Chi J | ‘M) Check for updates
inese Journa For submission: https://mc.manuscriptcentral.com/cjoc .
of Chemistry - Concise Report

For published articles: https://onlinelibrary.wiley.com/journal /16147065

Cite this paper: Chin. J. Chem. 2024, 42, 3075—3082. DOI: 10.1002/cjoc.202400573

Small-Molecular Donor Based Efficient Organic Solar Cells with
Thermally Stable Morphologies'

#!arb $a

Wanying Feng, Jiaying Wang,” Shaohui Yuan,’ Xiangjian Wan,” Yu Chen,’ Bin Kan,*“ and

Yongsheng Chen®

Yuyang Bai,

?School of Materials Science and Engineering, National Institute for Advanced Materials, Nankai University, Tianjin 300350, China

b State Key Laboratory and Institute of Elemento-Organic Chemistry, Frontiers Science Center for New Organic Matter, The Centre of
Nanoscale Science and Technology and Key Laboratory of Functional Polymer Materials, Renewable Energy Conversion and Storage
Center (RECAST), College of Chemistry, Nankai University, Tianjin 300071, China

“Beijing Synchrotron Radiation Facility, Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100043, China

Keywords

Organic solar cells | Small-molecular donor | Small-molecular acceptor | Dimeric acceptor | Morphological thermal stability

Comprehensive Summary

CeHlyy x=(S_R R= CeHys
HD-1 /\g"
A-D-A Small-molecular donor
Thermal-stabled
morphologies
.- A-D-A Small-molecular acceptor -._ ,~---= A-D-A Dimerized acceptor ----, g

' ’
\ 1

\_ HD-1:e0D PCE = 15.13% Pf_c_rfff‘fcf_P_C,E HD-1:DC9 PCE = 14.10%

N, -

Small-molecular organic solar cells usually exhibited unsatisfactory device stability, which might originate from their molecular diffu-
sion behaviors. Herein, based on the all-small-molecule system HD-1:BTP-eC9, we reported a dimerized acceptor DC9, and its corre-
sponding monomer acceptor eOD. In comparison with eOD, the dimeric acceptor DC9 displayed higher glass transition temperature
(T;) but reduced molecular planarity and crystallinity. The all-small molecule blend utilizing HD-1:eOD demonstrated a power conver-
sion efficiency (PCE) of 15.13%, surpassing the value of 14.10% for the HD-1:DC9 blend. While, incorporating polymer donor PM6 into
the HD-1:DC9 blend improved its morphology and charge transport dynamics, resulting in a device efficiency of over 16%, represent-
ing the rare case utilizing small-molecular donor and dimeric acceptor with PCE over 16%. Morphological characterization results af-
firmed that the surface morphologies and molecular packing behaviors of the blend films based on HD-1 were largely retained even
after prolonged annealing and aging at 85 °C. Consequently, the PCEs of the blend films based on HD-1:eOD, HD-1:DC9, and
HD-1:PM6:DC9 consistently remained over 98% of their initial efficiency after 1000 h of thermal annealing aging at 85 °C. These find-
ings highlight the potential of small-molecular based active layer in the fabrication of efficient and stable OSCs.
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Background and Originality Content

All-small-molecule organic solar cells (ASM-OSCs) further im-
prove the advantages of organic small-molecule photovoltaic ma-
terials, including their well-defined chemical structures, minimal
batch-to-batch variations, and easily tunable properties.m Fur-
thermore, unlike polymer-based OSCs, ASM-OSCs provide a cru-
cial platform for investigating the relationships between the
chemical structures of materials and their versatile properties;
thus, prompting the development of new materials.™ Remarkably,
the recent emergence of Y-series non-fullerene acceptors
(Y—NFAs)B] and the successful development of acceptor—-donor—
acceptor (A—D—A)-structured small-molecule donors (SMDS)[4] has
facilitated the realization of enhanced photon utilization efficien-
cies and reduced energy losses, significantly enhancing the power
conversion efficiencies (PCEs) of ASM-0OSCs to over 17%." How-
ever, despite these improvements in the PCEs of ASM-0SCs, their
long-term stabilities need to be enhanced to facilitate practical
applications.[(’]

Accordingly, various strategies based on material innovation
and device optimization have been introduced to improve the
stabilities of ASM-0SCs. For instance, Badgujar et al. developed
fullerene-free ASM-0OSCs using BDT3TR and the small-molecule
acceptor O-IDTBR, achieving superior PCEs and considerably bet-
ter thermal stabilities compared to BDT3TR:PC;;BM devices.”!
Furthermore, Gao et al. integrated the layer-by-layer deposition
approach and methoxy-substituted graphdiyne solid additive
treatment to manipulate active layer morphology and improve
device stability.[Sb] Meanwhile, Min et al. implemented a two-step
solvent treatment approach to fabricate high-performance
ASM-0OSCs without interfacial layers, achieving improved device
stabilities.” Despite these notable advancements, the factors
responsible for the instabilities of ASM-OSCs continue to be de-
bated, and comprehensive stability studies on ASM-0OSCs are lim-
ited. Under these circumstances, dimerized NFAs (DMAs) based
on Y-series molecules with high glass transition temperatures (T,)
and delicate molecular structures have garnered particular atten-
tion. Remarkably, compared to other types of NFAs, these DMAs
demonstrate enhanced device stabilities, along with significantly
higher PCEs.) However, the potential synergy between SMDs and
DMAs during OSC fabrication remains largely unexplored,
prompting further investigations into the ability of this combina-
tion to enhance the thermal stabilities of high-performance
SMD-based devices.

Leveraging the efficient ASM system HD-1:BTP-eC9, this study
designed and synthesized a dimerized acceptor, DC9, and its cor-
responding monomer acceptor, eoD." Following device optimi-
zation, HD-1:e0D, and HD-1:DC9 afforded PCEs of 15.13% and
14.10%, respectively. Moreover, the introduction of PM6 as the
third component in the HD-1:DC9 active layer led to morphologi-
cal improvements and PCE enhancements to 16.03%, comparable
to the PCEs of high-efficiency ASM-OSCs. Notably, this study pio-
neers the application of SMD:DMA blends in the fabrication of
0SCs, setting new performance benchmarks for SMD:DMA-based
OSCs. Importantly, all HD-1-based blend films demonstrated con-
sistent absorption characteristics, surface morphologies, and mo-
lecular stacking behaviors even after annealing at 85 °C for 1000 h,
maintaining over 98% of their initial PCEs. These findings under-
score the applicability of active layer materials with well-defined
molecular structures and thermally stable morphological features
in the fabrication of efficient and stable ASM-OSCs.

Results and Discussion

Material synthesis and properties

Figure 1a displays the chemical structures of the SMD HD-1,
small-molecule acceptor eOD, and dimeric acceptor DC9. Among
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Figure 1 a) Chemical structures of HD-1, eOD, and DC9, respectively; b)
Normalized absorption spectra of eOD and DC9 in their diluted solutions
and thin-film states; c) Diagram of energy levels of HD-1, eOD, and DC9;
Estimation of T for d) eOD, and f) DC9, respectively; 2D GIWAXS patterns
of f) eOD thin film, and g) DC9 thin film, respectively.

these, HD-1, featuring an A—D—A-conjugated backbone, is a highly
efficient electron donor recently developed by our group, while
eOD was synthesized according to the methodology of a previous
study. By combining two eOD units based on the end-to-end
strategy, the dimeric molecule DC9 was successfully synthesized in
reasonably high yields through typical organic reactions. Scheme
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S1 depicts the synthetic pathways for eOD and DC9, while addi-
tional details, including nuclear magnetic resonance spectra, are
available in the Supporting Information. Generally, owing to elon-
gated alkyl chains (2-octyldodecyl) on their pyrrole units, both the
monomer eOD and dimer DC9 demonstrate high solubilities in
common organic solvents, facilitating their solution-processability
in device fabrication.

Following these optical-property assessments, we investigated
the differences in the electrochemical properties of eOD and DC9
in the thin-film states through cyclic voltammetry (CV) measure-
ments. Subsequently, the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) energy
levels were computed based on the oxidation and reduction po-
tentials derived from the CV curves (Figure S1), respectively. Fig-
ure 1c displays the energy level alignments of eOD, DC9, and HD-1.
Notably, the HOMO and LUMO energy levels of eOD were ob-
tained as —-5.77 eV and -3.83 eV (Table 1), respectively. Upon
connecting two eOD analogues in an end-to-end manner with a
thiophene linker, the HOMO and LUMO energy levels of DC9
slightly increased to —5.66 eV and —3.80 eV, respectively. This sub-
tle elevation in the LUMO level of DC9 compared to that of eOD
may yield higher open-circuit voltages (Vc) in OSCs. Additionally,
the HOMO and LUMO energy offsets (AHOMO and ALUMO) be-
tween the electron donor (HD-1) and electron acceptor (eOD or
DC9) exceeded 0.30 eV, providing a strong driving force for charge
separation in the HD-1:e0D and HD-1:DC9 blend films.""

Table1 Summary of properties of HD-1, eOD and DC9

COMP. Amac™/NM Ao ™/NM Aopser/nm E.'/eV LUMO/eV HOMO/eV

HD-1 518 582/631 719 1.72 -3.45 -5.32
eOD 746 812 896 1.38 -3.83 =5.77
DC9 746 793 870 1.43 -3.80 —-5.66

Notably, one of the motivations of constructing dimer materi-
als is the development of novel materials with T, which could
help to suppress the molecular diffusion and enhance device sta-
bility in OSCs under long-term operation.m] As depicted in Figure
1d, 112 °C and 120 °C were determined as the T, values of eOD
and DC9 under the thin-film state based on UV-Vis measurements,
respectively. Notably, although the increased molecular weight of
DC9 contributes to its higher T,, it also leads to reduced molecular
crystallinity and inhibited stacking behaviors, as evidenced by the
grazing incidence wide-angle X-ray diffraction (GIWAXS) results. As
illustrated in Figure le, the diffraction profile of the DC9 thin film
presented a single (010) n—= diffraction peak along the out-of-
plane (OOP) direction, alongside (100) alkyl-to-alkyl diffraction
peak along the in-plane (IP) direction. Conversely, the diffraction
profile of the eOD thin film presented multiple high-order diffrac-
tion signals along the OOP direction, suggesting enhanced long-
range molecular order and higher crystallinity of eOD in the solid
state. Analyses of the n—n diffraction signal along the OOP direc-
tion revealed that the p-p stacking distance (d,.,) and correlated
coherence length (CL) of eOD were 3.76 A and 25.9 A (Figure S2
and Table S1), respectively, whereas for DC9, the d,_, and CL val-
ues were 3.97 A and 17.3 A, respectively. Furthermore, the CL of
the alkyl-to-alkyl region in the DC9 thin film was determined to be
50.2 A, significantly shorter than the corresponding length of 106
A, evident in the eOD film. Collectively, these findings suggest
poor molecular stacking in the dimeric DC9 thin film compared to
that in monomeric eOD.

To elucidate the factors responsible for the differing molecular
packing motifs observed between eOD and DC9, their molecular
conformations were computed and optimized based on density
functional theory calculations at the B3LYP/6-31G* level. As de-
picted in Figure S3, the conjugated skeletons of eOD appeared
nearly co-planar, demonstrating its excellent molecular planarity.
In contrast, the dimeric molecule DC9 featured a large dihedral
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angle of approximately 35° between its two planar eOD wings.
This angle likely contributes to the poor intermolecular packing
behaviors of DC9, as mentioned previously.

Photovoltaic and charge dynamic properties

Based on the findings of the foregoing analyses, solution-
processed OSCs were fabricated employing the conventional
ITO/PEDOT:PSS/active layer/PDINO/Ag device architecture to as-
sess the photovoltaic performance of eOD and DC9 when blended
with the SMD HD-1. The preparation conditions for the HD-1:eOD
and HD-1:DC9 active layers are detailed in the Supporting Infor-
mation. Figure 2a depicts the J-V curves of the optimal devices,
while Table 2 summarizes photovoltaic parameters. Notably, the
ASM-OSC incorporating HD-1:eOD achieved a PCE of 15.13%, with
a Vo value of 0.865 V, a Jsc value of 23.41 mA-cm, and a fill fac-
tor (FF) of 74.75%. In contrast, the ASM-OSC incorporating
HD-1:DC9 exhibited an improved V. value exceeding 0.90 V;
however, its reduced Jsc and FF values of 22.59 mA-cm™ and
68.99%, respectively, led to an overall PCE of 14.10%. To the best
of our knowledge, this study represents one of the few instances
of combining an SMD with a dimeric acceptor, thus paving the
way for future advancements in SMD-based OSCs. To further en-
hance the performance of the HD-1:DC9 blend, the conjugated
polymer donor PM6 was introduced as the third component. Up-
on optimizing the addition ratio of PM6 (Table S2), simultaneous
improvements in the Jsc to 23.72 mA-cm 2and FF to 75.98% con-
tributed to a high PCE of 16.03% in OSCs based on HD-1:PM6:DC9
at a weight ratio of 7:3:7. Thus, the inclusion of PM6 not only
optimized the morphological features of the blends but also cre-
ated an extended pathway for charge transport, as will be dis-
cussed later.
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Figure 2 a) J-V curves, b) EQE curves, c) Jp versus Vg, d) light intensity
dependence of J, e) diagrams of energy losses, and f) EQEg of HD-1:e0D,
HD-1:DC9, and HD-1:PM6:DC9 devices, respectively.

Notably, the distinct Jsc values of the HD-1:eOD, HD-1:DC9,
and HD-1:PM6:DC9 blends are among the primary factors influ-
encing the photovoltaic performance of the resulting OSCs. Thus,
the Jsc values obtained from the J-V curves were further validated
based on external quantum efficiency (EQE) measurements. All
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devices incorporating the HD-1:eOD, HD-1:DC9, and HD-1:PM6:
DC9 blends presented similar EQE response ranges extending up
to 900 nm. However, their distinct EQE values resulted in inte-
grated Jsc values (Jsc, cal) of 22.68, 22.27, and 23.41 mA-cm, re-
spectively. Notably, these Jsc ca. values demonstrate less than 3%
discrepancies compared to the Js: values derived from the J-V
curves, confirming the reliability of our measurements. As de-
picted in Figure 2b, compared to both the HD-1:DC9- and
HD-1:PM6:DC9-based devices, the HD-1:eOD-based device exhib-
ited enhanced EQE responses in the donor-dominated spectral
region extending from 500—650 nm. This indicates more efficient
photoelectrical conversion processes between the donor and
acceptor in the HD-1:e0D blend. Notably, the inclusion of PM6 in
the HD-1:DC9 blend primarily enhanced the EQE responses in the
acceptor-dominated region extending from 650—850 nm, result-
ing in an enhancement of ~1 mA-cm 2 in its Jsc value compared to
that for the HD-1:DC9-based device.

Table 2 Photovoltaic parameters of HD-1:eOD, HD-1:DC9, and HD-1:PM6:
DC9 devices. Average values with standard deviations obtained from 15
devices.

Active Layer Voc/V Jse/(mA-cm™) FF/% PCE“/%
HD-1:¢0D 0.865 23.41 74.75 15.13

: (0.864+0.002) (23.29£0.16) (74.45£0.42) (14.98+0.15)
HD-1:DCY 0.905 22.59 68.99 14.10

: (0.905+0.001) (22.27+0.20) (68.31+0.78) (13.76+0.17)
HD-1:PM6: 0.889 23.72 75.98 16.03

DC9 (0.886+0.003) (23.47+0.16) (75.61%0.50) (15.73+0.17)

Furthermore, the distinct EQE profiles of the devices were
gauged to gain insights into their charge dynamics. Specifically,
the short-circuit current densities (Jsc) of the devices under vary-
ing incident light intensities (P;,) and their photocurrent densities
(Jpr) at the effective voltage (V.¢) were recorded, and the rela-
tionship between Jsc and P,, was analyzed based on Jsco><P;.’,
where a serves as an indicator of bimolecular recombination
within the device.™? After fitting the curves, as depicted in Figure
2c, identical a value of 0.97 was obtained for all three devices,
indicating similar but lower levels of bimolecular recombination
across all devices. Furthermore, as depicted in Figure 2d, when
the effective voltage exceeded 1.5 V, the current densities of all
three devices reached saturation (Js,), indicating a complete col-
lection of photogenerated charges under these conditions.™
Subsequently, leveraging existing techniques, the exciton dissoci-
ation efficiency (Pyiss) and charge collection efficiency (Py) of the
HD-1:e0D-based device were estimated to be 0.96 and 0.84, re-
spectively. However, for the HD-1:DC9-based device, these values
decreased to 0.93 and 0.77, respectively, correlating with its
suboptimal Jsc and FF values. Furthermore, after replacing a por-
tion of HD-1 with PM®6, the charge collection efficiency of the
device significantly increased, achieving the highest P, value of
0.87 among all three devices. This excellent P, value of the
HD-1:PM6:DC9-based device, combined with its superior exciton
dissociation (Py;s is 0.96), led to its improved Jsc and FF values.

The performance of the three blends also appears to be cor-
related with their V¢ values, which present a 40 mV difference
between the HD-1:eOD- and HD-1:DC9-based devices. To validate
these observations, an energy loss analysis based on the detailed
balance theory was conducted.™ Fourier transform photocurrent
spectroscopy—EQE (FTPS-EQE) spectra revealed an optical
bandgap (E.s) of approximately 1.43 eV for all the three blends
(Figure S4). 1) Consequently, based on Eos = E; — gV, the fol-
lowing total energy losses (E.) were derived: 0.567 eV for the
HD-1:e0D-based, 0.526 eV for the HD-1:DC9-based, and 0.544 eV
for the HD-1:PM6:DC9-based devices. Notably, the E, value of
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the HD-1:DC9-based device is 41 meV lower than that of the
HD-1:eOD-based device, aligning with the difference in their V.
values. Moreover, further analysis of radiative and nonradiative
recombination in the three devices revealed that the nonradiative
recombination loss (AE;) significantly influenced the E . values of
the devices (Figure 2e and Table S3). Particularly, the AE; value for
the HD-1:DC9-based device was only 0.207 eV, much smaller than
the corresponding value of 0.243 eV for the HD-1:eOD-based de-
vice. Furthermore, to better evaluate the AE; values of the three
devices, their electroluminescence quantum efficiencies (EQEg,)
were measured."*® As depicted in Figure 2f, the HD-1:DC9-based
device yielded the highest EQEg, value of 4.44 x 107 among the
three devices. Notably, this value not only contributes to its
smallest AE; value but also demonstrates the potential of dimeric
acceptors in suppressing nonradiative recombination losses in
0SCs.

Morphological characterizations

To comprehend the observed variations in device perfor-
mance, the surface morphologies of the active layers were exam-
ined using atomic force microscopy (AFM). As depicted in Figure
3a, the HD-1:e0D, HD-1:DC9, and HD-1:PM6:DC9 blend films ex-
hibited smooth surfaces with root mean square roughness values
of 1.07, 1.12, and 1.08 nm, respectively. Notably, the HD-1:PM6:
DC9 ternary blend film displayed an interpenetrating network
morphology, featuring distinct nanofibers. This suggests that the
inclusion of the polymer donor PM6 could optimize the morphol-
ogies of HD-1-based films while facilitating the formation of con-
tinuous charge transport pathways, leading to improved FF and Jg¢
values of the corresponding devices.

Following this, the molecular stacking patterns within the
blend films were assessed based on the GIWAXS method.™” Fig-
ures 3b—3c display the resulting two-dimensional diffraction
images and line-cut profiles, while Table S4 presents relevant de-
tailed parameters. Notably, all three blend films displayed evident
(010) diffraction peaks along the OOP direction and (100) diffrac-
tion peaks along the IP direction, indicating a preference for face-
on molecular orientations. Subsequently, the molecular stacking
and crystallinity patterns within the films were evaluated consid-
ering the (010) and (100) peaks along the OOP and IP directions,
as illustrated in Figures 3d—3e, respectively. Both the HD-1:eOD
and HD-1:DC9 blend films exhibited a similar d,., value of 3.69 A;
however, the HD-1:DC9 blend film presented a reduced CL of 24.1
A. Additionally, the (100) stacking distance (diq0) in the HD-1:DC9
blend film was 23.3 A, slightly larger than the corresponding value
of 22.9 A for the HD-1:e0D blend film. These findings suggest that
the HD-1:e0D blend film exhibited denser intermolecular packing
and enhanced crystallinity behaviors, improving the charge trans-
port properties of the devices. With the replacement of a portion
of HD-1 by PM6, the HD-1:PM6:DC9 blend film presented in-
creased d,_, and decreased CL values in both the (010) and (100)
regions, attributed to the relatively weak crystallinity of PM6
compared to that of the SMD HD-1. Despite the overall reduced
CL of the HD-1:PM6:DC9-based ternary device, its interpenetrat-
ing network morphology, as evidenced by the AFM results, could
overcome these shortcomings and enable effective charge dy-
namics, leading to improved PCEs.

In-site absorption characterization

To identify the factors responsible for the distinct morpholo-
gies of the blends, changes in the absorption spectra of their ac-
tive layers were analyzed during post thermal annealing treat-
ment through in-situ absorption measurements.™ As illustrated
in Figures 4a—4b, upon thermal annealing of the HD-1:eOD blend
film at 140 °C, both the donor and acceptor absorption spectra
exhibited a sustained redshift and enhancement within the
0—150 s timescale. These findings suggest that under thermal
stress conditions, the SMD HD-1 and acceptor eOD are more likely
to diffuse and migrate owing to their smaller molecular sizes.

Chin. J. Chem. 2024, 42, 3075—3082
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Figure 3 a) AFM images of HD-1:eOD, HD-1:DC9 and HD-1:PM6:DC9 blend films, respectively; b) GIWAXS images of HD-1:eOD, HD-1:DC9 and
HD-1:PM6:DC9 blend films, respectively; c) IP and OOP line-cuts of GIWAXS results; d) n—mn stacking distances and CL results in the OOP for three blend
films; e) Alkyl-to-alkyl stacking distances and CL results in the IP for three blend films.

Correspondingly, the HD-1:eOD blend film exhibited a more or-
derly and tightly packed molecular arrangement owing to pro-
longed molecular motion. Conversely, as depicted in Figures
4c—4d, the absorption spectrum of the active layer (HD-1) within
the HD-1:DC9 blend film presented a consistent redshift and en-
hancement within a relatively short timescale (0—12 s), while the
absorption spectrum of DC9 remained relatively stable through-
out the thermal annealing process. A similar trend was also ob-
served in the absorption spectra of the HD-1:PM6:DC9 ternary
blend film (Figures 4e—4f). These findings indicate that the larger
molecular size of the dimeric acceptor DC9 limits its diffusion in
the blend films under thermal stress conditions, affecting its own
diffusion and that of the donor molecule and thus exerting an
inhibitory effect on the molecular packing properties of the films.
Thus, the processes of film formation under thermal annealing
treatments influenced the molecular packing behaviors of the
HD-1:e0D, HD-1:DC9, and HD-1:PM6:DC9 blend films, as corrob-
orated by the above GIWAXS results.

Morphological thermal stability

Next, to investigate the thermal stability of the active layer
morphology, blend solutions of HD-1:eOD, HD-1:DC9, and HD-1:
PM6:DC9 were initially spin-coated onto ITO/PEDOT:PSS sub-
strates, yielding corresponding films. These films were then sub-
jected to heating and aging at 85 °C for varying durations. Fol-
lowing the thermal treatment, the electron transport layer was
spin-coated, and the top electrode was evaporated, completing
the fabrication of the devices. As mentioned previously, DC9 ex-
hibits a higher T, value than eOD, a characteristic often consid-
ered beneficial for morphological-stability enhancements through
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Figure 4 Absorption spectra of a—b) HD-1:e0D, c-d) HD-1:DC9, and e—f)
HD-1:PM6:DC9 blend films during in-situ thermal annealing process at
140 °C, respectively.
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restricted molecular aggregation and diffusion within the blend
films. However, as depicted in Figure 5a, all devices maintained
their PCEs above 98% of the initial values under continuous heat-
ing at 85 °C for 1000 h.

Subsequently, the AFM images of the HD-1:eOD, HD-1:DC9,
and HD-1:PM6:DC9 blend films annealed at 85 °C after 500 and
1000 h were captured and are depicted in Figures 5b—>5c, respec-
tively. Notably, no significant phase separation or molecular
self-aggregation was observed in any of the blend films following
prolonged thermal annealing at 85 °C. Moreover, the slight in-
crease in surface roughness observed across the three blend films
during thermal aging could be neglected. Even after annealing at
85 °C for 1000 h, the HD-1:eOD, HD-1:DC9, and HD-1:PM6:DC9
blend films maintained uniform and smooth, active layer mor-
phologies, suggesting that these systems possessed morphologies
approaching thermodynamic stability during thermal aging. This
characteristic is conducive to the long-term stable operations of
the corresponding blend films.

Furthermore, the molecular stacking and crystallization be-
haviors of the three blend films after thermal aging at 85 °C were
examined based on GIWAXS analysis. As depicted in Figures
6a—6b, after 200 and 1000 h of thermal aging, all HD-1-based
blend films exhibited similar diffraction patterns, featuring distinct
(010) and (100) diffraction peaks along the OOP and IP directions,
respectively. This indicates that the desired face-on molecular
orientations of the films were largely retained even after extend-
ed periods of thermal aging. Moreover, as summarized in Table S5
(Figure S5) and illustrated in Figured 6c—6d, following 200 and
1000 h of thermal aging at 85 °C, the stacking distance and CL
values in the (010) and (100) regions of the HD-1:eOD and
HD-1:DC9 blend films exhibited no significant changes, suggesting
the formation and retention of a thermodynamically stable state
in the HD-1-based blend films following post thermal annealing.
Conversely, the HD-1:PM6:DC9 ternary film exhibited a slight de-
crease in d,_, from 3.79 A to 3.75 A, along with an increase in its

Feng et al.

CL value from 20.9 A to 22.3 A, indicating a tendency toward
slightly increased crystallinity. This result may be attributed to the
relatively looser packing scheme and the longer conjugated back-
bone of PM6 compared to those of HD-1, leading to more gradual
molecular movements and rearrangements in the ternary blends
during thermal aging. Despite these minor changes in the ternary
blend films, their appropriate phase separation behaviors and
enhanced molecular packing patterns contributed to sustained
device performance.

These findings indicate that blend films based on the SMD
HD-1 demonstrate excellent thermally stable morphologies, re-
gardless of the types of acceptors used (monomeric or dimeric) or
combinations with polymer materials. Additionally, the high crys-
tallinities of the SMD and acceptor HD-1 and eOD, respectively,
are seemingly crucial for realizing thermodynamically stable
morphologies in ASM blend films.

Conclusions

To examine the morphological stabilities of the active layers in
ASM-0SCs, a dimerized acceptor molecule, DC9, was synthesized
from a 2-octyl-dodecyl-substituted small-molecule acceptor, eOD.
While this dimeric acceptor molecule increased the T, values of
materials, its planarity and crystallinity deteriorated. The all-small
molecule blend utilizing HD-1:eOD demonstrated a PCE of 15.13%,
surpassing the corresponding value of 14.10% for the HD-1:DC9
blend. This lower efficiency of the HD-1:DC9 blend can be at-
tributed to restricted molecular movements of DC9 molecules
during thermal annealing, leading to poor intermolecular stacking
patterns and challenges in controlling active layer morphologies.
While, incorporating the polymer donor PM6 into the HD-1:DC9
blend improved its morphology and charge transport dynamics,
resulting in a device efficiency of over 16%. Remarkably, morpho-
logical characterization results further affirmed that the surface
morphologies and molecular packing behaviors of the blend films
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Figure 5 a) Device thermal stability under continuous heating conditions of 85 °C based on HD-1:e0OD, HD-1:DC9, and HD-1:PM6:DC9 blend films. AFM
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