution. 
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Figure 2.7. UV-Vis absorption spectra of (a) NIDCS, (b) NIDCS-MO, and (c) NIDCS-HO in 

spin-coated films prepared under different annealing temperature conditions. 
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whereas a new well-resolved absorption band was observed at temperatures beyond 

130°C for NIDCS-HO. The similar phenomena were observed in differential scanning 

calorimeter (DSC) measurements, showing low temperature crystallization transitions 

at ranges of 94–119°C (Figure 2.8). These results suggest that the molecular 

conformations and/or stacking structures in films are affected highly by thermal 

annealing, possibly resulting in the changes of device performances. 

 To better understand the acceptors’ film characteristic changes by thermal annealing, 

a series of in-depth studies, such as atomic force microscopy (AFM), grazing incidence 

wide-angle X-ray scattering (GIWAXS), CV, and space charge limited current (SCLC) 

mobility, were carried out under different annealing temperature conditions. The 

selected temperatures were as-cast, 100, 130°C for NIDCS, as-cast, 110, 150°C for 

NIDCS-MO, and as-cast, 90, 130°C for NIDCS-HO, respectively. First, the AFM 

images showed dramatic changes in film morphologies: for all of the samples, very 

smooth surfaces with reasonable root-mean-square (RMS) roughness at the former two 

temperature conditions were changed to highly rough surfaces at the latter 

temperatures (Figure 2.9). Next, the GIWAXS patterns exhibited more obvious 

evidences of morphology and packing structure changes. In Figure 2.10, diffraction 

images of each of the three compounds showed different patterns in as-cast conditions, 

indicating different molecular packing structures by different substituents on the core 

phenyl unit. All these patterns were also significantly changed by thermal treatments, 

which imply that altered intermolecular interactions significantly affected optical and 
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Figure 2.8. DSC curves of (a) NIDCS, (b) NIDCS-MO, and (c) NIDCS-HO for (left panel) 

heating and (right panel) cooling steps. The DSC samples were prepared by first heating at over 

a melting temperature on a hot plate and then cooling rapidly using liquid nitrogen. 
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Figure 2.9. AFM height images (5 μm × 5 μm) of pristine (a) NIDCS, (b) NIDCS-MO, and (c) 

NIDCS-HO films prepared under different annealing temperature conditions. Annealing 

conditions and RMS roughness values (Rq) are included in the images. 
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Figure 2.10. GIWAXS images of pristine (a) NIDCS, (b) NIDCS-MO, and (c) NIDCS-HO 

films prepared under different annealing temperature conditions. Annealing conditions are 

included in the images. 
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morphological characteristics in thin films. These changes also affected both frontier 

molecular energy levels and charge transport abilities. As shown in Figure 2.11 and 

Table 2.2, the electrochemical behaviors and the corresponding LUMO levels of the 

three compounds were altered distinctly by thermal treatments. Simultaneously, the 

charge transport characteristics were also changed by thermal annealing (Figure 2.12 

and Table 2.3). In particular, the SCLC mobility showed different variations depending 

on the compound structure: the mobilities for NIDCS and NIDCS-HO decreases with 

increasing annealing temperatures while the mobilities for NIDCS-MO increases with 

increasing annealing temperatures. All these results indicate that the acceptors’ film 

characteristics are significantly affected by the molecular structure as well as thermal 

annealing. 
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Figure 2.11. CV of pristine (a) NIDCS, (b) NIDCS-MO, and (c) NIDCS-HO films prepared 

under different annealing temperature conditions in CH3CN / 0.1 M Bu4NPF6 a scan rate of 100 

mV s−1. Annealing conditions are included in the graphs. All samples were prepared by spin-

coating on ITO-coated glass. 
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Table 2.2. Measured LUMO levels of pristine NIDCS, NIDCS-MO, and NIDCS-HO spin-

coated films prepared under different annealing temperature conditions. 

NIDCS NIDCS-MO NIDCS-HO 

Annealing 

condition 

ELUMO 

[eV] 

Annealing 

condition 

ELUMO 

[eV] 

Annealing 

condition 

ELUMO 

[eV] 

as cast −3.82 as cast −3.85 as cast −3.75 

100°C −3.79 110°C −3.76 90°C −3.75 

130°C −3.78 150°C −3.83 130°C −3.82 
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Figure 2.12. J–V curves of pristine (a) NIDCS (72 nm), (b) NIDCS-MO (89 nm), and (c) 

NIDCS-HO (81 nm) films for electron-only devices under different annealing temperature 

conditions. Numbers in parenthesis refer to each film thickness. 
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Table 2.3. SCLC electron mobilities of pristine NIDCS, NIDCS-MO, and NIDCS-HO films 

under different annealing temperature conditions. 

NIDCS NIDCS-MO NIDCS-HO 

Annealing 

condition 

μe (SCLC) 

[cm2 V−1s−1] 

Annealing 

condition 

μe (SCLC) 

[cm2 V−1s−1] 

Annealing 

condition 

μe (SCLC) 

[cm2 V−1s−1] 

as cast 2.08 × 10−4 as cast 1.03 × 10−4 as cast 9.82 × 10−4 

100°C 5.67 × 10−5 110°C 2.86 × 10−4 90°C 6.79 × 10−4 

130°C 1.54 × 10−5 150°C 3.39 × 10−4 130°C 4.14 × 10−4 
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2.2.2. Solar cell devices with the prototype donor P3HT 
 

 BHJ organic solar cell devices were fabricated using P3HT as an electron donor and 

each of the three new compounds as the electron acceptors. The optimal device 

conditions were obtained by thermally annealing the blend films using a process shown 

previously to be effective in optimizing the P3HT:PC61BM devices.[3] The optimized 

device structure was ITO/PEDOT:PSS/P3HT:Acceptor/Ca/Al; a Ca/Al cathode was 

deposited to achieve efficient charge extraction, and the 1:2.5 blend in CF gave the best 

photovoltaic performance with good film formation. 

 Figure 2.13 shows the current density–voltage (J–V) curves of the optimized devices 

under 100 mW cm−2, AM 1.5G solar illumination. Interestingly, the performances of 

the three devices were found to be optimal under three different annealing conditions: 

NIDCS performed best when submitted to a 100°C post-annealing process, NIDCS-

MO performed best when submitted to a 110°C post-annealing process, and NIDCS-

HO performed best when submitted to a 90°C pre-annealing process. The details on the 

effects of the blend ratios, the implementation of a pre- or post-annealing (before or 

after the deposition of the cathode) process, and the annealing temperature are 

summarized in Table 2.4. Solar cells prepared using the NIDCS acceptor achieved a 

Voc of 0.73 V, a Jsc of 8.04 mA cm−2, a FF of 0.46, and a PCE of 2.71%. Pre-annealing 

of the devices reduced the efficiency by ca. 29% by lowering Jsc, and higher annealing 

temperatures also reduced the device performances. The optimal efficiency of the 
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Figure 2.13. (a) J–V curves and (b) IPCE spectra of P3HT:NIDCS (100°C post-annealing), 

P3HT:NIDCS-MO (110°C post-annealing), and P3HT:NIDCS-HO (90°C pre-annealing) BHJ 

devices. 
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Table 2.4. Photovoltaic parameters of P3HT:Acceptor BHJ devices with different annealing 

conditions. 

Acceptor Ratio Anneal. 
[°C] 

Voc 
[V] 

Jsc 
[mA cm−2] FF PCE max 

[%] 
PCE avg.a) 

[%] 
NIDCS 1 : 2.5 90 0.73 7.64 0.42 2.33 2.20 

  pre 100 0.73 5.34 0.47 1.85 1.78 

  100 0.73 8.04 0.46 2.71 2.51 
  110 0.70 6.30 0.45 1.99 1.87 

  120 0.70 6.25 0.42 1.83 1.72 

NIDCS-MO 1 : 2.5 90 0.58 5.39 0.35 1.08 1.03 

  100 0.55 5.90 0.36 1.16 1.12 

  pre 110 0.41 2.04 0.50 0.42 0.32 

  110 0.54 6.23 0.43 1.45 1.32 
  120 0.51 6.28 0.36 1.14 1.07 

  130 0.47 5.88 0.41 1.15 1.13 

  150 0.57 4.61 0.47 1.23 1.05 

NIDCS-HO 1:2.0 90 0.64 8.03 0.43 2.19 2.05 

 1:2.5 85 0.60 6.58 0.45 1.79 1.68 

  90 0.64 7.75 0.45 2.23 2.13 

  100 0.60 3.20 0.25 0.47 0.45 

  110 0.56 2.81 0.26 0.42 0.39 

 1:3.0 90 0.60 7.38 0.46 2.05 1.94 

 1:3.5 90 0.55 6.16 0.44 1.49 1.39 

 1:2.0 pre 90 0.68 8.31 0.44 2.47 2.40 

 1:2.5 pre 80 0.72 5.72 0.45 1.84 1.82 

  pre 90 0.67 8.15 0.47 2.55 2.50 
  pre 100 0.67 6.92 0.50 2.30 2.15 

  pre 110 1.02 0.034 0.15 5.3 × 10−3 4.7 × 10−3 

 1:3.0 pre 90 0.64 7.43 0.46 2.18 2.09 

 1:3.5 pre 90 0.61 6.53 0.41 1.62 1.46 

PC61BM 1:0.8 150 0.56 8.72 0.64 3.11 3.00 
a) Data obtained from 10 devices. 
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NIDCS-MO acceptor devices was relatively low value (PCE = 1.45%) due to the low 

Voc (0.54 V), attributed to a relatively low-lying LUMO level.[38] Unlike the two 

devices discussed above, solar cells prepared using the NIDCS-HO acceptor yielded 

optimal performances when the films were pre-annealed. The best PCE was 2.55%, 

with a Voc of 0.67 V, a Jsc of 8.15 mA cm−2, and a FF of 0.47. This PCE was ca. 17% 

greater than the value obtained from a device submitted to post-annealing. Especially, 

among the performance parameters, the measured Jsc values of the NIDCS and NIDCS-

HO devices were exceptional, exceeding 8 mA cm−2, as compared to the reported 

P3HT:nonfullerene acceptor devices.[39–41] Such high Jsc values suggested that the 

device characteristics were suitable for efficient photocurrent generation with efficient 

charge separation, as discussed in detail below. 

 The incident photon-to-current efficiency (IPCE) spectra of the optimized devices are 

also shown in Figure 2.13. All spectra exhibited broad IPCE plateaus between 300 nm 

and 650 nm with a maximum of 61.2% at 395 nm, 41.7% at 545 nm, and 59.4% at 510 

nm for NIDCS, NIDCS-MO, and NIDCS-HO acceptor devices, respectively. These 

spectra were consistent with absorption spectra of the blend films (Figure 2.14), 

indicating that both P3HT (with an absorption onset of ca. 650 nm) and the acceptors 

contributed to photocurrent generation. Furthermore, the high IPCEs of up to 60% 

were also consistent with the high Jsc values. The calculated Jsc values based on these 

spectra were 7.67, 5.67, and 7.64 mA cm−2, respectively, ca. 7% less than the 

corresponding values obtained from the J–V curves. These inconsistencies may have 
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Figure 2.14. UV-Vis absorption spectra of P3HT:NIDCS (100°C annealing), P3HT:NIDCS-MO 

(110°C annealing), and P3HT:NIDCS-HO (90°C annealing) 1:2.5 ratio blend films. 
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resulted from device degradation during the measurements under an ambient 

atmosphere. 

 To investigate the film surface morphologies in the devices, AFM imaging in tapping 

mode was carried out. All films showed smooth surfaces and nano-sized grains with a 

RMS roughness of 0.5–2.6 nm under optimized conditions (Figure 2.15). The X-ray 

diffraction (XRD) patterns in the blend films also exhibited no diffraction peaks 

(Figure 2.16). However, under higher annealing temperatures, large aggregate grains 

appeared in the surface images, and the roughness values of the blend films increased 

significantly. These results suggested that nanoscale domains that included balanced 

aggregation, which formed under low-temperature annealing conditions, produced 

efficient charge separation and, thus, improved the solar cells performances. 

 The hole and electron mobilities under the optimized conditions were measured using 

the SCLC model (Figure 2.17 and Table 2.5).[42,43] The hole-only and electron-only 

devices were fabricated with the structures ITO/PEDOT:PSS/P3HT:Acceptor/Au and 

Al/P3HT:Acceptor/Al, respectively. The calculated zero-field hole/electron mobilities 

were 2.00 × 10−5/ 5.65 × 10−8, 1.66 × 10−6/ 7.53 × 10−7, and 1.12 × 10−4/ 4.54 × 10−8 

cm2 V−1s−1 for NIDCS, NIDCS-MO, and NIDCS-HO acceptor devices, respectively. 

The unfavorable interpenetrating network of the blend films may have been 

responsible for the relatively low electron mobilities, and these low and unbalanced 

mobilities may have led to a FF that was lower than that of the PC61BM acceptor 

devices.[44] 
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Figure 2.15. AFM height images (5 μm × 5 μm) of (a) P3HT:NIDCS (100°C), (b) 

P3HT:NIDCS-MO (110°C), (c) P3HT:NIDCS-HO (90°C), (d) P3HT:NIDCS (130°C), (e) 

P3HT:NIDCS-MO (150°C), and (f) P3HT:NIDCS-HO (110°C) blend films. Temperatures in 

parenthesis refer to annealing conditions. RMS roughness values were 0.56, 2.62, 1.14, 9.40, 

13.5, and 28.0 nm, respectively. 
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Figure 2.16. XRD patterns of (a) P3HT:NIDCS (100°C annealing), (b) P3HT:NIDCS-MO 

(110°C annealing), and (c) P3HT:NIDCS-HO (90°C annealing) blend films. 
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Figure 2.17. ln(JL3/V2) vs (V/L)0.5 curves of P3HT:Acceptor BHJ devices for (a) hole-only and 

(b) electron-only devices under optimized conditions. 
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Table 2.5. SCLC mobilities of P3HT:Acceptor BHJ devices. 

Device 
μh (SCLC) 

[cm2 V−1s−1] 

μe (SCLC) 

[cm2 V−1s−1] 

P3HT:NIDCS 2.00 × 10−5 5.65 × 10−8 

P3HT:NIDCS-MO 1.66 × 10−6 7.53 × 10−7 

P3HT:NIDCS-HO 1.12 × 10−4 4.54 × 10−8 
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2.3. Experimental 
 

2.3.1. Materials 

 Materials obtained from commercial suppliers were used without further purification. 

2,5-Bis(hexyloxy)terephthalaldehyde (6),[24] (2E,2'E)-3,3'-(1,4-phenylene)bis(2-

(thiophen-2-yl)acrylonitrile) (DCS),[45] and N-(2-ethylhexyl)-1,8-naphthalimide 

(NIEH)[46] were synthesized using the procedure reported elsewhere. Reactions were 

monitored using thin layer chromatography (TLC) with commercial TLC plates (silica 

gel 60 F254, Merck Co.). Silica gel column chromatography was performed using 

silica gel 60 (particle size 0.063–0.200 mm, Merck Co.). 1H and 13C NMR spectra were 

recorded on Bruker Avance 300 and Avance 500 spectrometers. Mass spectra were 

measured using a Voyager-DETM STR Biospectrometry Workstation, and elemental 

analyses were performed on a CE Instrument EA1110 instrument. 

 

 

2.3.2. Synthesis 

4-bromo-N-(2-ethylhexyl)-1,8-naphthalimide (1) 

4-Bromo-1,8-naphthalic anhydride (6.00 g, 21.66 mmol) and 2-ethyl-1-hexylamine 

(3.08 g, 23.82 mmol) were dissolved in DMF (40 mL) and stirred at 150°C overnight. 

After cooling to room temperature, the solvent was removed under vacuum. Silica gel 

column purification with EtOAc:n-Hex (1:10, v/v) gave a yellow powder (8.10 g, yield 
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= 96%). 1H NMR (300 MHz, CDCl3, δ): 8.66 (dd, J = 7.3, 1.0 Hz, 1H; Ar H), 8.58 (dd, 

J = 8.5, 1.0 Hz, 1H; Ar H), 8.42 (d, J = 7.9 Hz, 1H; Ar H), 8.05 (d, J = 7.9 Hz, 1H; Ar 

H), 7.85 (dd, J = 8.5, 7.4 Hz, 1H; Ar H), 4.18–4.05 (m, 2H; –CH2–), 1.98–1.89 (m, 1H; 

–CH–), 1.42–1.29 (m, 8H; –CH2–), 0.93 (t, J = 7.4 Hz, 3H; –CH3), 0.87 (t, J = 7.2 Hz, 

3H; –CH3); 13C NMR (126 MHz, CDCl3, δ): 164.00, 163.98, 133.14, 132.05, 131.26, 

131.10, 130.65, 130.12, 129.07, 128.08, 123.20, 122.33, 44.29, 37.92, 30.75, 28.69, 

24.08, 23.05, 14.05, 10.63; EA: calcd (%) for C20H22BrNO2: C 61.86, H 5.71, N 3.61; 

found: C 61.84, H 5.74, N 3.65. 

 

2-(5-(tributylstannyl)thiophen-2-yl)acetonitrile (2) 

2-(5-Bromothiophen-2-yl)acetonitrile (2.30 g, 11.38 mmol), hexabutylditin (13.20 g, 

22.76 mmol), and Pd(PPh3)4 (0.040 g, 0.034mmol) were dissolved in toluene (160 mL) 

and stirred at 100°C for 72 hours. After cooling to room temperature, the solvent was 

removed under vacuum. Silica gel column purification with EtOAc:n-Hex (1:10, v/v) 

gave a brown liquid (2.20 g, yield = 47%). 1H NMR (300 MHz, CDCl3, δ): 7.16 (d, J = 

3.2 Hz, 1H; Ar H), 7.03 (d, J = 3.3 Hz, 1H; Ar H), 3.95 (s, 2H; –CH2–), 1.67–1.50 (m, 

6H; –CH2–), 1.40–1.27 (m, 12H; –CH2–), 0.95–0.87 (m, 9H; –CH3) 

 

2-(5-(4-(N-(2-ethylhexyl)-1,8-naphthalimide)yl)thiophen-2-yl)acetonitrile (3) 

Compound (1) (2.49 g, 6.40 mmol), compound (2) (2.20 g, 5.34 mmol), and Pd(PPh3)4 

(0.092 g, 0.080 mmol) were dissolved in toluene (160 mL) and stirred at 100°C for 72 
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hours. After cooling to room temperature, the solvent was removed under vacuum. 

Silica gel column purification with EtOAc:n-Hex (1:5, v/v) gave a beige powder (1.24 

g, yield = 54%). 1H NMR (300 MHz, CDCl3, δ): 8.66 (dd, J = 7.3, 1.0 Hz, 1H; Ar H), 

8.61 (d, J = 7.6 Hz, 1H; Ar H), 8.57 (dd, J = 8.6, 1.1 Hz, 1H; Ar H), 7.80 (d, J = 7.6 Hz, 

1H; Ar H), 7.78 (dd, J = 8.4, 7.2 Hz, 1H; Ar H), 7.23–7.20 (m, 2H; Ar H), 4.21–4.08 

(m, 2H; –CH2–), 4.02 (s, 2H; –CH2CN), 1.98–1.94 (m, 1H; –CH–), 1.44–1.30 (m, 8H; 

–CH2–), 0.94 (t, J = 7.4 Hz, 3H; –CH3), 0.88 (t, J = 7.2 Hz, 3H; –CH3); 13C NMR (126 

MHz, CDCl3, δ): 164.46, 164.19, 140.51, 137.93, 133.14, 131.80, 131.51, 130.60, 

129.91, 128.89, 128.81, 128.68, 128.02, 127.42, 123.11, 122.52, 116.43, 44.25, 37.95, 

30.78, 28.71, 24.10, 23.06, 18.88, 14.07, 10.67; EA: calcd (%) for C26H26N2O2S: C 

72.53, H 6.09, N 6.51, S 7.45; found: C 72.53, H 5.99, N 6.36, S 7.30. 

 

(2E,2'E)-3,3'-(1,4-phenylene)bis(2-(5-(4-(N-(2-ethylhexyl)-1,8-

naphthalimide)yl)thiophen-2-yl)acrylonitrile) (NIDCS) 

Compound (3) (0.20 g, 0.46 mmol) and terephthalaldehyde (4) (0.030 g, 0.22 mmol) 

were dissolved in t-BuOH (20 mL) and stirred at 50°C. Tetrabutylammonium 

hydroxide (TBAH, 1 M solution in MeOH) (0.01 mL, 5 mol%) was then injected into 

the mixture followed by stirring for 2 hours. After cooling to room temperature, the 

orange precipitate was collected by filtration and washed with MeOH. Flash silica gel 

column purification in THF, followed by recrystallization with EtOAc, gave an orange 

powder (0.080 g, yield = 38%). 1H NMR (300 MHz, CDCl3, δ): 8.69 (d, J = 7.1 Hz, 2H; 
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Ar H), 8.64 (d, J = 7.7 Hz, 4H; Ar H), 8.02 (s, 4H; Ar H), 7.87 (d, J = 7.7 Hz, 2H; Ar 

H), 7.83 (dd, J = 8.3, 8.0 Hz, 2H; Ar H), 7.59 (d, J = 3.8 Hz, 2H; Ar H), 7.47 (s, 2H; 

vinyl H), 7.36 (d, J = 3.8 Hz, 2H; Ar H), 4.22–4.09 (m, 4H; –CH2–), 2.03–1.95 (m, 2H; 

–CH–), 1.42–1.31 (m, 16H; –CH2–), 0.95 (t, J = 7.3 Hz, 6H; –CH3), 0.89 (t, J = 7.0 Hz, 

6H; –CH3); 13C NMR (126 MHz, CDCl3, δ): 164.40, 164.13, 141.31, 140.90, 138.34, 

137.49, 135.19, 131.63, 130.60, 129.82, 129.77, 128.91, 128.67, 128.59, 127.61, 

123.22, 122.78, 116.23, 107.08, 44.31, 37.97, 30.80, 28.73, 24.11, 23.07, 14.08, 10.68; 

MALDI-TOF MS (m/z): [(M + H)+] calcd for C60H54N4O4S2: 958.4, found: 958.7; EA: 

calcd (%) for C60H54N4O4S2: C 75.13, H 5.67, N 5.84, S 6.69; found: C 74.66, H 5.67, 

N 5.81, S 6.65. 

 

(2E,2'E)-3,3'-(2,5-dimethoxy-1,4-phenylene)bis(2-(5-(4-(N-(2-ethylhexyl)-1,8-

naphthalimide)yl)thiophen-2-yl)acrylonitrile) (NIDCS-MO) 

Compound (3) (0.30 g, 0.70 mmol) and 2,5-dimethoxybenzene-1,4-dicarboxaldehyde 

(5) (0.064 g, 0.33 mmol) were dissolved in t-BuOH (30 mL) and stirred at 50°C. 

TBAH (1 M solution in MeOH) (0.02 mL, 5 mol%) was then injected into the mixture, 

followed by stirring for 2 hours. After cooling to room temperature, the red precipitate 

was collected by filtration and washed with MeOH. Flash silica gel column 

purification in THF, followed by recrystallization with EtOAc, gave a red powder (0.26 

g, yield = 77%). 1H NMR (300 MHz, CDCl3, δ): 8.68 (d, J = 7.5 Hz, 2H; Ar H), 8.66 

(d, J = 8.7 Hz, 2H; Ar H), 8.63 (d, J = 7.6 Hz, 2H; Ar H), 7.94 (s, 2H; Ar H), 7.93 (s, 
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2H; vinyl H), 7.88 (d, J = 7.7 Hz, 2H; Ar H), 7.83 (dd, J = 8.5, 7.3 Hz, 2H; Ar H), 7.56 

(d, J = 3.8 Hz, 2H; Ar H), 7.35 (d, J = 3.8 Hz, 2H; Ar H), 4.22–4.09 (m, 4H; –CH2–), 

4.00 (s, 6H; –OCH3), 2.02–1.94 (m, 2H; –CH–), 1.44–1.32 (m, 16H; –CH2–), 0.95 (t, J 

= 7.3 Hz, 6H; –CH3), 0.89 (t, J = 7.2 Hz, 6H; –CH3); 13C NMR (126 MHz, CDCl3, δ): 

164.43, 164.17, 152.17, 141.63, 141.05, 137.70, 133.63, 131.74, 131.60, 130.62, 

129.76, 128.92, 128.65, 128.04, 127.57, 125.35, 123.21, 122.65, 116.90, 110.01, 

106.11, 56.44, 44.31, 37.97, 30.81, 28.74, 24.12, 23.08, 14.08, 10.68; MALDI-TOF 

MS (m/z): [(M + H)+] calcd for C62H58N4O6S2: 1018.4, found: 1018.8; EA: calcd (%) 

for C62H58N4O6S2: C 73.06, H 5.74, N 5.50, S 6.29; found: C 73.07, H 5.78, N 5.55, S 

6.30. 

 

(2E,2'E)-3,3'-(2,5-bis(hexyloxy)-1,4-phenylene)bis(2-(5-(4-(N-(2-ethylhexyl)-1,8-

naphthalimide)yl)thiophen-2-yl)acrylonitrile) (NIDCS-HO) 

Compound (3) (0.02 g, 0.46 mmol) and 2,5-bis(hexyloxy)terephthalaldehyde (6) (0.074 

g, 0.22 mmol) were dissolved in t-BuOH (20 mL) and stirred at 50°C. TBAH (1 M 

solution in MeOH) (0.01 mL, 5 mol%) was then injected into the mixture, followed by 

stirring for 2 hours. After cooling to room temperature, the red precipitate was 

collected by filtration and washed with MeOH. Flash silica gel column purification in 

THF, followed by recrystallization with EtOAc, gave a red powder (0.19 g, yield = 

74%). 1H NMR (300 MHz, CDCl3, δ): 8.68 (dd, J = 7.3, 1.0 Hz, 2H; Ar H), 8.65 (dd, J 

= 8.6, 1.0 Hz, 2H; Ar H), 8.64 (d, J = 7.6 Hz, 2H; Ar H), 7.99 (s, 2H; Ar H), 7.91 (s, 
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2H; vinyl H), 7.86 (d, J = 7.7 Hz, 2H; Ar H), 7.82 (dd, J = 8.5, 7.3 Hz, 2H; Ar H), 7.54 

(d, J = 3.8 Hz, 2H; Ar H), 7.34 (d, J = 3.8 Hz, 2H; Ar H), 4.22–4.09 (m, 8H; –CH2– 

and –OCH2–), 1.99–1.95 (m, 2H; –CH–), 1.92–1.83 (m, 4H; –CH2–), 1.45–1.25 (m, 

28H; –CH2–), 0.95 (t, J = 7.6 Hz, 6H; –CH3), 0.89 (t, J = 6.9 Hz, 6H; –CH3), 0.86 (t, J 

= 7.1 Hz, 6H; –CH3); 13C NMR (126 MHz, CDCl3, δ): 164.43, 164.17, 151.72, 141.83, 

140.87, 137.72, 133.84, 131.73, 131.60, 130.61, 129.79, 128.93, 128.61, 127.91, 

127.54, 125.63, 123.21, 122.65, 116.85, 110.95, 105.75, 69.53, 44.31, 37.97, 31.56, 

30.81, 29.70, 29.16, 28.74, 25.90, 24.13, 23.08, 22.64, 14.04, 10.68; MALDI-TOF MS 

(m/z): [(M + H)+] calcd for C72H78N4O6S2: 1158.5, found: 1159.0; EA: calcd (%) for 

C72H78N4O6S2: C 74.58, H 6.78, N 4.83, S 5.53; found: C 74.16, H 6.83, N 4.64, S 5.27. 

 

 

2.3.3. Characterizations 

 The UV-Vis. absorption spectra were recorded on a Shimadzu UV-1650 PC 

spectrometer. The thermal properties were measured using thermogravimetric analysis 

(TGA) and DSC methods under a N2 atmosphere using a TA instruments Q-5000 IR at 

a heating rate of 10°C min−1 and a PerkinElmer DSC-7 at a heating/cooling rate of 1°C 

min−1, respectively. The CV experiments for film were carried out using a Princeton 

Applied Research Potentiostat/Galvanostat Model 273A onto which was configured a 

three electrode cell assembly including an ITO-coated glass working electrode (or a 
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glassy-carbon working electrode for solution measurements), a platinum wire counter 

electrode, and a silver wire quasi-reference electrode. After N2-saturation in a one 

compartment cell, the measurements were carried out in a 0.5 mM acetonitrile solution 

with tetrabutylammonium hexafluorophosphate, Bu4NPF6, (or in a 3 mM 

dichloromethane solution with tetrabutylammonium tetrafluoroborate, Bu4NBF4, for 

solution measurements) as the supporting electrolyte at a scan rate of 100 mV s−1. The 

HOMO/LUMO levels were estimated based on the onset oxidation/reduction potentials 

(Eox/Ered), and each oxidation/reduction potential was calibrated using ferrocene (EFc/Fc+) 

as a reference (Energy level = −[ Eox/Ered − EFc/Fc+ + 4.8]). The thickness values of the 

thin films were measured using a KLA Tencor Alpha-Step IQ surface profiler, and the 

surface morphologies were measured using AFM in the tapping mode (Multimode with 

a Nano Scope V Controller, Bruker). 

 

 

2.3.4. XRD measurements 

 The XRD measurements were performed using a D8-Advance X-ray diffractometer 

(Bruker Miller Co.) for the θ–2θ scans, with step sizes of 0.02 degrees and a scan rate 

of 1.5 second per step (Cu std target λ = 1.5406 Å). The GIWAXS measurements were 

taken at the PLS-II 9A U-SAXS beamline in the Pohang Accelerator Laboratory, Korea. 

The X-rays coming from the in-vacuum undulator were monochromated using a Si(111) 
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double crystals (Ek = 11.24 keV, λ = 1.103 Å) and focused at the detector position using 

K–B type mirrors. The incidence angle was adjusted to 0.08–0.14°. The GIWAXS 

samples were prepared by spin-coating the solutions onto a Si substrate. 

 

 

2.3.5. Calculations 

 All DFT and TDDFT calculations were carried out in the gas phase using the 

Gaussian 09 quantum-chemical package.[47] The geometry optimizations of the ground 

state of the compounds were performed using the B3LYP functionals with the 6-31G** 

basis set. In the calculations, all alkyl chains were replaced with a methyl unit. 

 

 

2.3.6. Solar cell device fabrication and measurements 

 Solar cells were fabricated with the structure ITO/PEDOT:PSS/P3HT:Acceptor/Ca/Al. 

The patterned indium tin oxide (ITO) glass substrate was pre-cleaned in an ultrasonic 

bath of distilled water, acetone, and isopropanol, and then exposed to a UV-ozone clean 

for 20 min. A 30–40 nm layer of poly(3,4-

ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS, Clavious P VP AI 4083) 

was spin-coated onto the ITO glass (5000 rpm, 30 s) and baked on a hot plate at 150°C 

for 20 min. Subsequently, the blend solution of P3HT (Rieke Metals, RMI-001EE) and 
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acceptor (15 mg mL−1 in CF) were filtered using 0.50 μm syringe filters and spin-

coated at 1800 rpm for 60 s in a N2 glovebox. The thickness values of the resulting 

films were 80–105 nm. After drying the resulting films in a N2 glovebox at room 

temperature for 1 hour, a 5 nm layer of Ca and a 100 nm layer of Al were deposited via 

thermal evaporation under a vacuum of 10−6 Torr. In addition, a P3HT:PC61BM (Nano-

C) reference device was also prepared. The P3HT:PC61BM blend solution (1:0.8, 18 

mg mL−1 in CB) was deposited onto the PEDOT:PSS-coated ITO glass by spin-coating 

at 800 rpm for 60 s. The resulting films were baked in a N2 glovebox at 80°C for 30 

min., and a 100 nm layer of Al was deposited via thermal evaporation under a vacuum 

of 10−6 Torr. The device was then post-annealed on a hot plate at 150°C for 10 min. 

The J–V characteristics of the solar cells were measured using a Keithley 4200 source 

measurement unit. The solar cell performance was characterized under AM 1.5G 

conditions with an illumination intensity of 100 mW cm−2, as generated using an Oriel 

Sol3A solar simulator (Oriel model 94023A). Lamp irradiation was calibrated using a 

NREL certified KG-5 filtered standard silicon photodiode (VLSI Standards Inc.). The 

measurements were carried out through a shadow mask with well-defined aperture area 

of 0.04 cm2 under an ambient atmosphere. The IPCE was measured using an Oriel 

QE/IPCE Measurement Kit comprised of a 300 W xenon lamp, a monochromator 

(74125), a Merlin lock-in amplifier (70104), an optical chopper, and a calibrated 

silicon photodiode (70356_70316NS). 
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2.3.7. Mobility measurements 

 Electron and hole mobilities were measured using the SCLC model. The devices were 

fabricated in the structure Al/Active layer/Al and ITO/PEDOT:PSS/Active layer/Au, 

for electron-only and hole-only devices, respectively. All device conditions were 

identical to those used to fabricate the optimized solar cells devices. The SCLC 

mobilities were calculated using the following equation: 

𝐽 =
9
8
𝜀𝑟𝜀0𝜇

𝑉2

𝐿3
 

where J is the current density, εr is the dielectric constant of the material (herein εr is 

assumed to be 3), ε0 is the permittivity of empty space, μ0 is the zero-field hole or 

electron mobility, L is the film thickness of the active layer, and the effective voltage, V 

= Vappl − Vbi − Vr, where Vappl is the applied voltage, Vbi is the built-in voltage due to the 

difference in the work function of the two electrodes, and Vr is the voltage drop caused 

by the series resistance. The J–V characteristics of the devices were measured using a 

Keithley 4200 source measurement unit. 
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2.4. Conclusion 
 

 In summary, I developed DCS-NI-based nonfullerene electron acceptors for solution-

processed organic solar cells. The substitution of the alkoxy unit in the molecular 

backbone affected the optical, electrochemical, and electronic properties of the 

materials. Solar cell devices prepared with P3HT as the donor exhibited a maximum 

PCE of 2.71% with a higher Voc of 0.73 V and an exceptional Jsc of 8.04 mA cm−2. 

These results were attributed to the excellent electron-accepting properties of the 

materials and the balanced aggregation properties with favorable nanomorphology 

formations in the blend films. Together, these results demonstrate that this class of 

materials shows promise for providing nonfullerene electron acceptors. 
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 Chapter 3. High efficiency nonfullerene solar cells with 

proper blend combinations 
 

3.1. Introduction 
 

 As described in the previous chapters, nonfullerene organic solar cell devices have 

great potential as portable and flexible photovoltaics, together with fullerene-based 

devices. Therefore, it is a great challenge to find optimal nonfullerene donor–acceptor 

pairs with complementary absorption, properly matched frontier molecular orbital 

energy levels, and well intermixed nanoscale blend morphology (having crystalline 

self-organization in each domain) to facilitate favorable photocurrent generation and 

transport. Recently, a range of donor materials have been adopted for nonfullerene 

solar cells and a broad range of donor–acceptor combinations have been explored for 

better device efficiencies. Consequently, P3HT[1–3] and other p-type donor-acceptor 

alternating copolymers, such as benzodithiophene-thienothiophene type PTB7-Th 

(otherwise called PBDTTT-EFT or PBDTT-FTTE),[4–11] PTB7,[10,11] PBDTTT-CT,[12,13] 

a thiazolothiazole-dithienosilole type PSEHTT,[4,14] and a difluorobenzothiadiazole-

oligothiophene type PffBT4T-2DT,[15] have been studied widely in combination with 

various types of nonfullerene acceptors, showing the maximum PCEs of over 8%. 

 In the previous chapter, novel DCS-NI type molecular acceptors were demonstrated 

to be a promising nonfullerene acceptor owing to their good electron accepting 
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property and compatibility with the conventional donor polymer P3HT. In particular, 

the twisted conformation in the DCS-NI acceptor elaborately balanced its strong self-

aggregation tendency against the miscibility with donor materials, enabling favorable 

nanoscale phase separation in blended films. To fully assess the unexplored potential of 

this high-performance nonfullerene acceptor, it is essential to fabricate and evaluate 

various organic/polymeric solar cells with different kinds of donor materials. 

 In this chapter, I explored two types of blend combinations: (1) a high efficiency all-

small-molecule solar cell consisting of a state-of-the-art high-performance small 

molecule, 7,7'-(4,4-bis(2-ethylhexyl)-4H-silolo[3,2-b:4,5-b']dithiophene-2,6-diyl)bis(6-

fluoro-4-(5'-hexyl-[2,2'-bithiophen]-5-yl)benzo[c][1,2,5]thiadiazole) (p-

DTS(FBTTh2)2), as the donor and NIDCS-MO as the acceptor, and (2) a high 

efficiency polymer solar cell with well-organized donor–acceptor crystalline structures 

using a semi-crystalline low-bandgap copolymer, poly[(2,5-bis(2-

hexyldecyloxy)phenylene)-alt-(5,6-difluoro-4,7-di(thiophen-2-yl)benzo[c]-

[1,2,5]thiadiazole)] (PPDT2FBT), as the donor and NIDCS-HO as the acceptor. 

 First, all-small-molecule solar cells were fabricated with the two well-matched 

photoactive small molecules. Because the small molecule system is free from the 

batch-to-batch variation and molecular weight distribution issues inherent to the 

polymeric system, the small molecule device has an advantage over the polymeric one 

if the PCE levels of both systems were comparable.[16–26] By using the balanced self-

assembling behavior of the DCS-NI acceptor, solar cell devices were successfully 
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demonstrated with a maximum PCE of 5.44%. Second, polymer solar cells were 

fabricated with systemically controlling the crystalline organizations of PPDT2FBT 

and NIDCS-HO in blend devices by thermal annealing. By elaborate optimization 

process, the resulting solar cells showed a maximum PCE of 7.64% with a remarkably 

high Voc of 1.03 V. The detailed morphological and electrical characteristics of the two 

systems were analyzed by AFM, transmission electron microscopy (TEM), GIWAXS, 

SCLC, and recombination studies. As a result, the complementary absorption, well 

matched energy levels, balanced charge transport, and minimized charge 

recombination processes cooperatively contributed to the achievement of high 

performance devices. 

 

 

3.2. Result and Discussion 
 

3.2.1. All-small-molecule solar cells 
 

 Figure 3.1 shows the molecular structures, energy levels, and UV-Vis absorption 

spectra of p-DTS(FBTTh2)2
[22–26] and NIDCS-MO. Energy level matching between the 

donor and acceptor is one of the most critical issues when obtaining high-performance 

solar cell devices. The HOMO/LUMO levels of p-DTS(FBTTh2)2
[22] and NIDCS-MO 

are −5.12/−3.34 eV and −5.75/−3.66 eV, respectively. Both the HOMO and LUMO 
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Figure 3.1. (a) Molecular structures and (b) energy level diagram of p-DTS(FBTTh2)2 and 

NIDCS-MO; (c) UV-Vis absorption spectra of the two compounds in spin-coated films prepared 

from a 1 wt% chloroform solution. 
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offsets between the two compounds were sufficiently large for photoinduced hole and 

electron transfer, implying that this donor–acceptor combination is energetically 

suitable for efficient charge separation. 

 p-DTS(FBTTh2)2 has a maximum absorption peak at 680 nm while NIDCS-MO has 

that at 498 nm. As shown in the absorption spectra, this donor–acceptor pair has well-

matched complementary absorption peaks that completely cover the broad wavelength 

range from 300 nm to 750 nm. However, although the individual absorption maximum 

and peak shape of either donor (Figure 3.2) or acceptor (Figure 2.7b) spectra were 

almost unaltered by thermal annealing below 150°C, those of the donor–acceptor blend 

films were significantly altered by thermal annealing at 110°C. While the 680 nm 

absorption peak of p-DTS(FBTTh2)2 was rather obscure and featureless in the as-cast 

blend film, clear and distinct vibronic peaks were generated at 626 and 681 nm 

inherent to the crystalline p-DTS(FBTTh2)2 by thermal annealing, suggesting the 

formation of ordered molecular structures in the blend film.[22,23] 

 BHJ all-small-molecule solar cell devices were fabricated to the structure ITO/ 

PEDOT:PSS/p-DTS(FBTTh2)2:NIDCS-MO/Ca/Al. The optimal device was obtained 

by varying the blend ratios, thermal annealing conditions, and active layer thicknesses: 

a 1:1 donor–acceptor blend ratio in CF produced the best photovoltaic performance. 

Figure 3.3 shows the current density–voltage (J–V) curves of the 1:1 donor–acceptor 

devices at different annealing temperatures, i.e. as-cast, 90, 110, and 130°C, measured 

under 100 mW cm−2, AM 1.5G solar illumination (Table 3.1). The details of the device 
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Figure 3.2. UV-Vis absorption spectra of (a) p-DTS(FBTTh2)2 and (b) p-

DTS(FBTTh2)2:NIDCS-MO (1:1) blend in spin-coated films prepared under different annealing 

temperature conditions. 
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Figure 3.3. (a) J–V curves and (b) IPCE spectrum of p-DTS(FBTTh2)2:NIDCS-MO BHJ 

devices. 
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Table 3.1. Photovoltaic parameters of p-DTS(FBTTh2)2:NIDCS-MO BHJ devices. 

Anneal. 

[°C] 

Voc
a) 

[V] 

Jsc
a) 

[mA cm−2] 
FFa) 

PCEa) 

[%] 

Rs
b) 

[Ω cm2] 

as cast 
1.01 

(0.92 ± 0.083) 

0.11 

(0.11 ± 0.006) 

0.21 

(0.22 ± 0.008) 

0.024 

(0.023 ± 0.001) 
6.2 × 103 

90 
0.83 

(0.83 ± 0.005) 

8.66 

(8.42 ± 0.225) 

0.45 

(0.44 ± 0.015) 

3.25 

(3.08 ± 0.155) 
4.9 

110 
0.85 

(0.85 ± 0.005) 

9.68 

(9.62 ± 0.269) 

0.66 

(0.64 ± 0.014) 

5.44 

(5.30 ± 0.091) 
2.4 

130 
0.92 

(0.92 ± 0.005) 

5.66 

(5.54 ± 0.167) 

0.69 

(0.68 ± 0.016) 

3.61 

(3.47 ± 0.108) 
3.4 

a) Average values were obtained from 10 devices; b) Series resistances (Rs) were obtained at 1.5 

V in dark conditions. 
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optimization processes are summarized in Figure 3.4 and Table 3.2. While the solar 

cell without thermal treatment exhibited extremely low performances, their efficiencies 

were dramatically increased by thermal annealing temperatures up to 110°C and 

resulted in a Voc of 0.85 V, a Jsc of 9.68 mA cm−2, a FF of 0.66, and a PCE of 5.44%. 

When the solar cells were subjected to the annealing at an even higher temperature of 

130°C, however, efficiency was rather reduced due to the decreased Jsc value. The 

IPCE spectrum of the optimal device also shows broad and efficient photocurrent 

generation in the 300 to 750 nm range with values of 40–47%. The Jsc value calculated 

from the IPCE spectrum was 9.63 mA cm−2, which is consistent with the measured Jsc 

value. 

 For device optimization, a proper solvent selection is a highly critical factor for high 

efficiency devices. For this blend system, the optimal performance was obtained only 

when CF was used with post-annealing. On the other hand, the devices prepared from 

other conventional aromatic solvents, such as CB or o-dichlorobenzene (o-DCB), 

showed very poor device performances due to the extremely poor film quality 

obtainable by spin-coating (Figure 3.5, no solar cell performance was observed for the 

o-DCB condition). This is attributed to the limited solubility of NIDCS-MO in such 

aromatic solvents to give the unfavorable wetting behavior in contrast to its good 

wetting in CF. Therefore, the device optimization was made exclusively for the CF 

solvent system. 

 To attain basic insight on the photocurrent generation process and charge collection 
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Figure 3.4. J–V curves of p-DTS(FBTTh2)2:NIDCS-MO BHJ devices (a) with different active 

layer thicknesses, (b) with different blend ratios, and (c) under different annealing temperature 

conditions. 
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Table 3.2. Photovoltaic parameters of p-DTS(FBTTh2)2:NIDCS-MO BHJ devices prepared 

under different optimization conditions. 

Condition 
Ratio/ 

Anneal. 

Thickness 

[nm] 

Voc 

[V] 

Jsc 

[mA cm−2] 
FF 

PCE max 

[%] 

PCE avg. 

[%] 

Thickness 1 : 1 / 75 0.85 9.47 0.63 5.11 4.83 ± 0.133 

 110°C 95 0.85 9.68 0.66 5.44 5.30 ± 0.091 

  110 0.85 9.36 0.63 5.03 4.79 ± 0.177 

  135 0.84 9.06 0.57 4.33 4.04 ± 0.186 

  150 0.82 8.29 0.51 3.45 3.04 ± 0.211 

 

Condition Ratio 
Anneal. 

[°C] 

Voc 

[V] 

Jsc 

[mA cm−2] 
FF 

PCE max 

[%] 

PCE avg. 

[%] 

Ratio 1.5 : 1 110 0.87 4.17 0.47 1.72 1.52 ± 0.181 

 1 : 1  0.85 9.68 0.66 5.44 5.30 ± 0.091 

 1 : 1.5  0.84 6.99 0.50 2.92 2.61 ± 0.270 

 1 : 2  0.85 3.59 0.47 1.44 1.32 ± 0.095 

Temp. 1 : 1 0 1.01 0.11 0.21 0.024 0.023 ± 0.001 

  90 0.83 8.66 0.45 3.25 3.08 ± 0.155 

  100 0.83 10.14 0.59 4.95 4.73 ± 0.155 

  110 0.85 9.68 0.66 5.44 5.30 ± 0.091 

  120 0.89 7.42 0.67 4.42 4.28 ± 0.135 

  130 0.92 5.66 0.69 3.61 3.47 ± 0.108 

  150 0.94 3.94 0.68 2.51 2.38 ± 0.079 
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Figure 3.5. J–V curves of p-DTS(FBTTh2)2:NIDCS-MO BHJ devices fabricated from 

chlorobenzene. 



 

 95 

efficiency in the blend films, photocurrent density–effective voltage (Jph–Veff) curves 

were plotted as a function of annealing temperatures, which were analyzed according 

to the procedure proposed by Blom.[27] As shown in Figure 3.6, Jph is given by Jph = JL 

− JD, where JL and JD are the current densities under illumination and in the dark, 

respectively. Veff is defined as Veff = V0 − Va, where V0 is the voltage at which Jph is zero 

and Va is the applied voltage. The collected photocurrent saturates at a certain Veff value 

(~4 V) for the annealed samples, indicating that all of the photogenerated charges are 

completely swept-out to the electrodes above this bias voltage. In contrast, much 

smaller and ever increasing photocurrent with no saturation was seen for the as-cast 

device, which represents the poor charge collection efficiency. It should also be noted 

that the saturated photocurrent density (Jsat) in the 130°C annealed device is much 

lower (55% compared to the 110°C annealed device) than that in the 110°C annealed 

optimized device. As all devices were fabricated under the same conditions except for 

the annealing temperature, it is assumed that the total amounts of photogenerated 

excitons created by absorbed photons are quite similar in all annealed devices. 

Therefore, reduced Jsat in 130°C annealed device is considered to be caused by a rather 

low photocurrent generation rate which is most likely attributed to the increased 

geminate recombination that occurred before charge transfer state formation at a 

donor–acceptor interface.[23,28] The charge collection probabilities (PC) at short-circuit 

conditions, which are determined by normalizing Jph with Jsat (Jph/Jsat), were also 

calculated as 74.3, 91.3, and 91.8% for 90, 110, and 130°C annealed conditions, 
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Figure 3.6. (a) Jph–Veff, (b) Jsc–P, and (c) Voc–P curves of p-DTS(FBTTh2)2:NIDCS-MO BHJ 

devices. The arrows in Jph–Veff curves indicate short-circuit conditions. The solid lines in Jsc–P 

and Voc–P curves indicate fitted curves. 
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respectively.[24,29] Such high PC values together with the efficient charge carrier 

generation in the sample prepared under the optimized condition of 110°C seems to be 

responsible for the exceptionally high PCE of 5.44% in this all-small-molecule solar 

cell device. 

 The light-intensity dependencies of device performances were also studied to identify 

the charge recombination origin in the devices, as shown in Figure 3.6.[28,29] In previous 

studies, Jsc followed a power law dependence Jsc ∝ PS, where P is light intensity. The 

fitted slopes (S) in the devices were calculated as 0.89, 0.89, 0.97, and 0.98 for as-cast, 

90, 110, and 130°C annealed conditions, respectively. This indicates that bimolecular 

recombination was nearly suppressed in the 110 and 130°C conditions. Relevant results 

were demonstrated in Voc versus P curves. The fitted curves in the 110 and 130°C 

annealed conditions were estimated to have 1.20 kBT/q and 1.45 kBT/q dependences on 

light-intensity along with a 0.98 kBT/q dependence in the 90°C annealed condition, 

which suggest that the trap-assisted monomolecular recombination was more involved 

in the former conditions. These considerable changes in device characteristic according 

to the different thermal annealing were further investigated by the charge transport and 

BHJ morphologies, as discussed below. 

 Although this nonfullerene acceptor device efficiency is still somewhat lower than 

PC71BM acceptor device efficiency, it already shows excellent performance in terms of 

the Voc and FF, suggesting great potential for further improvement. In particular, the Voc 

of 0.85 V is higher than those of reported p-DTS(FBTTh2)2:PC71BM blend devices 
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(0.77–0.82 V),[22–26] which comes from the LUMO level of the DCS-NI acceptor that 

lies higher than that of the PC71BM. Furthermore, the FF of 0.66 is even comparable to 

the fullerene-based devices. Since FF is a key parameter that enhances the organic 

solar cell efficiencies, various factors affecting FF like charge carrier extraction, 

recombination, and transport have been investigated experimentally and 

theoretically.[30,31] Recently, Nguyen et al. reported a mobility guideline for high FF 

(>65%) solar cell devices, which states that both hole and electron mobilities should be 

at least 10−4 cm2 V−1s−1.[32] To understand the exceptionally large FF value, charge 

carrier mobilities were measured using the SCLC model at varying annealing 

temperatures (Figure 3.7 and Table 3.3). The calculated zero-field hole/electron 

mobilities of p-DTS(FBTTh2)2:NIDCS-MO devices were 1.06 × 10−8/ 1.75 × 10−7, 3.02 

× 10−6/ 3.73 × 10−6, 8.45 × 10−5/ 1.75 × 10−4, and 7.49 × 10−5/ 2.00 × 10−4 cm2 V−1s−1 

for as-cast, 90, 110, and 130°C annealed samples, respectively. The increased electron 

mobility tendency in the blend films is consistent with that of pristine NIDCS-HO 

films (Table 2.3). Also, it is apparent that the increasing mobility values with annealing 

temperature correlate well with the increasing FF and PC as well as with the decreasing 

series resistance (see Table 3.1), which is consistent with Nguyen’s mobility guideline. 

 To better understand the origin of beneficial annealing effects, morphological features 

of annealed samples were measured using XRD, AFM, and TEM techniques. Out-of-

plane XRD patterns in single component and donor–acceptor blend films were first 

examined with or without 110°C thermally annealing conditions (Figure 3.8). While 
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Figure 3.7. ln(JL3/V2) vs (V/L)0.5 curves of p-DTS(FBTTh2)2:NIDCS-MO BHJ devices for (a) 

hole-only and (b) electron-only devices under different annealing temperature conditions. 
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Table 3.3. SCLC mobilities of p-DTS(FBTTh2)2:NIDCS-MO BHJ devices under different 

annealing temperature conditions. 

Annealing 

[°C] 

μh (SCLC) 

[cm2 V−1s−1] 

μe (SCLC) 

[cm2 V−1s−1] 

as cast 1.06 × 10−8 1.75 × 10−7 

90 3.02 × 10−6 3.73 × 10−6 

110 8.45 × 10−5 1.75 × 10−4 

130 7.49 × 10−5 2.00 × 10−4 
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Figure 3.8. XRD patterns obtained from (a) p-DTS(FBTTh2)2, (b) NIDCS-MO, and (c) p-

DTS(FBTTh2)2:NIDCS-MO blend films under different annealing temperature conditions. 
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no diffraction pattern was observed in the single component film of NIDCS-MO after 

110°C annealing, that of p-DTS(FBTTh2)2 showed clear diffraction patterns, indicating 

the latter was crystallized by thermal treatment.[23] Similar features were found in the p-

DTS(FBTTh2)2:NIDCS-MO blend film that exhibited distinct diffraction peaks after 

annealing: annealed p-DTS(FBTTh2)2 showed the same stacking distances in both the 

single component and blend films. These observations correspond to the UV-Vis 

absorption spectra changes as mentioned previously. AFM surface images also 

exhibited the morphological changes by thermal treatment, as shown in Figure 3.9. 

With the increase of annealing temperature, AFM images showed larger domain 

structures with increased RMS roughness values. Although relatively larger grains 

were displayed in the annealed films when compared to the as-cast film, RMS 

roughness in the 110°C optimized film still showed a reasonably small value of 3.82 

nm. This attests the smooth and uniform p-DTS(FBTTh2)2:NIDCS-MO blend film 

surface. 

 Bright-field TEM (BF-TEM) was measured to monitor compositional distributions of 

the blend films more directly (Figure 3.9). Consistent with the AFM morphology, BF-

TEM images also showed large morphological changes by thermal annealing. In the 

annealed samples, wire-like structures with nanoscale phase separation were evident 

from the contrast deviation. Although the p-DTS(FBTTh2)2 and NIDCS-MO had 

different crystalline natures as shown in the XRD results, it is difficult to determine 

which one is responsible for the brighter or darker regions due to the fact that BF-TEM 
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Figure 3.9. (a–d) AFM height images (2 μm × 2 μm), (e–h) BF-TEM images, and (i–l) HAADF 

STEM images (scale bars correspond to 200 nm) of p-DTS(FBTTh2)2:NIDCS-MO blend films 

(a,e,i) in as-cast condition, (b,f,j) in 90°C, (c,g,k) in 110°C, and (d,h,l) in 130°C annealed 

conditions. RMS roughness values in AFM images were 0.49, 1.73, 3.82, and 8.53 nm, 

respectively. 
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contrast is influenced by a number of factors like mass, density, thickness, and 

crystallinity.[33,34] Low contrast deviation in high-resolution images also limited the 

blend morphology interpretation. For a clear compositional analysis, scanning 

transmission electron microscopy (STEM) was employed using a high-angle annular 

dark-field (HAADF) detector. Since the HAADF STEM image contrast is strongly 

dependent on the average atomic number of the material, this technique has been used 

as a BF-TEM alternative in recent years.[9,35,36] The as-cast blend film showed a 

uniform morphology; implying the two components are very well mixed. On the other 

hand, the annealed film comprised distinct and unique wire-like structures, also 

corresponding to the BF-TEM images. Moreover, these wire-like structures formed 

more separated large scale domains with increased annealing temperatures. In 

particular, the relatively large phase separation in the 130°C annealed film observed 

through AFM and TEM measurements points toward a reduced Jsat, as mentioned 

above. In order to assign atomic compositions, energy dispersive spectroscopy (EDS) 

was employed in the brighter and darker spots (Figure 3.10). According to STEM EDS, 

sulfur was more present in the brighter region, indicating that the wire-like structure is 

from the crystalline p-DTS(FBTTh2)2. These results demonstrate that highly ordered 

structures with favorable phase separation upon thermal annealing have played an 

important role in improving performances. 
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Figure 3.10. EDS spectra of brighter and darker spots on the STEM images of p-

DTS(FBTTh2)2:NIDCS-MO blend films (a) in as-cast and (b) in 110°C annealed conditions. 
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3.2.2. Polymer solar cells with optimized crystalline organizations 
 

 In the previous reports, solar cells using PPDT2FBT as the donor showed PCEs of 

~9.4% and ~5% with PC71BM[37] and the naphthalenediimide-bithiophene copolymer 

P(NDI2OD-T2)[38] as the acceptor, respectively. In the molecular design of PPDT2FBT, 

intra- and/or interchain noncovalent Coulomb interactions (such as hydrogen bonding 

and dipole–dipole attraction, etc.) were considered to increase the chain planarity and 

crystalline intermolecular organizations without losing solution processibility.[37] 

PPDT2FBT also showed nanofibrillar structures with a favorable “face-on” orientation 

in the blended films with both PC71BM and P(NDI2OD-T2) acceptors. 

 Figure 3.11 shows the molecular structures and UV-Vis absorption spectra of 

PPDT2FBT and NIDCS-HO. PPDT2FBT with a low number-average molecular 

weight (Mn) below 40 kDa showed very strong self-organization with an excessively 

large domain size in both PCBM-based and all-polymer solar cells.[37,38] Therefore, the 

Mn of PPDT2FBT used in this work was controlled to ~48 kDa (polydispersity index = 

2.1), which shows a well intermixed and crystalline morphology with a strong “face-on” 

geometry and high charge mobility in the blend films. In addition, these two materials 

have well-matched complementary absorption with the maximum peaks at 645 nm for 

PPDT2FBT and at 517 nm for NIDCS-HO. 

 The photovoltaic properties of PPDT2FBT:NIDCS-HO were examined using 

conventional single cell devices with a configuration of ITO/PEDOT:PSS/active 
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Figure 3.11. (a) Molecular structures of PPDT2FBT and NIDCS-HO; (b) UV-Vis absorption 

spectra of spin-coated films prepared from a 1 wt% chloroform solution. The maximum 

absorption coefficients of PPDT2FBT and NIDCS-HO are 8.0 × 104 cm−1 (645 nm) and 4.7 × 

104 cm−1 (517 nm), respectively. 
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layer/Ca/Al. To optimize the device fabrication conditions, the BHJ devices were tested 

under a range of conditions, such as blend ratio, annealing temperature, and active 

layer thickness. The optimal device was finally prepared at a 1:2.5 donor–acceptor 

blend ratio using CF as a processing solvent with post-annealing at 90°C (Table 3.4). 

 Figure 3.12 presents the current density–voltage (J–V) characteristics of the as-cast 

and thermally treated films at 90°C and 130°C. The details of the device optimization 

processes are summarized in Figure 3.13, 3.14 and Table 3.5, 3.6. The as-cast device 

exhibited a Voc of 1.03 V, a Jsc of 11.25 mA cm−2, a FF of 0.52, and the resulting PCE 

of 6.38%. The Voc value was increased substantially by 0.24 V compared to that of the 

PPDT2FBT:PC71BM device,[37] which is due mainly to the relatively high-lying 

LUMO level of NIDCS-HO. Moreover, such a high efficiency of more than 6%, even 

without any post-treatment, suggests that strong self-organization of both donor and 

acceptor affected the crystalline film formation for favorable charge transport. By 

thermal annealing at 90°C, the solar cell performance improved remarkably, showing a 

maximum PCE of 7.64% with a Voc of 1.03 V, a Jsc of 11.88 mA cm−2, and a FF of 0.63. 

The IPCE under the optimized condition reached ~70% at 430 and 520 nm. On the 

other hand, the efficiency decreased with further increases in annealing temperature to 

130°C, implying phase separation with excessively large domains. Furthermore, the Voc 

value was decreased by 0.09 V compared to those of the as-cast and annealed film at 

90°C, which is well consistent with the molecular packing structure and LUMO level 

changes of NIDCS-HO as discussed in Chapter 2 (Table 2.2). Similar results were also 
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Table 3.4. Photovoltaic parameters of PPDT2FBT:NIDCS-HO BHJ devices. 

Annealing 

[°C] 

Voc
a) 

[V] 

Jsc
a) 

[mA cm−2] 
FF

a)
 

PCE
a)

 

[%] 

as cast 
1.03 

(1.03 ± 0.004) 

11.50 

(11.25 ± 0.200) 

0.54 

(0.52 ± 0.013) 

6.38 

(6.05 ± 0.168) 

90 
1.03 

(1.03 ± 0.004) 

11.88 

(11.50 ± 0.270) 

0.63 

(0.63 ± 0.010) 

7.64 

(7.50 ± 0.077) 

130 
0.94 

(0.93 ± 0.009) 

8.24 

(8.18 ± 0.188) 

0.54 

(0.51 ± 0.023) 

4.15 

(3.83 ± 0.187) 

a) Average values were obtained from 15 devices. 
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Figure 3.12. (a) J–V curves and (b) IPCE spectra of PPDT2FBT:NIDCS-HO BHJ devices. 
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Figure 3.13. J–V curves of PPDT2FBT:NIDCS-HO BHJ devices with different active layer 

thickness. 
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Figure 3.14. J–V curves and IPCE spectra of PPDT2FBT:NIDCS-HO BHJ devices (a–b) at 

different annealing temperatures, and (c–d) with different blend ratios. 
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Table 3.5. Photovoltaic parameters of PPDT2FBT:NIDCS-HO BHJ devices with different 

active layer thickness. 

Condition 
Ratio/ 

Anneal. 

Thickness 

[nm] 

Voc 

[V] 

Jsc 

[mA cm−2] 
FF 

PCE max 

[%] 

PCE avg. 

[%] 

Thickness 1 : 2.5 / 65 1.04 9.99 0.66 6.86 6.64 ± 0.149 

 90°C 80 1.03 11.88 0.63 7.64 7.50 ± 0.077 

  120 1.02 10.05 0.58 5.99 5.77 ± 0.137 

 

 

Table 3.6. Photovoltaic parameters of PPDT2FBT:NIDCS-HO BHJ devices prepared under 

different fabrication conditions. 

Condition Ratio 
Annealing 

[°C] 

Voc 

[V] 

Jsc 

[mA cm−2] 
FF 

PCE max 

[%] 

PCE avg. 

[%] 

Temp. 1 : 2.5 as cast 1.03 11.50 0.54 6.38 6.05 ± 0.168 

  70 1.03 11.31 0.52 6.06 5.83 ± 0.133 

  80 1.03 11.34 0.60 6.96 6.78 ± 0.128 

  90 1.03 11.88 0.63 7.64 7.50 ± 0.077 

  100 1.04 9.65 0.57 5.74 5.61 ± 0.078 

  110 0.95 8.61 0.55 4.50 4.39 ± 0.073 

  130 0.94 8.24 0.54 4.15 3.83 ± 0.187 

  150 0.90 8.30 0.40 3.01 2.82 ± 0.138 

Ratio 1 : 1.5 90 1.02 10.44 0.58 6.21 6.09 ± 0.112 

 1 : 2.0  1.03 11.71 0.62 7.46 7.21 ± 0.159 

 1 : 2.5  1.03 11.88 0.63 7.64 7.50 ± 0.077 

 1 : 3.0  1.04 10.21 0.64 6.82 6.59 ± 0.127 
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reported previously, suggesting that the Voc can be influenced significantly by different 

intermolecular organization by changing device preparation conditions.[39–42] The 

measured Jsc values showed good agreement with the Jsc values calculated from the 

IPCE spectra (the calculated Jsc = 12.03, 11.91, and 8.68 mA cm−2 for the as-cast and 

annealed films at 90°C and 130°C, respectively). 

 For the DCS-NI acceptor-based devices so far, CF was proved to be the most 

effective processing solvent, while less efficient or even poor performance was 

obtained with conventional aromatic solvent systems (e.g. CB or o-DCB) and/or 

conventional additive-assisted systems (e.g. diiodooctane or chloronaphthalene) due to 

poor-quality film formation of the acceptor. It should thus be noted that these acceptors 

must be processed in CF solvent to warrant their high performance, which practically 

sets the criteria of a donor selection. For example, a high-performance donor material, 

PTB7, which showed optimized device characteristics with both PCBM[43] and other 

nonfullerene acceptors[10,11,44–46] when fabricated in high boiling point aromatic solvent 

with an additive, is not an appropriate donor for the NIDCS-HO acceptor. In fact, 

relatively poor performances were measured for PTB7:NIDCS-HO devices fabricated 

using CF as a solvent, which is attributed to unfavorable film formation under fast 

evaporation of low boiling temperature solvent (Figure 3.15 and Table 3.7). 

 A series of characterizations were systematically performed to understand the origin 

of the photovoltaic property changes with the thermal treatments. First, the absorption 

spectra of the optimal blend film (blend ratio, D:A = 1:2.5) were measured by changing 
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Figure 3.15. J–V curves of PTB7:NIDCS-HO BHJ devices (a) with different blend ratios and 

(b) at different annealing temperatures. 

 

 

Table 3.7. Photovoltaic parameters of PTB7:NIDCS-HO BHJ devices prepared under different 

fabrication conditions. 

Condition Ratio Annealing 
[°C] 

Voc 

[V] 

Jsc 

[mA cm−2] 
FF 

PCE max 

[%] 

PCE avg. 

[%] 

Ratio 1 : 1.5 as cast 0.98 6.17 0.34 2.04 1.96 ± 0.049 

 1 : 2.0  0.99 8.89 0.36 3.18 3.16 ± 0.017 

 1 : 2.5  1.00 8.14 0.34 2.80 2.73 ± 0.061 

 1 : 3.0  1.01 7.52 0.32 2.46 2.35 ± 0.098 

Temp. 1 : 2 as cast 0.99 8.89 0.36 3.18 3.16 ± 0.017 

  70 0.98 8.51 0.36 3.02 2.91 ± 0.105 

  80 0.99 8.87 0.37 3.28 3.26 ± 0.021 

  90 1.00 7.66 0.37 2.82 2.65 ± 0.148 

 



 

 116 

the annealing temperatures (Figure 3.16). The broad spectra covering 300–700 nm 

showed a significant change by thermal annealing, which is due mostly to the 

reorganization of crystalline ordering of NIDCS-HO (Figure 2.7c). The frontier energy 

levels of PPDT2FBT and NIDCS-HO were determined by CV and their optical 

bandgap (Eg
opt) in the solid films.[47,48] The resulting LUMO energy offset for charge 

separation was determined to be 0.08 eV, which appears to be smaller than the widely 

accepted value of 0.3 eV for efficient photoinduced charge transfer. On the other hand, 

because the exciton dissociation process involves the generation of a charge-transfer 

exciton across a donor–acceptor interface, the photocurrent generation does not depend 

solely on the energy level offsets.[47] Rather, the high-lying LUMO of NIDCS-HO 

yielded a noticeably high Voc (over 1 V) and also showed clearly reduced energy loss 

(Eloss, defined as Eloss = Eg
opt − eVoc) of 0.73 eV in the devices (Eg

opt for PPDT2FBT is 

1.76 eV), which is slightly higher than the optimized energy loss of 0.6 eV.[49,50] 

 The detailed nanoscale morphologies of the blend films were examined by AFM and 

TEM. As shown in Figure 3.17, the grain sizes in the AFM images increased gradually 

with increasing thermal annealing temperature, indicating more enhanced aggregation 

due to the thermal treatments. The RMS roughness also increased with thermal 

annealing: 1.45, 2.61 and 7.44 nm for the as-cast and annealed blend films at 90°C and 

130°C, respectively. The bright-field TEM images also showed a similar tendency, 

where well-distributed nano-fibrillar structures were formed by thermal annealing at 

90°C. This nano-fibrillar formation was also observed in a PPDT2FBT:PC71BM 
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Figure 3.16. UV-Vis absorption spectra of (a) PPDT2FBT:NIDCS-HO blend films and (b) 

pritine PPDT2FBT films with changing annealing temperature. (c) Energy level diagram of the 

components. 
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Figure 3.17. (a) AFM height images (2 μm × 2 μm) of PPDT2FBT:NIDCS-HO blend films. 

Annealing conditions and RMS roughness values (Rq) are included in the images. (b) TEM 

images of the blend films. 



 

 119 

device,[37] supporting the efficient charge transport. A further increase in the annealing 

temperature at 130°C induced excessively large domains with a concomitant decrease 

in the device performance. 

 Inter-chain organization of PPDT2FBT and NIDCS-HO for the pristine and blend 

films was investigated further by GIWAXS analysis, as a function of the thermal 

annealing temperature. As shown in Figure 3.18 and 3.19, all pristine PPDT2FBT 

polymer films (as-cast and annealed) showed interlamellar scattering (100) with a 

lamellar spacing of ~2.1 nm (qxy = 0.30 Å−1) in the in-plane direction and a (010) peak 

in the out-of-plane direction with face-on π–π stacking (d = ~0.36 nm, qz = 1.72 Å−1). 

On the other hand, distinct differences were also observed in the intermolecular 

packing characteristics for PPDT2FBT pristine films under different thermal treatments. 

With the thermal treatments, the full width at half maximum (FWHM) of the (100) 

interlamellar scattering (pristine PPDT2FBT) at 0.30 Å−1 in the in-plane direction 

decreased gradually, indicating enhanced long range crystalline ordering after the 

annealing of PPDT2FBT (Table 3.8). The (010) scattering intensity also increased in 

the out-of-plane direction with thermal annealing. In the case of the pristine NIDCS-

HO film, it showed two sets of peaks in the qxy direction. The first set includes the 

peaks at 0.23 Å−1, 0.52 Å−1, and 0.66 Å−1, and the second set includes the peaks at 0.47 

Å−1, 0.93 Å−1, and 1.39 Å−1. Upon thermal annealing, the first set of peaks decreased 

(or disappeared) and the intensity of second set increased sharply, showing that the 

bimodal distribution of NIDCS-HO transforms to a unimodal crystalline structure. At 
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Figure 3.18. GIWAXS images of (left panel, a,d,g) pristine PPDT2FBT, (middle panel, b,e,h) 

pristine NIDCS-HO, and (right panel, c,f,i) PPDT2FBT:NIDCS-HO blend films with different 

annealing conditions: (a–c) as-cast, (d–f) 90°C, and (g–i) 130°C. 
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Figure 3.19. (left panel, a,c,e) In-plane and (right panel, b,d,f) out-of-plane linecuts of 

GIWAXS patterns for (a–b) pristine PPDT2FBT, (c–d) pristine NIDCS-HO, and (e–f) 

PPDT2FBT:NIDCS-HO blend films with different annealing conditions. (top: as cast, middle : 

90°C, bottom : 130°C in each linecut) 
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Table 3.8. GIWAXS packing parameters for pristine PPDT2FBT films with different annealing 

conditions. 

PPDT2FBT 

condition 
Index 

Q 

[Å−1] 

FWHM 

[Å−1] 

as cast 
(100)in 0.30 0.098 

(010)out 1.72 0.200 

90°C 
(100)in 0.30 0.066 

(010)out 1.72 0.171 

130°C 
(100)in 0.30 0.043 

(010)out 1.72 0.164 
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an annealing temperature of 130°C, the second set of peaks shifted slightly to 0.45 Å−1, 

0.89 Å−1, and 1.34 Å−1, and a new third set of peaks at 1.06 Å−1, 1.22 Å−1, 1.60 Å−1, and 

1.83 Å−1 appeared distinctly. These changes indicate that the NIDCS-HO films have 

different molecular orderings depending on the annealing temperatures, which is 

consistent with the changes in the UV-Vis absorption spectra with temperature. The as-

cast blend film contains the diffraction peaks from both PPDT2FBT and NIDCS-HO, 

suggesting that donor and acceptor materials are mixed compatibly without disrupting 

the crystalline organization in each domain. At 90°C annealing, the XRD peaks from 

the NIDCS-HO crystallites were enhanced and the (010) peak intensity from 

PPDT2FBT (qz = 1.72 Å−1) decreased, indicating more intermixing with the partial 

break-up of PPDT2FBT ordering. At an annealing temperature of 130°C, the 

crystalline scattering peaks from NIDCS-HO were dominant and the out-of-plane π–π 

stacking peak (010) of PPDT2FBT almost disappeared. At this stage, the pronounced 

crystalline behavior of NIDCS-HO disrupts the PPDT2FBT ordered structures. 

 In addition to the nanoscale structural alternations, the charge transport and 

recombination characteristics of the PPDT2FBT:NIDCS-HO blend devices were also 

investigated according to the thermal treatments. The charge carrier mobility was 

measured using the SCLC method with hole-only (ITO/PEDOT:PSS/active layer/Au) 

and electron-only (Al/active layer/Ca/Al) devices (Figure 3.20 and Table 3.9). The 

measured hole/electron mobilities were 5.05 × 10−5/ 1.27 × 10−4, 6.35 × 10−5/ 7.67 × 

10−5, and 7.67 × 10−5/ 1.36 × 10−5 cm2 V−1s−1 for the as-cast and annealed films at 90°C 
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Figure 3.20. J–V curves of PPDT2FBT:NIDCS-HO BHJ devices for (a) hole-only and (b) 

electron-only devices under different annealing conditions. 
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Table 3.9. SCLC mobilities of PPDT2FBT:NIDCS-HO BHJ devices under different annealing 

conditions. 

Annealing 

[°C] 

μh (SCLC) 

[cm2 V−1s−1] 

μe (SCLC) 

[cm2 V−1s−1] 

as cast 5.05 × 10−5 1.27 × 10−4 

90 6.35 × 10−5 7.67 × 10−5 

130 7.67 × 10−5 1.36 × 10−5 

 



 

 126 

and 130°C, respectively. The hole mobility was increased slightly by the thermal 

treatments but the electron mobility was decreased substantially at 130°C. The 

decreased electron mobility tendency in the blend films is consistent with that of 

pristine NIDCS-HO films, suggesting unfavorable electron transport upon thermal 

treatment at 130°C (Table 2.3). At 90°C annealing, the well balanced hole and electron 

mobilities may improve the charge transport and extraction processes by decreasing the 

hole/electron recombination (see the following paragragh). 

 The photocurrent generation and light-intensity-dependent Jsc and Voc characteristics 

were measured under short-circuit and open-circuit conditions to examine the charge 

recombination processes in the devices.[28] Figure 3.21 presents the photocurrent 

density–effective voltage (Jph–Veff) curves to analyze the geminate recombination. The 

photocurrent was saturated at Veff = 2–4 V and the resulting charge collection 

probability (PC) under short-circuit conditions was determined to be 90, 98 and 96% 

for the as-cast and annealed films at 90°C and 130°C, respectively. The PC value near 

100% means that the geminate recombination loss of the charge-transfer exciton is 

negligible. The higher value of 98% at 90°C annealing supports the superior device 

property compared to the as-cast and annealed device at 130°C. In addition, the 

photocurrent reached plateau at Veff = ~0.2 V for the annealed device at 90°C, 

indicating that a smaller electric field is needed to sweep out the photogenerated charge 

carriers and separate the geminate electron-hole pairs under this condition. The light-

intensity (P) dependences of Jsc and Voc were also examined to determine nongeminate 
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Figure 3.21. (a) Jph–Veff, (b) Jsc–P, and (c) Voc–P curves of PPDT2FBT:NIDCS-HO BHJ 

devices. The solid lines in Jsc–P and Voc–P curves indicate fitted curves. 
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recombination losses of the devices. The S values calculated from the Jsc–P curves for 

the as-cast and annealed films at 90°C and 130°C were 0.98, 1.00 and 0.96, 

respectively (Jsc ∝ PS).[29] The bimolecular recombination was minimized at the 

annealed blend film at 90°C. In the Voc–P curves, the Voc showed a light intensity 

dependence with a slope 0.95, 1.05 and 1.21 kBT/q for the as-cast and annealed films at 

90°C and 130°C, respectively. This shows that the trap-assisted monomolecular 

recombination is influenced significantly by the film morphology via the thermal 

treatments at different annealing temperature. The device annealed at 90°C showed 

smaller charge recombination, which is consistent with the measured film morphology 

and resulting photovoltaic properties. 

 

 

3.3. Experimental 
 

3.3.1. Materials and characterizations 

 p-DTS(FBTTh2)2 and PTB7 were obtained from 1-Material Inc. and PPDT2FBT (Mn 

= 48.0 kDa, PDI = 2.1)[37] was synthesized using the procedure reported elsewhere. The 

UV-Vis absorption spectra were recorded on a Shimadzu UV-1650 PC spectrometer. 

The film thickness was measured using a KLA Tencor Alpha-Step IQ surface profiler. 

AFM imaging was performed using Multimode with a Nano Scope V Controller 

(Bruker) in tapping mode. The XRD measurements were performed using a D8-
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Advance X-ray diffractometer (Bruker Miller Co.) for the θ–2θ scans, with step sizes 

of 0.02 degrees and a scan rate of 1.5 second per step (Cu std target λ = 1.5406 Å). The 

GIWAXS measurements were taken at the PLS-II 9A U-SAXS beamline in the Pohang 

Accelerator Laboratory, Korea. The X-rays coming from the in-vacuum undulator were 

monochromated using a Si(111) double crystals (Ek = 11.24 keV, λ = 1.103 Å) and 

focused at the detector position using K–B type mirrors. The incidence angle was 

adjusted to 0.11–0.13°. The GIWAXS samples were prepared by spin-coating the 

solutions onto a Si substrate. 

 

 

3.3.2. TEM measurements 

 The TEM images were obtained using a FEI Tecnai F20 operating at 200 kV with the 

EDAX EDS system. The TEM samples were prepared as follows. The blend solutions 

were spin-coated onto the PEDOT:PSS-coated glass. After annealing, the films were 

floated off in distilled water, collected on a copper grid, and dried under a vacuum. 

 

 

3.3.3. Solar cell device fabrication and measurements 

 The solar cells were fabricated with the structure, ITO/PEDOT:PSS/Active 

layer/Ca/Al. The patterned ITO glass substrate was pre-cleaned in an ultrasonic bath of 
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distilled water, acetone, and isopropanol, and then exposed to a UV-ozone clean for 20 

min. A 30–40 nm layer of PEDOT:PSS (Clavious P VP AI 4083) was spin-coated onto 

the ITO glass (5000 rpm, 30 s) and baked on a hot plate at 150°C for 20 min. 

Subsequently, the blend solution (20 mg mL−1 in CF for the p-DTS(FBTTh2)2:NIDCS-

MO device or 10 mg mL−1 in CF for the PPDT2FBT:NIDCS-HO device) was fully 

dissolved at 55°C overnight before being filtered using 0.50 μm syringe filters and 

spin-coated at 1800 rpm (p-DTS(FBTTh2)2:NIDCS-MO blend) or 1000 rpm 

(PPDT2FBT:NIDCS-HO blend) for 60 s in a N2 glovebox. The thicknesses of the film 

formed under the optimized conditions were 90–100 nm (p-DTS(FBTTh2)2:NIDCS-

MO blend) and 75–90 nm (PPDT2FBT:NIDCS-HO blend). After drying the resulting 

films in a N2 glovebox at room temperature for 1 hour, a 5 nm layer of Ca and a 100 

nm layer of Al were deposited by thermal evaporation under a vacuum of 10−6 Torr. 

Post annealing was then performed on a hot plate in a N2 glovebox. The J–V 

characteristics of the solar cells were measured using a Keithley 4200 source 

measurement unit. The solar cell performance was characterized under AM 1.5G 

conditions with an illumination intensity of 100 mW cm−2, as generated using an Oriel 

Sol3A solar simulator (Oriel model 94023A). Lamp irradiation was calibrated using a 

NREL certified KG-5 filtered standard silicon photodiode (VLSI Standards Inc.). The 

measurements were carried out through a shadow mask with well-defined aperture area 

of 0.04 cm2 under an ambient atmosphere. The IPCE was measured using an Oriel 

QE/IPCE Measurement Kit comprised of a 300 W xenon lamp, a monochromator 
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(74125), a Merlin lock-in amplifier (70104), an optical chopper, and a calibrated 

silicon photodiode (70356_70316NS). 

 

 

3.3.4. Mobility measurements 

 The hole and electron mobilities were measured using the SCLC model. The devices 

were fabricated with the structure, ITO/PEDOT:PSS/PPDT2FBT:NIDCS-HO/Au and 

Al/PPDT2FBT:NIDCS-HO/Ca/Al, for the hole-only and electron-only devices, 

respectively. All device conditions were identical to those used to fabricate the 

optimized solar cell devices. The SCLC mobilities were calculated using the following 

equation: 

𝐽 =
9
8
𝜀𝑟𝜀0𝜇

𝑉2

𝐿3
 

where J is the current density, εr is the dielectric constant of the material (herein εr is 

assumed to be 3), ε0 is the permittivity of empty space, μ0 is the zero-field hole or 

electron mobility, L is the film thickness of the active layer, and the effective voltage, V 

= Vappl − Vbi − Vr, where Vappl is the applied voltage, Vbi is the built-in voltage due to the 

difference in the work function of the two electrodes, and Vr is the voltage drop caused 

by the series resistance. The J–V characteristics of the devices were measured using a 

Keithley 4200 source measurement unit. 
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3.4. Conclusion 
 

 In conclusion, the two successful nonfullerene solar cells were demonstrated with 

elaborate device optimization processes. First, a highly efficient all-small-molecule 

solar cell that utilizes p-DTS(FBTTh2)2 as the donor and NIDCS-MO as the acceptor 

was explored. A maximum PCE of 5.44% was acquired with a Voc of 0.85 V, a Jsc of 

9.68 mA cm−2, and a FF of 0.66. Favorable nanoscale phase separation and enhanced 

charge carrier generation and transport were experimentally identified in this high 

performance all-small-molecule donor–acceptor system. Next, a highly efficient 

polymer solar cell based on PPDT2FBT as the donor and NIDCS-HO as the acceptor 

was examined, showing complementary absorption, well-aligned frontier orbital levels, 

and crystalline blend film morphology. By thermal annealing at 90°C, a well-organized 

crystalline structure of the NIDCS-HO acceptor was induced without disrupting the 

crystalline “face-on” structure of PPDT2FBT. Furthermore, charge transport and 

recombination processes were also optimized at the annealed device at 90°C. As a 

result, the optimal device exhibited a maximum efficiency of 7.64% with a Voc of 1.03 

V, a Jsc of 11.88 mA cm−2, and a FF of 0.63. These results show that optimal 

combination of photovoltaic donor and acceptor pairs with complementary absorption, 

well-aligned frontier energy levels, and well-intermixed crystalline morphology can 

provide great potential to further increase the efficiency of nonfullerene solar cells to 

exceed fullerene-based devices. 
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 Chapter 4. Versatile processability in various organic 

solvents 
 

4.1. Introduction 
 

 Attaining favorable donor–acceptor blend morphologies to facilitate efficient charge 

separation and transport is an important goal for high-performance organic solar cells. 

Because the film characteristics are affected mainly by processing solvent properties 

like boiling point, viscosity, and so on, selection of a suitable solvent system is the 

most critical in the device optimization process. Thus far, halogenated and/or aromatic 

solvents such as CF, CB, and o-DCB have been used commonly in a large number of 

devices due to their high solubility for active materials. However, such halogenated 

ones have to be avoided in application for practical large-scale manufacturing due to 

their environmentally harmful nature.[1,2] Therefore, the need for using environmentally 

benign solvents, such as n-butanol (n-BuOH),[3] 2-methyltetrahydrofuran (2-MeTHF),[4] 

N-methyl-2-pyrrolidone (NMP),[5] and non-halogenated aromatic ones,[6–8] has been 

growing in recent years. Nonetheless, low solubility of the PCBM acceptor as well as 

the donor materials in non-halogenated solvents has limited their extensive applications 

in various processing conditions. In this regard, nonfullerene acceptors could be 

promising materials well compatible with various organic solvents because their 

solubility characteristics could be controlled easily by modifying molecular structures. 
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In spite of potential applications of the nonfullerene acceptors including large area roll-

to-roll processing,[9,10] there have been only few reports of high-performance 

nonfullerene solar cells with unconventional environmentally benign processing 

solvents.[11–13] 

 In the previous chapters, the DCS-NI acceptors showed outstanding electron 

accepting and transporting properties with a balanced self-assembly behavior that 

suppress undesirable aggregations in films. Although these acceptor-based 

combinations yielded successful results for solar cells, the devices unfortunately had to 

fabricate using only CF as a processing solvent due to unfavorable film formation 

features in other aromatic solvents. This difficulty for favorable film formation in non-

halogenated solvents may limit the broad applications in nonfullerene solar cells, so 

improving processability of DCS-NI acceptors in various processing conditions 

remained challenging. 

 In this chapter, a new DCS-NI type acceptor, (2E,2'E)-3,3'-(1,5-

bis(hexyloxy)naphthalene-2,6-diyl)bis(2-(5-(4-(N-(2-ethylhexyl)-1,8-

naphthalimide)yl)thiophen-2-yl)acrylonitrile) (NIDCSN), is presented with remarkable 

processability in various organic solvents. This compound was designed by replacing a 

phenyl unit on the core of the previous DCS-NI acceptors with a naphthalene unit, 

showing highly enhanced solubility in various solvents with uniform film formation 

characteristics. In addition, as for a donor material selection of the solar cell devices, 

the high-performance small molecular donor p-DTS(FBTTh2)2 (Figure 3.1) was also 
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adopted because small molecular systems have an advantage of superior solubility in 

most of solvents over polymeric systems as well as circumvent batch-to-batch variation 

issues caused by molecular weight distribution of synthetic polymers.[14] The resulting 

all-small-molecule solar cells fabricated using p-DTS(FBTTh2)2 as the donor and 

NIDCSN as the acceptor in five different solvents, such as CF, CB, THF, toluene, and 

o-xylene, all exhibited similar device performances at a 110°C annealing condition 

with a best PCE of 3.45% and remarkable Voc values of 1.04–1.08 V. The detailed 

blend characteristics in all of the processing conditions were examined by optical, 

morphological, and electrical analyses. 

 

 

4.2. Result and Discussion 
 

 NIDCSN was synthesized via the Knoevenagel condensation reaction between 

compound (3) and (7),[15] and purified by flash column chromatography and 

recrystallization (Figure 4.1). The compound exhibited considerable solubility in 

common organic solvents like CF, THF, and CB. The molecular geometry and frontier 

molecular orbitals in gas phase were calculated using a DFT calculation method (all 

alkyl chains were replaced with a methyl group). The resulting structure of NIDCSN 

showed quasi-planar conformation between two thiophene units and twisted 

conformation with a dihedral angle of 44° between thiophene and NI moieties, similar 
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Figure 4.1. (a) Synthetic route to NIDCSN, (b) the calculated optimized geometry (all protons 

are omitted), and (c) frontier molecular orbitals of NIDCSN as calculated by DFT (B3LYP/6-

31G**). 
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to the previous DCS-NI acceptors. This twisted conformation may not only enable 

favorable nanoscale phase separation in blend films by reducing self-aggregation but 

increase the solubility and potential processability. 

 Figure 4.2 shows thermal, optical, and electrochemical properties of NIDCSN. The 

TGA result revealed an excellent thermal stability (5% weight loss at 367°C), and 

melting and crystallization temperatures measured by DSC were 230 °C and 176 °C, 

respectively. The absorption maxima were 439 nm and 471 nm for solution and film 

state, respectively, implying that strong intermolecular interaction in the film state 

affected red-shifted absorption. The measured optical bandgap (Eg
opt) of NIDCSN in 

the film is 2.23 eV (λonset = 557 nm). CV analysis was carried out to investigate 

electrochemical properties. The compound showed the multiple reduction wave that 

arises from a combination of strong electron-withdrawing DCS and NI moieties. The 

measured HOMO and LUMO levels were −5.88 eV and −3.63 eV, respectively. 

 To investigate the potential application of NIDCSN as the acceptor, all-small-

molecule solar cells were fabricated using p-DTS(FBTTh2)2 as the donor with a 

conventional structure of ITO/PEDOT:PSS/active layer/Ca/Al. The detailed current 

density–voltage (J–V) characteristics of the first device optimization processes by CF 

are summarized in Figure 4.3 and Table 4.1. In addition, to examine device 

processability in various solvents, device fabrications were carried out by spin-coating 

the active layers from other four different solvents of CB, THF, toluene, and o-xylene. 

The resulting device performances in all of the five processing conditions are 
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Figure 4.2. (a) TGA curve, (b) DSC curves, (c) UV-Vis absorption spectra in THF solution and 

spin-coated film, and (d) CV curve of NIDCSN in CH2Cl2 / 0.1 M Bu4NBF4 a scan rate of 100 

mV s−1. 
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Figure 4.3. J–V curves of p-DTS(FBTTh2)2:NIDCSN BHJ devices prepared from chloroform 

(a) at different annealing temperatures and (b) with different blend ratios. 
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Table 4.1. Photovoltaic parameters of p-DTS(FBTTh2)2:NIDCSN BHJ devices prepared from 

chloroform under different fabrication conditions. 

Condition Ratio 
Annealing 

[°C] 

Voc 

[V] 

Jsc 

[mA cm−2] 
FF 

PCE 

[%] 

Temp. 1 : 1.5 as cast 1.11 0.16 0.22 0.038 

  
90 1.03 5.07 0.42 2.19 

  
100 1.03 5.31 0.49 2.69 

  
110 1.04 5.94 0.56 3.45 

  
120 1.04 5.01 0.47 2.45 

  
130 1.04 2.22 0.46 1.06 

Ratio 1 : 1 110 1.05 3.91 0.38 1.56 

 
1 : 1.5 

 
1.04 5.94 0.56 3.45 

 
1 : 2 

 
1.04 5.81 0.46 2.81 
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demonstrated in Figure 4.4 and Table 4.2. 

 The device performances of the p-DTS(FBTTh2)2:NIDCSN blend were highly 

influenced by thermal treatments, similarly with the p-DTS(FBTTh2)2 donor-based 

devices (both with PC71BM[14,16] and NIDCS-MO as discussed in Chapter 3). As a 

result, the optimal device was obtained at a 1:1.5 blend ratio with a 110°C annealing 

condition, exhibiting a PCE of 3.45% with a Voc of 1.04 V, a Jsc of 5.94 mA cm−2, and a 

FF of 0.56. The subsequent device performances with the rest of solvents also 

exhibited similar J–V characteristics. The film coating and post-treatment conditions 

were the same with the optimal condition from CF as described above, except for blend 

solution concentrations due to different solvent properties like boiling point and 

viscosity followed by different film thicknesses: total blend concentrations for CF, CB, 

THF, toluene, and o-xylene solvent conditions were 20, 35, 20, 30, and 35 mg mL−1, 

respectively, and consequent average film thicknesses were 107, 95, 136, 102, and 85 

nm, respectively. The resulting devices showed PCEs of 2.92–3.30% with Vocs of 1.04–

1.08 V, Jscs of 5.23–6.06 mA cm−2, and FFs of 0.50–0.55, indicating efficient film 

formations even from various solvent conditions. 

 Among the device parameters, the Voc values were considerably enhanced by 0.19–

0.27 V compared to other p-DTS(FBTTh2)2 donor-based devices (e.g. 0.81 V with 

PC71BM[14] and 0.85 V with NIDCS-MO as the acceptor). This remarkable increase of 

the Voc values in the naphthalene-cored NIDCSN-based devices compared to that of the 

phenyl-cored NIDCS-MO-based device is attributed to the optimized energy loss 
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Figure 4.4. (a) J–V curves and (b) IPCE spectra of p-DTS(FBTTh2)2:NIDCSN BHJ devices in 

five solvent conditions. 
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Table 4.2. Photovoltaic parameters of p-DTS(FBTTh2)2:NIDCSN BHJ devices. 

Solvent 
Voc 

[V] 

Jsc 

[mA cm−2] 
FF 

PCE max 

[%] 

PCE avg.a) 

[%] 

CF 1.04 5.94 0.56 3.45 3.27 ± 0.149 

CB 1.08 5.44 0.55 3.24 3.01 ± 0.101 

THF 1.07 5.23 0.54 3.02 2.86 ± 0.078 

Toluene 1.08 6.06 0.50 3.30 3.20 ± 0.116 

o-Xylene 1.04 5.41 0.52 2.92 2.81 ± 0.080 

a) Data obtained from 10 devices in 4–5 substrates. 
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values in the former. Importantly, the corresponding energy loss values (Eloss, defined 

as Eloss = Eg
opt − eVoc) for the devices were determined to be 0.57–0.61 eV (Eg

opt for p-

DTS(FBTTh2)2 is 1.65 eV).[17] Because the optimized Eloss for organic solar cells was 

suggested to be 0.6 eV,[17,18] the photon energy losses in these devices were ideally 

minimized. These results suggest that the substituted naphthalene moiety in NIDCSN, 

by differently affecting molecular packing as well as intrinsic electronic properties 

from those of core phenyl moiety, played an important role in improving Voc and 

reducing Eloss.[19,20] 

 The IPCE spectra for the five different fabrication conditions are also demonstrated in 

Figure 4.4. From all these spectra, photocurrents were generated in the two separate 

wavelength ranges in 400–500 nm and 600–700 nm originated mainly by the acceptor 

and the donor absorptions, respectively. The maximum IPCE values for the five 

conditions ranged 28–35%, and the highest value of 35.7% at 470 nm and 33.0% at 

625 nm was obtained in the toluene solvent condition. The Jsc values calculated from 

the IPCE spectra were well matched with the Jsc values measured from J–V curves: 

calculated Jsc = 6.30, 5.59, 5.36, 6.56, and 5.60 mA cm−2 for CF, CB, THF, toluene, and 

o-xylene solvent conditions, respectively. Hole and electron mobilities of the blend 

devices were measured using the SCLC method (Figure 4.5 and Table 4.3). The hole 

mobilities were determined to be more than 10−4 cm2 V−1s−1 (1.11 × 10−4 – 1.21 × 10−3 

cm2 V−1s−1), while the electron mobilities were much lower (2.41 × 10−6 – 2.20 × 10−5 

cm2 V−1s−1). This result implies that improved solubility and processability of the 
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Figure 4.5. J–V curves of p-DTS(FBTTh2)2:NIDCSN BHJ devices for (a) hole-only and (b) 

electron-only devices under different solvent conditions. 
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Table 4.3. SCLC mobilities of p-DTS(FBTTh2)2:NIDCSN BHJ devices under different solvent 

conditions. 

Solvent 
μh (SCLC) 

[cm2 V−1s−1] 

μe (SCLC) 

[cm2 V−1s−1] 

CF 2.71 × 10−4 1.73 × 10−5 

CB 1.11 × 10−4 3.40 × 10−6 

THF 7.35 × 10−4 2.20 × 10−5 

Toluene 1.21 × 10−3 2.41 × 10−6 

o-Xylene 3.72 × 10−4 4.88 × 10−6 
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acceptor unfortunately led to unexpected reduction in charge transport characteristics, 

resulting in limited device efficiencies with low Jsc and FF values. 

 As discussed above, the solar cell devices in the non-halogenated solvent conditions 

showed reasonable performances similar to those in the CF and CB solvent conditions. 

In particular, the device result fabricated from THF is remarkable because it is nearly 

impossible for PCBM-based devices due to limited solubility of the PCBM in THF. 

One significant factor of these results is superior solubility characteristics of NIDCSN 

with very uniform film formation features in many different solvents: NIDCSN has the 

solubility at room temperature of over 30 mg mL−1 for CF, CB, o-xylene solvents, and 

approximately 20 mg mL−1 and 15 mg mL−1 for toluene and THF solvents, respectively. 

In addition, the absorption spectra in all the five solvents showed no evidence of 

aggregate formation even in somewhat dense (4 × 10−5 M) concentration (Figure 4.6). 

On the other hand, the phenyl-cored analogue, NIDCS-HO, shows the solubility at 

room temperature of approximately >30, 8, 3, 2, and 4 mg mL−1 for CF, CB, THF, 

toluene, and o-xylene solvents, respectively. It is presumed that the increased solubility 

by altering the core moiety is based on the reduced cohesion (molecular stacking force) 

of the relatively larger naphthalene-core units. To investigate the film characteristics 

fabricated from the five solvents in detail, absorption spectra of the blend films were 

measured, as shown in Figure 4.7. The absorption spectra of the as-cast blend films 

prepared from the five solvents exhibited different features at a 600–700 nm 

wavelength range inherent to the donor absorption, showing that absorption intensities 
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Figure 4.6. UV-Vis absorption spectra of NIDCSN (a) in five different solvents (4 × 10−5 M) 

and (b) in films prepared from chloroform with changing annealing temperature. 
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Figure 4.7. UV-Vis absorption spectra of p-DTS(FBTTh2)2:NIDCSN blend films (a–b) 

prepared from five different solvents (a) in as-cast and (b) 110°C annealing conditions, and (c) 

prepared from chloroform with changing annealing temperature. 
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grew stronger in the solvents with higher boiling point like CB and o-xylene attributed 

to their slow evaporation rate. Although the absorption in the o-xylene as-cast 

condition was also red-shifted with two vibronic peaks at 623 and 669 nm, the 

spectrum featured incomplete molecular ordering similar to that in a 90°C annealed 

blend film. On the other hand, the absorption spectra in the 110°C annealing condition 

showed almost the same features with distinct two vibronic peaks at 626 and 678 nm in 

all of the conditions. These distinct peaks, similar to those in p-DTS(FBTTh2)2-based 

blends,[14,16] indicate that well-ordered molecular structures were induced completely 

by thermal annealing, even though the samples were fabricated in all of different 

solvent conditions. 

 Further morphological investigations were carried out by AFM and TEM. All samples 

were annealed at 110°C. As shown in Figure 4.8, all of AFM images showed uniform 

surfaces with reasonable RMS roughness values of 1.95–3.99 nm. Due to low contrast 

deviation of bright-field TEM images, STEM was then employed using a HAADF 

detector. By comparing relative sulfur contents on brighter and darker spots in the 

STEM image using EDS analysis (Figure 4.9), brighter regions are rich in the p-

DTS(FBTTh2)2, which is same with the previous study on the NIDCS-MO-based 

blends. Although STEM images for the five conditions appeared somewhat different in 

detail, all of the blends show well-distributed wire-like structures that support 

favorable charge transport. Similar results were found in the out-of-plane XRD 

analysis (Figure 4.10). The XRD patterns at the 110°C annealing condition exhibited 
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Figure 4.8. (a–e) AFM height images (2 μm × 2 μm), (f–j) BF-TEM images, and (k–o) HAADF 

STEM images (scale bars correspond to 200 nm) of p-DTS(FBTTh2)2:NIDCSN blend films at 

110°C annealing conditions prepared from (a,f,k) CF, (b,g,l) CB, (c,h,m) THF, (d,i,n) toluene, 

and (e,j,o) o-xylene solvents. RMS roughness values in AFM images are 3.99, 1.95, 2.63, 1.98, 

and 2.07 nm, respectively. 
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Figure 4.9. EDS spectra of brighter and darker spots on the STEM image of a p-

DTS(FBTTh2)2:NIDCSN blend film prepared from chloroform at 110°C annealing conditions. 
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Figure 4.10. XRD patterns of p-DTS(FBTTh2)2:NIDCSN BHJ devices at 110°C annealing 

conditions. 
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distinct diffraction peaks with a lamellar spacing of ~2.4 nm in all of the processing 

conditions, which is attributed to the p-DTS(FBTTh2)2 ordering as shown in Figure 3.8. 

These results suggest that well-controlled favorable nanoscale phase separation by 

thermal annealing is another important factor for the similar performances in the 

different processing conditions. 

 To understand charge carrier recombination processes of the devices in various 

solvent conditions, the photocurrent generation and light-intensity-dependent Jsc and 

Voc analyses were examined (Figure 4.11).[21] Geminate recombination processes were 

first investigated by photocurrent density–effective voltage (Jph–Veff) curves. All of the 

curves reached plateau at a low Veff value of ~0.5 V, indicating similar device 

characteristics. The Jph saturated at a Veff value of ~3 V and calculated charge collection 

probabilities (PC) at short-circuit conditions were 0.87–0.92%. Nongeminate 

recombination losses were next examined by the light-intensity dependence analyses 

for Jsc and Voc. The calculated S values were 0.95–0.98, indicating low bimolecular 

recombination losses in all of the conditions (Jsc ∝ PS).[22] Voc–P curves also 

demonstrated similar aspects of trap-assisted monomolecular recombination in all of 

the conditions. These recombination analyses suggest that all of the blend films in the 

five solvent conditions were well optimized similarly by thermal annealing as 

described in morphological studies above. 
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Figure 4.11. (a) Jph–Veff, (b) Jsc–P, and (c) Voc–P curves of p-DTS(FBTTh2)2:NIDCSN BHJ 

devices. The solid lines in Jsc–P and Voc–P curves indicate fitted curves. 
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4.3. Experimental 
 

4.3.1. Synthesis 

(2E,2'E)-3,3'-(1,5-bis(hexyloxy)naphthalene-2,6-diyl)bis(2-(5-(4-(N-(2-ethylhexyl)-

1,8-naphthalimide)yl)thiophen-2-yl)acrylonitrile) (NIDCSN) 

Compound (3) (0.24 g, 0.56 mmol) and (7)[15] (0.10 g, 0.26 mmol) were dissolved in 

MeOH (30 mL) and stirred at 50°C. Potassium tert-butoxide (t-BuOK, 20 wt% 

solution in THF) (0.41 mL, 0.65 mmol) was then injected into the mixture followed by 

stirring for 6 hours. After cooling to room temperature, the orange precipitate was 

collected by filtration and washed with MeOH. Flash silica gel and alumina column 

purification in THF, followed by recrystallization with EtOAc, gave an orange powder 

(0.27 g, yield = 86%). 1H NMR (300 MHz, CDCl3, δ): 8.69 (d, J = 7.3 Hz, 2H; Ar H), 

8.66 (d, J = 8.3 Hz, 2H; Ar H), 8.65 (d, J = 7.5 Hz, 2H; Ar H), 8.42 (d, J = 9.0 Hz, 2H; 

Ar H), 8.04 (s, 2H; vinyl H), 8.02 (d, J = 9.1 Hz, 2H; Ar H), 7.88 (d, J = 7.6 Hz, 2H; Ar 

H), 7.83 (dd, J = 8.0, 7.9 Hz, 2H; Ar H), 7.59 (d, J = 3.8 Hz, 2H; Ar H), 7.37 (d, J = 3.8 

Hz, 2H; Ar H), 4.20–4.12 (m, 4H; –CH2–), 4.08 (t, J = 6.3 Hz, 4H; –OCH2–), 2.02–

1.93 (m, 6H; –CH– and –CH2–), 1.70–1.60 (m, 4H; –CH2–), 1.47–1.25 (m, 24H; –

CH2–), 0.95 (t, J = 7.3 Hz, 6H; –CH3), 0.89 (t, J = 6.8 Hz, 6H; –CH3), 0.85 (t, J = 7.0 

Hz, 6H; –CH3); 13C NMR (126 MHz, CDCl3, δ): 164.66, 164.40, 156.69, 141.92, 

141.12, 137.87, 134.60, 131.94, 131.87, 130.85, 130.71, 130.08, 130.01, 129.14, 

128.85, 128.34, 127.81, 124.88, 124.81, 123.41, 122.89, 119.84, 116.77, 106.74, 44.52, 
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38.17, 31.98, 31.91, 31.00, 30.66, 28.94, 26.33, 24.32, 23.31, 22.89, 14.32, 14.27, 

10.90; MALDI-TOF MS (m/z): [(M + H)+] calcd for C76H80N4O6S2: 1208.55, found: 

1208.62; EA: calcd (%) for C76H80N4O6S2: C 75.46, H 6.67, N 4.63, S 5.30; found: C 

75.47, H 6.69, N 4.61, S 5.31. 

 

 

4.3.2. Characterizations 

 1H and 13C NMR spectra were obtained on Bruker Avance 300 and Avance 500 

spectrometers. Mass spectrum was measured using a Voyager-DETM STR 

Biospectrometry Workstation, and elemental analysis was performed on a CE 

Instrument EA1110 instrument. The DFT calculation was carried out in gas phase 

using the Gaussian 09 quantum-chemical package. The geometry optimization of the 

ground state of the compound was performed using the B3LYP functionals with the 6-

31G** basis set. In the calculation, all alkyl chains were replaced with a methyl unit. 

The UV-Vis absorption spectra were obtained on a Shimadzu UV-1650 PC 

spectrometer. The thermal properties were recorded using DSC and TGA methods 

under a N2 atmosphere at a heating rate of 10°C min−1 using a PerkinElmer DSC-7 and 

a TA instruments Q-5000 IR, respectively. CV experiment was carried out using a 

Princeton Applied Research Potentiostat/Galvanostat Model 273A onto which was 

configured a three electrode cell assembly including a glassy-carbon working electrode, 
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a platinum wire counter electrode, and a silver wire quasi-reference electrode. After 

N2-saturation in a one compartment cell, measurements were carried out in 3 mM 

dichloromethane solution with tetrabutylammonium tetrafluoroborate (BuNBF4) as the 

supporting electrolyte with the scan rate of 100 mV s−1. The HOMO/LUMO levels 

were estimated based on the onset oxidation/reduction potentials (Eox/Ered) and each 

oxidation/reduction potential was calibrated using ferrocene (EFc/Fc+) as a reference 

(Energy level = −[ Eox/Ered − EFc/Fc+ + 4.8]). The film thickness was measured using a 

KLA Tencor Alpha-Step IQ surface profiler. The AFM images were obtained using 

Multimode with a Nano Scope V Controller (Bruker) in the tapping mode. The TEM 

images were obtained using FEI Tecnai F20 (200 kV) with EDAX EDS system at 

Research Institute of Advanced Materials in SNU, Korea. TEM samples were prepared 

as follows: The blend solutions were spin-coated onto the PEDOT:PSS-coated glass. 

After annealing, the films were floated off in distilled water, collected on a copper grid, 

and then dried under a vacuum. 

 

 

4.3.3. Solar cell device fabrication and measurements 

 Solar cells were fabricated with the structure ITO/PEDOT:PSS/p-

DTS(FBTTh2)2:NIDCSN/Ca/Al. The patterned ITO glass substrate was pre-cleaned in 

an ultrasonic bath of distilled water, acetone, and isopropanol, and then exposed to a 
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UV-ozone clean for 20 min. A 30–40 nm layer of PEDOT:PSS (Clavious P VP AI 4083) 

was spin-coated onto the ITO glass (5000 rpm, 30 s) and baked on a hot plate at 150°C 

for 20 min. Subsequently, the blend solution of p-DTS(FBTTh2)2 and NIDCSN was 

fully dissolved at 55°C (for CF, THF) or 70°C (for CB, toluene, o-xylene) for three or 

more hours before being filtered using 0.50 μm syringe filters and spin-coated at 1800 

rpm for 60 s in a N2 glovebox. After drying the resulting films in a N2 glovebox at 

room temperature for 1 hour, a 5 nm layer of Ca and a 100 nm layer of Al were 

deposited via thermal evaporation under a vacuum of 10−6 Torr. Post annealing 

treatments were then conducted on a hot plate in a N2 glovebox. The J–V 

characteristics of the solar cells were measured using a Keithley 4200 source 

measurement unit. The solar cell performances were characterized under AM 1.5G 

conditions with an illumination intensity of 100 mW cm−2, generated by an Oriel Sol3A 

solar simulator. The lamp irradiation was calibrated using a NREL certified KG-5 

filtered standard silicon photodiode (VLSI Standards Inc.). The active area was 0.04 

cm2, and measurements were carried out through a shadow mask under an ambient 

atmosphere. The IPCE was measured using an Oriel QE/IPCE Measurement Kit 

composed of a 300 W xenon lamp, a monochromator (74125), a Merlin lock-in 

amplifier (70104), an optical chopper, and a calibrated silicon photodiode 

(70356_70316NS). 
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4.3.4. Mobility measurements 

 The hole and electron mobilities were measured using the SCLC model. The devices 

were fabricated with the structure ITO/PEDOT:PSS/p-

DTS(FBTTh2)2:NIDCSN/MoO3/Ag and Al/p-DTS(FBTTh2)2:NIDCSN/Ca/Al for hole-

only and electron-only devices, respectively. All device conditions were identical to 

those used to fabricate the optimized solar cells devices. The SCLC mobilities were 

calculated using the following equation: 

𝐽 =
9
8
𝜀𝑟𝜀0𝜇

𝑉2

𝐿3
 

where J is the current density, εr is the dielectric constant of the material (herein εr is 

assumed to be 3), ε0 is the permittivity of empty space, μ0 is the zero-field hole or 

electron mobility, L is the film thickness of the active layer, and the effective voltage V 

= Vappl − Vbi − Vr, where Vappl is the applied voltage, Vbi is the built-in voltage due to the 

difference in work function of the two electrodes, and Vr is the voltage drop caused by 

the series resistance. The J–V characteristics of the devices were measured using a 

Keithley 4200 source measurement unit. 
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4.4. Conclusion 
 

 In summary, a new DCS-NI acceptor NIDCSN was synthesized with the favorable 

electron accepting property and superior processability in various solvents. NIDCSN 

showed uniform blend film formation with favorable nanoscale phase separation in the 

five different solvent conditions such as CF, CB, THF, toluene, and o-xylene. The 

resulting solar cells using p-DTS(FBTTh2)2 as the donor and NIDCSN as the acceptor 

exhibited a best PCE of 3.45% with a Voc of 1.04 V, a Jsc of 5.94 mA cm−2, and a FF of 

0.56, showing similar device performances in all of the different solvent conditions. 

This result suggests that this class of materials also provide a great potential in large-

scale industrial manufacturing in various processing conditions including 

environmentally friendly processing. 
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 Abstract in Korean 
 

 용액 공정용 벌크 이종접합 유기태양전지를 위한 첨단 유기재료의 개발은 수 십 

년간 많은 관심을 받아 왔고, 그 결과 광전 변환효율도 10%를 넘고 있다. 

지금까지는 유기태양전지의 전자 받게로 풀러렌계 PC61BM/PC71BM 물질이 거의 

독점적으로 사용되었기 때문에, 물질 개발에 있어서 대부분의 관심은 고효율의 

전자 주게 물질에 치우쳐 있었다. 이러한 PC61BM/PC71BM 은 뛰어난 전자 받기 

및 수송 능력을 보이면서 많은 전자 주게 물질과도 잘 맞는 장점을 가지지만, 

가시광 영역의 흡수가 약하고 에너지레벨을 조절하기 힘들다는 단점 때문에 더 

높은 효율 상승에 한계를 보이는 문제점도 가지고 있다. 이러한 풀러렌계 물질이 

가지는 광학적 및 전자적 특성 조절의 어려움을 극복하려는 노력으로, 최근에는 

비풀러렌계 전자 받게 물질이 유망한 대안으로 새롭게 주목 받고 있다. 비풀러렌계 

전자 받게는 혁신적인 분자 디자인을 통하여 향상된 광 흡수 능력과 정교하게 

조절된 분자 궤도 에너지 준위를 가질 수 있고, 그 결과 향상된 개방전압을 포함한 

더 높은 소자 효율의 가능성을 보여줄 수 있다. 현재까지 다양한 비풀러렌계 

단분자 및 고분자 전자 받게 물질들이 발표되어 왔으며, 다양한 전자 주게 물질과 

조합하여 8%가 넘는 광전 변환효율을 보여주고 있다. 

 본 연구는 벌크 이종접합 유기태양전지를 위한 새로운 비풀러렌계 전자 받게를 

개발하고 응용하는 데에 관한 연구이다. 새로운 전자 받게 물질로는 다양한 광전 

소자 응용에서 뛰어난 전자 수송능력을 보여준 바가 있는 
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다이시아노다이스티릴벤젠 구조를 기본 구조로 도입하였다. 하지만, 이 구조는 

강한 자기조립능력으로 큰 구조체를 형성하는 특징이 있기 때문에 그 동안 

유기태양전지로의 응용에 어려움이 있었다. 따라서 이러한 자기조립성질을 

조절하기 위한 방법으로 또 다른 전자 받게 구조인 나프탈이미드 구조를 물질의 양 

끝에 붙여주었다 (DCS-NI 전자받게). 최종 물질(NIDCS, NIDCS-MO, NIDCS-

HO)은 두 구조 사이의 입체장애 현상에 의해서 뒤틀린 형태를 가지게 되며, 이 

덕분에 매우 균일한 필름형성 양상을 보일 수 있었다. 게다가 두 구조의 전자 받기 

및 수송 능력이 시너지효과를 내면서, DCS-NI 전자받게가 광학적, 전기화학적, 

전기적으로 유기태양전지의 전자 받게로 쓰이기에 매우 적합한 특성을 가지고 

있음을 확인하였다. 대표적인 p-타입 고분자인 P3HT를 전자 주게로 사용한 

태양전지는 광전 변화효율이 최대 2.7%로 PC61BM을 전자 받게로 사용한 소자에 

근접한 매우 좋은 결과를 보여주었다. 또한 물질 구조에 서로 다른 유도체가 

치환됨에 따라 소자특성이 많이 달라지게 된다는 사실도 확인 할 수 있었다. 

(Chapter 2) 

 다음으로 더 높은 효율의 소자를 구현하기 위하여, DCS-NI 전자받게를 다른 

고효율 전자 주게 물질과 조합한 새로운 비풀러렌계 태양전지 소자를 테스트하였다. 

다양한 전자 주게-전자 받게 조합에 대한 소자 제작을 통하여 최종적으로 단분자 

p-DTS(FBTTh2)2:NIDCS-MO 조합과 고분자 PPDT2FBT:NIDCS-HO 조합이 

선정되었고, 각각 5.4% 와 7.6% 의 매우 높은 광전 변환효율을 보여주었다. 또한 

후자 조합에서는 1.03 V 의 이례적으로 높은 개방전압 값을 얻을 수 있었다. 두 
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조합 모두 열처리에 의해서 미세구조 및 혼합구조가 성공적으로 조절되었으며, 

전하 생성 및 수송에 효과적인 적절한 미세 상분리 구조도 형성되었다. 또한, 두 

조합에서는 상보적인 흡수, 높고 균형 잡힌 전하 수송 특성, 최소화된 전하 재결합 

과정 등의 특성들이 모두 소자 효율을 높이는 데 도움을 주었다. (Chapter 3) 

 마지막으로 다양한 용매에 적용이 가능한 새로운 DCS-NI 전자받게 유도체인 

NIDCSN을 설계하고 합성하였다. 앞에서 사용한 DCS-NI 전자받게들은 

클로로포름 용매에서만 사용할 수 있었지만, NIDCSN은 클로로벤젠, 

테트라하이드로퓨란, 톨루엔, 자일렌 등의 다른 용매를 사용해도 매우 균일한 

필름을 형성하는 모습을 보여주었다. 우선 p-DTS(FBTTh2)2 를 전자 주게로 

하고 클로로포름을 용매로 사용하여 제작한 소자에서는 3.5% 의 최대 광전 

변환효율과 1.04 V 의 높은 개방전압을 보여주었다. 그리고 위에서 언급한 환경 

친화적인 다른 용매를 사용하여 제작한 소자에서도 클로로포름의 경우와 비슷한 

소자 효율을 보여 주는 것을 확인 할 수 있었다. (Chapter 4) 

 

주요어 : 유기태양전지, 비풀러렌계 소자, 비풀러렌계 전자받게, 열처리, 결정조직, 

환경친화적 제작 
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