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A B S T R A C T   

Ternary strategy is one of the most effective approaches to boost the power conversion efficiency (PCE) of 
organic solar cells (OSCs) and overcome the trade-off between photovoltage and photocurrent that sets limitation 
on the performance enhancement of regular binary devices. Herein, a small-molecule (SM) donor BPR-SCl, with 
deep-lying highest occupied molecular orbital (HOMO) energy level and strong crystallinity, was elaborately 
selected as the third component in the PM6:BTP-eC9 host binary blend to fabricate ternary organic solar cells 
(TOSCs). The doping of BPR-SCl is found to enhance the crystallinity of the photoactive layers but slightly reduce 
the donor/acceptor phase separation scale. The TOSCs with 20 wt% BPR-SCl in donors delivered a high PCE of 
18.02% together with the enhanced Voc and Jsc, which was ascribed to the deep-lying HOMO energy level, 
broadened absorption spectra, improved exciton separation process and faster hole transfer. To the best of our 
knowledge, this is the highest PCE for TOSCs using SM donor as the third component reported so far, which 
provides new insight in achieving high-performance TOSCs.   

1. Introduction 

In recent years, remarkable progresses have been made on organic 
solar cells (OSCs) due to the rapid development of nonfullerene accep-
tors (NFAs) and device optimization [1–15]. So far, the devices with Y- 
series as the electron acceptors provide power conversion efficiencies 
(PCEs) over 17% in binary systems, originating from the features of high 
electron mobility and broad absorption range of the acceptors 
[8,16–32]. However, significant challenges remain for further perfor-
mance enhancement due to the trade-off between the open-circuit 
voltage (Voc) and short-circuit current density (Jsc) because of the rele-
vance between band gap and light-capturing. Among the pool of stra-
tegies to further improve the PCE of OSCs, constructing ternary OSCs 
(TOSCs) is a convenient method by blending multiple donors with one 
acceptor or one donor with multiple acceptors [4,33–42]. For instance, 
many reports focus on introducing a Y6-derivative as the second 
acceptor into PM6:Y6 binary system to form acceptor alloy with high- 

lying lowest unoccupied molecular orbital (LUMO) energy levels, 
enhanced absorption ranges and optimized morphology, thus boosting 
the PCEs of TOSCs to 17–18% [9,36,41,43,44]. 

Nevertheless, reports of efficient TOSCs with small-molecule (SM) 
donor as the third component are relatively rare. The incorporation of 
SM donors as the third component usually plays the role of broadening 
the absorption range, decreasing the highest occupied molecular orbital 
(HOMO) energy level, promoting charge transfer and/or transport and 
optimizing the film morphology [33,45–52]. For example, Li and co-
workers reported ternary OSCs based on a PM6:BTR:Y6 system. The 
introduction of BTR with nematic liquid-crystalline property in PM6:Y6 
binary host blends positively affected the electronic properties of the 
device via prolonging the carrier lifetime, shortening the photocurrent 
decay time, facilitating exciton dissociation, charge transport and 
collection, and ultimately boosting the PCE from 15.7% to 16.6% [45]. 
Bao and coworkers introduced a highly crystalline SM donor DRTB-T-C4 
to the PM6:Y6 binary system, which produced a modified morphology 
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with better dispersity and well-formed fibrillar structure, and a high PCE 
of 17.13% was achieved [33]. 

BTP-eC9, a Y6 derivative with 2-(5,6-dichloro-3-oxo-2,3-dihydro- 
1H-inden-1-ylidene)malononitrile (IC-2Cl) as the end group, longer 
alkyl chains on the pyrrole rings and shorter alkyl chains on the edge 
compared with Y6, was reported by Hou and coworkers lately and the 
PM6:BTP-eC9 based OSCs achieved breakthrough in photovoltaic per-
formance [17,26,53]. In this work, a SM donor named as BPR-SCl 
wherein 4,8-bis(4-chloro-5-((2-ethylhexyl)-thio)thiophen-2-yl)benzo 
[1,2-b:4,5-b’]-dithiophene (BDTT-SCl) unit conjugates with two 3- 
butylrhodanine (BR) end-capping groups through 2,2′-(2,5-bis((2-eth-
ylhexyl)oxy)-1,4-phenylene)-dithiophene (P2T) π-bridge reported in our 
previous work, was selected to study its working mechanism in PM6: 
BTP-eC9 based TOSCs [49]. The chemical structures, normalized ab-
sorption spectra and energy level histograms of used materials are 
shown in Fig. 1. BPR-SCl shows complementary absorption and matched 
energy level with PM6:BTP-eC9, which should be beneficial to enhance 
the photon harvesting and decrease the energy loss of the ternary OSCs 
by optimizing BPR-SCl content in the donors. The optimized ternary 
OSCs based on PM6:BPR-SCl:BTP-eC9 (0.8:0.2:1.2, w/w/w) demon-
strated an impressive PCE of 18.02%, resulting from the synchronously 
enhanced Voc of 0.856 V and Jsc of 27.13 mA cm− 2 compared to those of 
the binary device based on PM6:BTP-eC9 (1:1.2, w/w). The addition of 
BPR-SCl is found to improve the OSC morphology by enhancing the 
crystallinity of the photoactive layer while slightly reducing the donor/ 
acceptor phase separation scale, which are conductive to enhanced 
exciton separation process and improved Jsc in TOSCs. This result 
demonstrates that the active-layer morphology could be delicately 
adjusted by means of the synergy of strong-crystalline SM and polymeric 
donors, which refines device performance and brings vibrancy to the 
OSC research field. 

2. Results and discussion 

A series of binary and ternary OSCs were prepared with a conven-
tional structure of indium tin oxide (ITO)/PEDOT:PSS/active layer/ 
PFN-Br/Ag. BPR-SCl was selected as the third component to improve 
the photovoltaic performance with constant donor/acceptor (D/A) 
weight ratio of 1:1.2 and total concentration of 17.0 mg mL− 1. All de-
vices were optimized with the addition of 0.3% (v/v) 1,8-diiodooctane 
(DIO) and thermal annealing (TA) treatment at 100 ◦C for 10 min. 

The current density–voltage (J-V) curves of binary and ternary devices 
are shown in Fig. 2 and Fig. S2, and the key parameters of all devices are 
summarized in Table 1. The PM6:BTP-eC9-based binary devices deliv-
ered an acceptable PCE of 17.34% resulting from a Voc of 0.845 V, a Jsc of 
26.56 mA cm− 2 and a fill factor (FF) of 0.773. The optimized ternary 
OSCs based on PM6:BPR-SCl:BTP-eC9 (w/w/w = 0.8:0.2:1.2) demon-
strated an impressive PCE of 18.02%, resulting from the synchronously 
enhanced Voc of 0.856 V and Jsc of 27.13 mA cm− 2 compared to those of 
the binary device based on PM6:BTP-eC9. From Table 1, obvious 
improvement of Voc could be observed with the gradual addition of BPR- 
SCl, which was attributed to the relatively deeper HOMO energy level of 
BPR-SCl than that of PM6. In addition, the energy loss (Eloss = Eg – eVoc) 
calculated from PM6:BTP-eC9 binary device was 0.56 eV while the 
counterpart in the optimal ternary device was reduced to 0.54 eV, which 
was closely relevant to the enhancement of Voc. The enhancement of Jsc 
should be originated from the broadened absorption ranges and opti-
mized morphology as discussed below. In the case of FF, the ternary 
device kept similar value to that of PM6:BTP-eC9 binary device, indi-
cating that the charge transport property of ternary device was close to 
that of its binary counterpart. Fig. 2b shows the efficiency histograms of 
the binary and optimal ternary devices. The external quantum efficiency 
(EQE) spectra of the relevant devices are shown in Fig. 2c. Both devices 
exhibit high EQE value of 86% at 560 nm. In comparison, the ternary 
device shows slightly higher EQE value in the range of 400–700 nm, 
which was consistent with the broader absorption of the ternary blend 
(Fig. S3). The Jsc values integrated from the EQE curves were 26.01 and 
26.41 mA cm− 2 for binary and ternary devices, respectively, which were 
reasonable to the Jsc values measured from the J-V curves. 

The photocurrent density (Jph) as a function of effective voltage (Veff) 
was measured to obtain insights of device operation in the binary and 
ternary devices (Fig. 3d). The ratio of Jph/Jsat could be evaluated in the 
overall exciton separation and charge collection efficiency, among 
which Jsat was estimated at Veff of 2.0 V for both devices. The Jph/Jsat 
ratios are 95% and 97% for the binary and ternary devices under short- 
circuit condition, respectively, implying the higher exciton separation 
process for ternary device. At maximal power output conditions, the 
ratios are 98% for both devices, suggesting efficient charge collection 
process in both devices. 

To check the charge recombination of the binary and ternary blends, 
the dependence of Jsc and Voc on the light intensity (Plight) were 
measured and the results are shown in Fig. 3e-f. The relationship 

Fig. 1. (a) Chemical structures, (b) normalized UV–vis absorption spectra in the thin film state and (c) energy level diagrams of PM6, BPR-SCl and BTP-eC9.  
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between Jsc and Plight can be described as Jsc ∝ Plight
α and α = 1 represents 

the ideal charge transport with minimal bimolecular recombination. The 
calculated α values are 0.990 for both devices, indicating the efficient 
charge collection efficiency in both devices. The relationship between 
Voc and Plight can be described as Voc ∝ nkT/eln(Plight) in which k is the 
Boltzmann’s constant, T is the absolute temperature and e is the 
elementary charge. The slope values are calculated as 1.10 and 1.07 kT/ 
e for the binary and ternary devices, respectively, indicating that 
monomolecular recombination is slightly hindered in ternary device. 
The higher ratio of Jph/Jsat under short-circuit condition and less 
monomolecular recombination are conductive to the relatively higher 
Jsc in ternary device compared to that of binary device. 

The photoinduced stability of the binary and ternary devices were 
studied to evaluate the influence of the third component BPR-SCl in host 
binary blend (Fig. S4-5). As shown in Fig. S4, the PCE of the binary 
device decayed to 69.2% of its initial value after 100 h continuous 
illumination while the PCE of the ternary device remained at 77.9% of 
its initial value, which was due to the lower FF loss for the ternary de-
vice, indicating the positive effect of BPR-SCl on improving the 

photoinduced stability of ternary devices. 
To study the charge transport properties of the binary and ternary 

devices, a space-charge-limited-current (SCLC) method was carried out 
and the results are shown in Fig. S6 and Table S1. The hole mobility (μh) 
and electron mobility (μe) were measured to be 8.31 × 10-4 and 6.11 ×
10-4 cm2 V− 1 s− 1 for binary device, respectively. After the addition of 
BPR-SCl, μh was increased to 8.64 × 10-4 cm2 V− 1 s− 1 while the value of 
μe (6.08 × 10-4 cm2 V− 1 s− 1) was very close to that of the binary device. 
The enhancement of μh should contribute to the slightly photocurrent 
improvement for the ternary device. 

The morphology of the binary and ternary blends was studied by 
atomic force microscopy (AFM) and transmission electron microscopy 
(TEM). As shown in Fig. 3, The surface root-mean-square (RMS) 
roughness values are 1.62 and 1.44 nm for binary and ternary blends, 
respectively. The AFM and TEM images show that both binary and 
ternary blends display uniform phase separation and nanofibric network 
while the ternary blend exhibits smaller phase separation than the bi-
nary blend, which is beneficial for exciton dissociation, and thus less 
monomolecular recombination as discussed above. The phenomena are 
consistent with the photoluminescence (PL) results as shown in Fig. S7. 
The ternary blend exhibited a higher quenching efficiency (73%) than 
the binary blend (60%), suggesting that the exciton separation process 
was enhanced in the ternary device. 

Grazing-incidence wide-angle X-ray scattering (GIWAXS) charac-
terization was carried out to study the crystallinity and molecular 
orientation of the pure materials and the influence of the addition of 
BPR-SCl (Fig. 4 and Fig. S8). For BPR-SCl neat film, a strong (100) 
lamellar peak at 0.37 Å− 1 (d = 17.0 Å) along the out-of-plane (OOP) 
direction and relatively weak lamellar diffractions at 0.30 Å− 1 (d = 21.0 
Å) in the in-plane (IP) direction could be observed, indicative of the 
preference of edge-on orientation. The polymeric donor PM6 presents 
amorphous nature with lamellar peaks and π-π stacking at q ≈ 0.295 (d 
= 21.4 Å) and 1.70 Å− 1 (d = 3.7 Å) along the OOP direction and another 
lamellar peak at q ≈ 0.29 Å− 1 (d = 21.7 Å) in the IP direction. BTP-eC9 
exhibits face-on packing by displaying the OOP π-π peak at q ≈ 1.745 
Å− 1 (d = 3.61 Å) and IP lamellar peaks at q ≈ 0.385 Å− 1 (d = 16.4 Å) due 
to the terminal group π-π stacking. From Fig. 4, both the binary and 
ternary blend films present OOP (010) peaks at q ≈ 1.745 Å− 1 (d ≈ 3.60 
Å) deriving from BTP-eC9 and IP (100) peaks at q ≈ 0.31 Å− 1 (d ≈ 20.3 

Fig. 2. (a) J-V curves, (b) efficiency histograms, (c) EQE curves, (d) Variation of Jph with Veff, dependence of (e) Jsc and (f) Voc on the light intensity (Plight) for the 
binary and ternary devices. 

Table 1 
Photovoltaic parameters of OSCs with different donor weight ratios of BPR-SCl.  

PM6:BPR-SCl:BTP- 
eC9weight ratio 

Voc(V) Jsc(mA 
cm− 2) 

FF PCEa(%) Jcalc
b(mA 

cm− 2) 

1:0:1.2  0.845  26.56  0.773 17.34 
(17.19)  

26.01 

0.9:0.1:1.2  0.850  26.83  0.775 17.67 
(17.42)  

26.26 

0.8:0.2:1.2  0.856  27.13  0.776 18.02 
(17.89)  

26.41 

0.7:0.3:1.2  0.858  26.18  0.760 17.07 
(16.88)  

25.74 

0.5:0.5:1.2  0.864  23.53  0.707 14.37 
(14.23)  

22.27 

0.3:0.7:1.2  0.873  18.43  0.644 10.35 
(10.21)  

17.52 

0:1:1.2  0.901  4.92  0.204 0.91 
(0.73)  

4.27  

a Average data in parentheses were obtained from over 20 devices. 
b Jcalc was obtained by integrating the EQE curves. 
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Å), indicating the face-on oriented molecular packing. However, the 
ternary film shows sharper peaks and smaller crystal coherent length 
(CCL) of 0.75 nm (π–π stacking peak in the OOP direction) as well as 
1.74 nm (lamellar peak in the IP direction) compared with those of the 
PM6:BTP-eC9 binary film (0.77 nm in the OOP direction and 1.96 nm in 
the IP direction). Herein, the doping of BPR-SCl effectively improves the 
OSC morphology by enhancing the crystallinity of the photoactive layer 
while slightly reducing the donor/acceptor phase separation scale, 
which are conductive to enhanced exciton separation process and 
improved Jsc in TOSCs. 

The steady-state PL spectra of PM6:BPR-SCl films with varied BPR- 
SCl content was carried out to study the intermolecular charge and en-
ergy dynamics between two donors, respectively. As shown in Fig. 5a, 
the characteristic emission intensity of PM6 at 687 nm gradually 
increased with the incremental addition of BPR-SCl, suggesting the 
efficient energy transfer from BPR-SCl to PM6. We have further studied 

the charge dynamic of the binary and ternary blends by femtosecond 
transient absorption (fs-TA) spectroscopy measurements and the results 
are shown in Fig. 5b-d and Fig. S9. Considering the good separation of 
the absorption between acceptor and two donors, 750 nm was used as 
the excitation wavelength to pump BTP-eC9 without exciting donors and 
the color plots of TA spectra for neat BTP-eC9 film and two blends are 
shown in Fig. S9. Fig. 5b exhibits few representative TA spectra of 
ternary blend at indicated delay times and the TA spectrum from neat 
BTP-eC9 film (black dots) for comparison. The bleach peaks at ~720 nm 
and ~830 nm appear in both BTP-eC9 neat film and ternary blend, 
corresponding to the stimulated emission (SE) and ground-state bleach 
(GSB) of the absorption transition in BTP-eC9 under photoexcitation, 
respectively. With the decay of the acceptor bleach peak at 680–850 nm, 
a few clear signatures at 550–650 nm emerged in the TA spectrum of 
ternary blend film, which matched well with the absorption features of 
two donors. In addition, the bleach decay process of photoexcited BTP- 

Fig. 3. AFM height images of (a) binary and (b) ternary blends. AFM phase images of (c) binary and (d) ternary blends. TEM images of (e) binary and (f) ternary 
blends. (The scale bar is 50 nm). 

Fig. 4. 2D GIWAXS images of the (a) binary and (b) ternary blends. (c) The corresponding IP and OOP line-cuts.  

X. Chen et al.                                                                                                                                                                                                                                    



Chemical Engineering Journal 424 (2021) 130397

5

eC9 is in agreement with the rise process of PM6:BPR-SCl ground-state 
bleach as shown in Fig. 5c. These results indicate the photoexcited hole 
transfer from acceptor to donors. The hole transfer dynamics can be 
described with a biexponential fit to the GSB signal probed at 532 nm, 
yielding the characteristic lifetimes for binary (τ1 = 0.794 ± 0.028 ps 
and τ2 = 29.669 ± 2.970 ps) and ternary blends (τ1 = 0.756 ± 0.034 ps 
and τ2 = 19.127 ± 2.664 ps). The former one can be assigned to the 
ultrafast exciton dissociation at interface and the latter one to the 
diffusion of excitons towards interfaces before dissociation. It is obvious 
that the ternary blend shows a faster hole transfer rate than the binary 
blend, agreeing well with the morphology evolution and device 
performance. 

3. Conclusion 

In conclusion, we have successfully fabricated TOSCs with SM donor 
BPR-SCl as the third component in PM6:BTP-eC9 binary blend. The 
ternary device with 20 wt% BPR-SCl in donors obtained an impressive 
PCE of 18.02%, together with a Voc of 0.856 V, a high Jsc of 27.13 mA 
cm− 2 and an FF of 0.776. The improvement of PCE mainly derived from 
the increased Voc and Jsc. The deepened HOMO energy level of BPR-SCl 
than that of PM6 and the energy transfer between two donors contrib-
uted to the improved Voc. The reduced donor/acceptor phase separation 
scale in the ternary blend effectively hindered the monomolecular 
recombination and thus enhanced the exciton separation. In addition, 
the better hole transfer process in the ternary blend also agreed well 
with the morphology evolution and device performance. Overall, our 
work demonstrates an effective strategy that cooperating SM donor in 
host binary device to modulate the optoelectronic and morphological 
properties of photoactive blends, which provides new insight in 
achieving high-performance TOSCs. 
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