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ABSTRACT: 

Ternary strategy has been widely used in high-efficiency organic solar cells (OSCs). 

Herein, we successfully incorporated a mid-bandgap star-shaped acceptor, FBTIC as 

the third component into the PM6/Y6 binary blend film, which not only achieved a 

panchromatic absorption, but also significantly improved the open-circuit voltage (VOC) 

of the devices due to the high-lying lowest unoccupied molecular orbital (LUMO) of 

the FBTIC. Morphology characterizations show that star-shaped FBTIC molecules are 

amorphously distributed in the ternary system, and the finely tuned ternary film 

morphology facilitates the exciton dissociation and charge collection in ternary devices. 

As a result, the best PM6/Y6/FBTIC-based ternary OSCs achieved a power conversion 

efficiency (PCE) of 16.7% at a weight ratio of 1.0/1.0/0.2. 

 

KEYWORDS: star-shaped acceptor, non-fullerene acceptor, organic solar cell, fused-

ring electron acceptor, ternary  
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1. INTRODUCTION 

Organic solar cells (OSCs) based on the bulk heterojunction (BHJ) device 

structure have many potential advantages over conventional silicon-based solar cells, 

such as solution processability, roll-to-roll fabrication, low cost, light weight, 

mechanical flexibility and semitransparency, and are therefore of great interest to solar 

cell research community.1-4 Conventional fullerene derivative based electron acceptors 

exhibit intrinsic disadvantages, such as poor absorption in the near-infrared (NIR) 

region, limited electronical tunability, poor photostability and thermal stability.5-9 In 

2015, a kind of new non-fullerene electron acceptor - “fused-ring electron acceptor 

(FREA)” was invented by Zhan’s group and tremendously boosted the research in 

OSCs.10, 11 Generally, the crystallinity, absorption and energy levels of FREAs can be 

tuned by the chemical tailoring of fused-ring core,12-32 end groups33-44 and side chains45-

50 to regulate the morphology of active layer films and to improve the optical and 

electrical properties of OSCs. The power conversion efficiencies (PCE) of OSCs based 

on FREAs has reached 17%, largely surpassing those of fullerene-based OSCs.51-55  

Recently, a low-bandgap non-fullerene electron acceptor, 6,11-bis(5,6-difluoro-3-

(dicyanomethylene)-2Z-methylene-indan-1-one)-8,9-bis(2-ethylhexyl)-5,12-diundecyl

-8,9-dihydro-bis(thieno[2',3':4,5]thieno[3,2-b]pyrrolo)[3',2':3,4;2'',3'':5,6]benzo[1,2-c]

[1,2,5]thiadiazole (Y6), has been reported by Yuan et al.56 Through combining with a 

mid-bandgap polymer donor poly(4,8-bis(5-(2-ethylhexyl)-4-fluorothiophen-2-

yl)benzo[1,2-b:4,5-b']dithiophene-2,6-diyl)-alt-(5,5'-(5,7-bis(2-ethylhexyl)benzo[1,2-

c:4,5-c']dithiophene-4,8-dione-1,3-diyl)bis(thiophen-2-yl)) (PM6), the PM6/Y6-based 
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OSCs exhibit high PCEs of 15-16%, with a broad and strong photo-absorption in the 

500-900 nm spectral region and a low energy loss of 0.5-0.6 eV. However, there still 

exist some shortcomings in Y6, including the relatively poor light absorption in the 

range of 650-750 nm; and interrupted π-conjugation based on the crystallographic 

analysis,57 which might prevent the electron transport in the homogeneous domain and 

induce large non-radiative recombination. At the same time, a mid-bandgap star-shaped 

FREA, 2,7,12-tris(5,6-difluoro-3-(dicyanomethylene)-2Z-methylene-indan-1-one)-

4,4,9,9,14, 14-hexakis(4-hexylphenyl)-4,9,14-trihydro-benzo[1,2-b:3,4-b':5,6-

b'']tri(cyclopenta [1,2-b:5,4-b']dithiophene) (FBTIC),15 was synthesized and reported 

by our group. Specially, FBTIC exhibits intense light absorption in 650-750 nm and 

higher electron charge mobility (1.7 × 10−3 cm2 V−1 s−1). 

Introducing a proper third component to fabricate ternary OSCs is an effective and 

low-cost strategy to improve the device performance. The fabrication of the first ternary 

BHJ OSC dates back to 2005. Thompson et al. added PPV polymer as a third 

component to the binary system, which effectively extended the range of light 

absorption to absorb low-energy photons.58 The third component applied in benchmark 

devices can be polymer donors,59 small molecule donors,60, 61 fullerene acceptors,62, 63 

and non-fullerene acceptors.64-69 Ternary cells offer noticeable advantages over binary 

cells, such as, extending the absorption and improving overall light harvesting, being 

beneficial to the short-current current density (JSC); reducing the energy loss and thus 

enhancing the device open-circuit voltage (VOC). Moreover, it can utilize excellent 

optical, electrical and morphological properties of high-performance acceptors, such as 
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Y6, while flexibly regulating film morphology to improve the exciton dissociation, 

charge transfer and thus fill factor (FF). To date, most of the acceptors employed as the 

third component have linear-shaped chemical structures. The utilization of star-shaped 

acceptors with 3D stacking has not been explored in ternary devices.70-72 

In this study, star-shaped FBTIC was added to the PM6/Y6 binary device as the 

third component in order to improve the performance. The light absorption of FBTIC 

is complementary to the absorption of the PM6/Y6 binary film. Furthermore, FBTIC 

and Y6 form non-radiative fluorescence resonance energy transfer, further contributing 

to the light harvesting. In addition, the intermolecular π-π stacking of FBTIC leads to 

complex three-dimensional (3D) conjugated framework as suggested by the single 

crystal analysis, and multichannel charge transport based on 3D conjugated framework 

is beneficial for the FF improvement. Owing to above advantages, the optimized ternary 

OSCs based on PM6/Y6/FBTIC exhibited improved VOC and FF compared with the 

binary counterparts, achieving a high PCE of 16.7%. 

2. RESULTS AND DISCUSSION 

2.1. Chemical Structure and Characterization 

Figure 1 displays the chemical structures of FBTIC, Y6 and PM6. FBTIC is 

synthesized according to our previously published procedures.15 In addition, Y6 

demonstrates dual and arched conformation while FBTIC demonstrates the triad and 

star-shaped conformation. 

The FREAs are always in acceptor-donor-acceptor (A-D-A) or A-D-A’-D-A type, 

and the arrangement of D-A fragment is of importance for tuning molecular stacking, 
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spectral absorption and energy level. Similar to the polycondensation, D-A fragment 

could be regarded as the pendent functionality to form the conjugated framework by 

head-to-head/tail stacking. As suggested by signal crystal analysis, depending on the 

number of functional groups, Y6 tends to form the one-dimensional wavy 

intermolecular chain and FBTIC tends to form crosslinked motif as illustrated in Figure 

2. Although the chains are packed by H-bonding linking in Y6 crystallite, the π-

conjugation is interrupted, which prevents the electron transport in the homogeneous 

domain.57, 73 The additional FBTIC could serve as cross-linking functionality to 

construct the 3D conjugated framework, which provide the multichannel electron 

transport.15 

The absorption peaks of PM6, FBTIC and Y6 solid film are located at 618, 705 

and 835 nm, respectively (Figure 3a), and this combination of materials achieves a 

panchromatic absorption. In addition, the lowest unoccupied molecular orbital (LUMO) 

energy level of Y6 is −4.10 eV, while FBTIC, on the other hand, has an up-shifted 

LUMO of −3.85 eV, which can improve the VOC of the ternary OSCs because the VOC 

is definitely related to the difference between the LUMO of the acceptor and the highest 

occupied molecular orbital (HOMO) of the donor (Figure 3b).  

2.2. Photovoltaic Cells 

The BHJ OSCs were fabricated in a conventional device configuration of indium 

tin oxide (ITO) glass/PEDOT:PSS/active layer/PNDIT-F3N/Ag. The VOC, JSC, FF and 

PCE of the binary and ternary OSCs with different D/A weight ratios are summarized 

in Table 1. For both binary and ternary OSCs, the weight ratio of the polymer donor to 
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the acceptor(s) is chosen to be 1/1.2 containing 0.5% (v/v) chloronaphthalene (CN). In 

addition, the current density–voltage (J–V) curves of the optimal binary and ternary 

OSCs are exemplified in Figure 4a and Figure S1a. The best PCE of optimized Y6-

based binary device is 16.0% with a VOC of 0.841 V, a JSC of 24.7 mA cm–2, and a FF 

of 77.3%, while the best PCE of optimized FBTIC-based binary device is 8.84% with 

a VOC of 0.908 V, a JSC of 14.6 mA cm–2 and a FF of 66.6%. Then, ternary OSCs were 

fabricated based on different concentrations of FBTIC. With the gradually increase of 

FBTIC, the VOC of the ternary device is improved due to the higher LUMO energy level 

of FBTIC compared to that of Y6, while the JSC of the ternary devices is improved first 

and reduced then. In particular, the ternary cell exhibits a champion PCE of 16.7% with 

a VOC of 0.866 V, a JSC of 24.6 mA cm−2 and a FF of 77.9% when the weight ratio of 

PM6/Y6/FBTIC is 1.0/1.0/0.2, whereas the PCEs are 16.5% and 15.8% when the 

corresponding ratios are 1.0/1.1/0.1 and 1.0/0.9/0.3, respectively. In addition, The 

inverted device with a configuration of 

ITO/ZnO/PM6:Y6:FBTIC(1.0/1.0/0.2)/MoO3/Ag exhibited a relatively lower PCE of 

14.5% (Table 1 and Figure S1). Therefore, the appropriate proportion of star-shaped 

blue-shifted FBTIC as a third component can effectively increase the VOC and FF 

without significantly sacrificing the high JSC of the PM6/Y6 binary system.  

The external quantum efficiencies (EQE) of the best OSCs of PM6/Y6, 

PM6/FBTIC and PM6/Y6/FBTIC (1.0/1.0/0.2) were measured and displayed in Figure 

4b and S1b. Devices of PM6/Y6 and PM6/Y6/FBTIC show similar EQE spectra 

between 300 and 930 nm. The JSC of the best devices based on EQE are consistent with 
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the JSC of the corresponding devices obtained from J–V curves (<5% mismatch, Table 

1). 

In order to study the exciton dissociation and charge collection of the optimal 

binary and ternary devices, the relationship between the photocurrent density (Jph) and 

the effective voltage (Veff) of the cells was investigated (Figure 4c and Table S1). The 

exciton dissociation efficiency (ηdiss) and the charge collection efficiency (ηcoll) can be 

calculated by the ratio of Jph and the saturation photocurrent density (Jsat) under the 

short circuit condition and the maximal power output condition, respectively.74, 75 The 

ηdiss of optimal PM6/Y6, PM6/FBTIC and PM6/Y6/FBTIC (1.0/1.0/0.2) devices are 

92.8%, 88.0% and 94.6%, and the same trend applies to ηcoll. Obviously, the ternary 

devices containing an appropriate proportion of FBTIC will effectively increase the 

exciton dissociation and the charge collection efficiency compared to the binary OSCs. 

The space charge limited current (SCLC) measurement76, 77 was used to measure 

the mobilities of the binary and ternary active layers (Figure S2). Compared to the 

PM6/FBTIC, the active layers of PM6/Y6 and PM6/Y6/FBDIC (1.0/1.0/0.2) exhibit 

slightly higher hole mobility (μh), electron mobility (e) and μh/e (Table S2), which 

contribute to the improvement of FF. And ternary blend OSC exhibits the most 

balanced charge mobility, in consistent with its highest FF.  

The photoluminescence (PL) measurement was used to obtain the information of 

intermolecular interactions between Y6 and FBTIC (Figure 4d). Compared to the neat 

Y6 and Y6/FBTIC (1.0/0.2) blend films, the FBTIC neat film has a stronger PL 

emission and it was quenched in the blend film. In addition, the emission intensity of 
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the blend film increases in compared with that of Y6 neat film due to the addition of 

FBTIC, indicating the presence of energy transfer from FBTIC to Y6.  

2.3. Film Morphology 

Atomic force microscope (AFM) was used to display the surface morphology 

information of the active layer (Figure S3). Root-mean-square (RMS) roughness of 

PM6/Y6, PM6/FBTIC and PM6/Y6/FBTIC (1.0/1.0/0.2) blend films are 3.10, 3.82 and 

2.93 nm, respectively. The ternary blend film exhibits a more uniform aggregation 

domains and smoother surface compared to binary blend films.  

Grazing-incidence wide-angle X-ray scattering (GIWAXS) were conducted to 

study the nanoscale morphology of the pure/binary/ternary films. As shown in Figure 

S4, the pure PM6 film shows obvious (100) lamellar peaks in both in-plane (IP) and 

out-of-plane (OOP) direction at qr = 0.295 Å−1 (d = 21.3 Å), and qz = 0.320 Å−1 (d = 

19.6 Å), consistent with previous reports.56 The pure Y6 film exhibits preferred face-

on orientation, showing a prominent - peak at qz = 1.77 Å−1 (d = 3.55 Å), and two 

peaks at qr = 0.270 Å−1 (d = 23.3 Å) and 0.410 Å−1 (d = 15.3 Å), which are considered 

to originate from lamellar and end group - stacking of Y6. The pure FBTIC also 

presents face-on orientation with the - peak at qz = 1.78 Å−1 (d = 3.53 Å) and the 

(100) lamellar peak at qr = 0.387 Å−1 (d = 16.2 Å). Compared with pure Y6, the 

crystallinity of pure FBTIC is much weaker, it’s likely that the 3D shape of FBTIC 

impedes its crystalline packing.  

In Figure 5, the binary PM6/Y6 blend film remains dominantly face-on oriented 

with the lamellar peak at qr = 0.289 Å−1 (d = 21.7 Å) and the - peak at qz = 1.75 Å−1 
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(d =3.59 Å). The ternary PM6/Y6/FBTIC (1.0/1.0/0.2) film presents almost the same 

scattering features as the binary PM6/Y6 film in terms of crystallinity and molecular 

orientation. Together, it suggests that the 3D staked FBTIC crystalline domains are easy 

to be disrupted by the second component. Therefore, it’s possible that the FBTIC 

molecules are loosely distributed around the PM6/Y6 domains in the PM6/Y6/FBTIC 

(1.0/1.0/0.2) ternary system without changing its overall morphology. This is further 

confirmed by the grazing incidence small-angle X-ray scattering (GISAXS).  

GISAXS measurements were further performed to probe nanoscale morphology 

of binary and ternary blend films. Figure 6 presents the two-dimensional (2D) GISAXS 

patterns and the corresponding intensity profiles along the in-plane direction. Fitted 

with the Debye-Anderson-Brumberger (DAB) model and the fractal-like network 

model,78, 79 the correlation length (ξ) of intermixing amorphous phase and the average 

domain size (2Rg) of clustered acceptor phases are quantified and summarized in Table 

S3. The average domain sizes (2Rg) for binary PM6/Y6 film and ternary 

PM6/Y6/FBTIC (1.0/1.0/0.2) film are 18.5 nm and 22.2 nm respectively, which are 

close to the theoretical exciton length diffusion for efficient charge separation. The 

similar clustered acceptor sizes indicate the stacking of Y6 are largely reserved. 

Moreover, the recent research reveals the hierarchical structure in the 

ternary/quaternary organic solar cell, which is quite similar with the PM6/Y6/FBTIC 

(1.0/1.0/0.2) ternary system.80 The PM6/FBTIC smaller domains are likely to be 

distributed at the PM6/Y6 domains boundary, this hierarchical structure could suppress 

charge recombination, enhance the charge transport, and therefore improve the VOC. 
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The amorphous intermixing domain of ternary PM6/Y6/FBTIC (1.0/1.0/0.2) shrink a 

little from 52.3 nm to 49.4 nm, possibly due to the interference of FBTIC, which could 

enhance the exciton utilization from amorphous regions. 

In conclusion, based on both the GIWAXS and GISAXS results, the introduction 

of FBTIC has little influence on the film bulk morphology. The PM6/Y6 binary blends 

largely reserve the original heterojunction framework, the optimized phase separation 

and domain size. This would be beneficial for the reservation of efficient charge transfer 

channels which are related to the device FF and JSC.  

3. CONCLUSION 

To summarize, a series of organic photovoltaic devices were fabricated based on 

PM6/Y6, PM6/FBTIC binary system and PM6/Y6/FBTIC ternary system. The guest 

acceptor FBTIC exhibits a great match in both light absorption and LUMO with the 

host acceptor Y6. Compared with binary devices, the ternary devices effectively 

enhance the efficiency of exciton dissociation and charge collection due to the cross-

linking functionality of star-shaped chemical structure of FBTIC. The best PCE of the 

devices based on PM6/Y6, PM6/FBTIC and PM6/Y6/FBTIC are 16.0%, 8.84% and 

16.7%, respectively. FBTIC is highly compatible with PM6/Y6 system and can increase 

the VOC considerably without deteriorating the optical properties and thin film 

morphology. Therefore, it might be a universal third component, which can work with 

many other high-performance binary systems. 

EXPERIMENTAL SECTION 

Materials. PM6, Y6 and PNDIT-F3N were purchased from Derthon Optoelectronic 
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Materials Science Technology Co., LTD and 1-Material Inc., respectively. FBTIC was 

synthesized according to our reported procedures (ref 15). 

Device Fabrication and Characterization. Both conventional and inverted device 

structures are used in this work. The fabrications of conventional and inverted device 

were according to ref 77 and 15, respectively, and theJ–V curves and EQE spectra of 

all encapsulated devices were measured using the apparatus described in ref 52. Both 

sample preparation and measurements of AFM, GIWAXS and GISAXS were used the 

same method as reported in ref 15. The more details of device fabrication and 

characterization, see Supporting Information. 
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Figure 1. Chemical structures of FBTIC, Y6 and PM6. 

 

 

Figure 2. Molecular stacking patterns of (a) FBTIC and (b) Y6 in the single crystal 

structures.  
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Figure 3. (a) UV-vis absorption spectra of PM6, FBTIC and Y6 in thin films. (b) 

Energy level alignment of materials. 
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Figure 4. (a) J−V characteristics and (b) EQE spectra of the optimized OSCs; (c) Jph 

versus Veff characteristics and (d) PL spectra of acceptor films (excited at 532 nm). 
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Figure 5. GIWAXS patterns of (a) PM6/Y6, (b) PM6/FBTIC and (c) PM6/Y6/FBTIC 

blend films, and (d) the corresponding intensity profiles along the in-plane (dashed line) 

and out-of-plane (solid line) directions. 
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Figure 6. (a, b and c) 2D GISAXS patterns of the blends. (d) The corresponding 

GISAXS profiles and best fittings along the in-plane. 
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Table 1. Performance of the optimized OSCs based on PM6/Acceptors with different 

D/A(s) ratio. 

D/A(s) 

VOC
 a

 JSC
 a

 FF a PCE a calculated JSC 

(V) (mA cm–2) (%) (%) (mA cm2) 

PM6/Y6 

(1.0/1.2) 

0.841  

(0.843±0.006) 

24.7  

(24.6±0.1) 

77.3  

(76.9±0.9) 

16.0 

(15.9±0.1) 

24.5 

PM6/FBTIC 

(1.0/1.2) 

0.908 

(0.907±0.009) 

14.6 

(14.4±0.3) 

66.6 

(66.3±0.5) 

8.84  

(8.65±0.23) 

13.9 

PM6/Y6/FBTIC 

(1.0/1.1/0.1) 

0.850 

(0.851±0.005) 

25.1 

(25.0±0.2) 

77.6 

(77.0±0.7) 

16.5 

(16.3±0.2) 

24.7 

PM6/Y6/FBTIC 

(1.0/1.0/0.2) 

0.866 

(0.862±0.009) 

24.6 

(24.5±0.2) 

77.9 

(77.5±0.6) 

16.7 

(16.4±0.2) 

24.3 

PM6/Y6/FBTIC 

(1.0/1.0/0.2) b 

0.856 

(0.850±0.006) 

23.8 

(24.0±0.2) 

71.3 

(70.0±1.2) 

14.5 

(14.2±0.2) 

23.9 

PM6/Y6/FBTIC 

(1.0/0.9/0.3) 

0.874 

(0.869±0.006) 

23.6 

(23.5±0.1) 

76.4 

(76.1±0.5) 

15.8 

(15.6±0.1) 

23.5 

a Average values (in parenthesis) are obtained from 20 devices. b The OSCs were 

fabricated with an inverted structure: indium tin oxide (ITO) glass/ZnO/active 

layer/MoO3/Ag. 
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