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Constructing the low-cost, high-efficiency, and good batch-to-batch reproducibility polymer donor is vitally important for the
application of organic solar cells. Herein, we develop a structurally simple carboxylate-substituted thiazole as an electron-
withdrawing building block to construct a low-cost polymer, PBTTzE, containing a facilely prepared chlorinated benzo[1,2-
b:4,5-b']dithiophene (BDTCI) donor unit. Benefiting from synergistic electron deficient effects of chlorination and ester group
and C=N, as well as the noncovalent interaction of S---O and S---N, PBTTZzE exhibits a deep HOMO energy level (—5.59 eV),
and a planar skeleton structure. When combined with the IT-4F acceptor, the polymer (54 kDa) demonstrated a champion PCE of
15.87%, which is the highest value in the IT-4F-based binary devices to date. Moreover, PBTTZE exhibits excellent batch-to-
batch reproducibility due to its very similar PCEs within a range of 43—76 kDa. In addition, an alloyed state and complementary
absorption can be formed between PM6 and PBTTZE. Therefore, in a ternary device with PBTTZE added to the PM6:BTP-eC9
blend, a top PCE of 18.76% is achieved due to the suppressed energy loss, prolonged exciton diffusion distance, and improved
charge transport. Our work demonstrates that the carboxylate-substituted thiazole is a highly promising acceptor unit for

constructing low-cost and high-performance polymers.
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1 Introduction

As a new generation of solar energy harvesting technology,
bulk heterojunction (BHJ) organic solar cells (OSCs) have
obtained increasing interest and have been extensively ex-
plored because of various unparalleled advantages of easy
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fabrication, light weight, low-cost solution processing,
flexibility, colored and semitransparency [1-4]. Interest-
ingly, these features endow the device new applications in
the fields of wearable device, integrated building, green-
house agriculture, etc., increasing its market competitiveness
[5-7]. Attributed to material innovation, device engineering,
and multi-component strategy, especially the emergence of
representative non-fullerene acceptors (NFAs) ITIC [8] and
Y6 [9], the impressive power conversion efficiency (PCE) of
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state-of-the-art devices have achieved over 19% for single-
junction and 20% for tandem structures [10—17], reaching
the level of commercial applications.

Considering the commercial applications of OSCs, low
cost is the most important factor to be considered without
sacrificing the photovoltaic performance. Currently, almost
all of the OSCs with record performance are based on wide
bandgap donor-acceptor (D-A) type conjugated polymer
donors and narrow bandgap fused ring small molecule ac-
ceptors [ 18-23]. However, these materials have complicated
molecular structures, resulting in multi-step synthesis and
high cost. Therefore, it is very important to design and
synthesize high-efficiency and low-cost active layer mate-
rials to meet the practical applications of OSCs. Inspiringly,
the development of partially or fully non-fused small mole-
cules can significantly reduce synthesis costs. Meanwhile,
these molecules can still keep the better planar geometry of
the m-conjugated skeleton by constructing the noncovalent
intramolecular interactions to lock the molecular configura-
tion [24-32]. And recent reports also verified that the non-
fused acceptors were able to achieve over 17% efficiency
[33]. For polymers, P3HT is an excellent donor candidate for
low-cost module fabrications, but its poor PCE limits its
application [34,35]. Therefore, high-performance NFA-
based OSCs so far have been fabricated using the D-A
polymer donors, which is mainly due to the intramolecular
electron push-pull effects between D and A units affording
the polymers downshifted molecular energy levels and en-
hanced n-n stacking [36]. However, the complicated syn-
thetic routes and high costs of these representative polymers,
such as PBDB-T, PM6, D18, and J52, are adverse to the
widespread commercial applications of OSCs [37-42]. Re-
cently, continuous endeavors have been expended to develop
high-performance polymers with relatively short synthetic
procedures (including PTQ-10, PTQI12-5, PBCT-2F, PB2,
PBTTz3Cl, and X1), and some can match well with various
NFAs to achieve elevated PCEs [43-48]. However, com-
pared with the booming growth of NFAs, the species of high-
performance polymer donors used to pair with NFAs are still
limited. Therefore, it is urgent to design and synthesize
polymer donors with simple structure and high efficiency,
which should match well with various NFAs for the devel-
opment and application of OSCs. Additionally, it is worth
noting that the molecular weight (M,) of polymers should be
meticulously regulated owing to its effect on solubility, ag-
gregation, crystallinity, molecular orientation, charge mobi-
lities, and recombination, as well as final PCE [49-53].
Generally, conjugated polymers with high M, are conducive
to improve device performance. However, excessive en-
larged M, causes reduced solubility and increased aggrega-
tion, resulting in large phase separation size and poor device
performance [54]. In addition, M, variation is often con-
sidered as the main reason for batch-to-batch variations
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[10,44,45]. Therefore, ideal polymer donors of OSCs should
have a simple molecular structure to reduce synthetic cost, a
moderate molecular weight to improve phase separation,
complementary absorption spectra with NFAs to ensure high
short-circuit current (J.), a deep highest occupied molecular
orbital (HOMO) energy level to guarantee low energy loss
and high open-circuit voltage (V,.), and suitable aggregation
behavior to form preferential self-assembly into a fibril na-
nostructure.

Among the typical polymers, the benzo [1,2-b:4,5-b'] di-
thiophene (BDT) unit is widely applied as an excellent D
building block to construct conjugated polymers due to its
relatively large planar conjugated, electron-rich effect, and
small steric hindrance [55,56]. These features endow the
polymer high charge carrier mobility, suitable energy level
distribution, favorable crystallinity and orientation, thus
contributing to satisfactory efficiency. In particular, the ha-
logen atoms, e.g. fluorine and chlorine, were introduced into
the thiophene of the BDT unit to fine-tune the energy levels
and aggregation properties [57]. In contrast, chlorination
BDT unit can provide extensive application prospects due to
its relatively short synthesis procedures [45]. Therefore,
compared to the mainstream polymers (A units of PM6 and
D18 require 6 steps and 8 steps, respectively) [44], it is of
vital importance to develop the simple acceptor (A) units to
build high-efficiency and low-cost polymer donors. In this
work, thiazole was selected as an A unit to construct wide
bandgap polymers because of its weak electron withdrawing
ability and coplanar structure [58]. Moreover, introduction of
an ester group at the 4-position of the thiazole (4ETz) unit
can not only improve the solubility but also further
strengthen the electron-accepting ability, which is beneficial
for down-shifting HOMO energy level. Meanwhile, ester-
ified N-heteroatom can also effectively maintain molecular
planarity due to the formation of noncovalent N---S and
S---O interaction. More importantly, the 4ETz can also be
facilely prepared from commercially available materials.

Hence, a novel donor polymer, named PBTTZzE, was
synthesized with low-cost 4ETz as the A unit, in combina-
tion with a facilely prepared chlorinated BDT donor unit
(Figure 1). Remarkably, PBTTzE with a simple molecular
structure, displays a high absorption coefficient at 534 nm
and a wide band gap of 2.01 eV. Benefiting from the sy-
nergistic electron deficient effects of both CI and ester group,
PBTTzE exhibits low-lying HOMO energy level of
—5.59 eV, which is beneficial to obtain a high V. Ad-
ditionally, chlorinated can also effectively regulate the ag-
gregation behavior of PBTTZzE. The noncovalent interactions
induced by the N and O atoms of 4ETz are conducive to
planar molecular skeleton and charge-carrier delocalization.
Furthermore, we investigated the effect of M, of PBTTZzE on
blend morphology and photovoltaic performance. Among
them, the blend film fabricated with medium M, (54 kDa)
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Figure 1 (Color online) (a) Chemical structures of PBTTzE, PM6 and IT-4F; (b,c) UV-vis absorption spectra of polymers in solution and in film; (d) The
intensity ratio of main absorption peak and shoulder peak at different temperatures; (¢) Cyclic voltammetry curves of PBTTzEs, and the Fc/Fc™ redox couple
is used as the reference; GIWAXS line-cut profiles of pure films in (f) IP and (g) OOP directions.

displays improved phase separation, reduced n-m stacking
distance and enhanced crystal coherence length (CCL) value.
Finally, a maximum PCE of 15.87% was achieved in device,
which is the highest PCE for IT-4F-based binary OSCs so far.
Interestingly, the four batches of PBTTzE with M,s ranging
from 43 to 76 kDa showed very similar PCEs, suggesting
that the PBTTzE possesses excellent batch-to-batch re-
producibility. In addition, a small amount of PBTTZE (10 wt%)
was introducted into the PM6:BTP-eC9 host blend, affording
increased photon utilization at the short wavelength, reduced
energy loss, and optimized morphology, thus producing a top
PCE of 18.76% for ternary blend device.

2 Results and discussion

2.1 Synthesis and characterizations of PBTTzZE

The chemical structures of PBTTzE, PM6 and IT-4F are
shown in Figure la, where the synthetic route and detailed
procedures of PBTTZE are depicted in Scheme S1 (Sup-
porting Information online). The starting material of methyl
2,5-dibromothiazole-4-carboxylate is commercially avail-
able, and was then copolymerized with 2-(tributylstannyl)

thiophene via a Pd-catalyzed Stille coupling to form com-
pound 1. Subsequently, compound 2 was obtained from al-
kylation reaction, and followed by bromination to give
monomer TTzE-Br. After just three-stepped common reac-
tions, the target monomer could be obtained with a very high
overall yield of over 60%, which is a key factor for cutting
material costs. Finally, the polymer PBTTzE was prepared
by Stille coupling polymerization between the TTzE-Br and
the commercially available donor unit of (4,8-bis(4-chloro-
5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b:4,5-b']dithio-
phene-2,6-diyl)bis (trimethylstannane). All compounds were
purified by silica gel column chromatography, and their
structures and purity were verified by 'H nuclear magnetic
resonance spectroscopy (NMR), Bc NMR, and electron
impact mass spectrometry (EIMS), and the corresponding
spectra are shown in Figure S1-S9 (Supporting Information
online). To better understand the advantage of PBTTZE, the
costs of PBTTzE and some representative polymers were
evaluated according to the industrial figure of merit (i-FOM)
[59-61]. The detailed analysis data are listed in Table S1
[62—69]. The results found that PBTTZE possesses a lower
synthetic complexity (SC) and a higher FOM than other
polymers with PCEs over 13% based on IT-4F. Therefore, it
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would be an easily available and large-scale manufacturable
donor material from a commercialization perspective. In
addition, PBTTzE with various M,s was synthesized by
changing the solvent type, polymerization temperature and
reaction time. The corresponding number average molecular
weights of four batches of PBTTzE measured by high-tem-
perature gel-permeation chromograph (GPC) using 1,2,4-
trichlorobenzene as eluent are 43, 54, 57 and 76 kDa with
polydispersity indexes of 2.3, 2.4, 2.0, and 2.3, respectively
(Figure S10). Of note that the solubility of PBTTZzEs slightly
decreased with the increased M,, they can still be dissolved
in general solvents, including chloroform, chlorobenzene,
and o-dichlorobenzene. Meanwhile, thermal properties of
polymers were determined by thermogravimetric analysis
(TGA). The corresponding detailed information can be found
in Figure S11 and Table 1. All the PBTTzE samples exhibit
excellent thermal stability with a weight loss temperature
(5%) up to 370 °C. This suggests that the different M,s have
little influence on the thermal stability of polymers.

The optical properties of polymers in chlorobenzene so-
lutions and in films were investigated by ultraviolet-visible
(UV-vis) absorption spectra, and the results are shown in
Figure lb,c and Table 1. In solution, all polymers display
almost identical absorption profile in the range of
400-650 nm with the main absorption peak (0-1) and
shoulder peak (0-0) of ~536 nm and ~566 nm, respectively.
However, both featured peaks gradually enhanced with the
increase of M,. Obviously, the intensity ratio of /. /I, with
the largest M, of 76 kDa (1.02) is slightly higher, while the
Iy.o/1.; values of 43, 54, and 57 kDa are 1.00, 1.01, and 1.01,
respectively (Figure 1d). This result confirmed that en-
hancement of the intermolecular interactions and aggrega-
tion properties can be improved by optimizing M,.
Furthermore, the temperature-dependent absorption spectra
were measured in chlorobenzene solutions to investigate
aggregation behaviors of polymers (Figure S12). The four
batches of polymer still show a shoulder peak even when the
temperature rises to 105 °C, implying the strong aggregation
abilities in solution. Such a characteristic is close association
with a highly planar structure PBTTZE, which is obtained
due to formation of noncovalent S---O and S---N interac-
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tions, as evidenced by the density functional theory (DFT)
calculation (Figure S13). In PBTTzE, the distances are
3.06 A between S and N and 3.14 A between S and O, which
are shorter than their sum of van der Waals radii of 3.35 A for
S(1.80 A)and N (1.55 A), and 3.32 A for Sand O (1.52 A),
respectively, indicating significant noncovalent S---O and
S---N interactions. In addition, the polymer with the highest
M, (76 kDa) exhibits the strongest intensity ratio of /,_o//,., of
0.90 at 105 °C (Figure 1d), which may lead to a weak
compatibility with IT-4F. As for the thin film, the absorption
spectra of PBTTzE with various M, display a slightly red-
shift compared with solution state. Moreover, the absorption
coefficients are also increased along with the M|, increasing,
which is likely a result of more ordered stacking and denser
film for high M, PBTTzE. This characteristic benefits light
harvesting to obtain a higher short circuit current density
(J.). The optical bandgaps (E,™) are 2.01 eV for all poly-
mers based on absorption onset at 617 nm, indicating that the
effective conjugation length of the polymer main chain is
nearly saturated in the range of 43—76 kDa [70].

The energy levels of PBTTzE with different M, were de-
termined by cyclic voltammetry (CV), and the corresponding
energy level diagram is illustrated in Figure le. On the basis
of the onset of oxidation potential, the highest occupied
molecular orbital (HOMO) energy levels of polymers were
determined to locate at —5.60, —5.59, —5.59, and —5.58 eV,
respectively. However, no obvious reduction potential could
be observed. Therefore, the lowest unoccupied molecular
orbital (LUMO) energy levels of 43, 54, 57, and 76 kDa were
approximately calculated as —3.59, —3.58, —3.58, and
—3.57 eV, respectively, according to the Eq. (1):

Erumo = Enomo T Egopt 1

The almost identical energy level distributions can be
observed from 43 to 54 and 57 kDa. However, a slightly
increased trend is found for 76 kDa. Because of synergetic
effect of strong electronegativity, they all show the deeper
HOMO level, which are beneficial to obtain higher V. in
OSCs. Meanwhile, diminishing the HOMO level differences
(AEyomo) between the polymer and IT-4F may also affect the
charge transport process, and thus influence the photo-
current.

Table 1 Molecular weight, optical properties, bandgaps, and thermogravimetric of the four polymers with different molecular weights
PBTTZEY At Ao, 105 ¢ A Lyl o, ” Lo, ¥ E™Y T, °
M, [kDa] [nm] [nm] [nm] [Sol, RT] [Sol, 105 °C] [eV] [°C]
43 2.3 536, 564 513, 553 535, 573 1.00 0.70 2.01 370
54 2.4 536, 566 517, 554 534, 573 1.01 0.79 2.01 374
57 2.0 536, 567 518, 554 533, 573 1.01 0.80 2.01 376
76 23 537, 568 521, 555 533, 573 1.02 0.90 2.01 377

a) Determined by high temperature GPC; b) Determined by the UV-vis spectra of solution and film from the chlorobenzene solution; c¢) The intensity ratio
of main absorption peak (0-1) and shoulder peak (0-0); d) Calculated from the absorption edge of the polymer films: Eg°pl = 1240/ 4qe; €) Determined by

thermogravimetric analysis.
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The grazing incidence wide angle X-ray scattering (GI-
WAXS) was performed to investigate the effect of M, on
molecular packing and orientation in neat films. As depicted
in Figure 1f,g and Figure S14, all films exhibit a preferential
face-on orientation with representative n-n stacking peak
(010) in the out-of-plane (OOP) direction and lamellar peak
(100) in-plane (IP) direction, indicating that the molecular
orientation is almost unaffected. However, the gradually
narrowed angular distribution is observed in the (010) dif-
fraction peak with increasing M, suggesting the enhanced
molecular crystalline. Subsequently, we used the Scherrer
equation to determine the CCL value of the n-n stacking
peak. As is shown in Table S2, the CCL values were cal-
culated to be 24.57, 24.57, 26.91, and 28.26 A for PBTTZE
films based on 43, 54, 57, and 76 kDa, respectively. It is
obvious that the 76 kDa possesses the stronger crystallization
ability compared to others. Moreover, the highest M, shows
the smallest n-n stacking distance, demonstrating the stron-
gest intermolecular aggregation, which is consistent with the
largest intensity of I, ¢/I,; in the absorption spectrum as
mentioned above. The results conclude that M, has a great
influence on the stacking distance and crystallization beha-
vior, thereby impacting the active layer morphology, charge
transport property and photovoltaic performance.

2.2 Photovoltaic properties

In order to investigate the influence of PBTTzEs on the
photovoltaic performances, the OSCs with a conventional
device structure of ITO/PEDOT:PSS/Active layer/PDINN/

(@) (b)
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Ag were fabricated and characterized. The detailed device
optimization process, such as donor and acceptor (D/A)
weight ratio, film thickness, additive content, and thermal
annealing temperature, are listed in Table S3. Figure 2a ex-
hibits the current density-voltage (J-V) curves of the opti-
mized OSCs with the same D/A weight ratio of 1:1 for all
devices and 0.75 vol% DIO as additive, and thermal an-
nealing at 100 °C for 10 min. The photovoltaic parameters of
the corresponding best-performing devices are summarized
in Table 2. Obviously, an excellent efficiency of 15.87% is
obtained for 54 kDa PBTTzE-based device with an open-
circuit voltage (V,.) of 0.891 V, a short-circuit current den-
sity (J) of 23.13 mA cmfz, and a fill factor (FF) of 0.769.
This device efficiency is the highest value reported to date
for the IT-4F-based OSCs (Figure 2c).

In contrast, the device based on the smallest M, (43 kDa)
shows a relatively low efficiency of 14.91%, due to de-
creased J, and FF. Interestingly, the efficiency is almost
identical between 54 kDa and 57 kDa PBTTzE-based de-
vices, which is in accordance with the characteristics of pure
films discussed above. When the molecular weight further
increases to 76 kDa, a slightly lower performance of about
15.27% is found with reduced J,. However, a higher V.
could be obtained for 76 kDa, which is mainly attributed to
the extended quasi-Fermi levels between electrons and holes
upon decreased charge carrier mobility [71]. As a result, the
V,. of organic solar cells not only depends on the electronic
levels of the donor and acceptor, but critically depends on
charge dynamic. Importantly, given the large range of var-
iation in M, (43-76 kDa), only 1% difference in device
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Figure 2 (Color online) (a) Optimized J-V curves and (b) EQE spectrum of PBTTzE:IT-4F devices with different molecular weights. (c) Cost-Efficiency
diagram based on receptor IT-4F. The light intensity dependence profiles with (d) J,,-V.ir and (e, f) Ji. and V. curves of the devices.
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performance means that the PBTTzE possesses excellent
batch-to-batch reproducibility. The J, differences for all
devices are confirmed by the external quantum efficiency
(EQE) measurements. As shown in Figure 2b, all polymers
show broad spectral response in the range of 300900 nm,
and the devices of 54 kDa and 57 kDa exhibit the maximum
EQE, which can be attributed to high absorption ability.
However, the 76 kDa PBTTzE-based device with the
strongest absorption coefficient did not achieve the expected
EQE. Moreover, there is an obvious contrast between FF and
increasing M,. The results prompted us to find further sup-
porting evidence by investigating the film morphology. Ul-
timately, the integrated J, values calculated from the EQE
are highly matched with the J-V tests.

2.3 Morphology properties

To further explore the effect of M, on device performances,
atomic force microscopy (AFM) and transmission electron
microscopy (TEM) were used to investigate the blend film
morphology. As seen in Figure 3a—d, the blend film of 43
kDa shows a relatively smooth surface with the smallest
root-mean-square (RMS) roughness of 1.68 nm among the
four batches, while that of 76 kDa exhibits the biggest RMS

Sci China Chem  February (2025) Vol.68 No.2

of 6.23 nm with serious phase separation and large ag-
gregated domain (Figure S15). In contrast, both 54 kDa and
57 kDa PBTTzE-based blend films display the more mod-
erate phase separation and clearer fiber distribution, which
would be more favorable for exciton dissociation and charge
transport, and then significantly increase the J,, and FF va-
lues. To a certain extent, the miscibility between donor and
acceptor materials affects the degree of phase separation of
blend films. Therefore, we further measured the contact
angles by using deionized water and glycerol to analyze the
surface energy of PBTTzEs and IT-4F films (Figure S16).
The miscibility can be evaluated using the Flory-Huggins
interaction parameters (), which is obtained by an experi-
mental Eq. (2):

1 =K(J7 %) b))

where K is a constant, y, and y, are the surface tension of
PBTTzEs and IT-4F, respectively. As shown in Table S4, the
x values, between polymers and IT-4F, exhibit an increasing
tendency with increasing M,. The largest y value of 0.69 for
PBTTzE with 76 kDa and IT-4F film means the lowest
miscibility of two phases, leading to the increased phase
segregation. This result is consistent with the AFM and TEM
analysis with the large RMS value and aggregated domain in

Table 2 Photovoltaic device parameters of the OSCs based on PBTTzE:IT-4F with various polymer molecular weights under AM 1.5 G illumination,

100 mW cm™
Devices Thickness [nm] V. [VI] Jo mAem?’]  Jg P [mA em ] FF PCE s (g . [%]
PBTTZE (43 KDa):IT-4F 100 0.894 22.79 21.87 0.731 14.91 (14.76 + 0.15)
PBTTZE (54 KDa):IT-4F 104 0.891 23.13 21.98 0.769 15.87 (15.76 + 0.11)
PBTTZE (57 KDa):IT-4F 104 0.881 23.43 22.26 0.761 15.72 (15.63 + 0.09)
PBTTZE (76 KDa):IT-4F 109 0.906 22.46 21.57 0.751 15.27 (15.22 + 0.05)

a) Integrated from EQE spectrum; b) average values were obtained from 15 devices.

(€)

7.0n0m

(e)

20.0nm

0.

30.0 nm

-7.0 nm

T )

7.0.nm

-7.0nm 300nmm

Quy (A

w;]‘y (A“)‘ o

(9)

M 57 kDa

(h ) BT

76 kDa

- PBTTZE:IT-4F (OOP) s
i3 T

5 3 ——43kDa .
N AN

n z | —
§ | T—— ~—54kDa s oR

< ——

) _ ——sTkDa S

76kDa
} a0 18 1

" gy A )

q, (A7)

Intensity (a.u.)

q, (A7)

Intensity (a.u.)

Figure 3 (Color online) (a—d) AFM height images; (e-h) 2D-GIWAXS patterns and (i, j) corresponding 1D line-cut profiles for PBTTzE:IT-4F blend films

with different polymer molecular weights.
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the PBTTZE (76 kDa):IT-4F blend film.

GIWAXS analysis was carried out to understand the mo-
lecular packing and orientation of the blend films. As shown
in Figure S17, the pristine IT-4F film adopts an intermixed
edge-on/face-on orientation due to the simultaneous ap-
pearance of (100) lamellar diffraction and (010) n-x stacking
peaks along with IP and OOP directions, respectively. When
blended with the PBTTzEs, all blend films exhibit a strong
(010) diffraction peak at ~1.74 A" in the OOP direction and
a strong (100) diffraction peak at ~0.31 A" in the IP direc-
tion (Figure 3e—j), indicating a comparable prominent face-
on orientation and more ordered molecular packing. Mean-
while, we also observed a weak (100) diffraction peak at
0.35A"" in the OOP direction while no obvious (010)
crystalline region could be observed at 1.53 A" in IP di-
rection, suggesting the diffraction peaks in the blend films
are mainly from the polymers. Additionally, diminished in-
tensity and distance of the lamellar packing and n-x stacking
peaks in blend films compared to the pure films (Figure 1f,g)
are attributed to the differentiated donor/acceptor inter-
molecular interactions, thus influencing their morphological
characteristics. Moreover, the calculated n-n stacking dis-
tances for 43, 54, 57, and 76 kDa blend films show 3.61,
3.59, 3.61 and 3.67 A with CCL values of 18.84, 22.61,
21.74 and 20.19 A (Table S5), respectively. Remarkably, the
smaller n-n stacking distance and larger CCL of the PBTTzE
(54 kDa):IT-4F blend tend to form better charge transport
and collection, thus explaining the improved J, and FF.

2.4 Charge dissociation, recombination, and transport

The analysis of charge dissociation, recombination, and
transport behaviors is beneficial to better understand the
difference in the J, and FF of four batch devices. Firstly, the
exciton dissociation probabilities (Pyiss = Jpn/Jsar, Where Jgy is
the saturation current density) were investigated by using
photocurrent density (J,;,) versus effective voltage (Vep)
curves (Figure 2d). Under short-current conditions, the Py;
was determined to be 95.9%, 96.3%, 96.1%, and 94.8% for
devices based on PBTTzE with 43, 54, 57 and 76 kDa, re-
spectively, suggesting that moderate M, s (54 kDa and 57
kDa) are more beneficial to exciton dissociation. However,
the reduced Py, of PBTTZE (76 kDa):IT-4F is one of the
reasons for its lowest J,.. Next, we explored the charge re-
combination processes by examining the J-V curve re-
sponding to gradually increased incident light intensity
(Piight)> and the results are shown in Figure 2e,f. According to
the formular J,, Pngh[“, the calculated o values of 54 kDa
(0.970) and 57 kDa (0.969) of PBTTzE-based devices are
closer to 1 than those of other two devices (0.948 for 43 kDa
and 0.958 for 76 kDa), meaning that the bimolecular re-
combination is suppressed. Meanwhile, measurement of ¥
as a function of Py, was carried out to probe monomolecular
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recombination within the devices. The curves were fitted
according to the expression V,.oc(nkp7/q)In(Pg), Where the
slope close to kg7/q implies that monomolecular re-
combination is restrained. The slopes of 43, 54, and 57 kDa
PBTTZzE based devices were calculated to be 1.10, 1.06, and
1.08 k5T/q, respectively, indicating that the M, s have slight
influence on the monomolecular recombination in the range
of 43-57 kDa. Nevertheless, there is more monomolecular
recombination in device fabricated by 76 kDa (1.20 k37/q),
which is attributed to more serious phase separation as ver-
ified above. Furthermore, the charge transport properties
were analyzed by applying space charge limited current
(SCLC) method to investigate hole mobilities () and
electron motilities (x.). As shown in Figure S18, the u;, and p,
values are 3.41x10 */2.51x10 *em’ V's™, 5.89x10°Y
546x10 *em® V's !, 5.67x10 %/5.03x10 Y em® Vs ' and
5.37x10 */4.30x10 * cm> V' s for the 43, 54, 57, and 76
kDa of PBTTzE-based devices, with a g/, ratio of 1.36,
1.08, 1.13, and 1.25, respectively. Apparently, balanced and
high carrier mobilities in 54 kDa devices are favorable for
charge transport, simultaneously, combined with suppressed
charge recombination and effective exciton dissociation, thus
obtaining the best J, and FF. These results also demonstrate
that turning the M, strategy can be used to optimize the
physical characterization and morphology of materials, fur-
ther improving the device performance.

2.5 Ternary organic solar cells

Benefiting from broadening the absorption range, turning the
energy level alignment and optimizing the morphology of the
active layer, the ternary strategy has proven to be a simple
and effective method to further improve device performance.
Interestingly, compared to PM6, PBTTZzE exhibits a certain
degree of blue-shifted and strong aggregation ability (Figure
4a), which contributes to the formation of complementary
absorption in the short wavelength region and regulate the
film morphology to improve J,. Meanwhile, a cascade
HOMO energy alignment is formed between PBTTZzE
(—5.59 eV), PM6 (=5.50 V), and BTP-eC9 (—5.63 eV), as
shown in Figure 4b, which is conducive to hole transport.
Furthermore, contact angle measurements showed that the y
value of PM6:PBTTZE is 0.0018, which is smaller than 0.14
of PM6:BTP-eC9 and 0.26 of PBTTzE:BTP-eC9 (Figure
S19 and Table S6), indicating better miscibility between
PM6 and PBTTzE, thus tending to form a donor alloy [72].
Also, we found that the HOMO energy level of the PM6:
PBTTzE blend gradually declined with the increase of
PBTTZzE content (Figure 4c), which further confirmed that
PM6 and PBTTZE can form an alloy state. Therefore, in-
troduction of PBTTZE into the binary blend can effectively
regulate the energy level and E, , leading to a significantly
increased V..
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Based on these features, the ternary device was prepared
by inserting PBTTZzE (54 kDa) as a donor guest into the
binary system based on PM6:BTP-eC9. A conventional de-
vice architecture of ITO/PEDOT:PSS/active layer/PDINN/
Ag was used to investigate the photovoltaic performance for
PM6 and PBTTZzE based binary and ternary OSCs. The do-
nor/acceptor (D/A) weight ratio was kept constant (1:1.2).
The corresponding J-V curves are shown in Figure 4d, and
the detailed photovoltaic parameters were summarized in
Table 3 and Table S7. The representation device of PM6:
BTP-eC9 shows an excellent PCE of 17.26% along with a J
of 27.0l mA cm 7, a V,. of 0.839V, and an FF of 0.761,
while the PCE of PBTTzE:BTP-eC9 device is only 10.45%
with relatively lower J, (17.86 mA cmfz) and FF (0.675) but
higher V. (0.866 V). Interestingly, an improved PCE of
18.76% with excellently improved J,, (28.38 mA c¢m ) and
FF (0.782) and slightly elevated V,, was obtained when
PBTTZE was introduced into a binary system with the weight
ratio 0 0.9:0.1:1.2 (PM6:PBTTzE:BTP-eC9). The improved
J,. can be explained by the increased EQE value in com-
parison to the reference device (Figure 4e), which is con-
sistent with the absorption spectra of blend films with
extended absorption range at 450—600 nm and increased
absorption coefficient at 750-800 nm (Figure S20). More-
over, the deviations of J,, between the testing and calculated
from integration of the EQE spectra are within a 5% range.
Of note is that the improvement in V. for ternary OSC
probably results from the low energy loss (Ey). Therefore,
we explored the E,  of optimized binary and ternary devices

by testing the highly sensitive external quantum efficiency
(s-EQE) and electroluminescent (EL). The detailed £, can
be divided into three parts based on the SQ limit [73], as
follows:
Eloss = E quc
= (E qVoc Q) + (qucSQ - qucrad) + (q Vocrad - quc)
= AE, + AE, + AE; 3)
where E, could be estimated according to the crossing point
between the normalized absorption and emission spectra of
the blend films (Figure S21). As shown in Figure 4f, the AE;
was also calculated by directly measuring the external
quantum efficiency of electroluminescence (EQEg;) of the
solar cell through Eq. (4):
AE; = —kTln (EQEg,) 4)

The calculated values are shown in Table 3. It is pretty
much the same of AE, for the optimal binary and ternary
devices. The differences in £, for all blend films should be
mainly due to the changes in AF, and AE;. Apparently, the
optimized ternary device had lower £, than the PM6:BTP-
eC9-based counterpart, and thus achieved a higher V.. This
result also demonstrated that the alloyed state of PM6:
PBTTZE in the ternary device can effectively reduce the
HOMO energy level. However, there is also a diminished
offset between donor and acceptor.

In general, reducing the offset in the OSCs may affect the
exciton dissociation due to a lower driving force. However,
enhancement of J, could be formed when adding 10 wt%
PBTTZzE into PM6:BTP-eC9 system. Therefore, a series of
photophysical characterizations were investigated to analyze
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the reasons for the efficiency improvement. The photo-
generated exciton separation dynamics of three blends were
first investigated using the transient absorption spectroscopy
(TAS) technique. An excitation wavelength at 780 nm was
used to excite the acceptor (BTP-¢C9) to study the hole
transfer processes because of decreased HOMO offset be-
tween alloy donor and BTP-eC9. The TAS images and cor-
responding decay dynamics are shown in Figure Sa—e and
Figure S22. The ground state bleaching (GSB) signal of
BTP-eC9 lies at 610-860 nm, and with the decay of TAS
signals from the acceptor, the new bleaching peaks appear at
570/630 nm and 530/580 nm for polymer donors of PM6 and
PBTTZE in blend films. Furthermore, the signals at 540, 580
and 740 nm were selected to investigate the decay traces of
donors and acceptor, respectively. As shown in Figure 5d, the
decay of the BTP-eC9 GSB signals at 740 nm are accom-
panied with the rise of donors GSB signal at 540 and 580 nm,
representing efficient hole transfer. And the signal in the
ternary blend decays slightly faster, revealing that the in-
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Table 3 Photovoltaic parameters of the OSCs for binary and ternary blends
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troduction of the third component could form a double
transport channel and thus significantly improve the hole
transfer from BTP-eC9 to PM6. However, due to the rela-
tively close HOMO energy level, only a small portion of
photo-induced band is observed in the binary system of
PBTTzE:BTP-eC9 (Figure 5a), which can explain the low
PCE in the PBTTzE-based binary device. Further, in Figure
Se, the time constants of decay dynamics were investigated
by fitting the GSB signal at 630 nm for PM6 containing
blend films and at 590 nm for PBTTzE:BTP-eC9 blend
based on the biexponential functions to gain the 7; and 7,
where 7, and 7, represent the ultrafast exciton dissociation at
the interface and the diffusion of the exciton in the domain,
respectively. The 7,/7, are 0.21/12.15 ps, 0.05/6.18 ps, and
0.11/7.72 ps for PBTTzE:BTP-eC9, PM6:BTP-eC9 and
PM6:PBTTZE:BTP-eC9, respectively. Obviously, the en-
hanced 7, value could be obtained for the ternary blend, re-
vealing that the possibility of hole transfer process takes
advantage of an energy cascade through the PBTTZE. This

. Voe Jee PCE ¥ E, AE, AE, AE, Eioss
Active layer Vi [mAem? T [%] [eV] V] [eV] [V] [V]
PBTTzE:BTP-eC9 0.866 17.86 0.675 10.45 (10.37+0.08) 1.408 0.261 0.059 0.222 0.542
ternary 0.846 28.38 0.782 18.76 (18.62+0.14) 1.414 0.262 0.067 0.238 0.567
PM6:BTP-eC9 0.839 27.01 0.761 17.26 (17.15£0.11) 1.418 0.262 0.077 0.245 0.584
a) Average value was obtained from 15 devices.
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Figure 5 (Color online) (a—c) 2D TAS images of the binary and ternary blend films. (d) The decay traces of donor and acceptor in blend films for PM6:
BTP-eC9 and PM6:PBTTzE:BTP-eC9 (probe@580 nm and @740 nm) and PBTTzE:BTP-eC9 (probe@540 nm and @740 nm). (e) Kinetic curves for PM6:
BTP-eC9 and PM6:PBTTZzE:BTP-eC9 (probe@630 nm) and PBTTZzE:BTP-eC9 (probe@590 nm). (f) Mobility, and charge recombination values of the

binary and ternary devices.
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result also shows that there is no influence on exciton dis-
sociation process when reducing the E, . with ternary strat-
egy. Meanwhile, an improved 7z, value means an enlarged
domain, which is conducive to exciton diffusion to a longer
distance within the effective exciton lifetime, thus achieving
higher carrier mobility and less charge recombination in the
ternary blend. The results were also confirmed by corre-
sponding tests. As shown in Figure 5f, both the a and n
values of the optimal ternary OSCs are closer to 1 than those
of binary devices. Also, the ternary blend shows the highest
hole and electron mobility, and more balanced charge
transport mobilities (uy/u, = 1.07). In addition, the steady
state photoluminescence (PL) spectra demonstrate that en-
ergy transfer takes place from PBTTzE to PM6 due to the
gradually increased intensity in blend films along with
PBTTZE content increment as well as partially overlapping
between the absorption spectrum of PM6 and PL spectrum of
PBTTzE (Figure S23). And the J value of the OSC using
PBTTZzE:PM6 as the active layer is between those of the
single component devices based on PBTTzE and PM6, re-
spectively, indicating no significant charge transfer between
both donors.

Furthermore, the AFM and TEM were employed to ex-
plore the effect of PBTTZE on the surface and bulk mor-
phology of blend films. As presented in Figure S24, the
blend film with PBTTzE:BTP-eC9 exhibits an obviously
higher RMS roughness of 2.50 nm than 1.81 nm for the
PM6-based binary blend film. By incorporating 10 wt%
PBTTZzE into the PM6:BTP-eC9 blend film, a slightly en-
hanced RMS value of 2.04 can be observed for ternary blend
film with identifiable fiber-like structure (TEM images),
indicating improved phase separation. The GIWAXS mea-
surements were carried out as well to study the molecular
packing and crystallinity behaviors of the neat polymers and
their blend films (Figure 6). Apparent (100) and (010) peaks
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along OOP direction as well as (100) peak in IP direction can
be observed simultaneously, suggesting the coexistence of
face-on and edge-on molecular orientation of PM6, similar to
the reported result [38]. In contrast, PBTTZE exhibits the
preferred face-on orientation due to obvious (100) and (010)
peaks along the IP and OOP directions, respectively.
Meanwhile, the m-n stacking distance and diffraction in-
tensity are improved in the PBTTZE film with enhanced CCL
value. So, when adding PBTTZE into the PM6:BTP-eC9-
based binary blend film, the d-spacing value from the
1.69 A™ changes little, but the corresponding CCL value
increases significantly from 19.49 to 20.19 nm (Table S8). It
suggests that introduction of PBTTZE as a third component
can form more ordered packing and enhanced crystallinity.
This feature can facilitate more efficient charge transport,
which agrees well with the increased J,. and FF in ternary
OSCs. In addition, for the IP lamellar packing peaks, all
blend films possess both peaks at ~0.30 A~ and ~0.40 A",
which were assigned to the polymers and BTP-eC9, re-
spectively. Moreover, an increased (100) lamellar peak in-
tensity of BTP-eC9 could be observed in PBTTzE:BTP-eC9
blend film, which is probably due to the formation of inferior
compatibility between PBTTzE and BTP-eC9 (¥ = 0.26)
compared to PM6:BTP-eC9 (y = 0.14) [74]. The large yx
value means severe phase separation, which would lead to
poor charge transport as well as increased charge re-
combination, and then explain the reason why PBTTzE:
BTP-eC9-based device displays lower J, and FF.

3 Conclusions
In summary, a simple bithiophene carboxylate-substituted

thiazole monomer TTzE-Br was designed and used to con-
struct a series of novel D-A copolymers (PBTTzEs) with
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qu (A-1) gt

Figure 6 (Color online) (a—f) 2D-GIWAXS patterns of the pristine and blend films; (g—h) Corresponding line-cut profiles in IP and OOP directions.
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chlorinated BDT as donor unit by varying the molecular
weights. Both D and A units could be synthesized via only
three steps, respectively, thus cutting the cost. Interestingly,
carboxylate- and chloro-substitution can simultaneously
adjust HOMO energy level to ensure a high V.. Moreover,
introduction of the ester group and C=N is helpful for im-
proving the aggregation properties, crystallinity and packing
ordering due to the formation of S---O and S---N non-
covalent interactions. When paired with IT-4F acceptor, a
champion PCE of 15.87% was obtained with moderate mo-
lecular weight (54 kDa), representing a record efficiency
among the IT-4F-based binary OSCs. Importantly, the
PBTTZzE exhibited PCE deviation smaller than 1% within a
large M, range of 43—76 kDa, demonstrating superior batch-
to-batch reproducibility. Further, PBTTzE was added as a
third component to the high performance blend of PMé6:
BTP-eC9. The calculated y value confirms that alloyed state
could be formed between PM6 and PBTTZE, leading to the
enhanced V, of the ternary device by reducing E;. In ad-
dition, besides the complementary absorption, the optimized
BHJ morphology with the improvement of phase separation,
crystallinity, and domain size in ternary blend film could be
simultaneously regulated by the incorporation of 10 wt%
PBTTzE, contributing to increased exciton dissociation,
charge transport, thus improved J,, and FF. With all these
advantages, the ternary OSCs achieves a high PCE of
18.76% with a simultaneous enhancement of V., J,. and FF
values in comparison to that of PM6-based binary device.
Overall, our results demonstrate that the carboxylate-sub-
stituted thiazole is a great potential unit to construct low-cost
wide bandgap polymers with deep HOMO energy level for
efficient NF-OSCs.
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