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Broader context

Suppressing the energetic disorder of all-polymer
solar cells enables over 18% efficiencyy

Tao Zhang,®® Ye Xu,®" Huifeng Yao, {2 * Jiangi Zhang, () ¢ Pengqing Bi,®
Zhihao Chen, Jingwen Wang,?® Yong Cui,? Lijiao Ma,® Kaihu Xian,® Zi Li,?
Xiaotao Hao, (2 ¢ Zhixiang Wei (2 ¢ and Jianhui Hou (2 **®

All-polymer solar cells (all-PSCs) usually have a complex blend morphology due to their higher probability of
chain entanglement. Under these conditions, the larger energetic disorder is one of the most important
factors that hinder the increase in power conversion efficiency (PCE). Here, to take full advantage of two
highly efficient polymer donors, PBDB-TF and PBQx-TF, we design and synthesize three ternary
copolymers, PQB-x (x represents 1-3). The results suggest that the optical absorption spectrum and mole-
cular energy levels can be linearly tuned by adjusting the content of the acceptor component. Interestingly,
ternary copolymerization changes the molecular orientation from the coexistence of face-on and edge-on
to face-on only and accordingly suppresses the energetic disorder (44, 47, and 53 meV for PQB-2, PBQx-
TF, and PBDB-TF). In cell devices based on a polymer acceptor PY-IT, PQB-2 shows decreased energy loss
and thus an improved open-circuit voltage of 0.942 V. Transient absorption measurements reveal that the
structural component ascribed to PBQx-TF provides an efficient charge transfer channel with PY-IT. As a
result, the PQB-2:PY-IT-based device yields a maximum PCE of 18.1%, which is an outstanding value among
all-PSCs. This study demonstrates that suppressing the energetic disorder by molecular design may be a
feasible method for further improving the PCEs of all-PSCs.

Organic solar cells (OSCs) are one of the most promising photovoltaic technologies to convert light energy into electricity. Over the past few years, the
development of new materials has contributed to the rapid growth of power conversion efficiency (PCE). The all-polymer solar cells (all-PSCs) that consist of
polymer donors and polymer acceptors have unique advantages of intrinsic flexibility, excellent mechanical properties, and morphology stability. However, for
a long time, the PCEs of all-PSCs have been far behind the small-molecule-containing OSCs due to the lack of efficient materials and the huge challenge in

morphology control. Here, by designing new terpolymers, we suppress the energetic disorder of all-polymer blends. The donor:acceptor combination shows
decreased energy loss unexpectedly and thus improves the open-circuit voltage. As a result, the best device yields a maximum PCE of 18.1% (certified as 17.6%),
which is one of the highest values among all-PSCs.
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Introduction

All-polymer solar cells (all-PSCs) have attracted considerable
research attention for their intrinsic flexibility, excellent
mechanical properties, and good morphology stability.™* However,
the development of all-PSCs has long lagged far behind that of
other types of organic solar cells based on small-molecule
acceptors.””” One of the most important reasons is the lack of
highly efficient polymer acceptors (PAs). In early studies, mate-
rial design mainly focused on diimide building blocks based on
perylene and naphehalene.®*'® However, the resulting PAs
usually display severe aggregation and thus limited charge
generation. For example, N2200 is a representative diimide
PA, which has shown a power conversion efficiency (PCE) of

Energy Environ. Sci., 2023, 16, 1581-1589 | 1581


https://orcid.org/0000-0003-2814-4850
https://orcid.org/0000-0002-3549-1482
https://orcid.org/0000-0002-0197-6545
https://orcid.org/0000-0001-6188-3634
https://orcid.org/0000-0002-2105-6922
http://crossmark.crossref.org/dialog/?doi=10.1039/d2ee03535a&domain=pdf&date_stamp=2023-02-28
https://doi.org/10.1039/d2ee03535a
https://doi.org/10.1039/d2ee03535a
https://rsc.li/ees
https://doi.org/10.1039/d2ee03535a
https://pubs.rsc.org/en/journals/journal/EE
https://pubs.rsc.org/en/journals/journal/EE?issueid=EE016004

Published on 14 1401. Downloaded on 03/11/1404 11:30:20 ..

Paper

11713 Researchers have also

approximately 11% in all-PSCs.
developed PAs based on other electron-deficient building blocks,
such as B « N embedded (hetero)arene and dicyano-substituted
benzothiadiazole,">™*> but the corresponding materials failed to
show a significant improvement in PCEs. In recent years, poly-
merized small-molecule PAs have achieved great success as they
inherit the excellent properties of highly efficient non-fullerene
acceptors (NFAs)."*° For instance, when this method was applied
to Y-series NFAs,”"** low-bandgap PAs could be designed. The
corresponding all-PSCs showed high PCEs around 18% (Table S1,
ESIt), substantially narrowing the efficiency gap with the top-
performing organic solar cells based on small-molecule NFAs.>® At
present, material design for all-PSCs is mainly focusing on PAs,
while matched donors are considerably less synergistic. Only a few
polymer donors, mainly PBDB-TF and its derivatives, can achieve
excellent photovoltaic performance with typical PAs such as PY-
IT.**">® Even more recently, we have reported that the copolymer
termed PQM-CI reached an impressive PCE of approximately
18%, thus highlighting that polymer donors play a key role in
improving the photovoltaic performance.*® Therefore, developing
new polymer donors possessing matched properties, such as the
absorption spectrum, molecular energy levels, and miscibility,
with PAs is highly necessary.

As organic semiconductor materials are commonly amor-
phous or poor crystalline, they have a relatively larger energetic
disorder than inorganic semiconductors, leading to severe non-
radiative recombination and thus high energy loss (Ejoss).>”>°
In small-molecule systems, suppressing the energetic disorder
has been regarded as an effective method for improving the
photovoltaic performance.*** For example, highly efficient
NFAs like Y11 displayed a markedly lower Urbach energy (E,)
than the fullerene acceptor PCBM (25.6 vs 46.5 meV), which
greatly accounts for their efficient charge generation at low
Ejss.>* For polymer:polymer blends, the chain entanglement is
getting more complex, and photovoltaic performance is more
dependent on the blend morphology. Under these conditions,
energetic disorder effects on charge transport and recombina-
tion prevail.""**?® For instance, P3HT disentanglement can
enhance intra- and inter-chain interactions, thereby markedly
improving hole mobility by ~20 times.*” As such, enhancing
the crystallinity of polymer donors without causing oversized
aggregation may be a feasible way to suppress the energetic
disorder of all-polymer blends. In our previous studies, we designed
PBQx-TF(CI) copolymers consisting of alternating dithieno-
[3,2-f:2",3'-h]quinoxaline (DTQx) and halogen-substituted benzo-
[1,2-b:4,5-b']dithiophene (BDT-TF or BDT-TCI), which provided
highly encouraging PCEs under different light illumination
conditions for their appropriate aggregation morphology and
thus low energetic disorder.”*® Relative to PBDB-TF, the highest
occupied molecular orbital (HOMO) energy level is upshifted
slightly, leading to a little decrease in the open-circuit voltage
(Voe) in the corresponding devices. Thus, introducing further
structural modifications to PBQx-TF(Cl) could improve PCEs and
open up new applications in all-PSCs. Ternary polymerization
has been successfully applied in polymer donor:NFA systems to
tune the optical absorption, energy level, and intermolecular
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packing.>® Because of PBDB-TF and PBQx-TF, the resulting
terpolymers will have gradually tuned optoelectronic character-
istics and provide a good example to study the impacts of energy
disorder on the device photovoltaic performance of all-PSCs.

In this study, we design and synthesize three random
terpolymers (PQB-x, x = 1, 2, and 3) using BDT-TF as the donor
unit and benzo[1,2-c:4,5-¢'] dithiophene-4,8-dione (BDD) and
DTQx as the acceptor unit. Increasing the BDD content of PQB-x
gradually downshifts the molecular energy level and redshifts the
absorption spectrum. Unexpectedly, the terpolymer PQB-2 yields
the highest voltage in the devices although its HOMO level is
located in the middle between the binary polymers (PBDB-TF and
PBQx-TF). The morphology characterization suggests that PQB-2
shows a preferential face-on orientation in the film, while the
binary polymers have higher percentages of the edge-on orienta-
tion. Relative to the PBQx-TF:PY-IT and PBDB-TF:PY-IT blends
(42 and 45 meV), the PQB-2:PY-IT blend displays a suppressed
hole disorder of 36 meV. The transient absorption measurements
suggest that the DTQx unit in PQB-2 provides a fast and efficient
hole transfer channel with PY-IT. These features lead to a con-
siderably decreased non-radiative Ej of 0.179 eV. As a result,
the PQB-2:PY-IT-based device yields a maximum PCE of 18.1%
(certified as 17.6%), which is one of the top values among all-
PSCs. We anticipate that more highly efficient donors or acceptors
can be developed by suppressing the energetic disorder and the
PCE:s of all-PSCs can be further improved.

Results and discussion

The chemical structures of PBDB-TF, PBQx-TF, and PQB-x are
shown in Fig. 1a. In the terpolymers, the BDD:DTQXx ratio is
tuned to 2:8 (PQB-1), 5:5 (PQB-2), and 8:2 (PQB-3). We
performed the molecular simulation using density functional
theory (DFT) at the B3LYP/6-31G (d, p) level to study the
geometries and frontier orbitals of the simplified dimers.
Fig. 1b displays the optimized molecular geometry of PQB-2,
where we can find that the dihedral angle (11.9°) between BDT
and BDD is much narrower than that between BDT and DTQx
(20.9°). This feature may affect the intermolecular packing in
the films. In Fig. 1c, we plotted the total density of states for the
PQB-2 dimer and separated the individual contributions of the
BDT-BDD and BDT-DTQx fragments. The two fragments have a
similar impact on the HOMO, while the BDT-BDD moiety has a
more pronounced effect on the lowest unoccupied molecular
orbital (LUMO) than the BDT-DTQx unit. For the dimers, the
energy levels and wave function distributions of the HOMO and
the LUMO are illustrated in Fig. 1d. When compared to PBQx-
TF, the terpolymer PQB-2 has down-shifted HOMO/LUMO
levels with a decreased bandgap. All polymers were prepared
via the Stille coupling reaction (Scheme S1, ESIf), and the
detailed procedures are provided in the ESI.{ The molecular
weights were measured by gel permeation chromatography. For
PBQx-TF, PQB-1, PQB-2, PQB-3, and PBDB-TF, the number-
average molecular weights are 47, 41, 50, 47, and 56 KDa, and
the polydispersity indices are 2.7, 2.8, 2.5, 3.7, and 3.5.

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 (a) Molecular structures of the polymers. (b) Simulated chemical geometry of the molecular model for the copolymer with a BDD: DTQx ratio of
1:1. (c) Simulated density of states of BDD, DTQx fragment, and PQB-2. (d) Molecular energy levels and wavefunction distributions of the frontier orbits

for the polymer models.

The pre-aggregation effect in solution has proved to be one
of the important features for polymer donors to make sure of a
suitable morphology when blending with acceptors.*>*! As
displayed in Fig. S1 (ESIt), we measured the temperature-
dependent absorption spectra of the polymers in toluene. At
increased temperatures, all diluted solutions show blue-shifted
absorption peaks with decreased intensity. From solutions
(at room temperature) to thin films, the absorption peaks display
small redshifts (Fig. 2a and Fig. S2, ESIf). The absorption
intensity of the PQB-2 film in the 600-700 nm range lies between
that of the two binary polymers. By contrast, the PQB-2 film has a
larger absorption half-peak width. As shown in Fig. 2b and
Fig. S3 (ESIf), we evaluated the energy levels of the polymers
by performing cyclic voltammetry measurements. The polymers
with a more BDD content show gradually downshifted ionized
potentials, which is consistent with the calculation results.
In cell devices, the terpolymers are expected to have V,.s higher
than PBQx-TF, but the values should be lower than PBDB-TF
based on experience.

To assess the impact of the ternary structure on the crystal-
line properties, we performed grazing-incidence wide-angle
X-ray scattering (GIWAXS) measurements on the three terpoly-
mers and the two binary polymers, PBQx-TF and PBDB-TF.
From the two-dimensional (2D) patterns displayed in Fig. 2c
and Fig. S4a, b (ESIT), the (010) diffraction signals appear in
both in-plane (IP) and out-of-plane (OOP) directions for the
binary polymers, suggesting that they have coexistence of face-
on and edge-on orientations relative to the substrate.****

This journal is © The Royal Society of Chemistry 2023

The one-dimensional (1D) line-cut profiles are plotted in Fig.
2d and 4c, d. As strong (010) and (100) diffractions appear in
the IP and OOP directions, respectively, the binary polymers
have higher percentages of edge-on orientations. Interestingly,
all the terpolymers display a preferential face-on orientation in
the films. The PQB-2 film exhibits the strongest diffraction
peak in the OOP direction compared to PQB-1 and PQB-3. This
result implies the coexistence of BDD and DTQX units in the
backbone greatly changes the molecular packing and may
facilitate carrier transport in the vertical direction. The five
polymers show very close (010) diffraction locations (1.67 A™%),
corresponding to a -7 distance of 3.76 A. The (010) coherence
length (CL) of PBDB-TF is calculated to be 17.5 A, which is
smaller than that of PBQX-TF (22.4 A). This result indicates that
the crystallinity of PBDB-TF is weaker than that of PBQx-TF in
toluene solution. We then studied the energetic disorders of the
polymer donors by measuring the variation of carrier mobility
as a function of temperature. Using the Gaussian disorder
model (GDM) (eqn (1)), the hole disorder of the polymers can

be assessed.
_ ox 20 \?

where ., is the charge mobility at an infinite temperature, k is
the Boltzmann constant, and ¢ is the energetic disorder.'®
The current density-voltage (J-V) curves of the hole-only devices
based on neat films of PBDB-TF, PQB-2, and PBQx-TF at

(1)
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Fig. 2 (a) Absorption spectra of PBDB-TF, PQB-2, and PBQx-TF films. (b) Energy level alignment of the donors and acceptors. (c) 2D-GIWAXS patterns

of PBDB-TF, PQB-2 and PBQx-TF films. (d) The GIWAXS profiles of PBDB-TF,

PQB-2, and PBQx-TF films in IP and OOP directions. (e) Hole mobilities of

the PBDB-TF, PQB-2, and PBQx-TF films as a function of 1/T2 using SCLC derived data.

different temperatures are shown in Fig. S5 (ESIt). The curves
of zero-field hole mobility as a function of 1/7* are shown in
Fig. 2e. At room temperature, PQB-2 demonstrates a higher hole
mobility (1.75 x 10~* em* V" s77) than those of PBQx-TF (9.40 x
10° em® V! s7') and PBDB-TF (1.38 x 10 % ecm® V ' s ). The
calculated hole disorders of PBQx-TF and PBDB-TF are 47 and
53 meV, respectively. The lower energetic disorder of PBQx-TF
should be related to its higher crystallinity.** By contrast, the
terpolymers PQB-2 has the lowest hole disorder (44 meV), which
may be ascribed to its optimized molecular stacking.

To investigate the photovoltaic application of the terpolymers
in all-PSCs, we fabricated single-junction cells with a traditional
device configuration of ITO/PEDOT:PSS/active layer/PDINN/Ag
(with ITO for indium tin oxide, PEDOT:PSS for poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) and PDINN for
N,N'-Bis{3-[3-(Dimethylamino)propylamino]propyl}perylene-3,4,9,
10-tetracarboxylic diimide), where PY-IT was the PA. The changes
in photovoltaic parameters, including Vo¢, short-circuit current
density (Jsc), fill factor (FF), and PCE, are shown in Fig. S6a and
Table S2 (ESIT). The PBQx-TF-based device provides a lowest Voc
of 0.917 V and the terpolymer-based devices show increased Vpcs.
Note that PQB-2 and PQB-3 even achieve larger Vocs than PBDB-
TF although they possess higher HOMO levels, implying
decreased Ejyss in the devices. The FFs of the devices based on
PBQx-TF and terpolymers are as high as ~80%, which are much
higher than the PBDB-TF-containing device. The J-V curves of
the optimized devices based on PBDB-TF, PQB-2, and PBQx-TF
are plotted in Fig. 3a, and the detailed parameters are listed in
Table 1. Under simulated AM 1.5G (100 mW cm ) illumination,
the PBQx-TF:PY-IT-based device achieved a PCE of 17.2%, which

1584 | Energy Environ. Sci., 2023, 16, 1581-1589

is comparable with our previous work. Encouragingly, the PQB-
2:PY-IT-based device provides a maximum PCE of 18.1% with a
Voc of 0.942, a Jc of 24.2 mA em™2, and an FF of 0.795. The best
device reached a certified PCE of 17.6% in the National Institute
of Metrology (NIM), China, which is one of the top values among
all-PSCs (Fig. S7, ESIt). The small differences in Vo values may
result from the device stability and different test conditions. We
also fabricated PQB-2:PY-IT-based devices with increasing film
thickness from 100 to 350 nm. As collected in Table S3 (ESIt), we
can find that the device based on PQB-2:PY-IT still maintains a
good PCE of 15.5% at a film thickness of 350 nm, which may be a
good feature for adapting industrial printing techniques. We
carried out the stability measurements of devices under light
irradiation (simulated one-sun intensity using an LED array) and
thermal annealing (50 °C) conditions. From Fig. S8 (ESI{), it can
be found that the device stability is not very good, especially under
thermal conditions. To find out the reason for the efficiency
decay, we recorded the absorption spectra of the blend film. As
proved in Fig. S9 (ESIt), we can find that the absorption intensity
in the 400-700 nm is gradually decreased, suggesting that there is
a disaggregation process for the polymer donor. More studies will
be conducted to solve this stability problem in the future. To
study the reasons behind the unexpected change in the Vo¢ of
terpolymers, we measured the highly sensitive EQE (s-EQE) and
electroluminescence external quantum efficiency (EQEg;) of the
devices.” From the intersections of fitted spectra shown in
Fig. S10 (ESIt), the bandgaps (E,s) are determined as 1.45 eV for
PBDB-TF and PQB-2-based polymers and 1.46 eV for PBQx-TF-
based devices, which are close to charge transfer energy (1.44 eV)
and imply a negligible Ej, caused by charge generation. As

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d2ee03535a

Published on 14 1401. Downloaded on 03/11/1404 11:30:20 ..

View Article Online

Energy & Environmental Science Paper
a T b G
&0 o
£ 10° ¢ 80 |
g —— PBDB-TF:PYT
< S5t —— PQB-2:PY-IT
£ —— PBQX-TF:PY-IT S0 g el
H T 40 w
g W 107} 40t
=
H —— PBDB-TF:PY-IT
S 10°F —— PBDB-TF:PY-IT 20 ——PQB-2:PY-IT
o ——PQB-2:PY-IT —— PBQx-TF:PY-IT
. \ . : . —— PBQx-TF:PY-IT
10 i . . : : 0 ‘ . : :
02 00 02 04 06 08 10 26 2.8 3.0 3.2 34 300 450 600 750 900
Voltage (V) Voltage (V) Wavelength (nm)
d ——PBDB-TFPYAT | % o PBDB-TF:PY-IT | ¢ f o PBDB-TF:PY-IT
= ——PQB-2PYIT | g 107 > PQB-2:PY-T E osl B ° PQB-2:PYIT
0azt [ ——PBQx-TF:PY-IT | & PBQx-TF:PY-IT | = PBQx-TF:PY-IT
< / g 105} e ]
£ > % 06f
£ 028} \ £ 10¢ s Y
£ . g s g
= | ~— 2 . 7 04F
o 5 10°F 5
0.14 ° >
T G 02r
o s
- 3
ﬁ (=] e
0.00 10»7 L L L L L 0.0 L L
0 4 8 12 16 0 5 10 15 20 25 30 0.12 0.15 0.18 0.21 0.24

Time (ps)

(1000/T)? (K?)

E-Eyomo (eV)

Fig. 3 (a) J-V curvesin AM 1.5G, (b) EQEg, curves, (c) EQE curves and (d) Photo-CELIV curves of the PBDB-TF:PY-IT, PQB-2:PY-IT and PBQx-TF:PY-IT-
based all PSCs. (e) Hole mobilities of the PBDB-TF:PY-IT, PQB-2:PY-IT and PBQx-TF:PY-IT-based films as a function of 1/T2 using SCLC derived data. ()
Defect density of states of the blended films and the corresponding Gaussian fitting results.

Table 1 The detailed photovoltaic parameters of all-PSCs

Active layer Voc (V) Jsc (mA cm™?) Jeal (MA cm™2) FF PCE* (%)

PBQx-TF:PY-IT 0.917 (0.917 =+ 0.003) 23.6 (23.5 £ 0.3) 23.3 0.796 (0.786 & 0.012) 17.2 (16.9 + 0.2)
PQB-2:PY-IT 0.942 (0.941 + 0.002) 24.2 (24.2 £ 0.3) 23.7 0.795 (0.780 + 0.011) 18.1 (17.8 £ 0.2)
PBDB-TF:PY-IT 0.938 (0.936 + 0.003) 23.5 (23.4 + 0.3) 23.2 0.729 (0.725 £ 0.010) 16.1 (15.9 + 0.2)

“ Average values with standard deviation are obtained from 10 independent cells.

shown in Fig. 3b, the PQB-2-based device gives an EQEg;, of 9.7 X
10~* and corresponds to a non-radiative Ej of 0.179 €V, which is
a very small value among the highly efficient organic solar cells.
By contrast, the binary polymer-based devices exhibit lower EQEgy,
values (6.6 x 10~ * for the PBDB-TF-based device and 3.9 x 10~ *
for the PBQx-TF-based device), and the non-radiative Ej,ss values
were calculated to be 0.189 eV for the PBDB-TF-based device and
0.203 eV for the PBQx-TF-based device. The decreased Ej.ss may be
connected to the suppressed energetic disorder and is the key
factor that accounts for the higher Vi of the PQB-2-based device.
The EQE spectra of the devices are depicted in Fig. 3c and Fig. S6b
(ESTI). All the devices show efficient photon-electron response in
300-900 nm with maximum EQE values over 80%. In the short-
wavelength region (300-680 nm), both the donor and the acceptor
contribute to EQE profiles. Differently, the EQE response in the
long-wavelength region (680-900 nm) is only attributed to the
light absorption of PY-IT. For the PBQx-TF-based device, we can
find that there is a plump in the EQE curve from 600 to 750 nm.
By contrast, the EQE values are much higher for the PQB-2-based
device in the same range, which should be ascribed to the
enhanced optical absorption. Besides, the PQB-2:PY-IT-based
PSC shows a higher EQE value in the long-wavelength region,
which implies that the hole transport from PY-IY to PQB-2 is more

This journal is © The Royal Society of Chemistry 2023

efficient. The integrated current densities are 23.2, 23.3, 23.5, 23.7,
and 23.5 mA cm > for PBDB-TF-, PBQx-TF-, PQB-1, PQB-2 and
PQB-3-based devices, which agree well with the values obtained
from the J-V tests.

We then investigated the fast carrier mobilities of the
devices by performing photon-induced charge carrier extraction
in linearly increasing voltage (photo-CELIV) measurements.
From the curves shown in Fig. 3d, the calculated carrier
mobility of the PQB-2:PY-IT device is 2.3 x 10™* em* V' 57,
which is higher than that of devices based on binary polymer
donors (~1.0 x 10~* em® V' s7!). To further evaluate the
energetic disorders of all-PSCs, we measured the temperature
dependence of hole mobilities and plotted the results in Fig.
S11 (ESIt) and Fig. 3e. The energetic disorder ¢ of the PQB-2:PY-
IT device is estimated to be 36 meV. By contrast, the PBQx-TF-
and PBDB-TF-based devices show higher ¢ values of 42 and 45
meV, respectively. Moreover, Mott-Schottky analysis was used
to probe the density of states (DOS). The DOS distributions
were further fitted using eqn (2).

N (E — E)?
2ng P 202

Nt(E) =
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where N; and E, represent the total density and the center of
the DOS, respectively, and ¢ is the disorder parameter.*®*” As
shown in Fig. S12 (ESIt) and Fig. 3f, widespread Gaussian
shapes are observed in both binary and ternary polymer-based
systems. The PQB-2:PY-IT-based all PSC shows a narrower dis-
tribution, corresponding to a smaller ¢ of 58 meV (67 meV for
PBDB-TF:PY-IT and 60 meV for PBQx-TF:PY-IT), which echoes a
suppressed energetic disorder. In addition, the calculated N,
values of the three systems are 4.5 x 10'° cm > for PBDB-TF,
5.6 x 10'® em ™ for PBQx-TF, and 4.0 x 10'® cm ™ for PQB-2. The
suppressed N, in the terpolymer-based system could also pro-
mote carrier transport since fewer excitons and carriers are
trapped in the tail states of DOS.

To investigate the dynamics of exciton and charge carriers,
we conducted transient absorption (TA) spectra measurements.
Neat polymer donors are pumped at 400 nm, and the 2D TA
images are illustrated in Fig. S13 (ESI{). Both PBDB-TF and
PBQx-TF films possess two peaks in ground-state bleaching
(GSB) signals. The GSB signal of PBDB-TF is located in the
range of 550-660 nm while PBQx-TF has a blue-shifted GSB
signal in the range of 500-600 nm. For the PQB-2 film, a
significantly broadened GSB signal covering 500-670 nm can
be observed, which is almost the coherent overlap of its
composing precursors. The TA spectrum of the PY-IT film is
also investigated (Fig. S13d, ESIt), showing a wide-distributed
GSB signal between 650 and 810 nm. To acquire the details of
charge-transfer dynamics among the donor:acceptor blends, an
800 nm pump was selected to solely excite PY-IT, triggering the
hole transfer process (Fig. 4a-c and Fig. S14, ESIt). It can be
observed that both PBDB-TF and PBQx-TF can accept the hole
generated from PY-IT since the GSB signals of PBDB-TF and
PBQx-TF exhibit delayed rising in the corresponding blends.
For the PQB-2:PY-IT film, the donor GSB signal is majorly
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distributed in the short wavelength region of 460-530 nm,
while the GSB signal between 550 and 600 nm can hardly be
distinguished. This indicates that the BDT-DTQx fragments
in the conjugated backbone provide favorable hole-
transporting sites.*®*°

We extracted TA dynamics to further assess the hole-transfer
kinetics. Fig. 4d shows the dynamics traced in the PQB-2:PY-IT
film. After the excitation, PY-IT exhibits a rapid rise in the GSB
peak at 715 nm and is accompanied by a slow-accumulated
PQB-2 GSB signal at 530 nm. A photo-induced absorption (PIA)
signal can be observed at 1300 nm, which could be ascribed
to the intermediated charge-transfer state during the hole
transfer.*® In Fig. 4e and f, the GSB quenching of PY-IT and
GSB rising of the donors are compared. The PQB-2-based
system exhibits the shortest PY-IT exciton lifetime while the
fast-rising of donor GSB dynamics saturates at ~1 ps. By
contrast, the hole-transfer rate in the PBQx-TF-based blend is
very close while that in the PBDB-TF-based system exhibits
a severely delayed dynamic. These results indicate that the
BDT-DTQx fragment is beneficial for hole transfer, leading to
a fast and efficient transfer channel in the ternary copolymer-
ization polymers.

We characterized the microstructure of the films by atomic
force microscopy (AFM) and GIWAXS. Fig. 5a-c and Fig. S15
(ESIT) show the AFM height images of the blend films, where
we can find the terpolymer:PY-IT films show slightly lower root-
mean-squares (Rys) (1.13 nm for PQB-1:PY-IT, 1.65 nm for PQB-
2:PY-IT, and 1.33 nm for PQB-3:PY-IT). By contrast, the R, values
of PBQx-TF:PY-IT and PBDB-TF:PY-IT films are 2.23 and 1.80 nm,
respectively. The AFM phase patterns are provided in Fig. S16
(ESIt). All three blend films exhibit a fibrillar morphology, which
should be associated with the pre-aggregation effect of the poly-
mer donors. Relative to the PBQx-TF:PY-IT and PBDB-TF:PY-IT

a | peDBTFPYAT B@0 D) opgerrpyar 2@ C fpae2:PY-T e
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Fig. 4
PY-IT and (f) GSB rising dynamics of polymer donors in the blend films.
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(a—c) 2D TA profiles of PBDB-TF:PY-IT, PBQx-TF:PY-IT, and PQB-2:PY-IT films. (d) TA dynamics of the PQB-2:PY-IT film. (e) GSB quenching of
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Fig. 5 AFM height images of the (a) PBDB-TF:PY-IT, (b) PQB-2:PY-IT, and (c) PBQx-TF: PY-IT-based films. (d) The GIWAXS profiles of PBDB-TF:PY-IT,
PQB-2:PY-IT, and PBQx-TF:PY-IT-based films in IP and OOP directions. 2D-GIWAXS patterns of (e) PBDB-TF:PY-IT, (f) PQB-2:PY-IT, and (g) PBQx-TF:

PY-IT-based films.

films, the terpolymer:PY-IT films show densely distributed
fibrils with a decreased width. Fig. 5d-f and Fig. S17a, b (ESIt)
display the 2D GIWAXS patterns of the blend films. The
corresponding line-cut profiles are plotted in Fig. 5g and
Fig. S17c, d (ESIt). The neat PY-IT film was also measured
for comparison. As shown in Fig. S18 (ESIt), PY-IT adopts
a preferred face-on orientation. The (010) diffraction peak is located
at 1.30 A~%, and the n-r distance is estimated to be 4.85 A. All blend
films show strong (010) diffraction peaks in the OOP directions,
indicating a preferential face-on orientation. The n-n stacking
distances are estimated to be ~3.8 A for all blend films. The
calculated CL values are 19.9, 17.5, 15.2, 16.9, and 15.6 A for
PBQx-TF:PY-IT, PQB-1:PY-IT, PQB-2:PY-IT, PQB-3:PY-IT and
PBDB-TF:PY-IT blend films, respectively. These results indicate
that PQB-2:PY-IT has an appropriate fibril domain.

Conclusions

In conclusion, we successfully demonstrated an outstanding
efficiency of 18.1% in all-PSCs. By combining the advantages of
BDD and DTQx blocks, we can not only effectively modulate
the absorption spectra and molecular energy levels but also
optimize the aggregation properties of the binary polymers
PBQx-TF and PBDB-TF. Ternary copolymerization changed
the molecular orientation from the coexistence of face-on and
edge-on to face-on only, which is beneficial for decreasing the
energetic disorder. When blending with a polymer acceptor of
PY-IT, PQB-2 shows an improved fibrillar morphology with an
appropriate domain size. The TA results indicate that PQB-2
possesses more efficient charge generation and transport pro-
cesses than binary polymer-based systems, thus contributing to
decreased non-radiative Ej,s. As a result, the PQB-2-based
device gives the highest Vo although its HOMO level locates

This journal is © The Royal Society of Chemistry 2023

in the middle of binary polymers, which is rarely seen in the
molecular design of organic photovoltaic materials. This work
suggests that ternary copolymerization is not only a molecular
design strategy for adjusting the optical and electronic proper-
ties but also a feasible way to suppress the energetic disorder of
all-PSCs, which plays a critical role in boosting the photovoltaic
performance. We think that further molecular design should
consider energetic disorder for highly efficient all-PSCs.
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