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ABSTRACT: A narrow bandgap molecular acceptor, IPIC-4Cl, featuring an 

indacenobis(dithieno[3,2-b:2ʹ,3ʹ-d]pyrrol) (INP) core with 2-butyl-1-octyl sidechains 

and chlorinated (dicyanomethylidene)-indan-1-one (IC) as electron-accepting 

endgroup, has been rationally designed as non-fullerene acceptors (NFAs) for organic 

solar cells (OSCs). The impact of chlorination on the acceptor unit is revealed by a 

comparison study with two counterpart NFAs bearing fluorinated or non-halogenated 

IC unit. The synergetic photophysical and morphological analyses reveal that PBDB-

T:IPIC-4Cl blend possesses efficient exciton dissociation and charge collection 

integrated with higher crystallinity and optimized phase separation. Consequently, the 

OSCs constructed by PBDB-T:IPIC-4Cl obtain a champion power conversion 

efficiency (PCE) of 13.4% with an extremely low energy loss of 0.51 eV. More 

encouragingly, we achieve a higher photovoltaic performance of 14.3% for ternary solar 

cells by using a combination of optimal amount of PC71BM with PBDB-T:IPIC-4Cl 

blend. 
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Organic solar cells (OSCs) have emerged as one of the promising photovoltaic 

technology, owing to their superior performance and capacity for low-cost and scalable 

solution-processing fabrication. 1-6 In comparison with traditional fullerene-based 

electron acceptor, the non-fullerene acceptors (NFAs) with acceptor-donor-acceptor (A-

D-A) structure exhibited significant advantages, such as variability of energy levels and 
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absorption range, strong absorption strength and adjustable chemical structure. Among 

the families of NFA small molecule, the fused-ring electron-acceptors (FREAs) have 

achieved dramatic progress in realizing high-performance bulk-heterojunction (BHJ) 

OSCs.7-14 The power conversion efficiencies (PCEs) of the single-junction OSCs based 

on FREAs were boosted to 15.7 % as a result of optimization of the central core units, 

electron-withdrawing terminal groups, and the sidechain in core units.15-18 Moreover, 

in combination with tandem cell architecture, the photovoltaic performance containing 

FREAs can further be improved to over 17%.19  

Rational design and synthesis of novel FREA as well as relationship of their 

structure-to-performance (especially the energetic loss (Eloss, Eloss = Eg
opt- eVoc, Eg

opt: 

opticl bandgap, Voc: open-circuited voltage) vs the short-circuited current densities (Jsc)) 

are indispensable to develop highly efficient OSCs for real-world application.20-22 

Summarizing the literature about FREA, benefitting from the well-balanced feature 

between open-circuited voltage (Voc) and Jsc, FREA material with bandgap between 

1.45 eV and 1.7 eV are more promising to yield impressive PCEs.23-27 In contrast, many 

of the near-infrared bandgap FREAs (Eg<1.45 eV) usually showed a high Jsc with a 

sacrificed voltage (the high Eloss values), which resulted in a moderate PCEs. 28-31 

Encouragingly, our group developed a new FREA material named INPIC-4F with 

5,5,12,12-tetrakis(4-hexylphenyl)-indacenobis(dithieno[3,2-b:2ʹ,3ʹ-d]pyrrol) (INP) as 

a novel building block endcapped by fluorinated 3-(dicyanomethylidene)-indan-1-one 

(IC). 32-34 This NFA exhibits broad and strong absorption in 600-900 nm region with an 

optical bandgap of 1.39 eV. Thanks to the favorable crystallinity and well-defined 
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bicontinuous network in blend films, INPIC-4F based devices showed an excellent PCE 

(13.13%) with low Eloss (ca. 0.54 eV) in binary devices by blending with PBDB-T (the 

start-of-the-art polymer donor). Despite INPIC-4F presented the absorption onset of 

900 nm, the solar spectrum in 900-1100 nm range is still absent, indicating the 

improvement room to harvest more photons matching the solar flux in the NIR region.35
 

Therefore, it is urgent and a challenge to design novel NIR FREAs matching with 

polymer donors to further improve the Jsc and PCE by simultaneously maintaining the 

extremely low Eloss.  

Compared to the fluorination strategy we mentioned above, the chlorinated 

terminal units possess a more red-shifted absorption window, enhanced crystallinity 

and better device photostability, which is due to their stronger intramolecular charge-

transfer (ICT) effect. 17,18,36 In addition, the Cl substitutes are easier to synthesize than 

that of F counterparts, which reduced the cost of the photovoltaic materials and made 

them more suitable for practical application. On the other hand, employing multiple 

light-absorbing materials to broaden the absorption spectrum has been employed as a 

promising approach to realize high-performance in organic solar cells.37 Recently, Zhu, 

Ding and Chen et al reported that by using fullerene derivative as a combinatory 

acceptor with polymer donor:non-fullerene acceptor pair can be advantageous, as 

PC61BM or PC71BM can be functioned as good electron-transporting channel and solid 

processing-aid, 19,38 while NFA material possesses wide absorption window and highly 

tunable energy-level alignment. Via combination of these three component and the 

suitable blend morphology, it thus may be a judicious choice to construct high-
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performance organic solar cells. 

In this contribution, we combined the strategy discussed above (chlorination and 

ternary system) together and reported a highly efficient ternary system with PCE over 

14%. Indeed, three INP based NFAs (IPIC-4Cl, IPIC-4F and IPIC, Figure 1a) 

with/without halogen-substituted terminal block (-Cl, -F, -H) were synthesized and 

studied systematically. Compared to IPIC, IPIC-4Cl and IPIC-4F exhibit narrower 

bandgaps and downshifted energy levels (both the highest occupied molecular orbital 

(HOMO) and lowest unoccupied molecular orbital (LUMO)). When blended with a 

state-of-the-art polymer donor (PBDB-T) featuring complementary absorption with our 

as-developed NFAs, three acceptors derived blend films show explicit differences in 

light-harvesting capacity, charge transport ability and morphology. The IPIC-4Cl based 

BHJ blend films exhibit a broad absorption range (300 nm-900 nm) and more balanced 

charge mobilities (μh/μe = 1.26), resulting in higher JSC and FF values for the OSCs than 

those of IPIC-4F and IPIC-based devices. Furthermore, IPIC-4Cl features enhanced 

ICT effect and molecular packing in comparison with other two counterparts. 

Consequently, the IPIC-4Cl based OSCs enabled suppressed trap-assisted 

recombination, increased carrier density and improved carrier generation and extraction 

efficiencies. Indeed, the PBDB-T:IPIC-4Cl based binary OSCs exhibited superior 

efficiency of 13.4%. When adding PC71BM functioned as the phase mediator and 

electron-transporting channel into PBDB-T:IPIC-4Cl blend, the OSCs show an 

impressive PCE of 14.3%. (Table S9&S10 in Supporting Information) These results 

strongly prove that our FREA molecular design strategy and further combination of 
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PC71BM as a combinatory acceptor are effective for the construction of high-

performance OSCs. 

We want to note that the direct Cl-F replacement on INPIC-4F could only obtain a 

poorly soluble material (INPIC-4Cl, Scheme S1), hence branched 2-butyl-1-octyl (BO) 

sidechains were rationally introduced on INP core to achieve solution-processable 

NFAs for solution-processing OSCs.39 In order to allow us to accurately understand the 

effect of endgroup substitution on device performance, we keep this branched sidechain 

above INP core unit the same length. Thus, a series of FREA based on INP core unit 

with BO sidechain (IPIC-4Cl, IPIC-4F and IPIC) were successfully synthesized by 

Knoevenagel condensation between INP di-aldehyde and different IC derivatives with 

69~80% yields (Figure 1a). The detailed synthesis and structural characterization 

including 1H NMR, 19F NMR, 13C NMR and mass spectra are provided in Supporting 

Information (Figure S1-S8). All three acceptors exhibited good solubility in common 

solvents, such as chlorobenzene (CB), chloroform (CF) and 1,2-dichlorobenzene 

(DCB). In addition, IPIC-4Cl, IPIC-4F and IPIC show good thermal stability, with 

the decomposition temperature (Td, 5 % weight-loss temperature) of 377 ℃, 365 ℃ and 

358 ℃, respectively (Figure S9a).40 
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Figure 1. (a) Synthetic route for three NFAs; (b) the simulated frontier molecular orbits 
of the NFAs and the dipole moments of the corresponding structurally simplified 
acceptors. 

Density functional theory (DFT) calculation with B3LYP/6-31G (d, p) basis set was 

performed to investigate the chemical geometry of three NFAs.41 As shown in Figure 

1b, all three molecules show nearly planar backbone configurations and similar wave 

function distributions in frontier orbitals, i.e., the electron density of HOMO is mainly 

localized on donor segment whereas the electron density of LUMO delocalized over 

the entire conjugated backbone. The halogenated NFAs (IPIC-4Cl/IPIC-4F) exhibit 

narrower bandgap and down-shifted LUMO energy levels, agreeing with the optical 
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and CV results. To evaluate the influence of different terminal atoms (-Cl, -F, -H) on 

the strength of intramolecular interaction, the dipole moment (δ) was calculated based 

on half of the molecules as models (marked as h-4H, h-4F, h-4Cl as shown in Figure 

1b). The h-4Cl shows larger dipole moment value (δ=11.82 Debye) than h-4F (δ=11.04 

Debye) and h-4H (8.47 Debye), indicating the occurrence of enhanced ICT effect in 

IPIC-Cl.17,42
  

The absorption and electrochemical properties of IP-series FREA materials are 

summarized in Table 1. As depicted in Figure S9b, halogenated acceptors featured 

higher extinction coefficients (2.90×105 M−1 cm−1 for IPIC-4Cl and 2.96×105 M−1 cm−1 

for IPIC-4F, respectively) than that of IPIC (2.32 ×105 M−1 cm−1). Moreover, the 

optical bandgap (Eg
opt) calculated from the absorption onset for IPIC-4Cl was 1.32 eV, 

while 1.38 eV and 1.44 eV was calculated for IPIC-4F and IPIC, respectively. Cyclic 

voltammetry (CV) experiments were further performed to evaluate the molecular 

energy levels for three acceptors (Figure S9c). As calculated from the onset of oxidative 

and reductive peaks of CV curves, the HOMO and LUMO levels of IPIC-4Cl were 

examined as -5.51 eV/-3.95 eV, while -5.54 eV/-3.94 eV and -5.47 eV/-3.82 eV were 

calculated for IPIC-4F and IPIC (Figure 2b), respectively. Compared to IPIC-4F, 

IPIC-4Cl possesses slightly down-shifted HOMO but up-lifted LUMO levels, which 

is constant with the trend calculated by optical bandgap (Table 1).  

The photovoltaic performance of IPIC-series as electron acceptors was evaluated by 

incorporating PBDB-T as electron donor. The OSCs were constructed with a 

conventional configuration: ITO/ PEDOT:PSS(~30 nm)/active layer(~120 nm)/(2-
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(1,10-phenanthrolin-3-yl)naphth-6-yl)diphenylphosphine oxide (Phen-NaDPO) (~8 

nm)/Ag(~100 nm) (Figure 2c). Detailed device fabrication and optimization conditions, 

such as donor/acceptor weight ratio, additive volume ratio, and thermal annealing 

temperature are provided in the Supporting Information (Table S1-S7). In detail, 

chlorobenzene (CB) was used as the processing solvent. In all three blend solutions 

with donor: acceptor blend weight ratio of 1:1, 0.5 % (v/v) 1,8-diiodooctane (DIO) was 

added as processing additive. After spin-coating the blend solution onto the 

ITO/PEDOT:PSS substrate, the thermal annealing at 100 oC for 10 min is crucial to 

obtain optimal photovoltaic performance, especially for the FF.  

Table 1. Optical, electrochemical and thermal properties of three NFAs 

Acceptor 
λmax 

 [nm]a) 
λmax 

 [nm]b) 
λonset 

 [nm]b) 

Eg
opt 

  [eV]c) 
HOMO 

[eV] 
LUMO 

[eV] 
Eg

CV 

 [eV] 
Td [

o
C] 

IPIC-4Cl 790 855 939 1.32 -5.51 -3.95 1.56 377 

IPIC-4F 776 824 899 1.38 -5.54 -3.94 1.60 365 

IPIC 761 776 861 1.44 -5.47 -3.82 1.65 358 
a) In chloroform solution (~ 10-5 M); b) in thin film; c) Eg

opt =1240/λonset. 

The current-voltage (J-V) characteristics of the optimized devices with three 

acceptors are presented in Figure 2d, with the corresponding photovoltaic parameters 

listed in Table 2. The photovoltaic performance of binary devices derived from 

halogenated acceptors were significantly improved along with increasing JSC and FF, 

compared to IPIC devices. Indeed, upon introduction of fluorine atoms in the endgroup 

(IPIC-4F), the JSC, FF and PCE increased from 7.16 mA cm-2 to 19.8 mA cm-2, from 

58.6% to 67.1% and from 3.98% to 11.1%, respectively. Furthermore, the optimized 

IPIC-4Cl based OSC was increased to 13.4% with a significantly enhanced Jsc value 
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of 22.2 mA cm-2 and FF of 74.0%, and Voc of 813 mV. More encouragingly, the Eloss 

value obtained from IPIC-4Cl based device decreased to 0.51 eV, which is lower than 

most of representative chlorinated NFAs ones in literature (Table S9). According to the 

literature reported, the PC71BM can function as electron transport channel and solid 

processing-aid, which would significantly improve the performance by adding PC71BM 

as the third component in OSCs. 37,43,44 To further enhance the photovoltaic 

performance of PBDB-T:IPIC-4Cl system, we introduced the PC71BM as the third 

component to construct the ternary devices. Successfully, as shown in Figure 2d, the 

optimized PBDB-T:IPIC-4Cl:PC71BM (1:1:0.3, in weight ratio) device showed a 

maximum PCE of 14.3% with a higher Jsc of 23.3 mA cm-2, a VOC of 822 mV, and an 

FF of 74.6%. The functions of PC71BM in these devices is systemically investigated by 

transient photocurrent (TPC) and photo-induced charge carrier extraction using linearly 

increasing voltage (Photo-CELIV) characterizations. As demonstrated in Figure S10a 

and 10b, the measured carrier concentration and carrier mobility in optimized PC71BM-

added devices are higher than those of binary blends, indicating more efficient carrier 

generation and transport achieved in PBDB-T:IPIC-4Cl:PC71BM (1:1:0.3) devices, 

which induced a higher Jsc and FF in ternary system in comparison with that of binary 

device.38 

The external quantum efficiency (EQE) spectra were investigated to verify the higher 

Jsc value for the PBDB-T:IPIC-4Cl- based devices. As depicted in Figure 2e, the IPIC-

4Cl devices showed wider and stronger photocurrent responses (over 60% of EQE 

value across the range of 450 nm-800 nm) compared to the IPIC and IPIC-4F devices. 
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Moreover, compared to the binary system (PBDB-T:IPIC-4Cl), the addition of PC71BM 

induced the EQE values over 70% in the range of 500 nm to 700 nm. In general, the 

high EQE curve should be related to the optimal carrier dynamic factors and 

morphology of the blend films. The possible reasons for higher photocurrent response 

in ternary system are as follows: 1): A higher absorption coefficient of ternary film was 

observed in comparison with that of binary system, which is beneficial for the use of 

solar light (Figure S9d); 2) higher carrier concentration and mobility may cause the 

higher carrier transport and extraction capability, thus resulting in a higher EQE values; 

3) the blend morphology was further optimized after incorporating PC71BM into binary 

system.38 (the details will be discussed below).  

To investigate the exciton dissociation and charge collection properties of these 

IPIC series-based devices. We characterized the variations of photocurrent density (Jph) 

as a function of effective voltage (Veff) (presented in Figure 2f). In detail, Jph is 

calculated from Jph= Jl - Jd, where Jl and Jd are the current density under illumination 

at 100 mW cm-2 and in the dark, respectively. Veff is given by Veff = V0﹣V, where V0 is 

the compensation voltage defined as Jph (V0)=0, and V is the applied voltage.45 

Obviously, IPIC-4Cl and IPIC-4F based devices achieved high Jph even at low Veff, 

and both the devices reached the saturation current density (Jsat) when Veff is lower than 

1 V, whereas the PBDB-T:IPIC devices depicted a strong dependence of Jph with Veff, 

the carriers were still not under saturation condition when Veff was higher than 2.0 V, 

demonstrating that the severe recombination processes and limited charge extraction 

are observed in IPIC based devices.46 Jph/Jsat values were also calculated to evaluate the 
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processes of exciton dissociation in these devices.47 The Jph/Jsat values of IPIC-4Cl and 

IPIC-4F based devices were 94.2% and 91.4%, respectively, while the photocurrent 

density in IPIC based devices couldn’t reach to saturation condition. A higher Jph/Jsat 

value of IPIC-4Cl based device suggests higher exciton dissociation and more efficient 

charge collection realized with the chlorinated NFAs.48 

 
Figure 2. (a) UV-Vis-NIR absorption spectra of three acceptors in thin films;( b) 
Energy levels of corresponding materials; (c) Schematic diagram of device structure; 
(d) J-V curves under AM 1.5 G illumination; (e) EQE plot of the corresponding 
optimized devices; (f) Jph versus Veff of designed devices. 

Light intensity (P) dependence of Jsc and Voc were plotted to evaluate the 

recombination processes in the binary OSCs.49 Normally, the relationship of P and Jsc 
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can be defined as Jsc∝PS, and the bimolecular recombination in the devices are 

negligible when S value is close to 1.50 As shown in Figure 3a, the slope for IPIC-4Cl 

and IPIC-4F devices is 0.995 and 0.996, respectively, indicating that the bimolecular 

recombination is not the main limiting factor of carrier recombination in the two 

systems mentioned above.29 Compared to halogenated NFA based devices, the S value 

of 0.968 for IPIC based device suggests severe bimolecular recombination in PBDB-

T:IPIC blends. Now we shined light into the relationship of Voc as a function of light 

intensities (Figure 3b), which transfer the information of trap-assisted recombination. 

In principle, a slope approximately in the order of kT/q is a signal that bimolecular 

recombination is dominant, while a stronger dependence of Voc on Plight with a slope of 

2 kT/q is identified that trap-assisted recombination become severe. 51 Owing to the 

better phase separation and molecular packing (will discuss in morphology part), the 

slope of IPIC-4Cl based devices was decreased to 1.16 kT/q, slightly lower than that 

of PBDB-T:IPIC-4F blend film (1.21 kT/q) and significantly lower than that of IPIC 

based devices (1.95 kT/q). The results indicate that the trap-assisted recombination was 

suppressed in the two halogenated NFA based devices, especially for PBDB-T:IPIC-

4Cl blends.52 We further utilize the same characterization for the ternary devices 

(PBDB-T:IPIC-4Cl:PC71BM) because of the slight higher Jsc and FF than that of binary 

devices (PBDB-T:IPIC-4Cl), which partly associated with the recombination behavior. 

As depicted in Figure S10c&S10d, the slope of Jsc vs light intensity are nearly same for 

binary and ternary system, while the slope for ternary device is little lower than that of 

binary system when we plotted the Voc vs light intensity values. Such results indicate 
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that the more efficient suppressed trap-assisted recombination was achieved by 

combining the chlorination and ternary blend strategy. 

 

Table 2. Device performance parameters of OSC based on PBDB-T and NFAs  

Active layer (by weight ratio) 
Jsc 

[mA cm
-2

] 

Jsc 
a) 

[mA cm
-2

] 
Voc 

[mV] 
FF 
[%] 

PCE 
[%] 

PCE
b) 

[%] 

PBDB-T:IPIC (1:1) 7.16 6.93 950 58.6 3.98 3.81 

PBDB-T:IPIC-4F (1:1) 19.8 18.8 835 67.1 11.1 10.7 

PBDB-T:IPIC-4Cl (1:1) 22.2 21.2 813 74.0 13.4 13.0 

PBDB-T:IPIC-4Cl:PC71BM (1:1:0.1) 22.6 21.3 823 73.2 13.6 13.4 

PBDB-T:IPIC-4Cl:PC71BM (1:1:0.3) 23.3 21.8 822 74.6 14.3 14.1 

PBDB-T:IPIC-4Cl:PC71BM (1:1:0.5) 20.4 19.5 822 72.3 12.1 11.8 

a) J
sc

 integrated from EQE curves in Figure 2b; b) average PCEs from 10 devices. 

To further understand the charge transport properties of IPIC series-based devices, 

the hole and electron mobilites (µh and µe) of these blend films were calculated by 

space-charge-limited-current (SCLC) method (Figure 3c and 3d). The PBDB-T:IPIC-

4Cl blend films present higher and more balanced charge mobilities (µh = 1.26×10-4 

cm2 V-1·s-1, μe = 1.00×10-4 cm2 V-1·s-1 and μh/μe = 1.26), compared to those of PBDB-

T:IPIC-4F films (μh = 1.22×10-4 cm2 V-1·s-1, μe = 5.61×10-5 cm2 V-1·s-1 and μh/μe = 2.17) 

and PBDB-T:IPIC films (μh = 5.72×10-5 cm2 V-1·s-1, μe = 2.53×10-7 cm2 V-1·s-1 and 

μh/μe = 226) (Table S8). Therefore, an enhanced and balanced charge mobility after the 

Cl atoms incorporation is beneficial to suppress charge recombination in IPIC-4Cl 

devices. The further carrier extraction dynamics observation was examined by the TPC 

characterization. As the IPIC-4Cl based OSCs show an improved charge density than 

IPIC-4F and IPIC devices (Figure S10c), which is consistent with the higher JSC 
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observed for the corresponding IPIC-4Cl OSCs. Moreover, the IPIC-4Cl based devices 

featured a smaller charge extraction time in comparison with that of IPIC-4F and IPIC-

based devices (Figure S10d). Totally, the higher charge transport and extraction are one 

of the main reasons for the higher FF and PCE in PBDB-T:IPIC-4Cl OSCs. 

 
Figure 3. (a) Jsc versus light intensity of designed devices;( h) Voc versus light intensity of designed 

devices; (c) Hole mobility plots from SCLC measurement; (d) Electron mobility plots 
from SCLC measurement. 

To correlate the optoelectronic properties, device performance with molecular 

structural information and to understand the chlorination effect on a molecular level, 

grazing incidence wide angle X-ray scattering (GIWAXS) was performed for the neat 

acceptor materials and donor: acceptor blend films. The corresponding GIWAXS 

patterns were presented in Figure S11 and Figure 4. As depicted, IPIC-4Cl and IPIC-

4F films exhibit quite strong structure order, with more pronounced (100) diffraction 

(at 0.32 Å−1 for IPIC-4Cl and 0.29 Å−1 for IPIC-4F) in in-plane (IP) orientation and 
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strong π−π stacking (at 1.82 Å−1 for IPIC-4Cl and 1.92 Å−1 for IPIC-4F) in out-of-

plane (OOP) direction, suggesting that halogenated acceptors have a preferred face-on 

orientation with respect to the substrate.45 In contrast, the IPIC pure film exhibits a 

broad (100) diffraction at 0.33 Å−1 and π–π stacking peak at ≈ 1.95 Å−1, indicative of 

its relatively weak crystallinity and disordered packing. The π−π stacking distance (dπ–

π) was evaluated to quantize the crystallinity, and we found that IPIC-4Cl neat film has 

the smallest dπ–π of 3.45 Å. This indicates that IPIC-4Cl exhibits the strongest 

intermolecular aggregations, which is constant with the largest redshift in the 

absorption spectrum of pure film. Further considering about the blend films, the strong 

π-π stacking peaks in the OOP direction of three blend films (located at 1.74 Å-1, 1.75 

Å-1, 1.77 Å-1, corresponding to dπ–π of ~3.61Å, 3.59 Å, 3.54 Å for IPIC-4Cl, IPIC-4F, 

IPIC, respectively), demonstrating that IPIC-4Cl blend film preferred a more intense 

molecular packing. 47 The phase separation of three blend films was further investigated 

by Resonant Soft X-ray scattering (R-SoXS) measurements. As R-SoXS profiles shown 

in Figure 4e, three binary blends showed distinguishing phase separation for IPIC-4Cl, 

IPIC-4F and IPIC respectively. Small domains in PBDB-T:IPIC-4Cl film indicated 

more D:A interfaces are produced in blend film to efficiently facilitate exciton 

separation, 53 which contributes to the high Jsc values for the binary devices. In addition 

to the GIWAXS and R-SoXS measurements, high-resolution transmission electron 

microscope (TEM) and atomic force microscopy (AFM) technology were also utilized 

to directly reveal the blend morphology. As shown in Figure S12, an apparent 

aggregation feature of PBDB-T:IPIC-4Cl blend films was observed and the root-
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meant-square roughness (RMS) was increased to ca. 2.81 nm. In contrast, the IPIC and 

IPIC-4F based films is featureless with lower roughness value. Such optimized 

morphology of IPIC-4Cl film is beneficial for charge generation and charge 

transport,54 supporting their higher Jsc and FF and better PCE in comparison with those 

of IPIC and IPIC-4F film. 

 
Figure 4. GIWAXS of blend films: (a) PBDB-T:IPIC, (b) PBDB-T: IPIC-4F, (c) PBDB-
T:IPIC-4Cl. (d) In-plane (red line) and out-of-plane (black line) line-cut profiles of 
GIWAXS patterns. (e) R-SoXS of three blend films. 

In summary, we have designed and synthesized three indacenobis(dithieno[3,2-

b:2ʹ,3ʹ-d]pyrrol) based NFAs with/without halogen-substituted endgroups. Chlorinated 

NFA exhibits a narrower optical bandgap of 1.32 eV with more intense molecular 

packing in comparison with fluorinated and hydrogenated substitutes, which is owing 

to its stronger ICT effect. Indeed, the photovoltaic performance of PBDB-T:IPIC-4Cl 

OSCs exhibited an outstanding PCE of 13.4% with extremely low energy loss (0.51 

eV). The devices were further optimized by adding 30 wt% PC71BM as a phase 
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mediator to reveal a higher PCE of 14.3%. Our results indicate that the chlorination 

strategy is an efficient approach to design novel NFA structure to realize high 

performance OSCs.  
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