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ABSTRACT: The near-infrared (NIR) absorbing fused-ring electron acceptor, COi8DFIC, has 

demonstrated very good photovoltaic performance when combined with PTB7-Th as donor in 

binary organic solar cells (OSCs). In this work, the NIR acceptor was added to state-of-the art 

PBDB-T-2F:IT-4F-based solar cells as a third component, leading to: (i) an efficiency increase of 

the ternary devices compared to the binary solar cells in the presence of the highly-crystalline 

COi8DFIC acceptor and (ii) much improved photostability under 1-sun illumination. The electron 

transport properties were investigated and revealed the origin of the enhanced device performance. 
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Compared to the binary cells, the optimized ternary PBDB-T-2F:COi8DFIC:IT-4F blends exhibit 

improved electron transport properties in the presence of 10% COi8DFIC, which is attributed to 

improved COi8DFIC molecular packing. Furthermore, transient absorption spectroscopy revealed 

slow recombination of charge carriers in the ternary blend. The improved electron transport 

properties were preserved in the ternary OSC upon aging, while in the binary devices they seriously 

deteriorated after simulated 1-sun illumination of 240 hours. Our work demonstrates a simple 

approach to enhance both OSC efficiency and photostability. 

 

Introduction 

The development of solution-processed organic solar cells (OSCs) has attracted 

considerable attention, as OSCs are considered a next generation photovoltaic technology, 

which offers manufacturing of lightweight, low-cost, and flexible solar cell panels.1-7 In the 

early days of bulk heterojunction (BHJ) OSCs, the donor material mainly contributed to 

the light absorption and hole transport, whereas the fullerene acceptor material usually 

transported electrons.8-12 After remaining on a low efficiency level for more than two 

decades, the power conversion efficiency (PCE) of donor:acceptor (D:A) BHJ solar cells 

has now exceeded 15%, following the milestone BHJ OSC devices based on generations 

of donors such as MDMO PPV, P3HT, PTB7, DPP family, PBDB-T family etc.13-16 The 

full names of materials in this work are summarized in the Supporting Information. In 

general, to achieve high PCE in OPV devices, low-bandgap and high carrier mobility 

materials with suitable energy level alignment are used and processing conditions such as 

solvent additives and postproduction annealing are employed to optimize the morphology 
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of the donor-acceptor BHJ.17-20 

Besides efficiency, stability is a main challenge for the commercialization of OSC 

devices.21-25 Among BHJ solar cells, PBDB-T-2F-based (PM6-based) devices are at the 

forefront of state-of-the-art PCEs, whereas the device stability is much less studied. 

However, it is necessary to fabricate high-performance and photo-stable solar cells. In this 

paper, we report a fused-ring electron acceptor (FREA) - COi8DFIC incorporated as a third 

component in ternary solar cells to improve both the device efficiency and photostability 

of PBDB-T-2F:IT-4F BHJ solar cells. In ternary OSCs or hybrid devices, near-infrared 

acceptors (NIAs) have often been used to absorb longer wavelength photons and thereby 

to increase the short-circuit current density (Jsc).26,27 COi8DFIC is an excellent NIA which 

not only has a very low bandgap (photoresponse up to 1000 nm), but also has demonstrated 

one of the highest PCEs in OSCs to date. It is composed of a fused thienothiophene central 

moiety and di-fluoro-substitued indene-diylidene-dimalononitrile terminal groups.28 The 

synthesis follows the methods in Ref. 28: CO8-CHO (100 mg) was first mixed with 2-(5,6-

difluoro-3-oxo-2,3-dihydro-1H-inden-1-ylidene)malononitrile (100 mg) in CHCl3, and 

pyridine (0.7 ml) was added and the mixture was stirred for 12h at room temperature and 

purified by column chromatography as CHCl3 eluent to form COi8DIFC as black solid (75 

mg, 60%) Here, we observe that the highly-crystalline NIA COi8DFIC not only extends 

the light harvesting properties of PM6:IT-4F blends when added as a third component, 

leading to improved Jsc and PCE. Surprisingly, it also acts as a stabilizer for solar cells 

exposed to solar illumination conditions. The chemical structures of IT-4F and the NIA 

COi8DFIC are depicted in Figure 1(a). The optimized ternary PBDB-T-2F:IT-

4F:COi8DFIC solar cells show an enhanced PCE of 13.7% compared to 12.3% of the 
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binary PBDB-T-2F:IT-4F device, and still maintain a high efficiency of 11.6% after 

exposure to 1-Sun illumination for 240 hours (15% drop), when 10% COi8DFIC were 

present as acceptor. In contrast, the efficiency of the binary PBDB-T-2F:IT-4F device drops 

rapidly to below 5% during the same period (corresponding to a 60% PCE reduction). 

Charge carrier transport measurements indicate that the ternary BHJs with COi8DFIC 

exhibit improved electron transport properties, a consequence of improved COi8DFIC 

molecular packing in ternary blends film, as evidenced by GIWAXS. Furthermore, 

transient absorption (TA) spectroscopy on thin film binary and ternary blends indicates less 

geminate recombination and slower non-geminate charge carrier recombination in the 

ternary OSC. 

Results and Discussion 

First, we fabricated binary OPV devices with a fixed D:A weight ratio of 1:1, and the device 

structure is ITO/PEDOT:PSS/BHJ/PFN-Br/Ag. Figure 1(b) shows the current density - voltage 

(JV) characteristics of the optimized binary PBDB-T-2F:IT-4F and PBDB-T-2F:COi8DFIC BHJ 

solar cells under 100 mWcm-2 AM1.5G illumination. For the PBDB-T-2F:IT-4F cell, an overall 

PCE of 12.3% is achieved, with Jsc of 20.3 mA/cm2, fill factor (FF) of 70.3%, and Voc of 0.837 V. 

The corresponding binary PBDB-T-2F:COi8DFIC device achieved a PCE of 7.5%, with Jsc of 14.8 

mA/cm2, FF of 63.3%, and Voc of 0.797 V.  

Next, ternary OPV BHJ devices with two acceptors were fabricated. As shown in Figure 1(c), the 

absorption spectra of binary PBDB-T-2F:IT-4F and PBDB-T-2F:COi8DFIC BHJ films exhibit 

different peaks. Therefore, we expected that addition of COi8DFIC to the PBDB-T-2F:IT-4F blend 
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would lead to additional absorption, specifically in the near-infrared spectral region. The JV curves 

of PBDB-T-2F-based solar cells with various IT-4F/COi8DFIC weight fractions are shown in 

Figure 1(b). The PCE-optimized weight ratio is 1:0.9:0.1 for the PBDB-T-2F:IT-4F:COi8DFIC 

ternary blend. The ternary device exhibits a significantly improved PCE of 13.7%, with Jsc of 22.1 

mA/cm2, FF of 75.2%, and Voc of 0.825 V. Table 1 summarizes all performance parameters of 

binary and ternary OPV devices with different acceptor compositions. Figure 1(d) shows the 

external quantum efficiency (EQE) spectra of optimized PBDB-T-2F:IT-4F:COi8DFIC ternary 

solar cells and their binary counterparts. In line with the absorption spectra of the ternary films, 

the EQE spectra show improved photoresponse in the near-infrared region, leading to an increased 

current density of the ternary devices. 

Space-charge-limited current (SCLC) measurements were performed to evaluate the electron 

mobilities in binary and optimized ternary BHJs. The structure of the electron-only device is 

ITO/Al/BHJ/LiF/Al, and the Al layer blocks the hole carriers.29-31 Figure 2 (a, b) shows the JV 

characteristics of the binary PBDB-T-2F:IT-4F, PBDB-T-2F:COi8DFIC and the optimized ternary 

BHJs at different temperatures. The hole mobilities can be extracted by the space-charge-limited 

current (SCLC) model. The zero-field single-carrier mobilities 𝜇0  of thin films (BHJ or pure 

materials) can be fitted by the SCLC model  

𝐽 = 98 ∙ 𝜀0𝜀𝑟𝜇0exp⁡(0.89𝛽√𝐹)(𝑉2𝐿3 )                                                   (1) 

where 𝜺𝒓  is the medium permittivity, 𝝁𝟎  is the zero-field carrier mobility 𝜺𝟎  is the dielectric 

constant in vacuum, 𝑳 is the thickness of the film under test, J is the current density, F is the applied 

electric field, V is the applied voltage, and 𝜷 is the Poole-Frenkel (PF) slope. The JV-derived 

energetic disorder 𝝈𝒆 , and high-temperature limited carrier mobilities 𝝁∞  can be obtained by 
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measuring 𝑱𝑽  curves at different temperatures. In the low electric field region, blending of 

COi8DFIC increases the current response, and the zero-field electron mobilities 𝝁𝟎,𝒆 of the binary 

and ternary BHJs reach 6.4×10-6 and 2.6×10-5 cm2V-1s-1, respectively. 𝝁𝟎,𝒆  of the PBDB-T-

2F:COi8DFIC BHJ is 3.6×10-6 cm2V-1s-1. (Figure S1) Meanwhile, as shown in Figure S2, zero-

field hole mobilities 𝝁𝟎,𝒉 of the PBDB-T-2F:IT-4F and the optimized ternary BHJs are 8.3×10-5 

and 3.9×10-5 cm2V-1s-1, respectively, with the hole-only structure of ITO/PEDOT:PSS/BHJ/Spiro-

TPD:CuPc/Au. The Gaussian disorder model (GDM) was used to evaluate the energetic disorder 

of the electron transport 𝝈𝒆, which is expressed as32,33  

𝝁𝟎 = 𝝁∞𝒆𝒙𝒑 [− (𝟐𝝈𝒆𝟑𝒌𝑻)𝟐] 𝐞𝐱𝐩(𝜷√𝑭)                                              (2) 

where 𝒌 is the Boltzmann constant, T is the device temperature, and 𝝁∞ can be extracted from the 

y-intercept from the plot of 𝝁𝟎 against 1/T2.[(Figure 2(c)] The optimized ternary BHJ exhibits 

improved 𝝁𝟎,𝒆 at different temperatures. 𝝈𝒆 values decrease from 91 meV in the binary BHJ to 73 

meV in the optimized ternary BHJ. The optimized ternary BHJ with 10 wt% COi8DFIC exhibits 

negligible Poole-Frenkel (PF) effect. In organic semiconductors, a large proportion of electrons 

are trapped in localized states, and only few can be de-trapped and contribute to the overall 

conductivity facilitated by the thermal energy. However, an external electric field F can provide 

the required activation energy. Usually, values of the PF slopes are positive as F supports the 

energy for trapped electrons to be de-trapped rather than the thermal energy. However, large 𝜷 

values are unfavourable for the charge carrier transport in BHJs, especially in the low-field region, 

due to large energetic barriers for charge hopping. As shown in Figure 2(d), the PF slope 𝜷 of the 

ternary BHJ are in the range of ~0-4.0×10-4 (cm/V)1/2 at different temperatures, whereas 𝜷 values 
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are much higher in the binary control sample, 1.7-4.2×10-4 (cm/V)1/2). The Poole-Frenkel slope 𝜷 

can be extracted from the mobility curves by 𝝁(𝑭) = 𝝁𝟎𝐞𝐱𝐩(𝜷𝑭𝟏/𝟐). A small (or negative) 𝜷 

indicates that shallow energetic barriers exist in the forward direction, which is favorable for 

electron transport. Therefore, the introduction of the ternary component COi8DFIC successfully 

improves the electron transport in PBDB-T-2F:IT-4F BHJs, and thereby the corresponding OPV 

devices exhibit enhanced FFs and PCEs. 

Figure S3 shows the height and phase images of the binary PBDB-T-2F:IT4F and PBDB-T-

2F:COi8DFIC and optimized ternary PBDB-T-2F:IT-4F:COi8DFIC films from atomic force 

microscopy (AFM). The root mean square roughness (Rq) values of the two binary BHJs are 2.2nm 

and 2.1nm, respectively, and the introduction of 10% COi8DFIC into the PBDB-T-2F:IT4F binary 

blends further decreases Rq in PBDB-T-2F:IT4F:COi8DFIC (1:0.9:0.1) to 1.9nm. The AFM phase 

images show that the ternary blend is not only uniform, but also contains a nanofibrillar network, 

which is advantageous for charge transport and charge collection.  

In order to obtain more insights regarding the molecular packing in the blend films, grazing-

incidence wide angle X-ray scattering (GIWAXS) has been applied to characterize the orientation 

and crystallinity for binary blend films: PBDB-T-2F:IT-4F and PBDB-T-2F:COi8DFIC as well as 

the ternary PBDB-T-2F:IT-4F:COi8DFIC blend films. As shown in Figure 3, for the PBDB-T-

2F:IT-4F binary blend film, an obvious (010) scattering peak is noticed from the 2D GIWAXS 

pattern in the Z direction, which is due to the strong π-π out-of-plane stacking in the blend film. 

To distinguish the scattering feature of the two components in the blend film, both pure PBDB-T-

2F and pure IT-4F films were also examined by GIWAXS (Supporting Information). Since IT-4F 

exhibits negligible diffraction in the long q regime as shown in the Supporting Information, the 
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strong (010) scattering peak at ca. 1.76 Å-1 in the PBDB-T-2F:IT-4F blend film is ascribed to 

PBDB-T-2F instead, which also agrees with the scattering features of a pure PBDB-T-2F film. A 

Lamellar diffraction ring (100) is also observed for a PBDB-T-2F: IT-4F binary BHJ film at ca. 

0.31 Å-1. Different from the PBDB-T-2F: IT-4F film, the PBDB-T-2F:COi8DFIC binary film 

shows two lamellar scattering peaks from the 2D GIWAXS pattern: the one located at smaller q 

corresponding to PBDB-T-2F and the one at larger q is from COi8DFIC. Also, distinct scattering 

peaks emerge, which are ascribed to the pure COi8DFIC component, evidenced by the pure 

COi8DFIC film scattering features as shown in the Supporting Information (Figure S4). 

Interestingly, the second (0.88 Å-1) and third scattering peak (1.32 Å-1) in the Z direction showed 

up for the lamellar (100) scattering peak at larger q, namely 0.44 Å-1, which was not seen in the 

PBDB-T-2F:COi8DFIC binary system. This indicates a better packing of COi8DFIC molecules in 

the ternary blend film. This improved COi8DFIC molecular packing can explain the increased 

charge carrier transport in the ternary blend film as discussed above.   

To reveal the photophysical processes following photoexcitation, we performed nanosecond-

microsecond transient absorption (ns-µs TA) spectroscopy on both binary and ternary blend films. 

Figure 4 shows the ns-µs TA spectra of binary and ternary blend films measured at a fluence of 

~13 µJ/cm2. Herein, negative signals represent photo-induced absorption (PA) and positive signals 

transient photo bleaching (PB) of the sample. Figure 4a shows the ns-µs spectra of a ternary blend 

film. We assigned the PA1 (~1280-1350 nm), PA2 (~1130-1210 nm), and PA3 (~920-980 nm) 

bands of the TA spectra to the charge-induced absorption of carriers in COi8DFIC, PBDBT-2F, 

and IT4F, respectively. This assignment is based on a comparison of the spectral features 

monitored in binary and ternary blend films. Clearly, PA1 band is absent in the ns-µs TA spectra 

of PBDBT-2F:IT4F blends (Figure 4b), hence PA1 was assigned to charge carriers residing on 
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COi8DFIC in the ternary blend film (Figure 4a). Figure 4c shows the TA spectra of PBDBT-

2F:COi8DFIC binary blends. Here, the PA3 band, which is observed in the ns-µs TA spectra of 

the ternary blend, is absent. Thus, we assigned the PA3 band to the charge-induced absorption of 

carriers residing in the acceptor IT4F. All blends exhibit the PA2 band, consequently it is ascribed 

to charge-induced absorption of carriers in the donor polymer, PBDBT-2F. The assignment of the 

PB signals was done by comparing the spectra of the ternary blend with the TA spectra measured 

on neat films of each material (see Figure S5). Precisely, the PB1 (~840-900 nm), PB2 (~610-680 

nm), and PB3 (~780-810 nm) bands are assigned to the photobleaching of COi8DFIC, PBDBT-

2F, and IT4F, respectively. To further analyze the carrier recombination, we measured the fluence 

dependence of the charge carrier decay dynamics of all three blend systems (Figures 4d-f). Fluence 

dependent charge carrier decays are observed for both PBDBT-2F:IT4F blends and the ternary 

blend, indicating that charges are separated and undergo non-geminate recombination. On the 

other hand, largely fluence independent decay dynamics are observed for PBDBT-2F:COi8DFIC 

blends, pointing to trap-assisted recombination.34 We parametrized the decay dynamics using a 

previously reported two-pool recombination model to quantify the fraction of charge carriers 

undergoing geminate and non-geminate recombination.35 The fits demonstrate close-to-unity 

charge separation efficiency in the ternary system, while the binary blends PBDBT-2F:IT4F and 

PBDBT-2F:COi8DFIC exhibit 90% and 60% charge separation efficiency, respectively, as 

indicated in Figure 5.  Further details of the fit can be found elsewhere.36 We note that this is in 

line with the different Jsc of devices. We hypothesize based on the GIWAXS results (vide supra) 

that enhanced packing of molecules in the ternary blend facilitates charge separation and transport, 

so that charge carriers can be extracted at the electrodes before they recombine. 



 11 

The photostability of the ternary PBDB-T-2F:IT-4F:COi8DFIC devices was evaluated and 

compared with the PBDB-T-2F:IT-4F binary device. Solar cells were encapsulated in a glove box, 

transferred to ambient air, and then exposed to illumination from white-light LED array with an 

irradiance equivalent to 1-Sun (100 mW/cm2). Figure 5 shows the measured OPV performance 

parameters of the binary and ternary BHJ solar cells containing 10 wt.% COi8DFIC as a function 

of the exposure time. Apart from the improved PCE, the ternary device also exhibits remarkably 

enhanced photostability compared to the binary device. After a 240-hour illumination, the ternary 

PBDB-T-2F:IT-4F:COi8DFIC device still exhibits a PCE of 11.6%, with Jsc of 20.9 mA/cm2, Voc 

of 0.82 V, and FF of 67.1%, equivalent to ~85% of its initial PCE. In contrast, the efficiency of 

the binary PBDB-T-2F:IT-4F device decreased to 4.7% during the same period. Although 

COi8DFIC is only 10% of total acceptors in the ternary blend, we also fabricated the binary PBDB-

T-2F:COi8DFIC OPV device, which shows an optimized but lower fresh PCE of 7.5% (Table 1). 

As shown in Figure S6, the photostability is better than that of the PBDB-T-2F:IT-4F binary cell: 

after a 240-hour illumination, the PCE had decayed to 5.5% (~73% of the initial PCE), however, 

both binary solar cells had inferior photostability than the optimized ternary device. This clearly 

indicates that the significantly enhanced photostability of the ternary device is not simply due to 

the stable third component COi8DFIC. 

We therefore further evaluated the BHJ film properties after exposure to 1-Sun illumination. 

Figure 6(a,c) shows the EQE spectra and JV curves of the binary PBDB-T-2F:IT-4F and ternary 

(10 wt% COi8DFIC) BHJ solar cells before and after illumination of 120 hours.. After illumination, 

the EQE response of the binary PBDB-T-2F:IT-4F BHJ significantly declined, resulting in a 

reduced Jsc. Figure 6 (b) plots the EQE values ratio before and after a 120-hour 1-Sun illumination 

of the binary and optimized OSCs as a function of wavelength. Clearly, the ternary BHJ retains 
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high EQE values in the range of ~400-750 nm, where mainly the donor polymer absorbs, compared 

to the binary device. Furthermore, as shown in Figure 6(d), the ternary BHJ retains 𝝁𝟎,𝒆 of 2.4×10-

5 cm2V-1s-1, whereas the electron mobility of the binary BHJ was reduced to 𝝁𝟎,𝒆 = 2.8×10-6 cm2V-

1s-1 after the electron-only devices had been exposed to 1-Sun illumination for 120 hours. Thus, 

the highly-crystalline NIA COi8DFIC not only contributes to light harvesting in ternary (and 

potentially also tandem) organic solar cells, but also stabilizes the BHJ leading to retention of high 

EQE values and virtually unchanged electron transport properties when solar cells are exposed to 

more than hundred hours of solar illumination. 

Conclusions 

In this work, we demonstrate that the near-infrared absorbing, electron-accepting small molecule 

acceptor COi8DFIC simultaneously improves the OPV performance and photostability in PBDB-

T-2F:IT-4F:COi8DFIC ternary devices. Precisely, COi8DFIC improves the PCE in two ways: 

firstly, by extending the BHJ’s absorption to the NIR spectral region and secondly, by enhancing 

the electron transport properties of the BHJ. Consequently, the optimized ternary BHJ containing 

10 wt.% COi8DFIC exhibits an impressive PCE of 13.7% and it largely maintains its high 

efficiency after exposure to 1-sun illumination for 240 hours. In contrast, the efficiency of binary 

PBDB-T-2F:IT-4F devices drops to below 5% during the same period. The reasons for the 

performance and stability increase were investigated by GIWAXS and transient absorption 

spectroscopy. Increased packing of molecules and more efficient charge separation were observed 

in the ternary blend, explaining the trend in short circuit currents and device performance. In 

conclusion, we demonstrate that the NIR acceptor COi8DFIC is an excellent candidate for 

fabrication of high-performance photo-stable ternary OPV devices. 
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Experimental Section 

OPV Device Fabrication: The device structure was ITO/PEDOT:PSS/BHJ/PFN-Br/Al. A glass 

substrate with a pre-patterned ITO (sheet resistance ~ 15 Ω sq-1) was ultrasonicated subsequently 

in deionized water (DI-water), acetone, and isopropanol. The cleaned substrates were cleaned by 

UV-ozone treatment for 15 min. PEDOT:PSS solution was spin-coated on the substrates at 6000 

rpm for 30 s, and were then placed on a hot plate at 150 °C for 10 mins. After cooled to room 

temperature, the substrates were sent to an N2 filled glove box. The PBDB-T-2F and acceptor 

materials IT-4F and COi8DFIC were blended at an overall D:A weight ration of 1:1, and the 

materials were dissolved in chlorobenzene (CB) with a donor concentration of 10 mg/mL (1 vol% 

1,8-diiodooctane). A blend film PBDB-T-2F:IT-4F:COi8DFIC with various D:A1:A2 weight ratio 

was prepared by spin-coating at 3000 rpm for 60 s, and then post-annealed at 150 oC for 10 mins. 

PFN-Br solution (1.0 mg/mL in methanol) was spin-coated on the top of BHJ layers at 3000 rpm 

for 30 s. Finally, a 90 nm silver cathode deposited by using thermal evaporation.  

SCLC Measurement: Single-carrier (electron-only) devices were measured under low vacuum 

conditions (<30mbar) in a Cryostat (Model Oxford Instruments DN-V). Before carrier mobility 

measurements, the Cryostat chamber was evacuated by a vacuum pump (Model Edwards RV3) 

for at least 12 hours. A temperature controller (Model Oxford Instruments ITC 502) was connected 

into the Cryostat chamber to monitor and regulate the temperature. The real temperature of the 

sample under test was calibrated independently by a thermal couple which is connected to the 

sample directly. For the cooling process, liquid nitrogen (𝑁2) (boiling point of 77K) was filled into 

the 𝑁2 bath, and the chamber temperature was regulated by a temperature controller. The waiting 

time was 40 minutes to stabilize sample temperature. Charge carriers can be injected into the thin-

film active layer by the applied DC voltage through a source measure unit (SMU) Keithley (Model 
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236). The SMU was also used to record the currents under different voltage conditions. The curve 

of the applied voltages and the corresponding currents was plotted by the software Origin 8.0. 

GIWAXS: Measurements were carried out with a Xeuss 2.0 SAXS/WAXS laboratory beamline 

using a MetalJet-D2, Excillum (0.134144 nm) and a Pilatus3R 1M detector. The incidence angle 

is 0.2°,  beam size is 0.8 by 0.8 mm2, exposure time is 3600 s.  

AFM: Atomic Force Microscopy studies were carried out using Bruker's Dimension Icon Atomic 

Force Microscope (AFM) in Si tapping mode. AFM quantitative morphological analysis was 

performed using AutoMet AFM software. 

TA Spectroscopy: TA spectroscopy was carried out using a home-built pump-probe setup. A 

fraction of the output of a commercial titanium:sapphire amplifier (Coherent LEGEND DUO, 4.5 

mJ, 3 kHz, 800 nm, 100 fs) was focused into a c-cut 3 mm thick sapphire window, thereby 

generating a white-light supercontinuum from ~550 to ~1700 nm. The excitation light (pump 

pulse) was provided by an actively Q-switched Nd:YVO4 laser (INNOLAS picolo AOT) frequency-

doubled to provide <1 ns (FWHM) pulses at 532 nm. A detailed TA experimental description can 

be found elsewhere.34 
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Table 1.  Figures-of-merit of OPV devices using PBDB-T-2F:IT-4F, PBDB-T-2F:COi8DFIC, and 

ternary blends with different acceptor weight compositions as photoactive layer at 100 mW·cm-2 

AM1.5G illumination. Values in parentheses are averages of 4-8 devices. 

COi8DFIC 

Content (wt%) 
Voc (V) Jsc (mA/cm2) FF (%) PCE (%) 

0 
0.839±0.002 

(0.837) 

20.6±0.2 

(20.9) 

69.4±1.1 

(70.3) 

12.0±0.2 

(12.3) 

10 
0.830±0.004 

(0.825) 

21.7±0.4 

(22.1) 

73.9±0.8 

(75.2) 

13.3±0.3 

(13.7) 

30 
0.832±003 

(0.834) 

20.4±0.3 

(20.5) 

76.0±0.9 

(76.6) 

12.9±0.2 

(13.1) 

50 
0.818±0.002 

(0.819) 

20.5±0.1 

(20.3) 

68.1±1.3 

(69.7) 

11.4±0.2 

(11.6) 

70 
0.816±0.003 

(0.821) 

18.7±0.3 

(19.0) 

64.0±0.4 

(64.4) 

9.8±0.1 

(10.0) 

90 

0.793±0.002 

(0.789) 

15.0±0.3 

(15.4) 

63.1±0.5 

(63.0) 

7.5±0.1 

(7.6) 

100 

0.790±0.005 

(0.797) 

14.5±0.4 

(14.8) 

61.6±1.0 

(63.3) 

7.1±0.3 

(7.5) 
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Figure 1.  (a) Chemical structures of COi8DFIC and IT-4F; (b) JV curves; (c) thin film absorption 

spectra; and (d) EQE spectra of PBDB-T-2F-based solar cells with different COi8DFIC contents. 
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Figure 2.  Electron-only currents of (a) PBDB-T-2F:IT-4F and (b) PBDB-T-2F:IT-4F:COi8DFIC 

(10 wt% COi8DFIC) BHJ devices at different temperatures; (c) zero-field electron mobilities and 

(d) Poole-Frenkel slopes extracted from (a) and (b), as a function of the device temperature. 
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Figure 3.  GIWAXS patterns for (a) binary PBDB-T-2F:IT-4F, (b) binary PBDB-T-2F:COi8DFIC 

and (c) ternary PBDB-T-2F:IT-4F:COi8DFIC BHJ thin films. GIWAXS out-of-plane profiles of 

(d) binary PBDB-T-2F:IT-4F, (e) binary PBDB-T-2F:COi8DFIC, and (f) ternary PBDB-T-2F:IT-

4F:COi8DFIC BHJ thin films.    
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Figure 4.  ns-µs TA spectra of a) ternary, (b) PBDBT-2F:IT4F, and (c) PBDBT-2F:COi8DFIC 

BHJ thin films. ns-µs TA decay dynamics of charge carriers for at different fluences (d-f). Two-

pool fits (solid lines) of the experimentally-measured carrier dynamics (open symbols) of ternary 

(d), PBDB-T-2F:IT4F (e), and PBDB-T-2F:COi8DFIC (f) blends, respectively. From the fit, the 

charge separation efficiency was determined to 99% (ternary BHJ), 90% (PBDB-T-2F:IT4F), and 

60% (PBDB-T-2F:COi8DFIC). 
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Figure 5.  OPV device parameters: (a) PCE, (b) Jsc, (c) FF, and (d) Voc of binary PBDB-T-2F:IT-

4F and ternary PBDB-T-2F:IT-4F:COi8DFIC (10 wt% COi8DFIC) BHJ solar cells as a function 

of the exposure time to 1-sun illumination. 
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Figure 6.  (a) EQE spectra; (b) EQE ratios before and after a 120-hour illumination. The dashed 

line in (b) is a guide to distinguish between increased (>1) and decreased (<1) EQE values after 

illumination. (c) electron-only JV curves of the binary PBDB-T-2F:IT-4F and ternary PBDB-T-

2F:IT-4F:COi8DFIC (10 wt% COi8DFIC) BHJs immediately after preparation and after 120-hour 

of 1-sun illumination. Corresponding charge carrier mobilities are shown in (d). 
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