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Abstract: The lack of electron acceptors with suitable green solvent processing and 

excellent device performance is an important problem that hinders the development and 

commercialization of organic solar cells (OSCs). Here, an ortho-ortho perylene diimide 

(PDI) dimer (oo-2PDI) is developed and used as an acceptor for use in efficient 

green-solvent-processed (GSP) OSCs. By using chlorobenzene (CB), anisole, and 

o-xylene as the processing solvents, power conversion efficiencies (PCEs) of 5.04%,

5.03%, and 5.78% were achieved without the additive, respectively. In addition, the

non-fullerene oo-2PDI-based GSPOSCs show superior photovoltaic performance to

[6,6]-phenyl-C61-butyric acid methyl ester (PCBM)-based GSPOSCs under identical

This is the Pre-Published Version.

© 2020. This manuscript version is made available under the CC-BY-NC-ND 4.0 license https://creativecommons.org/licenses/by-nc-nd/4.0/

https://doi.org/10.1016/j.orgel.2020.105732

mailto:songjun@szu.edu.cn
mailto:wai-yeung.wong@polyu.edu.hk


2 
 

conditions. Therefore, these results demonstrate the possibility of achieving efficient 

non-fullerene GSPOSCs. 

 

Keywords: perylene diimide; electron acceptor; ortho-ortho dimer; green solvent; 

organic solar cell. 

 

1. Introduction 

Bulk heterojunction (BHJ) OSCs represent a novel approach of utilizing solar energy 

because of their low cost, lightweight, solution-processability, and ease of chemical 

modification [1-3]. To obtain a higher PCE, it is necessary to ensure excellent phase 

separation of the donor and acceptor via solution-processing. To date, halogenated 

solvents, such as chlorobenzene (CB) or o-dichlorobenzene (DCB) have typically been 

used to obtain high-efficiency BHJOSCs, but the toxicity of such halogenated solvents 

has become a huge obstacle to the commercialization of OSCs [4-10]. To overcome this, 

low-toxicity and environmentally-friendly non-halogenated solvents are better choices for 

OSCs [11-13]. Consequently, material design and solvent selection are two important 

factors to achieving high-performance green-solvent-processed (GSP) OSCs [14-16]. In 

order to improve the solubility of materials in green solvents, side-chain engineering is an 

outstanding method for small molecules or polymers without changing the material's 

other intrinsic properties [17-19]. For instance, to increase the solubility in the 

2-methyltetrahydrofuran, two novel polymers with ethylenedioxythiophene side chains 

were developed to fabricate the ternary blend GSPOSCs [20]. As a result, the devices 

increased the best PCE to 12.26% with a high fill factor of 75.6%. In addition, Li et al. 

[21] applied fluorine and alkylsilyl substitutions in the polymer framework to reduce the 

energy levels and increase the absorption coefficient. The GSPOSCs achieved a high 

PCE of 12.8% owing to the excellent modification of the chemical structure. However, 

compared with a number of modified electron donors, the research on proper electron 
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acceptors is lagging behind, which restricts the development of high-performance 

GSPOSCs [22, 23]. Therefore, the design and synthesis of electron acceptors with 

excellent solubility and photovoltaic performance is a key challenge for GSPOSCs. 

Furthermore, the green solvents meet some requirements: enough solubility for 

organic semiconductor, suitable boiling point, and saturation vapor pressure. As far as we 

know, Anisole and o-xylene are two excellent non-halogenated solvent candidates for use 

in developing efficient GSPOSCs [24]. However, many electron acceptors have poor 

solubility in anisole and o-xylene, which results in unfavorable morphologies that limit 

the improvements in the device performance [25-27]. Fullerene derivatives are 

commonly used as electron acceptors in OSCs, but they have several disadvantages that 

have limited their use in GSPOSCs, including their weak absorption in the visible region, 

high cost, and difficulty in modifying their chemical structures [28-30]. Currently, a lot of 

attention has been drawn to perylene diimide (PDI) dimers as excellent electron acceptors 

in non-fullerene OSCs because of their lower cost, ease of functionalization, strong 

absorption, suitable energy levels, and high electron transport properties [31, 32]. In 

addition, the solubility of PDI dimers in environmentally-friendly solvents can be easily 

improved by modifying the side chains of PDI units, which can help obtain suitable 

electron acceptors for GSPOSCs. Among the PDI dimers, our previous work explored an 

ortho-ortho PDI dimer (oo-2PDI) to fabricate non-fullerene OSCs with the PCEs greater 

than 8%, which indicates that ortho-ortho PDI dimers have great potential as 

highly-efficient electron acceptors for GSPOSCs [33]. Importantly, the use of ortho-ortho 

PDI derivatives to achieve efficient GSPOSCs has rarely been reported. Thus, it is of 

great interest to obtain a PCE breakthrough for non-fullerene ortho-ortho PDI 

dimer-based GSPOSCs. 

Herein, a systematic investigation has been performed on the influence of three 

solvents (CB, anisole, and o-xylene) on the performance of poly[[4,8-bis[5-(2-ethylhexyl) 

-2-thienyl]benzo[1,2-b:4,5-b’]dithiophene-2,6-diyl][2-(2-ethyl-1-oxohexyl)thieno[3,4-b]t
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hiophenediyl]] (PBDTTT-C):oo-2PDI-based devices, and the structures of PBDTTT-C 

and oo-2PDI are shown in Figure 1a. By using o-xylene as the processing solvent, the 

PCE was improved to 5.78%, which is higher than that of the devices using CB (5.04%) 

or anisole (5.03%). In addition, the oo-2PDI-based devices exhibited better photovoltaic 

performance than the PCBM-based devices under identical conditions, which can be 

attributed to the favorable morphology, decreased charge recombination, and balanced 

charge transport. These results reveal that ortho-ortho PDI dimers have promising 

potential to successfully replace PCBM to develop efficient GSPOSCs.  

 

2. Results and discussion 

2.1 Optical and electrochemical properties 

PBDTTT-C and PCBM were purchased from Derthon Optoelectronic Materials Co., 

and oo-2PDI was synthesized using a previously-reported method [33]. oo-2PDI exhibits 

excellent solubility in CB (over 30 mg/mL), anisole (over 20 mg/mL), and o-xylene (over 

20 mg/mL) because of its linear conjugated framework and herringbone side chains. The 

thin-film UV-Vis absorption spectra of oo-2PDI and PCBM are presented in Figure 1b. In 

the thin films, oo-2PDI shows strong absorption from 400 to 600 nm, while PCBM 

shows strong absorption in the near-ultraviolet region and weak absorption in the visible 

region. Consequently, oo-2PDI has better visible absorption than PCBM, which can help 

generate photocurrent and improve the device performance. The absorption spectra of 

oo-2PDI displays a slight redshift of about 6 nm compared with that in dichloromethane 

solution, as shown in Figure S1. These results imply that the distortion of the conjugated 

framework of oo-2PDI prevents intermolecular aggregation, which helps achieve 

favorable morphologies in the blend films. Furthermore, polymer PBDTTT-C exhibits a 

strong absorption from 500 to 800 nm, which is complementary to oo-2PDI and PCBM, 

respectively, and will thus help with light harvesting to improve the device performance.  

To investigate the electrochemical properties of PCBM and oo-2PDI, cyclic 
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voltammetry (CV) was carried out and the results are depicted in Figure 1c. The LUMO 

level of oo-2PDI was estimated to be -3.9 eV, which is close to that of PCBM (-3.8 eV). 

In addition, oo-2PDI showed outstanding solubility in common organic solvents because 

of its herringbone side chain and nonplanar conjugated framework. These results show 

that oo-2PDI has excellent solubility and suitable LUMO levels and can be used as an 

acceptor in GSPOSCs. 

 

2.2 Performance of organic solar cells 

The photovoltaic performance of non-fullerene OSCs fabricated from 

PBDTTT-C:oo-2PDI was systematically characterized using different processing 

solvents. Figure 2a shows that the inverted OSCs were fabricated with a device structure 

of ITO/ZnO/active layer/MoO3/Al due to ease of manufacturing and proven 

environmental stability, as well as the energy level alignments of the OSCs shown in 

Figure 2d. Since the primary goal of this research is to study the influence of three 

solvents (CB, anisole, and o-xylene) on the photovoltaic performance of non-fullerene 

OSCs, the active layers were deposited by spin-coating them from three different 

solutions with varying D/A ratios. The J-V curves are presented in Figure 2b and Figures 

S2-S5, and the results are summarized in Table 1 and Tables S1 for a clearer comparison. 

The optimal blended ratio was found to be 1:1 for all three solvents without the additive. 

In addition, the o-xylene-based device shows the best performance, with a Voc of 0.77 V, a 

Jsc of 16.2 mA cm-2, an FF of 0.46, and a PCE of 5.78%. In contrast, the two CB- and 

anisole-based devices show inferior PCE values of 5.04% and 5.03%, respectively. In 

particular, a lower Jsc can be attributed to the unfavorable morphologies and unbalanced 

charge transport.  
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Figure 1. (a) The structures of an electron acceptor oo-2PDI and one polymer donor PBDTTT-C; (b) 

UV-Vis absorption spectra of donor and two acceptors obtained in films; (c) cyclic voltammetry of 

PCBM and oo-2PDI obtained in solution. 

 

Table 1. Device parameters of the OSCs based on PCBM and oo-2PDI using different solvents. 

Active layers Solvents D/A ratio 
[wt/wt] 

Jsc 

[mA cm-2] 
Voc 

[V] 
FF 
[%] 

PCE 
[%] 

PBDTTT-C:oo-2PDI chlorobenzene 1:1 14.5 0.76 45.9 5.04 
PBDTTT-C:oo-2PDI anisole 1:1 13.7 0.78 47.0 5.03 
PBDTTT-C:oo-2PDI o-xylene 1:1 16.2 0.77 45.9 5.78 
PBDTTT-C: PCBM o-xylene 1:1 13.8 0.76 45.6 4.77 

 

To gain further insight into the differences in the photovoltaic performance of the 

two acceptors (oo-2PDI and PCBM), PBDTTT-C:PCBM-based devices were fabricated, 

and the blend films were processed under the same conditions as before. As a result, the 

PCBM-based OSC using o-xylene reached a relatively low PCE of 4.77% with a Voc of 

0.76 V, a Jsc of 13.8 mA cm-2, and an FF of 0.46. These results reveal that the ortho-ortho 

http://www.iciba.com/reveal
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PDI dimer has promising potential as an efficient electron acceptor and can achieve 

higher PCE values than PCBM in GSPOSCs. 

 

 

Figure 2. (a) Device structure of the OSCs fabricated in this work; (b) J-V curves of OSCs based on 

oo-2PDI and PCBM as acceptors with the different processing solvents; (c) EQE curves and the 

integrated Jsc for the oo-2PDI- and PCBM-based devices; (d) energy level alignments of OSCs; (e) 

steady-state photoluminescence spectra of pure donor and two blend films; (f) current density-voltage 

traces of different charge transport devices based on oo-2PDI and PCBM by the SCLC method. 

 

The EQE curves of two GSPOSCs are displayed in Figure 2c. The photoresponse 

spectra of the two devices based on PCBM and oo-2PDI cover the 300 to 800 nm range, 

which is attributed to the contribution of the donor and acceptor, which closely agrees 

with their thin-film absorptions. Figure 2c shows that the device based on 

PBDTTT-C:oo-2PDI showed a strong photoresponse with a maximum value of 78% at 

520 nm, demonstrating efficient photon harvesting and excellent charge collection. In 

contrast, the PCBM-based device exhibited a lower photoresponse from 300 to 600 nm, 

mainly because of the weak absorption of PCBM in the visible region. Meanwhile, due to 
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the improved photoresponse of the oo-2PDI-based device, an integrated Jsc of 15.7 mA 

cm-2 was obtained, which is higher than that of the PCBM-based device (13.0 mA cm-2). 

This shows that the J-V measurement results are accurate within a 5% error. 

 

2.3 Photoluminescence quenching and charge transport properties 

To examine the exciton dissociation efficiency at the donor/acceptor interface, 

photoluminescence (PL) spectra of the pure donor film and two blended films were 

obtained. Figure 2e shows that the pure donor film exhibits a strong fluorescent emission, 

while two blended films display obvious PL quenching with the quenching efficiencies of 

87.6% and 90.0%, respectively. As shown in Figure S6, the exciton lifetimes of two blend 

films are apparently reduced compared with that of pure donor film, which is consistent 

with the PL measurement results. These results suggest that efficient photoinduced charge 

separation occurred between the donor and acceptor, where PBDTTT-C/oo-2PDI showed 

a stronger quenching efficiency than PBDTTT-C/PCBM. In addition, utilizing the space 

charge limited current (SCLC) method, both the hole (μh) and electron (μe) mobilities 

based on the two blend films were measured [20]. Measurements were conducted using 

the devices with structures of ITO/PEDOT:PSS/Active layer/MoO3/Al (hole-only) and 

ITO/ZnO/Active layer/Ca/Al (electron-only). Figure 2f shows the traces of the current 

density-actual voltage extracted from the experimental data, and the relevant data are 

summarized in Table S2. Both μh and μe of the oo-2PDI-based device are higher than 

those of PCBM under identical conditions. This indicates that high charge carrier 

mobility data can explain the high charge injection and transport observed in the 

oo-2PDI-based OSCs to efficiently improve the device performance. Moreover, the ratios 

of hole/electron mobilities (μh/μe) were 6.5 and 7.0 for PBDTTT-C:oo-2PDI and PCBM 

blend films, respectively, implying that more balanced charge transport is present in the 

oo-2PDI-based device than that of PCBM. Therefore, high and balanced charge transport 

can give superior performance in oo-2PDI-based OSCs, but PCBM was not used. 
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2.4 Film morphology 

The surface morphologies of PBDTTT-C:oo-2PDI and PCBM blend films processed 

under identical conditions were observed by atomic force microscopy (AFM). Figure 3a, 

3b, 3d and 3e show that the surface of the oo-2PDI and PCBM blend films have different 

root mean square (RMS) roughness values of 0.63 nm and 1.01 nm, respectively. This 

indicates that the smooth and uniform morphology of PBDTTT-C:oo-2PDI helps obtain 

continuous pathways to achieve efficient charge separation and transport. Meanwhile, the 

PCBM-based film showed more aggregation domains compared with the oo-2PDI-based 

film, as determined from their height images. Moreover, the increase in the roughness of 

PCBM-based films indicates that large grains were formed due to the use of o-xylene as 

the processing solvent, which is also responsible for its decreased Jsc and PCE values. 

 

2.5 Charge carrier recombination 

Light-intensity-dependent characteristics were used to evaluate the exciton 

dissociation and charge recombination processes of the two GSPOSCs [34, 35]. Exciton 

dissociation rates (Pc), as well as the photo-generated current density (Jph) versus the 

effective voltage (Veff), traces of the two devices were obtained and are displayed in 

Figure 3c. Pc values of 88% and 90% for PCBM- and oo-2PDI-based devices were 

obtained, respectively. This indicates that more efficient exciton dissociation occurs in 

oo-2PDI-based devices compared with PCBM, which can be attributed to the favorable 

morphology and balanced charge transport present in the former. The light intensity (P) 

dependence of Jsc was measured to examine how charge recombination in the two blend 

films affected the device performance using the relationship JSC ∝ PS. The values of the 

scaling factor (S) fitted and calculated from the Jsc-P traces are 0.85 and 0.90 for PCBM 

and oo-2PDI, respectively, as shown in Figure 3f. As a result, oo-2PDI-based devices 

exhibit efficient exciton dissociation and decreased charge recombination compared with 
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PCBM-based devices, which help enhance the efficiency of the GSPOSCs. 

 

 

Figure 3. AFM images of the blend films based on oo-2PDI (a, b) and PCBM (d, e); photocurrent 

density-effective voltage traces (c) and short circuit current density-light intensity traces (f) of the 

devices based on oo-2PDI and PCBM. 

 

3. Conclusion 

A simple structure of ortho-ortho perylene diimide (PDI) dimer, namely oo-2PDI, 

was developed and used as an efficient electron acceptor for the OSCs. 

PBDTTT-C:oo-2PDI-based devices were fabricated to investigate the effects of different 

solvents on the device performance. As a result, PCE values of 5.04%, 5.03%, and 5.78% 

were achieved using CB, anisole, and o-xylene without the additive, respectively. 

Interestingly, it was found that the o-xylene-based GSPOSC exhibited a higher PCE than 

the devices using CB and anisole, indicating that oo-2PDI has a great potential as an 

efficient acceptor for the GSPOSCs. Due to its favorable morphology, improved exciton 

dissociation, decreased charge recombination, and balanced charge transport, the 
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oo-2PDI-based GSPOSCs obtained using o-xylene showed better performance than the 

PCBM-based devices under identical conditions. Therefore, these results open new paths 

for obtaining efficient non-fullerene GSPOSCs and the promise for the 

commercialization of OSCs. 
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