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Efficient triisopropylsilylethynyl-substituted benzo[1,2-b:4,5-b′] 
dithiophene-based random terpolymers enable non-fullerene organic solar 
cells with enhanced efficiency 
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A B S T R A C T   

Recent work has highlighted the pivotal role of ternary random polymers in the development of efficient high-performance polymer donors for organic solar cells 
(OSCs) and most of these D-A copolymer donors are so far constituted of an equal proportion of D and A-units. In this contribution, we report series of PM6-based 
ternary random terpolymers with unequal D- and A-units, namely, PM-TIPS10, PM-TIPS20 and PM-TIPS20, respectively by adding the 10%, 20% and 30% of simple 
and low-cost triisopropylsilylethynyl-substituted benzo[1,2-b:4,5-b′]dithiophene (BDT-TIPS) unit as second donor (D1) unit in polymer backbone based on D1-A-D2- 
A molecular design. Ascribed from the structural similarity of the two building blocks in the terpolymer backbone, these polymers showed orderly molecular packing, 
broadened light absorption, and the face-on orientation of the active layer to facilitate charge transport. Additionally, the new polymers displayed much deeper 
highest occupied molecular orbital (HOMO) energy levels than host PM6 polymer, which helped in enhancing the open circuit voltage (Voc) in the PM-TIPS-based 
OSCs. As a result, when combined with BTP-eC9 acceptor unit, PM-TIPS10 and PM-TIPS20 displayed best efficiency of 16.7 and 16.5% with a small energy loss of 
0.484 and 0.473 eV, producing overall superior device parameters compared to PM6-based devices tested parallelly (PCE of 15.7%). This study reveals the corre-
lation between introduction of the BDT-TIPS unit on polymer properties and photovoltaic performance and thus contributes to the design of high-PCE polymer donors 
by adapting a ternary random copolymerization strategy.   

1. Introduction 

Organic solar cells (OSCs) have developed rapidly and attracted 
attention both from academia and industry, because of their useful 
properties such as solution-processability, mechanical flexibility, light 
weight, semitransparency and scalability [1–6]. Typically, the active 
bulk heterojunction (BHJ) layer of OSCs is composed of conjugated 
polymer donor (p-type) and a polymer or small molecule acceptor 
(n-type). In the past few decades, with the rapid advancement of organic 
photoactive materials and device fabrication techniques, power con-
version efficiency (PCE) of the OSCs has sharply increased. Particularly, 
the emergence of small molecule non-fullerene acceptors, e.g. ITIC, Y6 
and their modifications [7–10] and wide bandgap conjugated polymer 
donors [11–14], led to this remarkable improvement of PCEs of OSCs up 
to 18–19% [14–19]. 

At present, the PM6 polymer donor comprising of alternate fluori-
nated thionyl-benzodithiophene (F-BDT) and benzodithiophenedione 
(BDD) as donor and acceptor unit, respectively is considered as most 
compatible and reference polymer donor for emerging Y6-based OSCs 
[20,21]. However, so far, this PM6:Y6-based system has shown PCES of 

only ≈16%, and PM6 has high synthetic cost because of the multi-step 
synthesis of the BDTT and the BDD. Therefore, along with the 
lowering of the synthetic cost of PM6 and improving the PCEs is 
considered as great significance for OSC commercialization. Several 
strategies such as (i) grafting functional groups (e.g., F, Cl and ester 
group) on the backbone to fine-tune the energy levels and crystallinity 
[5,21–25]; (ii) tailoring the side-chain to improve solubility and 
morphology [26–31] and (iii) synthesizing ternary polymers based on 
PM6 have been developed to further boost the PCEs of PM6:Y6 system 
were already attempted [20,21]. Relative to optimizing the structure of 
donor polymer by adjusting the chemical structures by molecular 
reconstruction or modification which involves tedious synthesis, ternary 
random D-A (where, D is electron-donating unit and A is 
electron-accepting unit, respectively) copolymerization strategy by 
introducing third component (D2 or A2 unit) into a molecular design of 
D-A polymers is evolved as a most reliable and facile method for further 
fine-tuning the properties of corresponding host polymers [19,32–36]. 
Recently, several reports have demonstrated that developing terpoly-
mers either adopting D–A1–D–A2 or D1–A–D2–A-type is an effective 
strategy to tailor the energy levels, absorption, and charge transfer 
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Scheme 1. Chemical structures of the representative D–A1–D–A2 (D1–A–D2–A)-type ternary random terpolymers by combining a third component (D2 or A2 unit) 
versus current study having unequal D- and A-units, which is based on D–A–D–D1molecular design. 

Fig. 1. Synthetic routes of the a) BDT-TIPS, b) terpolymers and c) chemical structure of BTP-eC9.  
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properties, without compromising aggregation and desired blend 
morphology of the binary blend [19,32–37]. For example, Yang and 
co-workers incorporated Si and Cl functionalized benzodithiophene 
(BDT-SiCl) as D2 into PM6-backbone, and the corresponding terpolymer 
exhibited further deepened electronic energy levels and red-shifted ab-
sorption. Consequently, the OSC based on terpolymer PM6-SiCl-10% 
(with 10% BDT-SiCl) as donor and Y6 as acceptor yielded over 16% PCE 
[38]. In 2020, Wu et al. reported another PM6-based random terpoly-
mers named as PM1 by grafting 20% thiophene-thiazolothiazole (TTZ) 
as A2-unit. This polymer showed highest PCE of 17.6%, with effectively 
tailored deep highest occupied molecular orbital (HOMO) energy level, 
molecular orientation and blend morphology [39]. Very recently, Li and 
co-workers demonstrated that new polymer PZ-T polymer having 
deep-lying energy levels as well as favorable packing properties, realized 
by adding different amounts of 2,5-bis(4-(2-ethylhexyl)thiophen-2-yl) 
pyrazine unit into the PM6-backbone. Among these PMZ-10:Y6 
demonstrate efficient exciton dissociation, higher and balanced elec-
tron/hole mobilities, superior aggregation and morphology, and thus 
realizing high PCE of 18.23% [19]. 

Herein, we synthesized a series of D1-A-D2-A type PM6-based 
random terpolymers comprising of two donor units 4,8-bis(5-(2-ethyl-
hexyl)-4-fluorothiophen-2-yl)benzo[1,2-b:4,5-b′]-dithiophene (BDT-F, 
D1), and ((2,6-bis(trimethylstannyl)benzo[1,2-b:4,5-b’]dithiophene- 
4,8-diyl)bis(ethyne-2,1-diyl))bis(triisopropylsilane) (BDT-TIPS, D2) and 
one electron-deficient 1,3-bis(thiophen-2-yl)-5,7-bis(2-ethylhexyl) 
benzo-[1,2-c:4,5-c′]dithiophene-4,8-dione (BDD, A) as the acceptor unit 
(Scheme 1). We selected a triisopropylsilylethynyl (TIPS)-substituted 
BDT (BDT-TIPS) as the second donor unit in our molecular design 
because benefits of addition of TIPS group in molecular design such as a) 

aiding good solubility, high oxidation stability, higher charge transport 
owing to the effective π-orbital overlap between backbone and silicon 
atom, and thus yielded remarkable success in realizing excellent PCEs in 
binary OSCs [27,40–43]. b) BDT-TIPS has same BDT backbone as the 
parent BDT-2F donor in the PM6-design, hence it can minimize the 
variation of molecular orderly packing triggered by the random copo-
lymerization and subsequently facilitate favorable morphology and 
face-on molecular orientation, provided optimal ratio of BDT-TIPS is 
introduced PM6 matrix. c) σ*(Si)–π*(C) bonding interaction and strong 
electron-withdrawing carbon-carbon triple bonds in triisopropylsilyle-
thynyl side-chain (see ESP distribution in Fig. S1.) offers further 
downshifted energy levels, hence can aid in boosting the open-circuit 
voltage (Voc) in corresponding OSCs [41]. d) BDT-TIPS has low-cost 
and simple synthesis among the substituted BDT-analogues as shown 
in Scheme S2. Thus, combining the distinctive advantages of BDT-TIPS 
and random copolymerization, we report a series of new PM-TIPs 
based terpolymers, namely, PM-TIPS10, PM-TIPS20 and PM-TIPS30 
with varied ratios of BDT-TIPS (D2) units from 10, 20 and 30%, 
respectively in the PM6-molecular design for efficient OSCs. As ex-
pected, it was observed that stepwise increase of molecular percentage 
of BDT-TIPS caused subtle change in the optical property, energy levels, 
and molecular packing. By combining with the Y6-based BTP-eC9 
acceptor core, corresponding OSCs were fabricated to examine the 
photovoltaic performance of these terpolymers. Among them, the 
PM-TIPS10 and PM-TIPS20-based OSC exhibited the best PCE of 16.7 
and 16.43% with corresponding VOC of 0.836 and 0.847V, respectively, 
which is higher than of reference PM6 (15.7% and 0.824V) copolymer 
tested parallelly. The in-depth study revealed that the improved pho-
toelectric performance of the PM-TIPS10 and PM-TIPS20 is mainly 

Fig. 2. a) Chemical geometry of the molecular models for PM6 and PM-TIPS. b) molecular 
energy levels and wave function distributions of the frontier orbits for the polymer models. 
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ascribed from the good energy level alignment, reduced energy loss 
(Eloss), favorable face-on molecular orientation and optimal 
morphology, which favors higher and balanced charge carrier mobility 
by minimizing charge recombination. Our findings indicate that 
BDT-TIPS is a promising building block for designing high-performance 
and low-cost conjugated materials for OSCs. 

2. Results and discussion 

The synthetic routes to the monomers, chemical structures of poly-
mers and BTP-eC9-4F were shown in Fig. 1. The molar ratios of D1:D2 
for PM6, PM-TIPS10, PM-TIPS20 and PM-TIPS30 are 1:0, 0.9:0.1, 
0.8:0.2 and 0.7:0.3, respectively, while the molar ratio of D1+2:A was 
fixed to be 1:1. The polymerization was carried out via Stille coupling 
reaction using Pd(PPh3)4 as the catalyst in toluene solvent. Finally, the 
crude polymers were precipitated in methanol and then purified by 
Soxhlet extraction with methanol, acetone, hexane and chloroform, 
respectively. The detailed synthetic procedures of monomers and poly-
mers along with their detailed characterization, were provided in sup-
porting information. All optimized polymers exhibited good solubility in 
organic solvents, such as chloroform (CF) or chlorobenzene (CB). By 
using the gel permeation chromatography (GPC), the number-average 
molecular weights (Mn) of PM6, PM-TIPS10, PM-TIPS20 and PM- 
TIPS30 terpolymers were estimated to be around 33–38 kDa, respec-
tively with corresponding polydispersity (PDI) values of 2.05–2.28. 
Further, thermal stabilities of the polymers were determined using 
thermogravimetric analysis (TGA). The thermal decomposition 

temperatures of PM6, PM-TIPS10, PM-TIPS20 and PM-TIPS30 were 
found to be 373, 385, 362 and 366 ◦C, respectively, with a 5% weight 
loss (Fig. S2). 

As shown in Fig. 2, Density functional theory (DFT) calculations at 
B3LYP/6-31G (d, p) basis set was carried out to examine the impact of 
insertion of BDT-TIPS unit on the molecular geometry and electronic 
structures terpolymer backbone. Meanwhile, to get acceptable 
computing load, these calculations were performed based on the dimeric 
structures of the polymers and the alkyl chains were replaced with the 
methyl chains. As shown in Fig. 2a, PM-TIPS100 has a smaller dihedral 
angle of 6.2◦, 4.8◦ and 3.6◦ between BDT-TIPS and BDD units, whereas 
PM6 showed angle of 13.0◦, 7.2◦ and 8.1◦ for BDT-F and BDD, sug-
gesting insertion of BDT-TIPS enhances coplanarity of the polymer. 
Planar polymer have advantage in facilitating the superior intermolec-
ular packing and can facilitate better charge transport and FF in the 
devices [35]. Further, frontier molecular orbitals (FMO) energy levels 
profile both polymer structures showed identical electron density dis-
tribution profiles with completely delocalized HOMO and LUMO energy 
levels on the entire polymer backbone (Fig. 2b). Also, originating from 
the strong electronegativity of TIPS side chain [40,44,45] and the 
calculated HOMO/LUMO energy levels of PM-TIPS100 were found to be 
lower − 5.01/-2.65 eV than PM6 (− 4.99/-2.62 eV), which suggesting the 
introduction of BDT-TIPS could aid in lowering the FMO energy levels in 
corresponding terpolymers and in turn will contribute to achieve higher 
VOC in the terpolymers related OSCs. These observations aggreging well 
with the cyclic voltammetry measurements (discussed subsequently). 

The optical properties of the new polymer were estimated using the 

Fig. 3. Absorption spectra of the new polymers in a) CF solutions, b) the thin-film state, c) enlarged section of thin-film state, d) cyclic voltammograms and e) energy 
level diagram of polymers and BTP-eC9 used in this study. 

Table 1 
The optical properties and frontier energy levels of related donor polymers.  

Polymer Mn [kDa]/PDIa Optical properties Electrochemical properties 

λmax [nm], solution λmax [nm], thin film λonset [nm], thin film Eg 
opt [eV]b HOMO [eV]CV LUMO [eV]CV 

PM6 33.89/2.21 614 574, 608 677 1.83 − 5.47 − 3.64 
PM-TIPS10 38.64/2.05 615 575, 609 674 1.84 − 5.50 − 3.66 
PM-TIPS20 37.04/2.19 612 572, 604 673 1.84 − 5.52 − 3.68 
PM-TIPS30 36.72/2.28 610 572, 604 675 1.84 − 5.54 − 3.70  

a Measured by GPC. 
b Eg

opt 
= 1240/λonset (neat film), eV. 
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UV–vis absorption spectroscopy. The corresponding absorption profiles 
of the polymers in chloroform solution and thin-film states were shown 
in Fig. 3a–c and corresponding photophysical parameters are summa-
rized in Table 1. All three polymers showed nearly similar absorption 
profiles like PM6 with broad absorption band ranging from 400 to 700 
nm, with corresponding absorption maximum located ~615 nm in so-
lution state and at ~610 nm in the thin film state. Meanwhile, attributed 
to the stronger intermolecular π–π stacking, the absorption profile of 
polymers in the film states becomes much broader, and red-shifted than 
solution state. Interestingly, compared to PM6, the absorption profiles of 

the PM-TIPS10 and PM-TIPS20 slightly red-shifted with accompanied by 
a gradually increased 0-0 transition peak at about 611 nm, suggesting 
that the terpolymers have a more ordered polymer chain stacking than 
parent PM6 (Fig. 3c). In contrast, PM-TIPS30 gradually showed blue- 
shifted absorption (with pronounced 0–1 transition at 573 nm and 
decreased 0-0 transitions at 609 nm), which suggesting increased 
amounts of BDT-TIPS causing weaker ICT and packing. From the ab-
sorption edges of the polymers in the film state, the corresponding op-
tical band gaps (Eopt

g ) estimated to be 1.83, 1.84, 1.84 and 1.83 eV for 
PM6, PM-TIPS10, PM-TIPS20 and PM-TIPS30, respectively (Table 1). 
Moreover, as shown in Fig. 3b, all these polymers have good comple-
mentary absorption with BTP-eC9 acceptor and thus favoring the 
improving photocurrent in relative OSCs by covering the broad spectral 
ranging from 300 to 950 nm. 

The effect of BDT-TIPS proportion of on the frontier energy levels of 
the copolymers were evaluated using Cyclic voltammetry (CV). The 
cyclic voltammograms of the polymers and energy level alignment of 
polymers and BTP-eC9 used in this study are shown in Fig. 3d and e. The 
EHOMO of the PM6, PM-TIPS10, PM-TIPS20 and PM-TIPS20 estimated to 
be − 5.47, − 5.50 and − 5.52 and − 5.54 eV, respectively calculated using 
the equation: EHOMO = − e (Eox/red + 4.8 − EFc/Fc

+ ) (where Eox/red is the 

Fig. 4. a) J− V curves and b) EQE profiles of the optimized polymer:BTP-eC9 OSCs under illumination of AM1.5G, 100 mW cm2, respectively. c) JSC and d) VOC as a 
function of the incident light intensity, respectively. e) The charge carrier mobility of the blend films based on polymer donors:BTP-eC9. 

Table 2 
Photovoltaic parameters of the different polymer:BTP-eC9 OSCs blend films (1:1.1) (w/w) processed using CB + 0.5 vol% DIO and thermal annealing treatment at 
100 ◦C for 10 min under the illumination of AM 1.5G, 100 mWcm− 2.  

Active layer VOC [V] JSC [mA/cm2] JSC
EQE [mA/ 

cm2] 
FF [%] PCE [%] Eg

onset 

(eV)a 
Eloss 

[eV]b 
Rsh 

[kΩcm2] 
Rs 

[Ωcm2] 

PM6:BTP-eC9 0.824 (0.822 ±
0.015) 

25.03 (25.0 ±
0.03) 

23.84 76.18 (75 ±
1.18) 

15.70 
(15.63) 

1.33 0.506 1.11 3.19 

PM-TIPS10:BTP- 
eC9 

0.836 (0.830 ±
0.006) 

25.43 (25.0 ±
0.6) 

23.93 78.48 (78 ±
0.48) 

16.70 
(16.61) 

1.32 0.484 1.46 2.14 

PM-TIPS20:BTP- 
eC9 

0.847 (0.84 ±
0.007) 

25.12 (25.0 ±
0.24) 

23.87 77.19 (77 ±
0.22) 

16.43 
(16.41) 

1.32 0.473 1.30 2.29 

PM-TIPS30:BTP- 
eC9 

0.853 (0.85 ±
0.003) 

24.84 (24.0 ±
0.84) 

23.72 74.76 (74 ±
0.76) 

15.85 
(15.78) 

1.33 0.477 0.72 4.03 

Device architecture: ITO/PEDOT:PSS/active layer/PDINN/Ag (conventional). 
aThe average values and standard deviations were derived from 8 to 10 independent devices. 

a Egonset is the optical gap of the main light absorber, which is calculated from the EQE spectrum. 
b Eloss = Egonset - qVOC, where q is the elementary charge [49]. 

Table 3 
Hole and electron mobility of the polymer:BTP-eC9 blends derived from the 
SCLC method.  

Blend system μh (cm2 V− 1 s− 1) μe (cm2 V− 1 s− 1) μh/μe 

PM6:BTP-eC9 2.37 × 10− 4 1.25 × 10− 4 1.89 
PM-TIPS10:BTP-eC9 4.21 × 10− 4 2.87 × 10− 4 1.47 
PM-TIPS20:BTP-eC9 3.95 × 10− 4 2.68 × 10− 4 1.47 
PM-TIPS30:BTP-eC9 3.14 × 10− 4 2.28 × 10− 4 1.38 

μh = hole mobility and μe = electron mobility. 
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onset oxidation potentials measured against the Ag/AgCl as reference 
electrode and redox potential of ferrocene EFc/Fc

+ is used as an internal 
standard, respectively). Meanwhile, LUMOs are calculated to be − 3.64, 
− 3.66, − 3.68 and − 3.70 eV, respectively for PM6, PM-TIPS10, PM- 
TIPS20 and PM-TIPS30, respectively, which is estimated from the 
equation ELUMO = Eopt

g − EHOMO. As expected, introduction of BDT-TIPS 
content gradually decreased both HOMO and LUMO energy levels, 
which is originated from the strong electronegativity of TIPS side chain 
[40,44,45]. Thus, the deeper HOMOs of the newly synthesized polymers 
not only aid in further stabilizing the polymers, but are also helpful in 
improving the VOC and lowering the energy losses in the OSCs. 

We evaluated the photovoltaic performance of this series of terpoly-
mers by fabricating OSCs with a conventional device structure of ITO/ 
poly(3,4- ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)/ 
Polymer:BTP-eC9/PDINN/Ag. Initially, D/A ratio, spinning speed, 
different solvent/additive and different acceptor were screened to realize 
the best optimized conditions (Figs. S3–S7 and Tables S1–S6). The cur-
rent-density–voltage (J–V) curves of the optimized devices are shown in 
Fig. 4a and with the corresponding detailed photovoltaic parameters were 
summarized in Table 2. As anticipated, relative to the control PM6-based 
devices which has demonstrated the Voc of 0.824V, Voc of terpolymers 
were systematically enhanced 0.836, 0.847 and 0.853 V for PM-TIPS10, 
PM-TIPS20 and PM-TIPS30, respectively. These trends agreed with the 
tendency of their lower HOMO energy levels of the newly synthesized 
terpolymers, which originated from the increase in the BDT-TIPS content 
from 10% to 30%. Meanwhile, among the terpolymers, the optimal de-
vices based on PM-TIPS10:BTP-eC9 exhibit an highest PCE of 16.7%, with 
corresponding photovoltaic parameters Voc of 0.836 V, short circuit cur-
rent density (Jsc) of 25.43 mA cm− 2 and fill factor FF of 78.48%, with 
respect to the control devices based on PM6: BTP-eC9 show relatively 
lower PCE of 15.87% (Voc of 0.824 V, Jsc of 25.03 mA cm− 2 and FF of 
76.18%). Notably, in addition to the enhancement of Voc, addition of 10% 
BDT-TIPS also favored the improvement of Jsc and FF, suggesting the 
positive effect on the morphology and the crystallinity of the blend film. 
Meanwhile, further increasing the BDT-TIPS proportion from 20% in PM- 
TIPS20 and 30% in the case of PM-TIPS30 results in a slight drop in the 
device efficiency, corresponding devices showed decent PCEs of 16.43% 
(Voc of 0.847 V, Jsc of 25.12 mA cm− 2, FF of 77.19%) and 15.84% (Voc of 
0.853 V, Jsc of 24.84 mA cm− 2, FF of 74.76%), respectively. Though PM- 
TIPS20 and PM-TIPS30 devices showed higher Voc, these results clearly 
showed the introduction of BDT-TIPS unit causing a substantial decrease 

in the Jsc and FF. Series resistance (Rs) and shunt resistance (Rsh) were 
calculated from J-V curve under 1.0 sun illumination, and dark J-V curves 
were also plotted to further analyze this phenomenon. It is well known 
that Rs and Rsh affects JSC and FF of the OSC devices. Calculated Rs were 
3.19, 2.14, 2.29 and 4.03 Ωcm2 for PM6, PM-TIPS10, PM-TIPS20 and PM- 
TIPS30 based devices. And Rsh were calculated to be 1.11, 1.46, 1.30 and 
0.72 kΩcm2 for PM6, PM-TIPS10, PM-TIPS20 and PM-TIPS30 based de-
vices. PM-TIPS10 based device showed the lowest Rs and the highest Rsh, 
which matches well with the highest JSC and FF of PM-TIPS10 based 
device. Furthermore, as can be seen from dark J-V curve in Fig. S10, the 
leakage current of PM-TIPS10 based device seemed to be much lower 
than other devices, which also agrees well with the photovoltaic param-
eters under 1.0 sun illumination. 

Using the equation Eloss = Eg − eVOC (Eg
onset was obtained from the 

EQE spectrum), the energy losses (Eloss) of the optimal devices were 
estimated (Table 2) [46]. Remarkably, the PM6, PM-TIPS10, PM-TIPS20 
and PM-TIPS30-based devices showed lower Eloss values of 0.484, 0.473 
and 0.477 eV, respectively (versus PM6, which is 0.506), which are 
among rarest few examples having Eloss <0.5 eV reported to date to the 
best of our knowledge [47–49]. 

The external quantum efficiency (EQE) curves of the optimized de-
vices are shown in Fig. 4b were recorded to systematically understand 
the reason behind the variation in Jsc values. The EQE spectrum of all 
polymers were comparable with their absorption profiles and all the 
terpolymers have a broad and high photo response 300–950 nm wave-
length region. The JSC values estimated from the EQE profiles were well- 
matched with values from the J-V measurements. Among the terpoly-
mers, the device based on PM-TIPS10:BTP-eC9 and PM-TIPS20:BTP-eC9 
exhibits higher responses almost entire wavelength region of 550–950 
nm with EQE values over 75% and peak value reaching around 85% at 
ca. 600 nm, thereby justifying their higher Jsc values in their optimal 
devices. In contrast, PM6:BTP-eC9 and PM-TIPS30:BTP-eC9 displayed 
comparatively slightly lower EQE values. 

The charge recombination behavior of OSCs were probed qualita-
tively by checking the effect of JSC and VOC under various illumination 
light intensity, which is described by the equation of power JSC∝Iα, 
where I and α are incident light intensities and exponential constant, 
respectively. Generally, when the α value is close to 1, it indicates 
bimolecular recombination is weaker or minimal [19,28,50]. In the 
current series, α value is 0.933, 0.944, 0.938 and 0.936 for PM6: 
BTP-eC9, PM-TIPS10:BTP-eC9, PM-TIPS20:BTP-eC9 and PM-TIPS30: 

Fig. 5. AFM and TEM images of optimal blend films based on (a, e) PM6: BTP-eC9, (b, f) PM-TIPS10:BTP-eC9, (c, g) PM-TIPS20:BTP-eC9 and (d, h) PM-TIPS30: 
BTP-eC9. 
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BTP-eC9, respectively (Fig. 4c). Notably, both PM-TIPS10:BTP-eC9, 
PM-TIPS10:BTP-eC9 have relatively lower α values in the series, 
thereby yielding higher Jsc and FF values by suppressed bimolecular 
recombination in the OSCs and which agrees well with device results. 
Besides, the formula of VOC ∝ β kBT/q ln(I) (Fig. 4d), where k, T, and q 
represent Boltzmann constant, Kelvin temperature, and elementary 
charge, respectively is used to further investigate mechanism of charge 
recombination. Generally, slope of kT/q implies the single-molecule 

recombination are effectively suppressed, whereas slope of 2kT/q sug-
gests that single-molecule recombination dominates in OSCs [19,50]. 
Thus, in this study the slopes observed were 1.19, 1.07, 1.07 and 1.13, 
respectively for PM6:BTP-eC9, PM-TIPS10:BTP-eC9, PM-TIPS20: 
BTP-eC9 and PM-TIPS30:BTP-eC9. This result establishes that the 
trap-assisted recombination is also effectively suppressed by insertion of 
BDT-TIPS units in PM6. Collectively, 10–20% loading of BDT-TIPS units 
aided in enhanced exciton dissociation and charge collection by 

Fig. 6. (a–h) 2D GIWAXS patterns and (i–j) 1D GIWAXS line curves with corresponding in-plane (IP) and out-of-plane (OOP) profiles of pristine polymer donors and 
blend films with BTP-eC9. 
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suppressing trap-assisted recombination of devices and consequently 
aided in boosting the Jsc and FF in corresponding OSCs. 

The charge transport characteristics were further verified by 
measuring the hole and electron mobilities (μh and μe) optimal blend 
films were investigated by the space-charge-limited current (SCLC) 
method using the device structure of ITO/ZnO/active-layer/PDINN/Ag 
and ITO/PEDOT:PSS/active layer/MoO3/Ag devices, respectively. The 
J1/2− V curves of the corresponding devices are depicted in Fig. S8, and 
calculated values are summarized in Fig. 4e and Table 3. Notably, 
compared with PM6: BTP-eC9 blend film (μh/μe = 2.37 × 10− 4/1.25 ×
10− 4 cm2 V− 1 s− 1), all the new PM-TIPS-based polymer blends showed 
higher μh and μe including the better μh/μe ratio in the order PM-TIPS10: 
BTP-eC9 (4.21 × 10− 4/2.87 × 10− 4 cm2 V− 1 s− 1) ≈ PM-TIPS20:BTP-eC9 
(3.95 × 10− 4/2.68 × 10− 4 cm2 V− 1 s− 1) > PM-TIPS30:BTP-eC9 (3.14 ×
10− 4/2.28 × 10− 4 cm2 V− 1 s− 1). Thus, higher, and balanced charge 
mobilities are greatly contributing to enhancing FF, Jsc and overall PCEs 
by improving effective charge dissociation by minimizing charge 
recombination [51–53]. Thus, originating from the efficient exciton 
dissociation and suppressed carrier recombination PM-TIPS10:BTP-eC9 
devices realized highest Jsc of 25.43 mA cm− 2 and FF of 78.48% among 
the terpolymers. 

To determine causes for the improved photovoltaic performances of 
the terpolymers with the addition of appropriate percentage of the BDT- 
TIPS monomer, atomic force microscopy (AFM) and transmission elec-
tron microscopy (TEM) were employed to explore the surface and bulk 
morphology of these optimal blend films. As shown in the AFM images 
Fig. 5b–c, PM-TIPS10:BTP-eC9 and PM-TIPS20:BTP-eC9 blend films 
have uniform and relatively smooth surface morphology with corre-
sponding root-mean-square (RMS) roughness of 1.60 and 1.63 nm, 
respectively. These nanoscale fibrillar textures with good intermixing of 
the blend components will certainly contribute to efficient exciton 
dissociation and charge transport. In contrast, PM6:BTP-eC9-based de-
vices displayed obvious aggregation tendency leading to the relatively 
higher phase-segregated morphology, which was supported by 
increased RMS roughness of 1.74 nm (Fig. 5a). Meanwhile, by intro-
ducing the 30% of BDT-TIPS, the PM-TIPS10:BTP-eC9 film exhibits have 
inhomogeneous morphology with formation of tiny clusters of distinct 
blend components thereby leading to higher RMS roughness of 1.68 nm 
(Fig. 5d). Such a type of phase segregated morphology will have nega-
tive impact not only on the exciton migration via lowering exciton 
diffusion length, but they also promote charge recombination by acting 
as a trap sites [54,55]. These observations were in good agreement with 
TEM images as shown in Fig. 5e–h. The PM-TIPS10:BTP-eC9 and 
PM-TIPS20:BTP-eC9-based blend films produced more uniform contin-
uous nanofibrillar structures with small length scaled phase separation 

around 45 nm, which is desirable to balance exciton splitting and carrier 
transport by forming charge transport pathways [56]. In contrast, both 
PM6:BTP-eC9 and PM-TIPS20:BTP-eC9-based blend films showed 
distinct bright and dark domains, suggesting increased phase separation 
and reason behind the lower FF, Jsc and PCEs. 

To further study the relationship between the molecular ordering, 
crystallinity and the photovoltaic performance of these D–A–D–D1 co-
polymers, we performed grazing incidence wide-angle X-ray scattering 
(GIWAXS) measurements on the pristine copolymer films and their 
blend films (Fig. 6 and Table 4). As shown in GIWAX images Fig. 6a–d 
and i, all pristine polymers exhibit a well-defined molecular crystallinity 
and similar lamellar distances between 19.26 and 19.38 Å, calculated 
from their respective (100) diffractions in the qxy direction, which is 
originated from the interpenetration of the side chains. Besides, the 
(010) peaks increased gradually in the qz direction from PM-TIPS10 to 
PM-TIPS20, then to PM-TIPS30, compared with the neat PM6 film. 
These results indicate an increase of face-on packing tendency that 
would be favorable for vertical charge transfer in the OSCs [56–59]. The 
(010) peaks for these four copolymers were located at qz = 1.67, 1.68, 
1.68, and 1.67 Å− 1, for PM6, PM-TIPS10, PM-TIPS20 and PM-TIPS30, 
respectively, corresponding to their π–π stacking distances of 3.76, 
3.74, 3.74, and 3.76 Å. These results indicated that a stronger π–π 
stacking and higher coplanarity could be induced by addition of 
BDT-TIPS, which agrees well with the DFT calculation results. From the 
GIWAXS patterns of the blended films (Fig. 6e–h and j), the four blended 
films show a stronger qxy lamellar stacking peak at q = ~0.30 Å, with 
reduced lamellar distances than pristine film state, which emphasizes 
blend film processes higher molecular order. Similar trends were also 
seen in qz direction, where clear 010 π–π stacking diffraction peak at q =
1.68 Å− 1 (d010 = 3.73 Å), q = 1.72 Å− 1 (d010 = 3.65 Å), q = 1.72 Å− 1 

(d010 = 3.65 Å) and q = 1.69 Å− 1 (d010 = 3.71 Å) for the PM6:BTP-eC9, 
PM-TIPS10:BTP-eC9, PM-TIPS20:BTP-eC9 and PM-TIPS30:BTP-eC9, 
respectively. Clearly, PM-TIPS10:BTP-eC9 and PM-TIPS20:BTP-eC9 
blends having higher crystallinity and preferential face-on molecular 
orientation among these terpolymers, which in turn contributes to 
charge carrier transport, consistent with the higher Jsc, mobility seen in 
corresponding OSCs. 

3. Conclusion 

In summary, we have synthesized three new D1-A-D2-A type co-
polymers (PM-TIPS10, PM-TIPS20 and PM-TIPS30) based on random 
copolymerization by introducing a simple and low-cost electron- 
donating triisopropylsilylethynyl-substituted BDT (BDT-TIPS) as the 
second donor into the popular PM6 copolymer design. Notably, we 
found that the increased proportion of BDT-TIPS caused the down- 
shifted the HOMO energy levels of the terpolymers than PM6. Addi-
tionally, they also possessed a higher degree of co-planarity, self-as-
sembly and a high crystallinity originated from their similar structures 
of donor units. Consequently, the terpolymer-based active layers 
demonstrate suitable energy level alignment with BTP-eC9 acceptor, 
preferential face-on molecular orientation, higher charge carrier 
mobility, and desirable morphology. Consequently, the optimal device 
based on PM-TIPS10:BTP-eC9 accomplished the highest PCE of 16.7% 
with corresponding photovoltaic parameters Voc of 0.836 V, Jsc of 25.43 
mA cm− 2 and FF of 78.48%. This work helps us to understand the syn-
ergistic effect of introduction of second donor units into the molecular 
design of terpolymers on the backbone. 
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Film IPa OOPb 

d-(100) [Å]/ 
(q-(100) 
[Å− 1]) 

d-(010) [Å]/ 
(q-(010) 
[Å− 1]) 

d-(100) [Å]/ 
(q-(100) 
[Å− 1]) 

d-(010) [Å]/ 
(q-(010) 
[Å− 1]) 

PM6 22.04 (0.285)  19.26 (0.326) 3.76 (1.67) 
PM-TIPS10 21.22 (0.296)  19.26 (0.326) 3.74 (1.68) 
PM-TIPS20 21.73 (0.289)  19.38 (0.324) 3.74 (1.68) 
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eC9 
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20.66 (0.304)   3.65 (1.72) 

PM-TIPS20: 
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a Calculation from axy-axis and. 
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