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ABSTRACT: In this work, a random terpolymer methodology combining two electron-rich units, asymmetric thienobenzodithio- 
phene (TBD) and thieno[2,3-f ]benzofuran segments, is systematically investigated. The synergetic effect is embodied on the 
molecular   packing   and   nanophase   when  copolymerized   with 1,3-bis(2-ethylhexyl)benzo[1,2-c:4,5-c′]dithiophene-4,8-dione, 
producing an impressive power conversion efficiency (PCE) of 14.2% in IT-4F-based NF-PSCs, which outperformed the 

corresponding D−A copolymers. The balanced aggregation and better interpenetrating network of the TBD50:IT-4F blend film can 
lead to mixing region exciton splitting and suppress carrier recombination, along with high yields of long-lived carriers. Moreover, the 
broad applicability of terpolymer methodology is successfully validated in most electron-deficient systems. Especially, the TBD50/ 
Y6-based device exhibits a high PCE of 15.0% with a small energy loss (0.52 eV) enabled by the low nonradiative energy loss (0.22 
eV), which are among the best values reported for polymers without using benzodithiophene unit to date. These results demonstrate 
an outstanding terpolymer approach with backbone engineering to raise the hope of achieving even higher PCEs and to enrich 
organic photovoltaic materials reservoir. 

KEYWORDS: nonfullerene solar cell, random terpolymer, asymmetrical structure, microstructure, nonradiative energy loss, 
power conversion efficiency 

■ INTRODUCTION 

As one of the potential green technologies for utilizing solar 
energy, solution-processed polymer solar cells (PSCs) with 

advantages such as tailorable structure, flexibility, lightweight, 

and  potentially  large-area  fabrication  have  attracted consid- 

erable attention from academics and industry.1−5 The most 

typical bulk-heterojunction (BHJ) PSCs consist of a p-type 

conjugated  polymer  as  the  donor  and  an  n-type  organic 

 

Compared with the high-performance diverse FREA 
materials, the development of state-of-the-art donor polymers 

mainly relies on the concept of the alternating donor−acceptor 
(D−A), which can be precisely controlled by the regularity of 
the polymer backbone, and only a few polymeric moieties such 
as  benzodithiophene  (BDT), 1,3-bis(2-ethylhexyl)benzo[1,2- 

c:4,5-c′]dithiophene-4,8-dione   (BDD),  difluorobenzo[1,2,3]- 

triazole, difluorobenzotriazole, thieno[3,4-b]thiophene, alkox- 
ycarbonyl-bithiophene, and thiophene-quinoxaline units  have 

semiconductor  as  the  acceptor.6,7   In  the  past   few   years,    

benefiting from the rapid development of fused-ring electron 

acceptors (FREAs), which feature more extended optical 

absorption and facile energy level modulation than those of 

traditional   fullerene   acceptors,8−17   the   power conversion 

efficiency (PCE) has been dramatically improved over 17% 

for single junction and tandem  PSCs.18−21
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Figure 1. (a) Chemical structures of the donor polymers and IT-4F. (b) Normalized ultraviolet−visible absorption of the polymers as neat films. 

(c) Energy level diagram of the polymers and IT-4F in  thin films. 

been successfully applied to achieve a high PCE in 

PSCs.11,22−33 Especially in nonfullerene  (NF)-PSCs,  except 
for a handful of structures, PTQ10,29 PNDT-ST,31 PHI- 
ffBT,32 etc., almost all efficient polymers (PCE > 12%) are 
predominant by the BDT-based unit, and most of the works 
are focused on side-chain engineering, embedding or changing 

π-bridge types.34−43 Therefore, it is of great significance and 
urgency to further excavate the potential of FREA materials 
(such as IT-4F and Y6), break the monopolization of BDT 

units, and develop more efficient polymer donor materials with 
modulated morphology and minimized energy loss to match 
with updated acceptors. 

Random copolymerization has emerged as a promising 
synthetic approach involving three different components in 
polymer backbones, which can induce synergistic effect on 
optical, electrochemical, and morphological properties via fine- 

tuning the molar ratio of each structure.44−52 For instance, 
Hou et al. introduced the ester group-substituted thiophene 
unit into PM6, settled in a terpolymer system by newly 
generated absorption, leading to a broad band gap and an 

improved PCE over 15%.51 In addition, the energy loss can 
also be regulated by a terpolymer. For example, Yan et al. 
incorporated a both fluoro and ester monothiophene into 
polymer PM6; the synergistic effect was observed on 
downshifting the energy levels and lowering the energy loss   

in the Y6-based device, leading to a high PCE of 16.4%.33 

These  results  indicated  that  investigating  the  relationship 

between structure−properties of terpolymers should still be 
significant. 

To broaden the available candidates for making high- 
performance photovoltaic materials, recently, we presented a 
new electron-donating moiety thienobenzodithiophene (TBD) 

with an asymmetric backbone,53 and different band gaps of 
TBD-based polymers can be obtained by polymerization with 
various electron-deficient structures, matching with small- 
molecule acceptors or polymer acceptors. Compared with the 
BDT unit, construction of donor polymers with the TBD unit 
for  PSCs  can  achieve  improved  open-circuit  voltage (Voc) 
while without sacrificing short-circuit current density (Jsc). 
Another  promising  electron-donating  structure, thieno[2,3-f 

]benzofuran (TBF), which possesses some unique and 
particular features, has rarely been systematically investigated 

in PSCs.54,55 The smaller atomic radius of oxygen in the furan 
ring with an intense electronegativity can induce stronger 
molecular aggregation and guarantee a more planar structure 

for charge transport.56 However, the excessive aggregation of 

TBF-based polymers in blend films can affect large phase 
separation and exciton recombination and thus lower device 
performance. In order to alleviate the weaknesses of each 
structure and construct high-performance donor materials, we 
try  to  combine  these  two  asymmetric  structures  in  the 

terpolymer backbone, with an intention to stepwise modulate 
the intrachain and/or interchain interactions and BHJ 

morphology evolution and meanwhile reduce the energy loss. 

On the basis of the above considerations, we first utilized the 
random copolymerization approach by partially replacing TBD 

with the TBF segment in an alternating BDD and TBD 

copolymer. TBDx exhibits suitable optical absorption and 

energy level, matching well with the efficient acceptor IT-4F.57
 

The blend morphology of active layers, charge carrier 
mobilities, and photovoltaic properties was found to vary 
substantially with the varied copolymer composition. The best 

efficiency of 14.2% was achieved in optimized PSCs based on 
the terpolymer (TBD50) containing 50 wt % TBD, which is 
among the highest values reported for IT-4F-based NF-PSCs. 
The   excellent   performance   is   mainly   attributed   to  the 

synergistic effect induced by the optimized TBD−TBF ratio, 
balancing phase separation and crystallization and triggering 
high yields of long-lived charges of the device. Moreover, the 
broad applicability of our terpolymer strategy is successfully 

validated in different polymer/nonfullerene acceptor (NFA) 

systems, exhibiting high photovoltaic efficiencies of 13.0, 11.8, 
and 15.0% for R-Tz:IT-4F, R-DTBT:IT-4F, and TBD50:Y6- 
based devices. Notably, the TBD50:Y6-based device delivers a 
nonradiative energy loss of 0.22 eV, which is lower than that of 
the famous PM6/Y6- (0.29 eV) and PM7/Y6- (0.24 eV) based 
devices. Thus, our results demonstrate that the combination of 
asymmetric TBD and TBF segments in the terpolymer 
backbone  can  exhibit  the  great  potential  to  modulate  the 
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Figure 2. (a) J−V characteristics of the optimized PSCs based on the polymers and IT-4F. (b) EQE curves of the corresponding PSCs. (c) Jph vs 

Veff curves of the optimized BHJ devices. (d) Jph−Plight curves of the optimized devices. 

morphology and reduce nonradiative energy loss and achieve 
high-performance  NF-PSCs. 

■ RESULTS AND DISCUSSION 

The new random polymers, TBDx (x = 0, 25, 50, 75, 100) in 
which the TBD and TBF linkages are randomly distributed in 
the backbone, were prepared using palladium-catalyzed cross- 
coupling condensation polymerization, as shown in Figure 1 
and Scheme S1. The polymers were obtained in high yields 

(60−80%), and fully synthetic details are included in the 
Supporting  Information.  TBDx  polymers  showed excellent 
solubility in organic solvents (e.g., chloroform, chlorobenzene, 
and dichlorobenzene). Their molecular weights were estimated 
by high-temperature gel permeation chromatography using 1, 

3, 5-trichlorobenzene as the eluent at 150 °C, and the resulting 
number-averaged molecular weights are in the range of 51.5− 

84.2 kDa with a polydispersity index of 1.96−2.46 (Figure S1 
and Table S1). As shown in Figure S2, the decomposition 
temperature at 5% weight loss (Td) determined from 
thermogravimetric analysis curves is all over 400 °C. The 

UV−vis absorption spectra of the polymers were measured 
both in solution and in thin films, as shown in Figures S3 and 
1. Compared to polymer TBD0, the polymers with a 
proportion of asymmetric TBD units exhibit an obvious blue-

shifted absorption maximum (≈10 nm) and a weak 0−0 peak, 
which can be attributed to the reduced planarity and stacking 
of polymers, weakening aggregation properties50

 (Figure S4). 
However, it scarcely affects the optical band gap (Eopt) as the 
five polymers have similar film absorption onsets 
(corresponding to the similar Eopt of 1.87 eV, Table S1). Cyclic 
voltammetry measurements were used to estimate the energy 
levels of these polymers by using the onset of oxidation 
potential and reduction potential. All of the terpolymers 
exhibited an almost similar highest occupied molecular orbital 

level (≈−5.50 eV), which was further confirmed by the 
ultraviolet photoelectron spectroscopy measurements (Figures 
1c  and S4). 

To study the optimized molecular conformation of the 
terpolymers, density functional theory calculation at the 
B3LYP/6-31G(d,p) basis set was conducted. All  the  alkyl 
side chains were omitted to simplify the calculations. As 
summarized in Figure S5a,b, extremely small dihedral angles of 

2.23  and  2.74°  are  found  in  the  conjugated  backbone of 
polymer TBD0, which may result from the noncovalent 

intramolecular O···S interactions, in contrast to those in the 
TBD100 backbone. Note that the asymmetric TBD segment 
has dual orientation; introducing this segment to polymer 
TBD0 can reduce the planarity of TBF-based polymers and 
lead to a balanced dihedral angle on each side of the TBD 
backbone,  thus  reasonably  modulating  the  molecular inter- 
action and aggregation. To further help understand the 

synergetic effect of random insertion of  asymmetric  TBD 
and TBF segments at the molecular level, grazing-incidence 
wide-angle X-ray scattering (GIWAXS) was examined to reveal 
the molecular packing and crystallinity of neat polymer films 

(Figure S5c,d). The pure TBD0 film shows a highly ordered 

structure with preferential face-on orientation, as confirmed by 

the pronounced (010) π−π stacking peak in the out-of-plane 
(OOP) direction and a strong (100) lamellar peak in the in- 

plane (IP) direction. With regard to the three TBD-A−TBF-A- 
based terpolymers, the similar diffraction features are observed. 

A (010) peak located at qz = 1.76 Å−1 is identified, assigned to 

the π−π stacking distance of 3.57 Å, which is larger than that 
of polymer TBD0 (3.50 Å), indicating that insertion of TBD 
segments in TBD0 can weaken crystallinity and hinder the 
aggregation of the polymer, which is consistent with the blue- 
shifted absorption spectra of the terpolymers. Thus, the TBF 
segment can provide terpolymers with high ordered 
orientation, but the opposite properties are observed when 
incorporating the TBD segment, weakening the crystallinity 
yet maintaining the predominant face-on orientation of the 
terpolymers. 

Single-junction PSCs with a conventional structure of ITO/ 
PEDOT:PSS/polymer:IT-4F/PDINO/Al were fabricated  to 

http://pubs.acs.org/doi/suppl/10.1021/acsami.0c01323/suppl_file/am0c01323_si_001.pdf
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Table 1. Photovoltaic Parameters of the PSCs under the Illumination of AM 1.5G, 100 mW cm−2
 

sc 

 
 
 
 
 
 
 

 
aThe values in parentheses are the average values with standard deviations obtained from 15 devices. The thickness of the active layer is 110 ± 15 
nm. 

 

Figure 3. (a) EL spectra of the neat TBD, IT-4F, and TBD−TBF blend films. (b) Illustration of voltage loss diagram for the TBD50/IT-4F-based 
device. (c) PL spectra of the pure polymers and their blend films with IT-4F. 

investigate the terpolymer methodology effect on the photo- 
voltaic properties. Detailed fabrication procedures and the 
different optimized conditions for the devices are depicted in 

the Supporting Information. The current density−voltage (J− 
V) curves of the PSCs under the optimal conditions are shown 
in Figure 2a, and the corresponding data are summarized in 
Tables 1 and S2. An inferior PCE of 12.0% with low Jsc is 
recorded from the TBD0:IT-4F-based device. Upon increasing 
the TBD content in the main chain, especially in the TBD50/ 
IT-4F device, the boosted PCE of 14.2% is achieved along with 

a high Jsc of 20.8 mA/cm2 and a fill factor (FF) of 76.8%, to be 
one of the highest PCE values in the IT-4F system. However, 
the  drops  in  FF  and  PCE  are  also  observed  with further 
increase in TBD fraction. The remarkable different morphol- 

ogy of the polymer owing to the variation on the TBD−TBF 
composition is considered to be one of the important factors 
responsible for the significant differences in the final 
photovoltaic performance. The calculated Jsc values obtained 
by integrated external quantum efficiency (EQE) spectra are in 

good agreement with those obtained from the J−V curves 
(small  deviation  less  than  5%),  suggesting  that  the  J−V 
measurements are highly  reliable (Figure 2b). 

The photocurrent density (Jph) versus the effective voltage 
(Veff) was measured to investigate the charge dissociation 

process (Figure 2c).58 Jph is determined by JL−JD, where JL and 
JD are the current densities under illumination and in dark, 
respectively, and Veff is obtained from V0 to Va (where V0 is the 
voltage when Jph = 0 and Va is the bias voltage). The 
sufficiently high Veff (>4 V) was utilized to obtain the 
saturation photocurrent density (Jsat). Under the short-circuit 
current  state,  the  terpolymer:IT-4F-based  devices  showed 
higher exciton dissociation probability than that of the 
copolymer:IT-4F-based devices, which implied that more 
efficient charge dissociation and charge collection processes 
were achieved. Furthermore, this is likely due to the optimal 
morphology in the terpolymer blends and further gives support 
to the observed high Jsc and FF in terpolymer-based devices. 
To gain insights into the charge recombination of the random 
terpolymer-based devices, the Jscs as a function of illumination 

intensity (Plight) were measured (Figure 2d), and they have a 

relationship of Jsc ∝ P S, where S is a power-law scaling 
exponent. When the fitting slope value S is close to 1, the 
bimolecular recombination in the devices can be negligible.59

 

The terpolymer-based devices show a value close to 1 

(≈0.980), which is higher than those of D−A copolymers 
such as TBD0 (0.954) and TBD100 (0.947) devices,  
indicating the reduced bimolecular recombination in terpoly- 
mer:IT-4F devices and accounting for their improved Jsc and 
FF. 

To understand the charge transport evolution induced by 
combining TBD and TBF segments, we investigated the charge 
carrier mobilities of the TBDx:IT-4F blend films with the same 
condition for optimal solar cells by using space-charge-limited 
current measurement (Figure S6). The calculated μh and μe 

values are summarized in Table S3. It is found that the carrier 
mobilities of the terpolymer blend films are higher than that of 

the corresponding TBD0 and TBD100 blend films. The 
observed increase of hole and electron mobilities and balanced 

charge transport in the random terpolymer blend films could 
reduce bimolecular recombination in solar cells, thereby 

promoting charge extraction and improving Jsc and FF values. 
Furthermore, the electroluminescence (EL) was measured 

to search for the position of charge transfers (CTs) of blend 
films, and TBD50 was selected as an example to analyze the 
energy loss (Eloss) in detail (Figures 3 and S7). The energy loss 

can be divided into two parts: the first part of loss from 
excitons (singlet state, S1) to CT states that occurred during 
charge generation and the second part of loss between CTs 

and final Voc that was generated during the charge 

recombination  process.60−62  Compared  with  the  neat TBD 
and IT-4F, the TBD50:IT-4F blend film exhibits a broad EL 
spectrum, which is attributed to the reorganization energy of 
the CT state. The maximum peak of the blend film is around 
820 nm, assigned to the ECT of 1.51 eV, almost approaching to 
the Eg of 1.53 eV of the blend film. From Figure 3b and the 
above analysis, the total Voc loss of the TBD-based device is 
0.64 eV, along with the sum of radiative and nonradiative 
energy loss of 0.62 eV during the charge separation and 
transport process. In addition, the resemblance of the CT 

position was found for all the five polymers, which is consistent 

active layer Voc
a (V) Jsc

a  (mA cm−2) JEQE (mA cm−2) FFa (%) PCEa (%) 

TBD0:IT-4F 0.870 (0.86 ± 0.005) 19.0 (18.8 ± 0.3) 18.5 0.722 (0.708 ± 0.015) 12.0 (11.7 ± 0.3) 

TBD25:IT-4F 0.880 (0.878 ± 0.004) 20.5 (20.2 ± 0.3) 19.7 0.747 (0.736 ± 0.013) 13.5 (13.3 ± 0.2) 

TBD50:IT-4F 0.892 (0.890 ± 0.003) 20.8 (20.6 ± 0.3) 19.8 0.768 (0.754 ± 0.015) 14.2 (14.0 ± 0.2) 

TBD75:IT-4F 0.888 (0.885 ± 0.003) 20.7 (20.5 ± 0.2) 19.8 0.740 (0.726 ± 0.016) 13.6 (13.4 ± 0.3) 

TBD100:IT-4F 0.883 (0.880 ± 0.004) 20.3 (19.8 ± 0.4) 19.4 0.729 (0.714 ± 0.014) 13.00 (12.8 ± 0.2) 

 

http://pubs.acs.org/doi/suppl/10.1021/acsami.0c01323/suppl_file/am0c01323_si_001.pdf
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Figure 4. 2D GIWAXS patterns of corresponding polymer:IT-4F films and the related IP and OOP line-cut profiles of the blend films. 

 
with the small difference (±0.02 V) of their Voc (Figure S7). 
Also, it is clear that there is a small effect on the Voc loss with 

the variational TBD−TBF composition in terpolymers. 
Photoluminescence (PL) quenching experiments were carried 
out to further explore the dissociation and photoinduced CT 
in TBDx:IT-4F blend films. As shown in Figure 3c, when 
excited at 550 nm, all PL peaks of the polymers in the blend 
films were efficiently quenched, indicating the efficient electron 
transfer from the polymer donor to the electron acceptor for 
excitons generated in the donor phase, and converted to 
photocurrent, although the energetic offset between Eg and 

ECT is negligible for the TBDx:IT-4F system. 
To clarify the relationship between morphology and various 

compositions of TBD−TBF segments in the polymer back- 
bone, transmission electron microscopy (TEM) and GIWAXS 
measurement were performed. As shown in Figure S8, TBD0/ 
IT-4F shows a coarse and inhomogeneous phase separation 
across the entire area, which could be attributed to the polymer 
or IT-4F rich region. Such excessive aggregation may tend to 
favor recombination, leading to reduced photocurrent. With 
the gradual embedding of the TBD segment into the 
copolymer,  the  reduced  single  fraction  concentration  and 

 
the variation of the nanoscale aggregation and phase separation 
of the blend films when the TBD−TBF composition changed 
(Figure  S9).64−66  The  curves  are  fitted  to  the  data  using a 
universal model (described in detail in the Supporting 
Information). All the parameters obtained from GISAXS 
analysis are summarized in Table 2, where ξ is the average 

 
 

Table 2. Fitting Parameters Obtained from GISAXS 1D 
Profiles 

 

blend ξ (nm) D η (nm) 2Rg (nm) 

TBD0:IT-4F 51.5 2.92 6.9 30.3 

TBD25:IT-4F 41.8 2.71 5.7 25.6 

TBD50:IT-4F 27.8 2.98 3.7 18.0 

TBD75:IT-4F 31.6 2.77 2.9 13.1 

TBD100:IT-4F 36.6 2.80 2.1 9.8 

correlation length of the polymer phase and η and D are the 
correlation length and fractal dimension of IT-4F aggregates. 
The Guinier radius (Rg) represents the size of clustered IT-4F 
aggregates, which is estimated by the  equation 

formation of a nanoscale interconnected network beneficial for 
charge transport, such as the TBD50/IT-4F blend, can  result 

Rg = η 

in improved Jsc and FF values.63 From GIWAXS results (Figure 

4), one can observe that all blend films exhibit resembling 
profiles in both IP and OOP orientations with a predominant 
face-on orientation, which is similar to that of neat films, 
indicating that TBDx:IT-4F blend films can largely retain the 
orientation of neat polymer films (Figure S5c). The high 
crystallinity of TBD0:IT-4F may be ascribed to the strong 
aggregation of the donor material and result in excessive phase 
separation, which is in accordance with the observation in 
TEM characterizations. In addition, with the increasing TBD 
content in the  polymer TBD0 backbone,  the intensity  of the 

(010) stacking gradually declines and the π−π stacking 
distance successively increased from 3.51 Å (TBD0) to 3.70 
Å (TBD100). In a word, the results agree with the well- 
developed conception that the incorporated TBD segment can 

inhibit the strong aggregation of blend films and optimize the 
nanophase separation, along with the retained face-on 
orientation geometry, which is favorable for photovoltaic 
application. 

Subsequently, GI small-angle X-ray scattering (GISAXS) 
was employed to further obtain more detailed information on 

As shown in Table 2, the TBD0:IT-4F film exhibits a large 
correlation length of 51.5 nm, which is reduced along with the 

certain insertion of TBD (≤50%) but slightly increased when 
the weight ratio of TBD is over 0.5. Although the large 
polymer domains are beneficial for charge transport in the 
active layer, they also cause the formation of a diffuse interface 
between the polymer and IT-4F domains (such as TBD0) and 
hinder exciton dissociation, which is consistent with the TEM 

and GIWAXS results.
35,67 

Meanwhile, both η and 2Rg, which 
represent IT-4F clusters, are decreased with an increase of 
TBD content in the terpolymer, and proper values of  3.7 and 
18.0 nm are acquired for the TBD50 blend film. Considering 
the above results, one can speculate that adjustment of TBD 
and TBF proportion in the TBD-based terpolymer is a simple 
and useful approach to promote the polymer and acceptor with 
medium-scale phase separation and suitable domain size, 
facilitating both exciton dissociation and charge transport. 

To further probe how the terpolymer strategy influences 
charge photogeneration and recombination dynamics, we 
carried out ultrafast transient absorption (TA) spectroscopy 

which   can   observe   exciton-to-charge conversion.68,69   TA 

http://pubs.acs.org/doi/suppl/10.1021/acsami.0c01323/suppl_file/am0c01323_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c01323/suppl_file/am0c01323_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c01323/suppl_file/am0c01323_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c01323/suppl_file/am0c01323_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c01323/suppl_file/am0c01323_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c01323/suppl_file/am0c01323_si_001.pdf
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Figure 5. TA spectra of (a) neat TBD50 film and (b) TBD50:IT-4F blend film following excitation at 500 nm (2.48 eV, 2 nJ cm−2). (c) Kinetics 
for TBDx:IT-4F (0, 50, 100) blend films from the same measurements as part (a) at the wavelength of 1300 nm. TA data for the blend following 
excitation at 500 nm, where the donor absorbs. 

 

Figure 6. (a) Chemical structures of a new designed TBDx polymer (x = 0, 50, 100) with two electron-deficient units (Tz and DTBT). For 

terpolymers R-Tz and R-DTBT, the TBD and TBF composition is confirmed to be 1:1. (b) J−V characteristics of PSC devices based on the 
different polymer/NFA pairs. 

 

 

spectroscopy can also enable us to establish the link between 

the blend film morphology and photocurrent generation. For 
the high-performance polymer TBD50, the TA result in the 

absence of IT-4F allowed us to first identify exciton signatures 

and guide the interpretation of spectra and kinetics of blends.60 

In general, the TA spectra consist of three main features: 

positive signals (ΔT/T > 0) attributed to ground-state 
bleaching (GSB) signals where the steady-state spectra show 

prominent absorption bands, negative signals (ΔT/T < 0) 
derived from photoinduced absorption (PIA, excited state) to 
high-lying states, and simulated emission signals where the 

steady-state spectra show fluorescence. For the polymer:IT-4F 
blend systems, the TA spectra were monitored upon excitation 

at 500 nm, at which wavelength only the donor materials are 

selectively excited. 

The TA spectra of pure terpolymer TBD50 show a quickly 
decayed GSB signal in the visible region and a PIA peak at 

∼1150 nm (1.08 eV, Figure 5a). However, for the TBD50/IT- 
4F blend film, there is hardly any changed GSB signal at the 
time scale of 100 ps, indicating efficient electron transfer from 
TBD to IT-4F on this time scale. In the infrared region, the 

emergence of a new absorption peak at ∼970 nm (1.28 eV) at 
the earliest delay time (100 fs) can be attributed to the prompt 
formation of excitons and convert to charge with an additional 

PIA peak at ∼1300 nm (Figure 5b), which persists beyond the 
nanosecond   time   scale   and   is   often   observed   in poly- 
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Table 3. Device Parameters of the PSCs Based on Different Polymer/NFA Pairs under the Illumination of AM 1.5G, 100 mW 
cm−2 

 

active layer Voc
a (V) Jsc

a  (mA cm−2)  FFa (%) PCEa (%) 

TBFCl−Tz:IT-4F 0.853 (0.849 ± 0.004) 17.8 (17.4 ± 0.4) 17.2 0.644 (0.628 ± 0.017) 9.8 (9.5 ± 0.3) 

TBDCl−Tz:IT-4F 0.860 (0.856 ± 0.005) 18.8 (18.5 ± 0.3) 18.0 0.656 (0.637 ± 0.021) 10.6 (10.3 ± 0.3) 

R-Tz:IT-4F 0.868 (0.864 ± 0.004) 20.90 (20.4 ± 0.5) 20.0 0.718 (0.705 ± 0.015) 13.0 (12.8 ± 0.2) 

TBFCl−DTBT:IT-4F 0.874 (0.872 ± 0.003) 12.62 (12.3 ± 0.3) 12.1 0.533 (0.514 ± 0.016) 6.2 (5.8 ± 0.4) 

TBDCl−DTBT:IT-4F 0.887 (0.884 ± 0.004) 16.7 (16.3 ± 0.3) 16.1 0.630 (0.613 ± 0.020) 9.3 (9.0 ± 0.3) 

R-DTBT:IT-4F 0.880 (0.877 ± 0.004) 18.8 (18.5 ± 0.3) 18.2 0.712 (0.698 ± 0.014) 11.8 (11.5 ± 0.3) 

TBD50:Y6 0.878 (0.876 ± 0.003) 25.1 (24.7 ± 0.5) 24.3 0.680 (0.668 ± 0.015) 15.0 (14.7 ± 0.3) 
aThe values in parentheses are the average values with standard deviations obtained from 15 devices. The thickness of the active layer is 110 ± 15 
nm. 

 

Figure 7. (a) Molecular structure of the state-of-the-art polymer donors PM6 and PM7 and the new polymer TBD50. (b) EL intensity and EQEEL 

of PM6:Y6, PM7:Y6, and TBD50:Y6 blends at the constant injecting current. (c) Highly sensitive EQEPV spectra and the 300 K blackbody spectra. 
(d) Energy loss and nonradiative energy loss of the corresponding PSCs. 

mer:PCBM systems.69,70 In addition, the D−A copolymer 
TBD0 and TBD100 blends show essentially identical spectra 
(Figures S10 and S11, Supporting  Information). 

The charge generation and recombination kinetics can be 

monitored via PIA at ∼1300 nm for the three different blend 
films  in  a  normalized  scale.  As  shown  in  Figure  5c,  the 
TBD50/IT-4F blend exhibits prompt charge generation within 
a 100 fs excitation pulse but shows the earliest decay at the 
scale of 1 ps. Then, the charge generation process remains 
constant beyond 5 ns. On the contrary, for TBD0/IT-4F and 
TBD100/IT-4F blends within the 5 ns window, the total 
charge population decays gradually in the whole time scale 

from 100 fs to 5 ns, reflecting the occurrence of higher 
bimolecular recombination. The results suggest that the 
existence of the long-lived dissociated excitons in the TBD- 

A−TBF-A terpolymer blend can reduce the bimolecular 
recombination, which is beneficial to achieve more efficient 
photo-to-electron conversions and result in improved device 
performance. 

To illustrate the wide utility of our design terpolymer 

strategy, we further design new TBD-A−TBF-A terpolymers 
by using two classical electron-deficient  units Tz and  DTBT, 
which comprise an equal molar amount of TBD and TBF, and 

the corresponding D−A copolymers were synthesized for 
comparison (Figure 6a). The synthetic details are shown in 

Scheme S1, and the UV−vis absorption is displayed in Figure 
S12 in the Supporting Information. It is known that Tz and 
DTBT  are  the  most  successful  electron-deficient  units  in 
fullerene PSCs. Because of the strong crystallinity of these 
polymers, their morphology is difficult to regulate when 

blended with A−D−A-type small-molecule acceptors and not 

widely used in highly efficient NF-PSCs.71−73 From the above 
analysis, our terpolymer strategy can reduce strong aggregation 
of polymers and modulate molecular packing and phase 
separation with acceptors. Thus, this strategy may work 

effectively in DTBT and Tz systems. 
The photovoltaic properties of all the different D/A pairs 

were investigated by fabricating PSCs with a conventional 
device structure. The optimized treatment condition for active 
layers is using TA at 110 °C for 10 min with 0.5% DIO as the 

additive (the optimized D−A ratio is 1:1). The optimal 
photovoltaic parameters for all the PSCs are summarized in 
Tables S4 and S5. As expected, by combining the TBF and 
TBD units in the terpolymer main chain, enhanced PCEs were 

recorded, in comparison with their respective D−A copolymer 
devices (Figure 6b and Table 3). As summarized in Tables S4 
and S5, the improved device Jsc and FF values are observed in 
all the terpolymer devices. Notably, the R-Tz:IT-4F and R- 
DTBT:IT-4F devices yield promising efficiencies of 13.0 and 
11.8 %, which are both high values reported for Tz- and DTBT- 
based polymers. Then, we examined the morphology of Tz- 
based three blends through the GIWAXS measurement, as 
shown in Figure S13. As our assumption, the three polymers 
showed a consistent trend where the crystallinity weakened by 
replacing 50% TBF with the TBD segment. 

Subsequently, we extend our study beyond acceptor IT-4F 
and select a recently reported small molecular acceptor Y6, 
which shows ultrahigh efficiency when combining with a few 
BDT-based donor materials in the literature (the molecular 

structure of Y6 is shown in Figure 6b).10,30,33,74 With our 
terpolymer approach, the organic photovoltaic device based on 
the new material pair TBD50:Y6 affords a PCE of 15.0% 

http://pubs.acs.org/doi/suppl/10.1021/acsami.0c01323/suppl_file/am0c01323_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c01323/suppl_file/am0c01323_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c01323/suppl_file/am0c01323_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c01323/suppl_file/am0c01323_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c01323/suppl_file/am0c01323_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c01323/suppl_file/am0c01323_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c01323/suppl_file/am0c01323_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c01323/suppl_file/am0c01323_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c01323/suppl_file/am0c01323_si_001.pdf
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domains. The reasonable TBD−TBF ratio in the terpolymer 
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0 ■ CONCLUSIONS 

In conclusion, we put forward a facile terpolymer strategy to 

Table 4. Measured and Calculated Parameters To Quantify the Nonradiative Recombination Losses of the PM6:Y6, PM7:Y6, 
and TBD50:Y6-Based PSCs 

 

device 
a 

Eg   (eV) Voc,SQ (V) 
b (V) Voc,rad Voc,meas (V) Eg/q − Voc (V) ΔVoc,nr

c (V) ΔVoc,nr
d (V) 

PM6:Y6 1.40 1.14 1.09 0.83 0.57 0.26 0.287 

PM7:Y6 1.40 1.14 1.08 0.85 0.55 0.23 0.244 

TBD50:Y6 1.40 1.14 1.09 0.88 0.52 0.21 0.225 
aEg was determined from the intersection of the EQE edge and the local EQE maximum.60 bVoc,rad = kT/q ln(Jsc/J0,rad + 1). cΔVoc,nr = Voc,rad − 

Voc,meas. 
dΔVoc,nr = −(kt/q)ln(EQEEL). 

(Table 3), which is very close to the typical device 

performance in the PM6:Y6 system (15.7%).10 Notably, an 
impressive Voc of 0.88 V is obtained in the TBD50:Y6-based 
device, higher than that of PM6:Y6 (0.84 V) and PM7:Y6 
(0.86 V) (Figure 7a). The estimated Eloss, defined as Eloss = Eg 

− qVoc, is only 0.52 eV in the TBD50:Y6-based device, which 
is significantly smaller than most reported Eloss (the band gap 
of Y6 is determined to be 1.40 eV from the intersection of the 
extrapolated EQE edge and the local EQE maximum at the 
edge of the EQE spectrum, Figure S14).75

 

Finally, to figure out the intrinsic reason why the 
TBD50:Y6-based devices achieved lower Eloss  relative  to 
those of the PM6:Y6- and PM7:Y6-based devices, we perform 

detailed device physics analyses. According to the Shockley− 
Queisser (SQ) theory,76 as shown in eq 1, the SQ limit, Voc,SQ, for all the three different blend systems are 1.14 V. 

exploitation and utilization of the advantages of TBD and TBF 
moieties, this new terpolymer methodology has been found to 
hold great potential to suppress nonradiative recombination 
loss, thus improving Voc in PSCs. 

By  combining  the  above  morphology  analyses,  charge 
dynamics and energy loss measurements, we elaborated the 
advantages for this new terpolymer methodology: (i) for pure 
polymer, the smaller atomic radius of oxygen with intense 
electronegativity in the asymmetric TBF unit can guarantee a 
more planar polymer backbone. When the TBF unit was 
inserted into the TBD-based polymer main chain, the strong 

O···S noncovalent attractive interactions are promoted and the 

π−π stacking distance is reduced, endowing a terpolymer with 
higher  order  orientation and crystallinity;  (ii) in  blend films, 
the random incorporated dual oriented asymmetric TBD unit can break excessive aggregated polymer domains and allow 

kt    ijjjjjj 

J yzzzzzz ∫ 
∞

 

small molecular acceptors to penetrate into the large polymer 
 

 

The radiative Voc limit, Voc,rad, originating from radiative 
recombination loss below the band gap can be calculated by 
combining EQEPV and EL spectroscopy (Figure 7b,c) using eq 
277 

charge transport, reduces charge recombination, and leads to 
high photovoltaic performance. (iii) Integrating two asym- 
metric TBF and TBD segments is a potential terpolymer 
methodology for designing NF-PSCs with low nonradiative 
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energy loss. 
 
 
 

 

 

As shown in Table 4, the Voc,rad 

and 1.09 V for the PM6/Y6, 

 

is calculated to be 1.09, 1.08, 
and  TBD50/Y6-based 

design a series of new polymers and systematically investigate 
the  relationship  between  molecular  structure,  morphology, 

devices. 
PM7/Y6, energy loss, and photovoltaic performance. The key of this 

strategy involves the use of two asymmetric segments, TBF and 
The nonradiative Voc loss (ΔVoc,nr), which is the difference 

between Voc,rad and the measured Voc (Voc,meas) under 1 sun 
illumination, is 0.21 V for the TBD50:Y6-based device, lower 
than those for PM6:Y6 (0.26 V) and PM7:Y6 (0.23 V)  
devices. To further verify the detailed parameter of ΔVoc,nr, the 
EL quantum efficiency (EQEEL) of the relevant solar cells was 

measured, which can be calculated via another eq 3
23

 

TBD, inducing synergetic effect on the blend films: the TBF 
segment is utilized to keep the dense molecular stacking, while 
the TBD moiety is expected to inhibit the formation of strong 

aggregation of the blend films and modulate nonradiative 
energy loss. By precise tailoring the ratio of TBD and TBF 
segments, enhanced PCEs over 14% were achieved in the 
TBD50/IT-4F  device  and  outperformed  the corresponding 

ΔV = − 
kt 

ln(EQE ) 
 

 

D−A  copolymers.  The  controlled  domain  size,  optimized 
oc,nr q EL 

(3) 
phase separation, and better interpenetrating network of the 
TBD50/IT-4F  blend  film   can   enable   efficient  exciton 

The ΔVoc,nr is inversely related to EQEEL. As shown in 
Figure 7b, the device based on TBD50:Y6 exhibits the highest 

EQEEL value of 1.74 × 10−4 than the PM6:Y6 and PM7:Y6 
devices, which is among the highest value in NF-PSCs, 
implying the extremely low nonradiative recombination loss of 
0.225 eV in the TBD50:Y6 device (see Table 4). Figure 7d 
displays the energy loss and nonradiative energy loss of the 
three different blends. By the detailed comparison of the state- 
of-the-art PM6:Y6 and PM7:Y6 devices, the higher Voc and low 

energy loss in the TBD50:Y6 device are mainly caused by low 
nonradiative energy loss. Thus, it can be concluded that by full 

main chain can result in a balanced miscibility and phase 
separation between the donor and acceptor, which facilitates 

(2) 

V SQ = oc 

BB 
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dissociation and suppress carrier recombination, along 
with high yields of long-lived charges. Moreover, 
investigations of different polymer/NFA pairs 
manifested that our strategy can be applicable to 
substantial conjugated polymers and accept- ors, 
especially in a strong aggregation system. Significantly, 
an impressive Voc of 0.88 V is achieved in the 
TBD50/Y6 device at a band gap of 1.40 eV, and the 
Eloss is only 0.52 eV. Compared with PM6/Y6 and 
PM7/Y6, the higher EQEEL 

value of 1.74 × 10−4 for TBD50/Y6 blends demonstrates a low 
nonradiative recombination loss of 0.22 eV, leading to 
the increase   in   Voc.   Thus,   our   results   
demonstrate   a new 
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■ 

terpolymer methodology with backbone engineering to 
provide more possibilities to improve PCE and enrich diversity 
and broaden the available candidates for new p-type polymers 

in the field of organic solar cells. 

■ EXPERIMENTAL  SECTION 
Materials.   All   the  reagents,  unless  otherwise   specified,  were 

purchased from Sigma-Aldrich Co., J&K, and Tokyo Chemical 

Industry Co., Ltd. and were used without further purification. The 
synthesis details of the monomers and polymers are collected in the 
Supporting  Information. 
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