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Non-fullerene acceptors with a large conjugated rigid skeleton are conducive to promoting low disorder
and reducing non-radiative recombination loss (AE,,), thereby improving open voltage (V) in organic
solar cells (OSCs). However, an unfavorable active layer morphology is often formed due to excessive
aggregation of these acceptors, which leads to a low short-circuit current density (Jsc) and fill factor
(FF), and significantly lower device efficiencies. In this study, we report a dimer acceptor, QD-1, featuring
a large conjugated rigid skeleton that exhibits low energy disorder, small reorganization energy, and
weakened electro-photon coupling. All of these factors contribute to a reduction in AE,, and improved
charge mobility. Benefiting from the above advantages as well as favorable fibrillar morphology, a binary
OSC based on PM6:QD-1 showed high and balanced device parameters in Vo, Jsc, and FF, resulting in a

Received 14th February 2025, high power conversion efficiency (PCE) of 19.46%, which is the highest reported for binary OSCs
Accepted 22nd April 2025 utilizing dimer acceptors. Furthermore, by incorporating QD-1 into the PM6:BTP-eC9 system, a
DOI: 10.1039/d5ee00878f remarkable PCE of 20.19% was achieved, accompanied by an improvement in all three photovoltaic

parameters, due to the optimized morphology of the active layer. Additionally, a module (13.5 cm?)
rsc.li/ees based on the ternary system achieved a high PCE of 17.33%.

Broader context

Non-fullerene acceptors with a large, rigid conjugated skeleton tend to exhibit low disorder, reduced non-radiative recombination loss (AE,,), and improved
open-circuit voltage (V,.) in organic solar cells (OSCs). However, excessive aggregation of these acceptors can lead to an unfavorable active layer morphology,
resulting in a lower short-circuit current density (/s ), fill factor (FF), and significantly lower device efficiencies. Herein, we report a dimer acceptor, QD-1,
featuring a large conjugated rigid skeleton. As expected, a reduced AE,, and improved charge mobility were observed for QD-1. Additionally, the active layer
exhibited a favorable fibrillar morphology. Due to these advantages, the binary OSC based on PM6:QD-1 achieved high and balanced device parameters for V.,
Jse, and FF, resulting in an outstanding power conversion efficiency (PCE) of 19.46%, which is the highest reported for binary OSCs using dimer acceptors.
When QD-1 was incorporated into the PM6:BTP-eC9 blend, the PM6:BTP-eC9:QD-1 system achieved an impressive PCE of 20.19% due to the optimized
morphology. The system also demonstrated enhanced thermal stability. Additionally, a module (13.5 cm?) based on the ternary system achieved a high PCE of
17.33%, which is at the leading level for large area modules. This study highlights the significant potential of large conjugated rigid dimer acceptors for
achieving high-efficiency OSCs.

“State Key Laboratory of Elemento-Organic Chemistry, Frontiers Science Center for I ntrOd uct|on
New Organic Matter, Key Laboratory of Functional Polymer Materials, Institute of

Polymer Chemistry, Tianjin Key Laboratory of Functional Polymer Materials, Organic solar cells (OSCS), which have emerged as a promising
Nankai University, Tianjin 300071, China. E-mail: lichenxi@nankai.edu.cn, renewable en ergy te chnolo gy, are known for their many merits,

xwan@nankai.edu.cn, yschen99@nankai.edu.cn . o1s . . poes
b School of Materials Science and Engineering, National Institute for Advanced such as gOOd solution processablhty, llghtwelght, ﬂeXIblhty’

. 1-4 .
Materials, Nankai University, Tianjin 300350, China and semi-transparency.” - In recent years, there has been rapid
© School of Materials Science and Engineering, Tianjin Key Laboratory for development of OSCs, and the power conversion efficiencies
Photoelectric Materials and Devices, Key Laboratory of Display Materials and (PCES) of single-junction devices have currently exceeded 20%

Photoelectric Devices, Ministry of Education, Tianjin University of Technology, due to innovations in molecular structure and progress in
Tianjin 300384, China

. . . 5-14 .
t Electronic supplementary information (ESI) available. See DOI: https://doi.org/ device e.nglneerlng. However, compared to Si Pased and
10.1039/d5e€00878f perovskite-based solar cells, the PCEs of OSCs continue to lag

£ Wendi Shi and Qiansai Han contributed equally to this work. behind.

This journal is © The Royal Society of Chemistry 2025 Energy Environ. Sci.


https://orcid.org/0000-0002-1826-3736
https://orcid.org/0000-0003-1384-183X
https://orcid.org/0000-0003-1014-7842
https://orcid.org/0000-0001-5266-8510
https://orcid.org/0000-0003-1448-8177
http://crossmark.crossref.org/dialog/?doi=10.1039/d5ee00878f&domain=pdf&date_stamp=2025-05-05
https://doi.org/10.1039/d5ee00878f
https://doi.org/10.1039/d5ee00878f
https://rsc.li/ees
https://doi.org/10.1039/d5ee00878f
https://pubs.rsc.org/en/journals/journal/EE

Published on 23 April 2025. Downloaded by Nankai University on 6/1/2025 2:30:26 PM.

Paper

This is caused by many factors, particularly the flexible
molecular skeleton of organic materials, which leads to strong
electron-phonon coupling. This causes increased non-radiative
recombination and decreased OSC device open voltage (Vo).
Additionally, loose intermolecular aggregation generally results
in large structural defects and amorphous phases. These
defects and disorders can serve as recombination centers for
excitons and charge carriers, leading to large trap state densi-
ties, low carrier mobilities, and decreased J,. and fill factor (FF)
in OSC devices."” ™"’

At the single-molecule level, enhancing molecular rigidity
through rational molecular design is an efficient strategy to
address the above issues.”** A common strategy for designing
organic semiconductor materials involves synthesizing large
conjugated molecules by inserting two-dimensional (2D) con-
jugated aromatic rings into the molecular backbone. This
approach is based on the fact that extending conjugation can
enhance the molecular rigidity, thereby reducing the Urbach
energy (E,) and reorganization energy, weakening the electron-
phonon coupling, and thus decreasing AE,, and increasing
charge mobility. In addition, compared to one-dimensional
(1D) conjugation, 2D conjugation can strengthen the intermo-
lecular interaction and improve the electronic coupling and
charge transfer capabilities, which assists in reducing disorder
and trap densities.>>™>®

In recent years, dimers based on the Y6 skeleton have been
widely studied and show promising photovoltaic performance and
excellent stability. Various connection modes for synthesizing
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these dimers have been reported in the literature, such as
‘end-end’ type,®*>" ‘center-center’ type,*>** ‘shoulder-shoulder’
type,** and ‘alkyl-alkyl’ type.>> However, most of these dimers are
connected by small aryl or alkyl chains, which fail to form planar
or rigid conjugates. While several research groups have synthe-
sized dimers through rigid conjugate extension, the photovoltaic
performance of these dimer-based binary devices falls behind that
of other types of dimers due to poor J,. and FF.*"?¢78

Recently, our group synthesized a series of acceptor mole-
cules (CH-series) by central core conjugate extension.’® These
acceptors exhibit excellent properties, such as small values of
E, and low reorganization energy, which were attributed to 2D
conjugation-extended backbones that enhance molecular rigid-
ity and intermolecular n-r packing. In this study, based on the
CH-series molecular design concept, we further extended mole-
cular conjugations to synthesize a dimer acceptor, named QD-1
(Fig. 1a). Due to its large conjugated rigid molecular backbone,
QD-1 exhibits a small reorganization energy, weak electron-
photon coupling with a low Huang-Rhys parameter (S), and
reduced energy disorder. Additionally, when PM6 was used as
the donor, the active layer of the PM6:QD-1 blend displayed a
smooth film surface and a distinct fibrillar morphology.

Benefiting from these advantages, the binary OSC based on
PM6:QD-1 achieved a power conversion efficiency (PCE) of
19.46%, with a high V.. of 0.895 V, J. of 27.52 mA cm™?, and
FF of 79.01%, which is the highest efficiency reported thus
far for binary cells based on dimer acceptors. Furthermore,
the ternary device based on the PM6:BTP-eC9:QD-1 system
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Fig.1 (a) Chemical structures of QD-1. (b) Optimized molecular configuration of QD-1 through DFT calculation (B3LYP/6-31G level). (c) The
electrostatic surface potential contour of QD-1. (d) UV-vis absorption (abs.) spectra of QD-1 in the film and photoluminescence (PL) spectra under
640 nm excitation. (e) Photoluminescence quantum yield of QD-1 film. (f) FTPS-EQE of the QD-1-based devices at the absorption onset.
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achieved a remarkable PCE of 20.19% that was attributed to the
optimized morphology with enhanced exciton dissociation,
improved charge transport, and suppressed charge recombina-
tion following the incorporation of QD-1. Additionally, using
the ternary system, a module with an effective area of 13.5 cm?®
was fabricated and exhibited an outstanding PCE of 17.33%.

Results and discussion

The synthetic route for QD-1 is outlined in Schemes S1-S3
(ESIT), with detailed synthesis procedures and characterization
data provided in the ESI.{ Due to the large rigid conjugated
skeleton of QD-1, it demonstrates high thermal stability, with a
decomposition temperature (T4) of 354 °C, as determined by
thermal gravimetric analysis (TGA) (Fig. S1, ESIt). The result of
differential scanning calorimetry (DSC) is shown in Fig. S2
(ESIT). Density functional theory (DFT) calculations reveal a
highly planar skeletal structure for QD-1 (Fig. 1b). As shown in
the side view, the torsion angle for QD-1 is only 7°, indicating
its near-planar geometry. The planar structure is beneficial for
the formation of efficient intermolecular packings. The ground-
state dipole moment (ug) of the model molecules was also
analysed. The QD-1 shows a small pu, of 0.1074 Debye that
was due to its high molecular centrosymmetric structure.*’
Notably, the dipole moment for QD-1 is oriented perpendicular
to the molecular backbone.

These properties are beneficial for enhancing intermolecu-
lar interactions while preventing excessive molecular aggrega-
tions, and also facilitating charge transport, thereby improving
photovoltaic performance. The theoretical highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) are primarily located on the electron-enriched
central unit and electron-deficient terminals, respectively.
The HOMO and LUMO for QD-1 are —5.58 eV and —3.58 €V,
respectively (Fig. S3, ESIT). The surface electrostatic potential
(ESP) was simulated, as displayed in Fig. 1c, and the majority of
QD-1’s surface exhibits positive ESP, indicating its electron
affinity characteristics.

As shown in Fig. S4 (ESIf), QD-1 neat film exhibits a
maximum absorption peak at 813 nm, which shows a redshift
of 68 nm compared to its absorption in chloroform solution,
indicating strong intermolecular n-r interactions. Moreover, as
evidenced in Fig. S5 (ESIT), QD-1 shows low reorganization
energies for holes (89.94 meV) and electrons (81.75 meV).
A small reorganization energy is beneficial for reducing the
driving force of exciton dissociation and improving charge
mobility according to Marcus charge-transfer theory.*' The
small reorganization energy of QD-1 was also confirmed by
the narrow Stokes shift. As shown in Fig. 1d and Fig. S6 (ESIT),
the Stokes shift value of QD-1 neat film is only 76 nm, which is
smaller than that of most Y6 derivative acceptors.*>** We also
estimated the S value, a parameter of indication for electron—
phonon coupling, using the equation AEggyes = 28hm.**™°
As shown in Table S1 (ESIf), the S value of the QD-1 film is
0.433, which is much lower than that of Y6 (0.646) and BTP-eC9
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(0.530), suggesting weakening electron-phonon coupling for
QD-1.%7*® Therefore, the QD-1 neat film showed a high photo-
luminescence quantum yield (PLQY) of 10.31% (Fig. 1e). These
results are conducive to decreasing the AE,, in an OSC device.

Notably, the low energy disorder of materials can also
decrease the AE,, in OSCs under light and facilitate charge
extraction and transport.’>*® Therefore, we measured E, by
Fourier transform photocurrent spectroscopy-external quan-
tum efficiency (FTPS-EQE) to quantify the energy disorder.
As shown in Fig. 1f, QD-1 exhibits a low E, of 19.8 meV, which
indicates low energy disorder and trap density in the film. This
favours suppressing charge recombination and improving
carrier mobilities.

Grazing incidence wide-angle X-ray scattering (GIWAXS) was
used to study the intermolecular packing morphology of QD-1
neat film. As shown in Fig. S7 (ESIf) and summarized in
Table S2 (ESIt), the QD-1 neat film exhibits a strong m-n
stacking (010) diffraction peak in the out-of-plane (OOP) direc-
tion at 1.64 A°~* (d = 3.83 A) and a strong lamellar peak (100) in
the in-plane (IP) direction at 0.348 A°~* (d = 18.06 A), indicating
a predominance of face-on orientation. These results suggest
that ordered intermolecular packing is a characteristic of QD-1,
and it contributes to its high electron mobility, with an average
value of 5.89 x 10~* cm® V' s (Fig. S8, ESIY).

The UV-vis absorption spectra demonstrate that the absorp-
tion characteristics of QD-1 are complementary with those of
PMS6 (Fig. S9a, ESIT), while BTP-eC9 (Fig. S9b, ESIT) exhibits an
absorption range broader than that of QD-1, as illustrated in
Fig. 2a. Cyclic voltammetry (CV) was conducted to estimate the
energy levels of QD-1. The CV curves were used to determine the
HOMO and LUMO energy levels of QD-1, which were —5.73 and
—3.80 eV, respectively (Fig. 2b and Fig. S10, ESI{). Compared to
those of BTP-eC9,”° the HOMO energy level of QD-1 is lower and
the LUMO energy level is higher, with a larger bandgap of
1.93 eV.

Then, PM6 was selected as a polymer donor to investigate
the photovoltaic performance of QD-1 as a host acceptor and
guest acceptor. The device structure of the solar cell is ITO/
2PACz/Active layer/PNDIT-F3N/Ag. After device optimization,
the PM6:QD-1-based device achieved an impressive PCE of
19.46%, with a V. of 0.895 V, a J,. of 27.52 mA cm 2%, and an
FF of 79.01% (Table 1 and Fig. 2¢). To the best of our knowl-
edge, this is the highest PCE achieved for binary devices based
on dimer acceptors (Fig. 2f and Table S3, ESIT).

To further improve the efficiency, we fabricated a ternary
device using a more redshifted acceptor, BTP-eC9. Moreover,
when 20% QD-1 was incorporated as the guest acceptor,
the ternary device achieved a substantially higher PCE of
20.19%, accompanied by an improved V,. of 0.873 V, J,. of
28.98 mA cm 2, and FF of 79.82%, which surpassed the PCE of
PM6:BTP-ec9 (19.53%). Fig. 2d shows the external quantum
efficiency (EQE) curves of the binary and ternary devices.
The integrated current densities of PM6:QD-1, PM6:BTP-eC9,
and PM6:BTP-eC9:QD-1 were calculated as 26.52, 27.31, and
27.96 mA cm™ 2, respectively, matching well with that measured
from the current density-voltage ( J-V) test. Furthermore, these
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Fig. 2 (a) Normalized absorption spectra of PM6, BTP-eC9, and QD-1 in solid films. (b) The alignment of energy levels. (c) J-V curves for OSCs. (d) EQE
plots and integrated J. curves. (e) Statistical histograms of PCEs of OSCs based on PM6:QD-1, PM6:BTP-eC9, and PM6:BTP-eC9:QD-1. (f) J,c x FFas a
function of PCE of the binary OSCs based on QD-1 and the OSCs with a PCE > 18% in the literature. Source references for the data points are provided in

Table S3 (ESI¥).

Table 1 Summary of photovoltaic parameters for OSCs

Active layers Voe (V) Jse (MA cm™?) Joco @8 FF PCE? (%)

PM6:QD-1 0.895 (0.890 + 0.003) 27.52 (27.54 + 0.17) 26.52 79.01 (78.53 + 0.43) 19.46 (19.25 + 0.11)
PM6:BTP-eC9 0.864 (0.858 + 0.006) 28.51 (28.31 + 0.25) 27.31 79.30 (79.42 + 0.28) 19.53 (19.28 + 0.15)
PM6:BTP-eC9:QD-1 0.873 (0.868 + 0.004) 28.98 (28.89 + 0.25) 27.96 79.82 (79.83 + 0.66) 20.19 (20.01 + 0.09)

% The average values in parentheses were obtained from 20 independent devices.

devices exhibited excellent reliability, as evidenced by testing
20 independent devices, with the statistical representation
depicted in Fig. 2e.

To determine why the PCEs for QD-1-based OSCs were high,
a comprehensive study of excitons along with charge dynamic
analysis was conducted. First, we studied the charge generation
and dissociation process by exploring the photocurrent density
(Jpn) versus effective voltage (Veg).”' As depicted in Fig. 3a,
under the short-circuit condition and maximum power output
conditions, the exciton dissociation efficiency (Pqgiss) and charge
extraction efficiency (P.oy) of the PM6:QD-1-, PM6:BTP-eC9-,
and PM6:BTP-eC9:QD-1-based OSCs are 98.44%/89.15%,
97.41%/90.48%, and 98.30%/92.17%, respectively. The higher
Pgiss and P, suggest that the ternary device possesses exciton
dissociation and charge collection properties with greater effi-
ciency compared with the PM6:BTP-eC9-based binary device,
which contributed to the higher J. and FF of the QD-1-based
ternary device.

Next, we measured the light intensity (Pj;gn)-dependent J,. to
investigate the charge recombination under the short-circuit
condition.’* As shown in Fig. 3b, the slopes of the J. versus

Energy Environ. Sci.

light intensity curve («) for the PM6:QD-1 and PM6:BTP-
eC9:QD-1 devices were 0.991 and 0.993, respectively, which
are higher than that of PM6:BTP-eC9 (0.990). According to the
power-law equation J,. oc Pjign”, as o becomes closer to 1, the
bimolecular recombination becomes smaller. Thus, the results
suggest that the introduction of QD-1 contributed to the
inhibition of bimolecular recombination.

The transient photocurrent (TPC) and transient photovoltage
(TPV) tests (Fig. 3c and Fig. S11, ESIf) revealed that the charge
extraction time decreased in the order of PM6:QD-1 (0.40 ps),
PM6:BTP-eC9 (0.35 ps), and PM6:BTP-eC9:QD-1 (0.26 ps), while the
photogenerated carrier lifetime increased from 69 ps to 100 ps and
then to 115 ps. The shorter charge extraction time and longer
carrier lifetime in the ternary device contributed to higher carrier
mobility and less charge carrier recombination.

Carrier mobility was further investigated using the space
charge limited current (SCLC) method (Fig. 3d and Fig. S12,
ESIY). The electron (u.) and hole mobilities (i) of the PM6:QD-1,
PM6:BTP-eC9, and PM6:BTP-eC9:QD-1 blends were estimated to
be 7.33 x 10°%6.27 x 107 * em?> V' ' s, 7.54 x 10 %/6.54 x
107 em®> v 57!, and 8.65 x 107%/7.56 x 107 * cm?> Vv ! 57},

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) Jpn versus Ve curves indicating Pgiss and Peoy. (b) Light intensity (Pygne) dependence of Js.. (c) Transient photocurrent measurement of binary
and ternary devices. (d) The electron and hole mobilities of the PM6:QD-1, PM6:BTP-eC9, and PM6:BTP-eC9:QD-1 blends acquired from single-carrier
devices. (e) FTPS-EQE of the PM6:QD-1, PM6:BTP-eC9, and PM6:BTP-eC9:QD-1 devices at the absorption onset. (f) Mott—Schottky plots (dashed lines
represent the linear fitting). (g) The corresponding EQEg, spectra for the optimized OSCs. (h) Thermal stability of the PM6:QD-1-, PM6:BTP-eC9-, and
PM6:BTP-eC9:QD-1-based OSCs without encapsulation in a nitrogen-filled glove box at 65 °C. (i) J-V and P-V curves of the PM6:BTP-eC9:QD-1

module.

with pe/un of 1.17, 1.15, and 1.14, respectively. The higher
and more balanced charge transport values contributed to
the higher FF and Js. of ternary OSC compared with the
binary OSCs.

The E, of blend films was also measured by fitting the low
photon energy region from the FTPS-EQE spectrum. The E,
values for PM6:QD-1, PM6:BTP-eC9, and PM6:BTP-eC9:QD-1
are 19.9, 21.8, and 20.8 meV, respectively (Fig. 3e). The small
E, values suggest that the energetic disorder for the PM6:QD-1-
based device is low, and the addition of QD-1 can effectively
decrease the energetic disorder in the ternary device. We
characterized trap density using capacitance measurements at
various bias voltages. From the Mott-Schottky plot (Fig. 3f), the
trap densities of PM6:QD-1, PM6:BTP-eC9, and PM6:BTP-
eC9:QD-1 are 1.02 x 10'® em™3, 1.32 x 10'® em™?, and 1.15 x
10'® em™®, respectively, suggesting that the introduction of
QD-1 can effectively reduce the defect state of the film and

This journal is © The Royal Society of Chemistry 2025

inhibit molecular disorder. The detailed energy loss (Ejoss)
analysis results are presented in Table S4 (ESIY).

The optical bandgap (E,) and EQEs of electroluminescence
(EQEg) for the PM6:QD-1-, PM6:BTP-eC9- and PM6:BTP-
eC9:QD-1-based OSCs are displayed in Fig. S13 (ESIf) and
Fig. 3g. The AE,, of OSCs were calculated to be 0.209, 0.215,
and 0.213 eV, respectively. The reduced AE,,, observed in QD-1-
based OSCs can be attributed to its weak electron-phonon
coupling, small reorganization energy, low energy disorder,
and trap density.

To explore the stability of QD-1-based devices, we measured
their thermal stability and photo-stability. As shown in Fig. 3h,
the PM6:QD-1 device exhibited a T80 lifetime of approximately
1200 h after annealing at 65 °C in a nitrogen atmosphere. The
T80 lifetimes of the PM6:BTP-eC9:QD-1 device and PM6:BTP-
eC9 device are 570 h and 330 h, respectively. The results show
that incorporating QD-1 into the PM6:BTP-eC9 active layer can
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improve the thermal stability. The photo-stability of the unpack-
aged devices was measured at the maximum power point (MPP)
under continuous 100 mW cm > light illumination. As shown in
Fig. S14 (ESIT), the PCE of the PM6:QD-1 device decreased to 60%
of its initial value after 400 h. The stability improvement may be
attributed to the large conjugated structure of QD-1, which assists
in maintaining the morphology of the active layer by suppressing
the diffusion of acceptor molecules.

Based on the PM6:BTP-eC9:QD-1 ternary blend, a module
comprising six sub-cells connected in series, with an effective
area of 13.5 cm” was successfully fabricated. The module’s
structure is glass/ITO/PEDOT:PSS/PM6:BTP-eC9:QD-1/PNDIT-
F3N/Ag (Fig. S15, ESIt). A photograph of the module is shown
in Fig. S16 (ESIt). The J-V curve is presented in Fig. 3i. The
optimal module exhibited an impressive PCE of 17.33%, with
a Voo of 5.099 V, a Jo. of 4.36 mA cm ™2, and an FF of 77.96%. To
the best of our knowledge, this PCE value is one of the highest
ever reported for an organic solar module. This result under-
scores the significant potential of large conjugated rigid dimer
acceptors in practical applications.

To explore the relationship between the morphology of the
active layer and device performance of OSCs, we first employed
atomic force microscopy-based infrared (AFM-IR) spectro-
scopy to investigate the surface morphology differences among
the three systems. As depicted in Fig. S17 and S18 (ESIY),
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the root-mean-square (RMS) roughness of the three blend films
is approximately 0.7 nm, indicating uniform and smooth film
surfaces. In addition, all three blend films showed distinct
fiber-like network structures, which facilitate charge recombi-
nation reduction and enhance carrier transport.

Next, we detected the characteristic absorption peak
(2216 cm ™) of the C=N bond in acceptors to record AFM-IR
signals from the blend films. As shown in Fig. 4a, a clear
fibrillar network morphology of the donor and acceptor inter-
penetrating structure appears at the nanoscale level in all three
systems. Notably, PM6:QD-1 showed relatively larger phase
separation, while PM6:BTP-eC9 exhibited smaller phase separa-
tion, and PM6:BTP-eC9:QD-1 showed moderate phase separation.
More favorable phase separation in the ternary OSC contributed
to higher Js. and FF. The statistical analysis of nanofiber sizes is
presented in Fig. S19 (ESIf) and Fig. 4b. The fiber sizes of
PM6:QD-1, PM6:BTP-¢C9:QD-1, and PM6:BTP-eC9 gradually
increased from 8.51 nm, 11.85 nm, to 13.87 nm respectively,
indicating moderate molecular crystallinity for PM6:BTP-eC9:QD-
1. The more favorable crystallinity of the ternary film promoted
carrier transport and reduced the charge recombination.

The average ESP value further supports the above results.
As shown in Fig.s S20 to S22 (ESIf), QD-1 exhibited a reduced
average ESP value of 5.397 kcal mol " as compared to that of
BTP-eC9 (5.414 kecal mol™"), leading to weakened interaction

= d —IP
— OOP
_ _
]
PM6:QD-1
3
S pa—
2
_____________________________________________________________________ g PM6:BTP-eC9
1
b PM6:QD-1 (8.51nm) 14 ["]PM6:BTP-eC9 (13.87nm) [|PM6:BTP-eC9:QD-1 (11.85nm) ] /\
=
10 o
8 10
€ € € S
=2 38 3
o Q Q
o . O o PM6:BTP-eC9:QD-1
4
2 : N\ A
0 [ - - - v v —
2 4 6 8 10 12 14 16 18 0 5 10 15 20 25 30 3 o 5 10 15 20 25 30 ,
Fibril Diameter (nm) Fibril Diameter (nm) Fibril Diameter (nm) " o8 e 2
_____________________________________________________________________ P
e q A"
25 I D-spacing [ CCL
22.71 22,09
1 .0
<
e
PMV6:QD-1 PM6:BTP-eC9 PM6:BTP-eC9:QD-1 B
5]
el

-0.5 00 05 1.0
i |
Ay (A )

15 20 -05 00 05 10
-1

Gy (A )

15 20

-05 00 05 1.0
-1
Gy (A )

15 20 PH:QD. 1 PO BT o g O BTPacy o,
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marked with blue and red colors, respectively. (b) Statistical distribution of fibril diameters. (c) 2D GIWAXS patterns of blended films. (d) Extracted line-cut
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between donor PM6 and QD-1. The donor/acceptor (D/A) phase
separation size is usually closely related to the miscibility
between donor and acceptor, and therefore, we derived the
corresponding Flory-Huggins interaction parameters () from
the results of the contact angle measurements. The smaller the
y value, the better the miscibility.

As displayed in Fig. S23 and Table S5 (ESIf), PM6:QD-1
possesses a relatively larger ypme.qp1 Of 0.033, indicating
weaker D/A miscibility and larger phase-separated morphology.
In contrast, ypme.srrpeco €Xhibited a smaller value of 0.026,
suggesting better miscibility, which is also consistent with its
smaller phase separation. The Jpme:prp-eco:qp1 (0.031) lies
between these values, indicating that the introduction of QD-
1 reduced the miscibility of PM6 and BTP-eC9, which is one of
the reasons for the moderate phase separation observed in the
ternary system.

The molecular packing and crystallinity in the three blended
films were further investigated using GIWAXS (Fig. 4c, d, and
Table S6, ESIt). All the blended films exhibited strong (010)
diffraction peaks, at 1.68 A°"' for PM6:QD-1, 1.75 A° ' for
PM6:BTP-eC9, and 1.74 A°"! for PM6:BTP-eC9:QD-1 in OOP
directions, and sharp (100) diffraction peaks at 0.298 A°~" for
PM6:QD-1, 0.308 A°~ ! for PM6:BTP-eC9, and 0.306 A° ' for
PM6:BTP-eC9:QD-1 in IP directions, demonstrating the prefer-
ential face-on orientation.

Furthermore, in the OOP direction (Fig. 4e), PM6:BTP-eC9
exhibited more compact stacking distances of 3.59 A and
stronger film crystallization (higher CCL of 22.71 A) compared
with PM6:BTP-eC9:QD-1 (stacking distances of 3.61 A and CCL
of 22.09 A). This indicates that the addition of QD-1 suppresses
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excessive stacking and decreases crystallinity, thereby assisting
in the formation of a more ideal morphology for the ternary
blend film. Conversely, PM6:QD-1 exhibited the weakest crystal-
linity, which was evidenced by the smallest CCL of 9.32 A.
Moreover, the stacking distance of PM6:QD-1 exhibited a
relatively high value of 3.74 A. It is not conducive to charge
transport, and may be one of the reasons for the relatively lower
FF compared with that of the ternary device.

Femtosecond transient absorption (TA) spectroscopy was
employed to understand exciton kinetics in the blend films.
The acceptor molecules were selectively excited by a pump
pulse wavelength of 800 nm for the PM6:QD-1, PM6:BTP-eC9,
and PM6:BTP-eC9:QD-1 blends. The time-resolved 2D color TA
spectra of the PM6:QD-1, PM6:BTP-eC9, and PM6:BTP-eC9:QD-
1 films are shown in Fig. 5a and Fig. S24 (ESIt). After excitation,
the PM6:QD-1 blend exhibited ground state bleaching (GSB) of
QD-1 at 820 nm, and excited-state absorption (ESA) at 910 nm.
Similarly, the PM6:BTP-eC9 and PM6:BTP-eC9:QD-1 blends
exhibited GSB and ESA of BTP-eC9 at approximately 830 and
920 nm, respectively. All blends showed a GSB of PM6 in the
range between 580 and 630 nm, and an ESA at 1550 nm. The
ESA at 1550 nm exhibited the characteristic feature of the intra-
moiety excimer (i - EX) state of Y-series acceptors, which is
derived from the primary local excitation (LE) state.>®

From the plot of the TA profiles at various delay times
(Fig. 5b and Fig. S25, ESIT), it is evident that the bleaching
peak (820 nm/830 nm) of the acceptor (QD-1/BTP-eC9) decreases
with the extension of time, while the GSB peak (580-630 nm) of
PMB6 increases, indicating an effective hole-transfer process from
the acceptor to PM6. To evaluate the hole transfer processes in
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excitation and (b) the representative fs transient absorption spectra of the PM6:QD-1, PM6:BTP-eC9, and PM6:BTP-eC9:QD-1 blended films at the

indicated delay times under 800 nm excitation.
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the blend films, we extracted the kinetic data at 630 nm (Fig. S26,
ESIt) and applied biexponential fitting to obtain the charac-
teristic time constants 7; and t,. The fast t; component is
generally associated with hole transfer processes at the donor/
acceptor interface, while the slower 7, component corresponds to
excitons generated in the crystalline phase that need to migrate
to the domain interface before dissociation.

As displayed in Table S7 (ESIf), the t; and 1, for the
PM6:QD-1, PM6:BTP-eC9, and PM6:BTP-eC9:QD-1 films are
0.28/11.53, 0.41/10.02, and 0.36/11.29 ps, respectively. The
values of 7; and 7, in the ternary blend film fall within the
range of those observed in the two binary blend films, suggest-
ing that the morphology of the ternary blend is more suitable.
These factors collectively contribute to the higher J,., FF, and
PCE of the ternary device.

Conclusions

We designed a novel dimer acceptor, QD-1, featuring a large
conjugated rigid skeleton. This dimer acceptor exhibited small
reorganization energy, low energy disorder, and weak electron—
photon coupling. With these advantages and the well-formed
fibrillar morphology of the blend film, the PM6:QD-1-based
binary OSC achieved a high PCE of 19.46%, the highest
reported for binary devices using dimer acceptors. Notably,
when QD-1 was incorporated into the PM6:BTP-eC9 blend, the
ternary device achieved a PCE of 20.19% and demonstrated
enhanced thermal stability. This improvement was attributed
to enhanced exciton dissociation, reduced charge recombina-
tion and AE,,, and improved carrier mobility compared to the
binary device.

Furthermore, the ternary OSC exhibited a lower trap state
density and a more optimized morphology than the binary
devices, leading to enhanced PCE with simultaneously improved
Voer Jsey and FF. Finally, a large-area module with an active area of
13.5 cm” was fabricated and achieved an impressive PCE of
17.33%, which is at the leading level for large area modules.
Our work demonstrates the significant potential of large con-
jugated rigid dimer acceptors for achieving high-efficiency and
high-stability OSCs and will inspire further innovative explora-
tion of such large conjugated rigid skeletons in OSCs.
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