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Rational Design of Two Well-Compatible Dimeric Acceptors
Through Regulating Chalcogen-Substituted Conjugated
Backbone Enable Ternary Organic Solar Cells with 19.4%

Efficiency

Wanying Feng, Yuyang Bai, Jia Wang, Yanyi Zhong, Jiaying Wang, Tianqi Chen,
Jiangbin Zhang, Kai Han, Xiangjian Wan, Bin Kan,* and Yongsheng Chen*

To enhance the performance of dimeric acceptors (DMAs) based organic
solar cells (OSCs), two new DMAs, designated as DC9-HD and DYSe-3, are

rationally developed and employed to fabricate ternary OSCs. The substitution

of the sulfur atom on the outer ring of the fused-ring core of DC9-HD
with a selenium atom resultes in the red-shifted DYSe-3. Despite these
minor differences, DC9-HD and DYSe-3 possess nearly identical conjugated

skeletons, which contribute to their similar packing motifs and crystallinities,

ultimately enabling a high degree of miscibility between two DMAs. Upon
incorporating DYSe-3 into the host PM6:DC9-HD binary blend, fibril-like
morphologies featured with diameters of ~#16.9 nm and reduced charge

recombination are observed in the PM6:DC9-HD:DYSe-3 ternary blend. More

importantly, owing to their long exciton diffusion lengths and low voltage
losses, a remarkable power conversion efficiency of 19.4% is achieved for
the ternary OSCs, alongside a delicate balance between open-circuit voltage
and short-circuit current density. This super result is comparable to the best

performance of oligomer acceptor based OSCs reported to date. Furthermore,

the proposed ternary strategy, which combines one polymer donor and

two well-compatible DMAs, not only retains the advantages of DMAs but also
offers a streamlined approach for fabricating high-performance ternary OSCs.

1. Introduction

Organic solar cells (OSCs) have garnered
significant attention due to their consid-
erable potential for lightweight and large-
area device fabrication on flexible sub-
strates utilizing roll-to-roll techniques.
This capability opens a wide range of
applications in wearable electronics and
the Internet of Things.[!l Over the past
decade, advancements in photovoltaic
materials and device engineering,?! par-
ticularly the introduction of Y series
non-fullerene small-molecular acceptors
(SMAs),l have led to dramatic improve-
ments in the power conversion efficien-
cies (PCEs) of single-junction OSCs, sur-
passing 20% to date.[*] Furthermore, with
mini-module devices achieving PCEs ex-
ceeding 17%,! it is quite exciting to wit-
ness the practical application of OSCs
in integrated self-power flexible devices.
However, due to the undesired open

circuit voltage (Vo) loss of OSCs, the
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current best PCE value remains significantly below the ideal
PCEs predicted by the thermodynamic Shockley-Queisser limit
theory.l%] Consequently, it is imperative to explore novel materials
and improve device engineering to further improve the PCEs of
OSCs, particularly innovations in material design.!”! Additionally,
ensuring the long-term stability of OSCs is a vital prerequisite for
promoting their future applications.[2]

Based on the superior Y series acceptors, Zou et al. first pro-
posed combining two Y6 monomers into one “quasi-polymer”
molecule, which exhibits well-defined chemical structures and
excellent film-forming properties, showing great promise in fab-
ricating roll-coated large-area OSCs with low voltage loss and
high morphology stability.®] Subsequently, He et al. reported
a series of directly linked dimeric acceptors (DMAs), which
exhibited higher PCEs and better device stability compared to
both small-molecular and polymeric acceptors.l! Following this,
a series of oligomerized small molecule acceptors (OSMAs),
composed of two or more repeating SMA wings, has been rapidly
developed, achieving PCEs surpassing 19%.1'%1 Generally, these
state-of-the-art OSMAs combine the advantages of both SMAs
and polymerized SMAs, including well-defined molecular struc-
ture and batch reproducibility, low organization energy, and low
diffusion coefficient."!l Their appealing characteristics position
them as important candidates for realizing high-performance
and stable OSCs. However, the PCE of the OSMA-based OSCs
remains lower than that of traditional SMA-based OSCs, high-
lighting the urgent need to enhance the potential of OSMAs and
improve their device performance through careful material and
device optimizations.

To further enhance the performance of dimeric acceptor-based
OSCs, the ternary strategy, which is widely used in SMA-based
0SCs, could be directly employed. '] For instance, Huang et al.
incorporated a SMA (Y6) as the third component in the D18:DYF-
TF dimeric binary system, resulting in an increase in PCE from
18.26% for a binary device to 18.73% for the ternary device.[*?]
Besides, Sun et al. introduced a small portion of a trimeric ac-
ceptor to the PM6:L8-BO-X binary blend, achieving efficiencies
approaching 20% for the ternary devices.'* Despite these ad-
vancements, the fabrication of ternary devices that combine one
electron donor with two OSMAs could fully leverage their poten-
tial, including benefits such as red-shifted absorption, reduced
Voc loss, and improved device stability. However, this simplified
strategy for enhancing the performance of OSMA-based OSCs
has been less investigated to date.

In this study, we presented a new dimeric acceptor DC9-
HD, which is derived from reported material DC9 by short-
ening the alkyl chains on pyrrole units from 2-octyldodecyl to
2-hexyldecyl.'! When paired with the wide bandgap polymer
donor PM6, the DC9-HD based binary OSCs achieved a promis-
ing PCE of 18.7%, along with a high fill factor (FF) of ~80%.
Meanwhile, based on the multi-selenophene substituted dimeric
acceptor DYSe-1, we replaced the undecyl side chains on the
outer ring of DYSe-1 with the nonyl side-chains, resulting in a
red-shifted dimeric acceptor designated as DYSe-3.11% As a result,
the PM6:DYSe-3 binary OSCs achieved a super Jg. of 27.5 mA
cm~2. Notably, DYSe-3 possesses a similar conjugated skeleton
and demonstrates well compatibility with DC9-HD. We subse-
quently fabricated a ternary OSC using DYSe-3 as the third com-
ponent. On the one hand, it is essential for the third compo-
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nent to exhibit good compatibility when blended with the host bi-
nary blend to optimize the morphology and enhancing the charge
transport properties. On the other hand, a third component with
red-shifted near-infrared absorption is necessary to broaden light
absorption and increase the Js.I'”] Consequently, the ternary de-
vice achieved a maximum PCE of 19.4% with a ratio of 1:1:0.2
of PM6:DC9-HD:DYSe-3. According to charge dynamics analy-
sis and characterization of the morphology, improved morpho-
logical features and optimized charge dynamics were observed
in the corresponding PM6:DC9-HD:DYSe-3 ternary blend, ulti-
mately resulting in a highly efficient OSCs based on DMAs. Our
work advances the development of DMA-based OSCs and pro-
vides a straightforward pathway to fabricate high-performance
ternary devices by utilizing two well-compatible DMAs.

2. Results and Discussion

2.1. Materials and Properties

The chemical structures of DC9-HD and DYSe-3 are illustrated
in Figure 1a, while the detailed synthetic routes are presented
in Scheme S1 in the Supporting Information. DC9-HD and
DYSe-3 exhibit nearly identical conjugated skeletons, with two
A-D-A monomers linked by a thiophene unit at the terminal
group. In contrast to the 3-nonylthieno[3,2-b]thiophene fragment
present in DC9-HD, the compound 6-nonylselenopheno(3,2-
bjthiophene, which incorporates a selenium atom, was utilized
to construct DYSe-3. The multi-selenophene strategy is expected
to enhance the inter-molecular charge transfer (ICT) process
in DYSe-3, thereby enabling its red-shifted features.'¥] Density
functional theory (DFT) calculations were performed to assess
the molecular conformations of DC9-HD and DYSe-3. As de-
picted in Figure 1a, both molecules exhibit spiral-like molecu-
lar structures, and the dihedral angles between two independent
monomer wings are 22.9° for DC9-HD and 27.1° for DYSe-3, re-
spectively. Herein, different molecular stacking motifs and inter-
actions might exist in these two dimers, which will affect the ac-
tive layer morphology.

The UV-Vis-NIR absorption spectra of DC9-HD and DYSe-3
are presented in Figure 1b. The maximum absorption peak (1,,,,)
of DC9-HD and DYSe-3 in dilute chloroform solution is located
at 746 and 764 nm, which are shifted to 812 and 842 nm in their
neat films, respectively (Table S1, Supporting Information). In
comparison to DC9-HD, DYSe-3 exhibits a red-shifted absorp-
tion spectrum, which can broaden the light-harvesting window
and enhance the Ji. in photovoltaic devices. The energy levels
of both molecules were assessed by cyclic voltammetry (CV), as
illustrated in Figure S1 (Supporting Information), with the rel-
evant data summarized in Table S1 (Supporting Information).
As shown in Figure 1c, the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO)
energy levels are —5.63 and —3.67 eV for DC9-HD, and —5.66
and —3.82 eV for DYSe-3, respectively. Besides, under the same
measure conditions, the HOMO and LUMO energy levels of
PMBG6 are determined to be —5.53 and —3.55 eV, respectively. The
well-aligned energy levels between donor and acceptor might
facilitate charge transport in solar cell devices."! In addition,
temperature-dependent photoluminescence (PL) measurements
were conducted to investigate the exciton dissociation kinetics of
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Figure 1. a) Chemical structures and the illustration of the dihedral angle of DC9-HD and DYSe-3, respectively; b) Normalized absorption spectra of
DC9-HD and DYSe-3 in diluted chloroform solution and in neat film; c) Energy levels of PM6, DC9-HD, and DYSe-3 in their film state; d) Fitting results
of the calculated energy barriers for DC9-HD and DYSe-3 from temperature-dependent photoluminescence measurements.

both acceptors in neat films. As shown in Figure 1d and Figure
S2 (Supporting Information), a decrease in temperature resulted
in an increase in the PL intensity of all acceptors, indicating that
lower temperatures enhance the recombination of charge carri-
ers back into emissive excitons.!?”) The energy barrier (E,) for
exciton dissociation into charge carriers was calculated to be 44.7
meV for DC9-HD and 86.5 meV for DYSe-3, suggesting a more
efficient exciton dissociation and charge generation could be oc-
curred in DC9-HD based film, which may positively influence the
Jsc of the OSCs.I*!] In addition, the electron mobilities of DC9-
HD and DYSe-3 in the neat films, measured by the space-charge-
limited current (SCLC) method (Figure S3, Supporting Informa-
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tion), are 6.61 X 107 and 5.69 x 10~* cm? V~!s7!, respectively,
suggesting their satisfactory charge transport ability.

The packing motifs of both molecules in neat films were in-
vestigated using grazing-incidence wide-angle X-ray scattering
(GIWAXS) measurements.?”) As illustrated in Figure 2a, the
diffraction patterns of DC9-HD and DYSe-3 exhibited an ob-
vious (010) peak, indicative of the z—z stacking, in the out-
of-plane (OOP) direction, and a (100) peak, associated with
the alkyl-to-alkyl stacking motif, in the in-plane (IP) direction.
This observation suggests their preferred face-on molecular
orientations within the films. By analyzing their line-cut pro-
files presented in Figure S4 (Supporting Information), the z7—z
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Figure 2. a) GIWAXS images, and b) AFM height images of DC9-HD, DYSe-3, and DC9-HD:DYSe-3 (10:2) based films, respectively.

alkyl-to-alkyl stacking distances, along with the correspondingco-  DC9-HD and DYSe-3 at the weight ratio of 10:2, a merged (010)
herence lengths (CLs), were extracted and summarized in Table  peak in OOP, together with a (100) peak in IP, was observed in
S2 (Supporting Information). Although the alkyl-to-alkyl stack-  the resulting film. Additionally, atomic force microscopy (AFM)
ing distance of DYSe-3 (17.54 A) is slightly larger than that of  height images (Figure 2b) revealed no significant molecular
DC9-HD (17.20 A), their CLs for the (010) peak in OOP and  over-aggregation or isolated domains in the DC9-HD:DYSe-3
(100) peak in IP are quite similar. Furthermore, when blending  film. Subsequently, the contact angle measurements (Figure S5,
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Figure 3. a) J-V curves and b) EQE spectra for devices based on PM6:DC9-HD, PM6:DYSe-3, and PM6:DC9-HD:DYSe-3. c¢) A summary of high-
performance dimeric acceptor-based devices. d) Voltage loss distributions for devices based on PM6:DC9-HD, PM6:DYSe-3, and PM6:DC9-HD:DYSe-3.
e) J-V curve of large-area device based on PM6:DC9-HD:DYSe-3. f) Thermal stabilities of devices based on PM6:DC9-HD, PM6:DYSe-3, and PM6:DC9-
HD:DYSe-3.
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Table 1. Optimal photovoltaic parameters for devices based on PM6:DC9-HD, PM6:DYSe-3, and PM6:DC9-HD:DYSe-3. The average values in the paren-

theses were obtained from ten independent devices.

Active layer VocV] Jsc[mA cm=2] Jsc calmA ecm™2] FF% PCE% Vioss[V])

PM6:DC9-HD 0.900 26.2 25.7 79.3 18.7 0.533
(0.897 + 0.003) (26.3 +£0.2) (78.9 +£0.7) (18.6 £ 0.1)

PM6:DYSe-3 0.864 27.5 26.8 78.3 18.6 0.523
(0.859 + 0.003) (27.5+0.2) (77.7 £ 0.3) (18.3 +0.7)

PM6:DC9-HD:DYSe-3 0.898 27.4 26.5 78.7 19.4 0.526
(0.898 + 0.002) (27.2+0.2) (78.6 +0.2) (19.2+0.7)

Supporting Information) revealed that these two acceptors ex-
hibited relatively low Flory—Huggins interaction parameter (y)
values of 0.04 K, which is substantially lower than the values
observed for the donor—acceptor pairs (Table S3, Supporting
Information).[¥] Collectively, these findings confirm the excel-
lent miscibility between DC9-HD and DYSe-3, highlighting their
potentials for forming alloy acceptors. Notably, the PM6:DC9-
HD pair showed a consistent y value of 0.26 K, similar to that
of PM6:DC9-HD:DYSe-3 pair, further substantiating the com-
patibility between DC9-HD and DYSe-3. The various compati-
bility between the active layer materials has a significant influ-
ence on the resulting blend nanomorphology and thus device
performance.

2.2. Photovoltaic Performance

To boost the photovoltaic potential of DC9-HD and DYSe-3, poly-
mer PM6 was selected as the electron donor to deliver comple-
mentary absorption and matched energy levels for the OSCs. The
detailed device optimizations, including the donor: acceptor ratio
and post-treatment, are summarized in Tables S4-S7 (Support-
ing Information). The optimal PCE values for PM6:DC9-HD and
PM6:DYSe-3 binary devices were 18.7% and 18.6%, respectively
(Figure 3a and Table 1). In contrast, the dimeric acceptor DC9,
which possesses a longer alkyl chain, achieved a maximum power
conversion efficiency (PCE) of 18.1% when blended with PM6
(see Tables S8 and S9, Supporting Information). This efficiency
is lower than that of the PM6:DC9-HD device (refer to Figure S6,
Supporting Information), indicating the effectiveness of the de-
sign strategy employed for DC9-HD. Compared to the PM6:DC9-
HD device, the PM6:DYSe-3 device achieved a higher Jy. of
27.5 mA cm~2, which can be attributed to a its red-shifted absorp-
tion range, as further evidenced by its broaden external quantum
efficiency (EQE) spectra (Figure 3b). Due to the high-lying LUMO
energy level of DC9-HD, the PM6:DC9-HD device demonstrated
a higher V. of 0.900 V, surpassing the V. value observed in
the PM6:DYSe-3 device (0.864 V). This phenomenon inspired
us to combine DYSe-3 with DC9-HD to construct ternary de-
vices, thereby achieving the desired V. and Ji.. Notably, after
optimizing the ratio of DYSe-3 to the PM6:DC9-HD host binary
(Table S6, Supporting Information), the Js- value was signifi-
cantly improved from 26.2 mA cm~ for the PM6:DC9-HD device
to 27.4 mA cm~? for the ternary device. Meanwhile, the satisfac-
tory Vi of 0.898 V and FF near 79% contribute to a maximum
PCE of 19.4% for the PM6:DC9-HD:DYSe-3 ternary device at the
weight ratio of 1:1:0.2. It is noteworthy that the PCE of 19.4%
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represents the highest ever reported for single-junction dimeric
acceptors-based OSCs, as illustrated in Figure 3c and Table S10
(Supporting Information). According to their corresponding EQE
response spectra, the PM6:DC9-HD:DYSe-3 ternary device dis-
played a broader absorption range and enhanced EQE values
across the 600-800 nm range, contributing to the increased Jq
when compared with the PM6:DC9-HD binary device. The inte-
grated J value of the ternary device was 26.5 mA cm~2, which
is 0.8 mA cm~2 higher than that of PM6:DC9-HD binary device
(25.7 mA cm2). These results verify their different J. values ob-
tained from J-V curves. Generally, the improved EQE response
spectra of the ternary blend are correlated with more efficient
charge generation, transport and collection properties, which will
be discussed in detail.

Apart from the super Ji. of ternary device, a V¢ of 0.898 V
also played a vital role in realizing its high PCE. Thus, to gain in-
sight into the high V. observed in the ternary device, a detailed
Vioss analysis was conducted (Figure 3d; Figure S7, Supporting
Information), with relevant data are summarized in Table S11
(Supporting Information).?*! According to the detailed-balance
theory,?! V. can be divided into three parts: V|, = AV, +
AV, + AV,. Here, AV, is the radiative loss above the bandgap
derived from the S-Q limit, and AV, and AV, are the radiative
and non-radiative energy losses below the bandgap, respectively.
AV, is inevitable for any kind of photovoltaics, determined only
by the bandgap. The ternary device exhibited the lowest AV, val-
ues of 0.050 V, whereas PM6:DC9-HD-based and PM6:DYSe-3-
based binary OSCs present a AV, value of 0.052 and 0.054 V,
respectively. These results can be ascribed to the decreased en-
ergetic disorder of band tail states. As shown in Figure S7 (Sup-
porting Information), the PM6:DC9-HD:DY Se-3 blend displayed
the lowest Urbach energy (E;) value of 22.5 meV, indicating
that the introduction of DYSe-3 into PM6:DC9-HD can effec-
tively reduce energetic disorder.!?! This not only contributes to
a reduction in V., but also aids in suppressing charge recom-
bination, as discussed in the subsequent charge dynamic sec-
tion. Given the rapid non-radiative decay rate during the exci-
ton relaxation process, minimizing AV; has been regarded as
a key and challenging issue in reducing the total V.. Thanks
to the low AV; values (0.207 V) of PM6:DYSe-3 binary device,
the PM6:DC9-HD:DYSe-3 ternary device demonstrates an inter-
mediate AV; value of 0.211 V, contributing to its relatively high
V.. ~0.90 V.

Based on the above results, a device with an effective area
of 1 ecm? was fabricated using PM6:DC9-HD:DYSe-3 ternary
blend. Figure 3e shows the corresponding J-V curve, and the
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Figure 4. a,b) Dynamics of the singlet excitons measured with 800 nm pump excitation at different densities in DC9-HD film and DYSe-3 film, respectively.
€) Jph Versus Vg, d) current density versus light intensity, and e) transient photocurrent measurements for devices based on PM6:DC9-HD, PM6:DYSe-3,
and PM6:DC9-HD:DYSe-3. f) Histograms of electron mobility () and hole mobility (u,).

resultant device yielded a desirable PCE of 16.4%, highlighting
the potential of such combinations in the fabrication of large-
area devices. Meanwhile, thermal stability tests were performed
for all binary and ternary OSCs. As shown in Figure 3f, after
~800 h of thermal-aging of storage at 65 °C in a glove box,
all investigated binary and ternary OSCs retained 80% of their
original efficiency, indicating that the dimeric acceptor-based
OSCs have good thermal stability. Besides, the PCEs of
PM6:DC9-HD, PM6:DYSe-3, and PM6:DC9-HD:DYSe-3 based
devices maintained 70%, 63%, and 71% of their original PCEs af-
ter 200 h of light aging under max power point (MPP) tracking in
a nitrogen-filled glovebox (Figure S8, Supporting Information),
respectively.

2.3. Charge Dynamics

To gain a deeper understanding of the enhanced device per-
formance in PM6:DC9-HD:DYSe-3 ternary blend, it is essen-
tial to investigate the charge dynamic process, including ex-
citon dissociation, charge transport and collection properties.
First, the exciton diffusion length Lj in the DC9-HD film and
DYSe-3 film were estimated by the exciton-exciton annihila-
tion method via pump-fluence-dependent transient absorption
spectroscopy (Table S12, Supporting Information).’! The ex-
tracted L, value of DC9-HD film is greater than that of DYSe-
3 (46.4 nm vs 38.2 nm), which might induce faster exciton
diffusion and exciton dissociation in DC9-HD based devices
compared with those of DYSe-3 based device (Figure 4a,b).
Then, the charge dissociation probability (P,,) and charge col-
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lection probability (P.;) for all devices were calculated from
their photo-induced current density against effective voltage
plots (Figure 4c).[®! Compared with the PM6:DYSe binary de-
vice, the PM6:DC9-HD binary device and PM6:DC9-HD:DY Se-
3 ternary device exhibit slightly higher P . values of 98%, and
P_; values of 90% and 89%, respectively. These findings are
consistent with the longer L, values of DC9-HD, and verify
the higher EQE response in DC9-HD-based binary and ternary
devices.

Furthermore, the relationship between Js. and Py, can be
described as a power-law dependence equation of Jy. versus
Pjigne”, where a is close to unity, suggesting the minimal bimolec-
ular recombination.[?) As shown in Figure 4d, the PM6:DC9-
HD:DYSe-3 ternary device exhibits the highest « values of 0.99,
indicating a restrained bimolecular recombination, which favors
the result of V| analysis. Besides, transient photocurrent (TPC)
measurements were carried out to evaluate the charge extraction
time of three devices (Figure 4e).>°] The charge extraction times
of the PM6:DC9-HD, PM6:DYSe-3, and PM6:DC9-HD:DY Se-3
devices are 0.28, 0.25, and 0.22 ps, respectively. The shortest
charge extraction time suggests that carriers are extracted more
efficiently in the PM6:DC9-HD:DYSe-3 ternary device. Subse-
quently, the charge transport properties were evaluated through
the SCLC method (Figure S9, Supporting Information), and the
calculated hole and electron mobilities are depicted in Figure 4f.
The ternary device received the highest hole and electron mo-
bilities, along with balanced charge transport, which can re-
duce the likelihood of both bimolecular and trap-assisted recom-
bination. These observations demonstrated that the fabrication

© 2024 Wiley-VCH GmbH
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Figure 5. a) AFM height images and b) GIWAXS images of the PM6:DC9-HD, PM6:DYSe-3, and PM6:DC9-HD:DYSe-3 blend films. c) Fibril diameter
distributions obtained from AFM phase images of the PM6:DC9-HD, PM6:DYSe-3, and PM6:DC9-HD:DYSe-3 blend films. d) In-plane line-cuts of the
GIWAXS images. e) Coherence length of the (100) along in-plane direction of the PM6:DC9-HD and PM6:DC9-HD:DYSe-3 blend films.

of PM6:DC9-HD:DYSe-3 ternary device effectively mitigates the
geminate recombination and promotes efficient charge genera-
tion, resulting in increased EQE response values and reduced
Voc loss, thereby maximizing the Jo-XV, value in the corre-
sponding device.

2.4. Morphology Analysis

The aggregation behaviors of photovoltaic materials in the blend
films are of vital importance for achieving high photovoltaic per-
formance in OSCs, and thus the nanomorphology of all blend
films was systematically investigated. The surface morphology
of all binary and ternary blends was evaluated by atomic force
microscopy (AFM) as displayed in Figure 5a. In general, all
blend films exhibit smooth surfaces with root-mean-square sur-
face roughness (R,) values of ~1 nm. While, a relatively obvi-
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ous fiber structure is observable in the corresponding phase im-
ages (Figure S10, Supporting Information). The fibril diameters
could be estimated from the line profiles across the phase im-
ages according to reported methods.[?’] As a result, the fibril di-
ameters of 14.6 + 3.8 nm, 13.2 &+ 2.8 nm, and 16.9 + 3.7 nm
are received for PM6:DC9-HD film, for PM6:DYSe-3 film, and
for PM6:DC9-HD:DYSe-3 film, respectively (Figure 5c). Among
them, the PM6:DYSe-3 binary film exhibits smaller fibril diam-
eters due to the high miscibility between PM6 and DYSe-3 (as
evidenced by its small y value of 0.09 K in Table S3, Support-
ing Information). Despite the larger fibril diameters observed in
PM6:DC9-HD and PM6:DC9-HD:DYSe-3 blend films compared
to those of the PM6:DYSe-3 blend film, the larger LD of DC9-HD
could facilitate effective exciton dissociation in the corresponding
blend films.

GIWAXS measurements were conducted to elucidate the
molecular stacking and crystallinity of three blend films, with

© 2024 Wiley-VCH GmbH
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the corresponding diffraction images presented in Figure 5b.
Notably, the PM6 neat films exhibited a (100) diffraction peak
at q,, = 0.29 A~ and a (010) diffraction peak at g, = 1.67
A~ (Figure S11, Supporting Information), indicating its pre-
ferred face-on molecular packing motifs. The combination of the
polymer donor PM6 with these acceptors contributes to the
emerged (010) diffraction peak located at ~1.60 A~'in the OOP
direction (Figure S12, Supporting Information), indicating that
the preferred face-on molecular orientations of PM6, DC9-HD,
and DYSe-3 are well-maintained in three blend films. In the IP
direction (Figure 5d), the (100) diffraction peaks at ~0.30 A" and
0.37 A~" (Figure S13, Supporting Information), attributed to the
(100) diffraction of PM6 and dimeric acceptors, respectively, are
observed in the DC9-HD-based binary and ternary blends. While,
an emerged (100) diffraction peak is identified in the PM6:DY Se-
3 binary film, which arises from the favorable miscibility between
PM6 and DYSe-3, as discussed previously. Importantly, the larger
CLs of the (100) diffraction peaks at~ 0.30 and ~0.37 A~! in the
ternary blend indicate a simultaneous enhancement in the crys-
tallinity of both donor and acceptors (Figure 5e). This enhanced
crystallinity in PM6:DC9-HD:DYSe-3-based blend contributes to
improved charge transport properties, which aligns with their
enhanced charge dynamics and ultimately benefits the enhance-
ment of EQE response.

3. Conclusions

In summary, two highly compatible dimeric acceptors, DC9-HD
and DYSe-3, were designed and synthesized. Benefitting from
their low V¢ loss and long exciton diffusion length, both DC9-
HD and DYSe-3 based binary OSCs achieved PCEs over 18.5%.
Notably, the incorporation of DYSe-3 as the third component
into PM6:DC9-HD blend could optimize the photon-utilization
range and improve the morphological characters, thereby fa-
cilitating charge generation and reducing charge combination
in the ternary blend. This optimization led to the simultane-
ous achievement of ideal V, of 0.898 V, J. of 27.4 mA cm™
and FF near 79% for the ternary OSCs, resulting in a remark-
able PCE of 19.4% for the dimeric acceptors-based single junc-
tion OSCs. To our knowledge, this result ranks the best perfor-
mance of OSMA-based devices to date. In addition, all binary
and ternary OSCs retained over 80% of their original efficiency
after ~800 h of thermal-aging at 65 °C in a glove box, indicating
that the OSMA-based OSCs possess excellent thermal stability.
These findings underscore the significant potential of OSMA-
based OSCs for achieving highly efficient and stable devices,
warranting increased attention to accelerate the development of
OSCs.
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Supporting Information is available from the Wiley Online Library or from
the author.
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